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100-YEAR-OLD HAEMATOLOGICA IMAGES: THE QUARREL ABOUT THE ORIGIN OF PLATELETS (ll)

Carlo L. Balduini

Ferrata-Storti Foundation, Pavia, Italy
E-mail: CARLO L. BALDUINI - carlo.balduini@unipy.it

doi:10.3324/haematol.2020.256974

he fascinating story of platelets began in 1881 when

Giulio Bizzozero identified these cells in peripheral

blood and demonstrated that they play a key role in
the hemostatic process." He also observed that leukocytes
are recruited into the platelet aggregates and offered the first
images of platelet-leukocyte interaction. Bizzozero’s suc-
cesses in the study of platelets are not limited to these dis-
coveries. In fact, twelve years earlier he had described for the
first time megakaryocytes, which for a long time were called
“Bizzozero’s giant bone marrow cells”.” However, he never
recognized the close links between platelets and megakary-

Haematologica. Vil L LV
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Figure 1. Hand-drawn color plate illustrating the Di Guglielmo paper entitled
“Platelets and megakaryocytes” published in Haematologica in 1920. In this arti-
cle, Di Guglielmo presented evidence to support the idea put forward by Wright that
platelets are formed by megakaryocytes, a concept that was the subject of heated
debate at the time.

ocytes. This was identified in 1916 by James Homer Wright,
who noted the similarities in shape and color of the granules
of megakaryocytes and platelets using his new polychrome
staining technique: Wright's stain.® Moreover, by
microscopy analysis of bone marrow sections, he showed
platelets budding from megakaryocytes and entering the cir-
culation.* However, despite this evidence, the origin of
platelets was still under discussion at the time of the first
issue of Haematologica in 1920.*”

Strong support for the derivation of platelets from
megakaryocytes was given by an article published by
Giovanni Di Guglielmo in the first issue of Haematologica.®
At that time, Di Gugliemo was a young assistant to Adolfo
Ferrata, the founder of Haematologica, at the Medical Clinic
of Naples. (Interestingly, after the death of Ferrata in 1946,
Di Guglielmo was the Editor of the journal until 1960.) This
paper, entitled “Megakaryocytes and platelets”, reported the
presence of rare megakaryocytes in blood films of patients
with chronic myeloid leukemia. Morphological evaluation
of these cells revealed that megakaryocytes release platelets
by two mechanisms (Figure 1): through the formation of
long cytoplasmic extroflexions and by the direct fragmenta-
tion of cytoplasm (Figure 1). Both mechanisms have been
confirmed in this new millennium.”" The finding that circu-
lating megakaryocytes are involved in platelet formation
was also recently confirmed."
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Replacing the suppressed hormone: toward a better treatment for iron overload

in f-thalassemia major?
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he human body lacks a regulatory mechanism able
to excrete excess iron. Therefore, any condition
increasing iron entry into the body inevitably
results in toxic iron overload.! The majority of iron over-
load disorders can be viewed as endocrine diseases’
caused by insufficient production or activity of hepcidin,
the key hormone that finely tunes systemic iron home-
ostasis.® Hepcidin controls body iron content by negative-
ly modulating the absorption of dietary iron from the
gut,’ and also regulates iron fluxes among different cells
and tissues, e.g. from iron-recycling splenic macrophages
to erythroid progenitors in the bone marrow.”
Deficiency of this hormone, leading to intestinal iron
hyperabsorption, is particularly relevant in the pathogen-
esis of hereditary hemochromatosis, due to gene muta-
tions impairing hepcidin production, but it is also para-
mount in several inherited “iron-loading” anemias,’ par-

Verona, Italy

ticularly in non-transfusion-dependent thalassemias
(NTDT), In these conditions, soluble factors produced by
erythroid progenitors during expanded/ineffective ery-
thropoiesis,” including erythroferrone,” directly suppress
the synthesis of the hormone in the liver.

Things are more complicated in transfusion-dependent
thalassemias (TDT), in which most of the abnormal iron
accumulation derives from regular red blood cell transfu-
sions, typically every 2-3 weeks." Indeed, in TDT, hep-
cidin level fluctuates according to suppression of erythro-
poiesis by transfusions, with relatively high and low val-
ues immediately after and before red blood cell adminis-
tration, respectively." Thus, increased iron absorption can
also contribute to iron overload in TDT, at least during
intervals between transfusions.

As for many endocrine disorders, a logical therapeutic
approach would be the replacement of the missing hor-

Iron overload mainly due
to hyperabsorption from
hepcidin suppression

\@'

ERFE

Hbb"3* mice
(NTDT model)
Moderate anemia

Iron overload mainly due
to regular RBC transfusions

Hbb®""t*2BMC mice
(New TDT model)
Severe anemia

Figure 1. Effects of minihep-
cidins in non-transfusion-

Minihepcidins
|

dependent and transfusion-
dependent B-thalassemia
mouse models. Treatment with
minihepcidins has similar ben-
eficial effects in both the non-
transfusion-dependent f-tha-
lassemia mouse model
(Hbb"¥*) and in the novel trans-
fusion-dependent model

5

R" ,
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erythropoiesis
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splenomegaly

(Hbb*""2BMC) developed by
Casu et al. In particular, in the
transfused mice, minihepcidins
improved ineffective erythro-
poiesis and splenomegaly, and
reduced the severity of
parenchymal iron overload.
ERFE: erythroferrone; HEPC:
hepcidin; NTDT: non-transfu-
sion-dependent p-thalassemia;
RBC: red blood cells; BMC:
bone marrow chimera; TDT:
transfusion-dependent f-tha-
lassemia; Hb: hemoglobin; Ret:
reticulocytes; ROS: reactive oxy-
gen species.

Reduced parenchymal
iron overload

| iron content in liver, spleen
and heart
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mone through exogenous preparations. Unfortunately,
replacing hepcidin is not as easy as in the case, for exam-
ple, of levothyroxine in hypothyroidism, or different
insulin preparations in type 1 diabetes mellitus. Hepcidin
is a small peptide mainly produced by the liver, consisting
of only 25 amino acids including eight cysteines which
form four disulfide bonds determining a highly folded
structure.” Attempts to synthesize a sufficient amount of
the hormone in its natural conformation have proven
exceedingly difficult.” Moreover, the natural hormone
has a short plasma half-life, being rapidly eliminated by
proteolysis and renal clearance.”

An alternative approach is represented by the produc-
tion of long-acting molecules, collectively called “mini-
hepcidins”.” Minihepcidins are synthetic peptides con-
taining the minimal N-terminal sequence (7 to 9 amino
acids) of hepcidin still able to bind ferroportin and induce
its degradation, further engineered to be resistant to pro-
teolysis. Minihepcidins have been used previously in
mouse models of severe hemochromatosis (with knock-
out of hepcidin anti-microbial peptide; HAMP"),' and
NTDT B-thalassemia.” In the latter model, minihepcidins
proved wuseful in reducing iron overload and
splenomegaly, but also improved anemia by either
decreasing ineffective erythropoiesis or increasing red
blood cell lifespan through reduced formation of
hemichromes and reactive oxygen species” (Figure 1).

In this issue of Haematologica,® Casu and colleagues
present the first mouse model of TDT p-thalassemia
available so far. Previous attempts to model this disease
were hampered by the early death of the animals. To
resolve this problem, using an elegant approach the
authors intercrossed two previous NTDT strains (Hb6"""
and Hbb"") and then transplanted Hbb""" fetal liver cells
into irradiated recipients to obtain Hbb"""* bone marrow
chimera (BAMC). These mice showed a severe phenotype
resembling B-thalassemia major, requiring red blood cell
transfusions for survival. As in the previous NTDT mod-
els, the administration of minihepcidins not only reduced
splenomegaly and iron overload (especially in the heart,
where it is particularly deadly), but also improved ery-
thropoiesis and anemia (Figure 1). The latter effect is like-
ly related to the apparent paradoxical benefit of iron
restriction on thalassemic erythropoiesis, through a
reduction in the synthesis of heme, which in turn
decreases the production of oa-globin chains and toxic
hemichromes in a coordinated manner.”

The study by Casu and colleagues does, however, have
several limitations. For example, minihepcidin treatment
was started simultaneously with the first transfusion, i.e.
before the massive iron accumulation that usually occurs
in chronically transfused p-thalassemic patients. Thus, it
remains to be demonstrated whether or not minihep-
cidins could also be beneficial in a setting more closely
resembling clinical practice, in which typical TDT
patients are kept on balance within acceptable iron over-
load by using iron chelators, which in turn are far from
being optimal and easy to use.” Another limitation is that
the Hbb""* mice were treated with red blood cell transfu-
sions only for a short period (6 weeks). Finally, these mice
appear to maintain a particularly high level of iron
absorption, which may not mirror what happens in

chronically transfused p-thalassemic patients.

Anyway, the question is: are we ready for hepcidin
replacement therapy in the clinic¢ Despite the promising
results of Casu and colleagues, it is still too early to say.
No human study on minihepcidins is currently underway.
It is unknown whether technical or economic issues will
hamper the translation of minihepcidins into the clinic.
While, in principle, minihepcidins could be bioavailable
after oral administration,” studies in animals used
intraperitoneal or subcutaneous administration, which is
not as convenient as the oral route. Interestingly, one
study with a hepcidin analogue, LJPC-401, is ongoing in
adult patients with genetic hemochromatosis (hutps://clin-
icaltrials.gov/ct2/show/NCT03395704), but results are not
yet available. Despite extraordinary advances toward a
definitive cure for fB-thalassemia, by either allogeneic
hematopoietic cell transplantation™ or gene therapy,”
much of the disease’s burden occurs in low-income pop-
ulations with limited access to such sophisticated
resources, in which red blood cell transfusions and iron
chelation remain the mainstay of therapy.” The research
by Casu and colleagues provides a proof of concept that
hepcidin replacement therapy or hepcidin agonists repre-
sent a fascinating and pathophysiologically sound
approach® for treating iron overload in a variety of condi-
tions, including iron-loading anemias.” In the near future,
we will understand the place of such drugs in the rapidly
evolving and exciting scenario of novel anti-anemic
drugs, including activin type II receptor agonists® and
others.”
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ABL-class fusion positive acute lymphoblastic leukemia: can targeting ABL cure ALL?
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phoblastic leukemia (ALL), a malignancy that was
incurable in the 1950s, now exceed 90%.! However,
15-20% of National Cancer Institute (NCI) high-risk (HR)
B-lineage ALL (B-ALL) patients relapse, and post-relapse
outcomes remain poor, particularly following early mar-
row relapse [5-year overall survival (OS): 28%].> Genomic
advances have identified a novel B-ALL subtype charac-
terized by a heterogeneous spectrum of kinase-activating
alterations, producing a gene expression signature similar
to that of Philadelphia chromosome-positive (Ph*) ALL,
without the canonical BCR-ABL1 oncoprotein, referred to
as BCR-ABL1-like ALL or Ph-like ALL, and now recog-
nized as a provisional disease entity in the 2016 World
Health Organization’s classification of acute leukemias.*
Ph-like ALL is associated with adverse clinical features
and poor outcomes despite modern therapy.*® It occurs in
approximately 15% of children with NCI HR B-ALL and
over 25% of adults with B-ALL, and contributes dispro-
portionately to relapses.** Among Ph-like ALL patients,
10-14% of them harbor rearrangements of ABL-class
genes (ABL1, ABL2, CSF1R, LYN, PDGFRA, PDGFRB)
other than BCR-ABL1, collectively representing 2-3% of
pediatric B-ALL cases.*® While there are anecdotal reports
of the short-term efficacy of adding the ABL tyrosine
kinase inhibitors (TKI) imatinib or dasatinib to
chemotherapy,””® controlled data are lacking regarding
the long-term efficacy of this approach. In this issue of
Haematologica, Cario et al.’ provide important new infor-
mation on treatment of children with ALL and ABL-class
fusions.
They report 46 ABL-class fusion positive B-ALL
patients (15 involving ABL1, 5 ABL2, 3 CSF1R, and 23

Five—year survival rates for pediatric acute lym-

PDGFRB) who were originally enrolled on the AIEOP-
BEM ALL 2000 and 2009 trials, and identified retrospec-
tively. ABL-class fusion-positive cases had a substantially
worse early treatment response than other patients, as
reflected by prednisone-poor response (50% vs. 5.6%,
P<0.0001) or minimal residual disease (MRD) =5x10* at
end-induction (71.4% vs. 19.2%, P<0.0001) and end-pro-
tocol Ib (51.2% vs. 5.1%, P<0.0001). Thirty-six of 46
patients (78.3%) were classified as HR (vs. 11.1% of ALL-
BFM 2000 B-ALL patients overall), and more than half (25
of 46, 54.3%) underwent hematopoietic stem cell trans-
plantation (HSCT) in first complete remission (CR1). For
the cohort of 46 patients with ABL-class fusions, the 5-
year event-free survival (EFS) and OS were 49.1+8.9%
and 69.6+7.8%, respectively. The 5-year cumulative inci-
dence of relapse (CIR) and treatment-related mortality
(TRM) were 25.6+8.2% and 20.8+6.8%, respectively.
Thirteen patients (13 of 46, 28.3%) received TKI in com-
bination with chemotherapy post-induction; their out-
comes were not significantly different from those in the
no-TKI group (n=33) (5-year EFS 62.9% vs. 47.7%,
P=0.98; 5-year OS 75.5% vs. 70.9%, P=0.64). In parallel,
ABL-class patients treated with or without HSCT had
similar outcomes (5-year EES 47.9% vs. 55.0%, P=0.35; 5-
year OS 66.7% vs. 84.0%, P=0.22). Notably, in the 33
patients treated without TKI, there was a trend towards
lower CIR rate among patients who underwent HSCT
(n=16) compared to those who did not (n=17) (13.2% vs.
43.8%, P=0.06). The TRM rate was, nevertheless,
exceedingly high in the HSCT group (32.3% vs. 0.0%,
P=0.034). Furthermore, the majority of events in the
HSCT group were non-relapse events, while relapses pre-
dominate in the no-HSCT group.
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This article is valuable to clinicians as it confirms the ed MRD at the end of induction and consolidation, and
adverse presenting features, poor early response and the reported 5-year EFS of less than 50% for the ABL-
EFS/OS rates of a large cohort of ABL-class fusion positive  class cohort mirrors that of Ph* ALL in the pre-TKI era
B-ALL patients, similar to prior anecdotal reports’ or treated with the same chemotherapy backbone."'” This
smaller retrospective series.*” Moreover, the authors has important therapeutic implications, suggesting that
highlight the striking clinical resemblance between ABL-  the addition of TKI to chemotherapy, which has trans-
class fusion positive B-ALL and Ph* ALL. Both disease formed survival of Ph* ALL, may similarly translate into
entities comprise approximately 3% of pediatric ALL, improved outcomes for ABL-class patients.”* In this
tend to be older patients with hyperleukocytosis, elevat-  series, six of the eight ABL-class patients who started TKI
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Figure 1. (A) Frequency of Philadelphia chromosome (Ph)-positive acute lymphoblastic leukemia (ALL), Ph-like ALL and ABL-class fusions in B-lineage ALL (B-ALL)
according to National Cancer Institute (NCI) risk status and age group, based on the following studies: Roberts et al.,** Reshmi et al.,® Roberts et al.,* and Roberts
et al.° NCI SR: National Cancer Institute Standard Risk; NCI HR: National Cancer Institute High Risk. (B) Frequency of ABL-class fusions in Ph-like ALL. (C) Outcomes
of ABL-class fusion positive B-ALL patients treated on the AIEOP-BFM ALL 2000 and 2009 trials. pEFS: projected event-free survival; pOS: projected overall survival.
(D) Proposed treatment paradigm for ABL-class fusion positive B-ALL. Early introduction of tyrosine kinase inhibitor (TKI) to induction chemotherapy to achieve remis-
sion. Good-responders may continue with TKI and post-induction chemotherapy. Poor-responders will undergo allogeneic hematopoietic stem cell transplantation in
first remission (CR1). Incorporation of immunotherapy with or without TKI is being considered in future trials to improve outcomes. yr: year.
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during consolidation had a low positive or negative end-
Ib MRD, emphasizing the importance of early identifica-
tion of ABL-class fusions and prompt TKI addition to
achieve deep MRD response and, potentially, better out-
comes. Despite the heterogeneity of ABL-class fusions,
Cario et al. demonstrated that most ABL-class rearrange-
ments could be detected by techniques such as fluores-
cence in situ hybridization (FISH) or polymerase chain
reaction (PCR), which are standard techniques in clinical
laboratories. Much effort in recent years has focused on
screening for the kinase-activated signature that defines
Ph-like ALL; however, ultimately, the clinically relevant
goal is the prompt detection of the underlying therapeu-
tically targetable genomic lesions. The Children’s
Oncology Group (COG) is now expanding their FISH
panel to include ABL1, ABL2 and PDGFRB/CSF1R dual-
colored break-apart probes to screen for ABL-class gene
rearrangements in order to introduce TKI by mid-induc-
tion. This strategy could perhaps overcome the high rates
of induction failure and eradicate MRD levels early in the
course of therapy for the majority of ABL-class patients,
as early TKI introduction has done for Ph® ALL.**"
Prospective evaluation of the early addition of TKI to
therapy of patients with ABL-class lesions is required; this
can only be achieved by harnessing international collabo-
rations to effectively design precision medicine trials for
such rare disease entities as exemplified by the Ph* ALL
experience (clinicaltrials.gov identifers: NCT0146016 and
NCT03007147).

The article by Cario et al. also raises two fundamental
questions which underlie the role of HSCT and the opti-
mal chemotherapy backbone for ABL-class fusion posi-
tive B-ALL. HSCT appears to be an effective modality for
disease control as fewer relapses occurred among ABL-
class patients in the no-TKI group who underwent HSCT
in CR1 (18.2% vs. 43.8%, P=0.06). A single-center study
previously reported comparable outcomes between chil-
dren with Ph-like ALL and non-Ph-like ALL (5-year EFS
90.0% vs. 88.4%, P=0.41, respectively), using MRD-
directed therapy intensification for relevant patients."
Consequently, a significant higher proportion of Ph-like
ALL patients underwent HSCT in CR1 due to end-induc-
tion MRD levels =1%." Nevertheless, HSCT is associated
with unacceptably high TRM rates, which account for a
considerable proportion of events in this AIEOP-BFM ret-
rospective cohort. Given that ABL-class fusion positive
B-ALL biologically and clinically phenocopies Ph* ALL,
one can speculate that early and continuous TKI adminis-
tration in combination with chemotherapy may avoid
HSCT in CR1 for a subset of ABL-class patients, allowing
it to be reserved for patients at the highest risk of relapse.

With regards to the optimal chemotherapy backbone
for pediatric ABL-class patients, three regimens are cur-
rently being investigated in clinical trials: 1) the Total
Therapy-based chemotherapy backbone from St. Jude
Children’s Research Hospital (clinicaltrials.gov identifer:
NCTO03117751); 2) the multinational European EsPhALL
regimen as utilized in ESPhALL2010 (clinicaltrials.gov iden-
tifer: NCT00287105) and AALL1122 (clinicaltrials.gov iden-
tifer: NCT01460160); and 3) the COG AALL1131 modi-
fied augmented BEM backbone (clinicaltrials.gov identifer:
NCT02883049). The latter two regimens are being com-

pared in a randomized fashion in the phase III interna-
tional trial for Ph* ALL in a non-inferior design (COG
AALL1631; clinicaltrials.gov  identifer: NCT03007147),
which investigators plan to amend to also include ABL-
class fusion patients. While awaiting the AALL1631
results to determine the optimal chemotherapy backbone
for ABL-class patients, Cario et al. alluded to the high
TRM rates when treating with the EsPhALL-inspired reg-
imen, contributing to the poor outcomes of ABL-class
patients. Similar findings have been observed in a recent
publication from the AIEOP-BEM consortia; older adoles-
cents aged 15-17 years also experienced significantly
higher treatment-related deaths compared to their
younger counterparts when treated on the AEIOP-BFM
ALL 2000 chemotherapy backbone (without TKI), partic-
ularly in the HR arm that is the chemotherapy backbone
to the EsSPhALL regimen.” Given that the prevalence of
Ph-like ALL rises with increasing age, toxicity remains a
primary concern when adding TKI to the EsSPhALL post-
induction chemotherapy backbone for ABL-class
patients. While therapy intensification has been an effec-
tive strategy to better outcomes in the past, in the mod-
ern era, we might have reached a plateau where further
intensification is more likely to result in excessive toxici-
ties rather than improve survival. Fortunately, the land-
scape of relapsed/refractory ALL therapy has witnessed
major paradigm shifts with the emergence of
immunotherapy. The bispecific CD3/CD19 T-cell
engager, blinatumomab, or the anti-CD22 antibody drug
conjugate, inotuzumab ozogamicin, in monotherapy or
in combination with TKI, have been used in Ph'/Ph-like
ALL with promising early results."** Therefore, incorpo-
ration of immunotherapy blocks intercalated within con-
ventional chemotherapy backbone may represent an effi-
cacious strategy to intensify therapy and reduce overlap-
ping toxicities for ABL-class Ph-like ALL.

Cario et al. have provided an important dataset to fulfill
the clinical portrait of the rare subset of ABL-class fusion
positive B-ALL. The genomic landscape of Ph-like ALL
and its associated poor prognosis have now been recog-
nized for over a decade; thus, the time has come to act!
The prospect of targeted therapy, immunotherapy and
targeted use of CR1 HSCT, combined with lessons
learned from previous Ph* ALL studies and international
collaborations to conduct well-designed precision medi-
cine trials, can establish pathways to increase cures for
this high-risk ALL subset. One may dream that by
improving outcomes of Ph-like ALL, we will be able to
cure all ALL!

References

1. Hunger SP, Lu X, Devidas M, et al. Improved survival for children
and adolescents with acute lymphoblastic leukemia between 1990
and 20093: a report from the children's oncology group. J Clin Oncol.
2012;30(14):1663-1669.

2. Rheingold SR, Ji L, Xu X, et al. Prognostic factors for survival after
relapsed acute lymphoblastic leukemia (ALL): A Children’s
Oncology Group (COG) study. J Clin Oncol. 2019;37(15_suppl):
1008-1008.

3. Den Boer ML, van Slegtenhorst M, De Menezes RX, et al. A subtype
of childhood acute lymphoblastic leukaemia with poor treatment
outcome: a genome-wide classification study. Lancet Oncol.
2009;10(2):125-134.



4. Roberts KG, Li Y, Payne-Turner D, et al. Targetable kinase-activating
lesions in Ph-like acute lymphoblastic leukemia. N Engl ] Med.
2014;371(11):1005-1015.

5. Reshmi SC, Harvey RC, Roberts KG, et al. Targetable kinase gene
fusions in high-risk B-ALL: a study from the Children's Oncology
Group. Blood. 2017;129(25):3352-3361.

6. Roberts KG, Gu Z, Payne-Turner D, et al. High Frequency and Poor
Outcome of Philadelphia Chromosome-Like Acute Lymphoblastic
Leukemia in Adults. ] Clin Oncol. 2017;35(4):394-401.

7. Weston BW, Hayden MA, Roberts KG, et al. Tyrosine kinase
inhibitor therapy induces remission in a patient with refractory
EBF1-PDGFRB-positive acute lymphoblastic leukemia. ] Clin Oncol.
2013;31(25):e413-416.

8. Tanasi I, Ba I, Sirvent N, et al. Efficacy of tyrosine kinase inhibitors
in Ph-like acute lymphoblastic leukemia harboring ABL-class
rearrangements. Blood. 2019;134(16):1351-1355.

9. Cario G, Leoni V, Conter V, et al. Relapses and treatment-related
events contributed equally to poor prognosis in children with ABL-
class fusion positive B-cell acute lymphoblastic leukemia treated
according to AIEOP-BFM protocols. Haematologica 2020;105(7):
1887-1894.

10. Schwab C, Ryan SL, Chilton L, et al. EBF1-PDGEFRB fusion in pedi-
atric B-cell precursor acute lymphoblastic leukemia (BCP-ALL):
genetic profile and clinical implications. Blood. 2016;127(18):2214-
2218.

11. Conter V, Bartram CR, Valsecchi MG, et al. Molecular response to
treatment redefines all prognostic factors in children and adolescents
with B-cell precursor acute lymphoblastic leukemia: results in 3184
patients of the AIEOP-BEM ALL 2000 study. Blood. 2010;115
(16):3206-3214.

12. Arico M, Valsecchi MG, Camitta B, et al. Outcome of treatment in
children with Philadelphia chromosome-positive acute lymphoblas-
tic leukemia. N Engl ] Med. 2000;342(14):998-1006.

18. Schultz KR, Carroll A, Heerema NA, et al. Long-term follow-up of
imatinib in pediatric Philadelphia chromosome-positive acute lym-
phoblastic leukemia: Children's Oncology Group study AALL0031.

Leukemia. 2014;28(7):1467-1471.

14. Biondi A, Gandemer V, De Lorenzo P, et al. Imatinib treatment of
paediatric Philadelphia chromosome-positive acute lymphoblastic
leukaemia (EsPhALL2010): a prospective, intergroup, open-label, sin-
gle-arm clinical trial. Lancet Haematol. 2018;5(12):e641-e652.

15. Slayton WB, Schultz KR, Kairalla JA, et al. Dasatinib Plus Intensive
Chemotherapy in Children, Adolescents, and Young Adults With
Philadelphia Chromosome-Positive Acute Lymphoblastic Leukemia:
Results of Children's Oncology Group Trial AALL0622. ] Clin Oncol.
2018;36(22):2306-2314.

16. Roberts KG, Pei D, Campana D, et al. Outcomes of children with
BCR-ABL1-like acute lymphoblastic leukemia treated with risk-
directed therapy based on the levels of minimal residual disease. ]
Clin Oncol. 2014;32(27):3012-3020.

17. Testi AM, Attarbaschi A, Valsecchi MG, et al. Outcome of adoles-
cent patients with acute lymphoblastic leukaemia aged 10-14 years
as compared with those aged 15-17 years: Long-term results of 1094
patients of the AIEOP-BFM ALL 2000 study. Eur ] Cancer.
2019;122:61-71.

18. Martinelli G, Boissel N, Chevallier P, et al. Complete Hematologic
and Molecular Response in Adult Patients With Relapsed/Refractory
Philadelphia Chromosome-Positive B-Precursor  Acute
Lymphoblastic Leukemia Following Treatment With Blinatumomab:
Results From a Phase II, Single-Arm, Multicenter Study. ] Clin Oncol.
2017;35(16):1795-1802.

19. Chiaretti S, Bassan R, Vitale A, et al. Dasatinib-Blinatumomab
Combination for the Front-Line Treatment of Adult Ph+ ALL
Patients. Updated Results of the Gimema LAL2116 D-Alba Trial.
Blood. 2019;134(Suppl 1):740.

20. Jabbour E, Roberts KG, Sasaki K, et al. Inotuzumab Ozogamicin
May Overcome the Impact of Philadelphia Chromosome-like
Phenotype in Adult Patients with Relapsed/Refractory Acute
Lymphoblastic Leukemia. Blood. 2019;134(Suppl_1):1641.

21. Roberts KG, Reshmi SC, Harvey RC, et al. Genomic and Outcome
Analyses of Ph-like ALL in NCI Standard-risk Patients: A Report
from the Children’s Oncology Group. Blood. 2018;132:815-824.

NUP98 and KMT2A: usually the bride rather than the bridesmaid
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n human hematopoietic malignancies, KMT2A and

NUP98 are each independently targeted by numerous

chromosomal alterations leading to the expression of
fusion oncogenes. In this issue of Haematologica, Fisher
and colleagues from J. Schwaller's team report the func-
tional study and creation of an in vivo model' for a unique
fusion between these two genes’ showing that leukemia
development by NUP98-KMT2A is not associated with
classical KMT2A fusion mechanisms.

KMT2A (a.k.a. MLL) is a large protein of almost 4,000
amino acids that is processed by the endopeptidase
Taspasel. It interacts with numerous proteins and assem-
bles into large protein complexes (Figure 1). The functions
of KMT2A include writing the H3K4me3 chromatin mark
characteristic of active promoter regions through its C-
terminal SET domain. In both lymphoid and myeloid
malignancies, KMT2A is targeted by numerous chromo-
somal alterations resulting in the expression of fusion
oncogenes with over 80 different partners in toto
(https://mitelmandatabase.isb-cgc.org/). Experimental mod-
els have demonstrated that several fusions containing the
N-terminal portion of KMT2A and various partners [here

termed KMT2A-X, where X is frequently AFF1, MLLTS,
MLLT10 or MLLT1 in acute lymphoid leukemia patients,
and MLLT3, MLLT10, MLLT1 or ELL in patients with
acute myeloid leukemia (AML)] are important for disease
development and maintenance.>

It has long been recognized that KMT2A-X fusions acti-
vate transcription of different HOX genes (e.g. HOXCS,
HOXA7, HOXA9, and HOXA10) and are associated with
high expression of the HOX cofactor MEIS1. At the
molecular level, at least two distinct mechanisms have
been involved in KMT2A-X leukemogenic properties and
the deregulated expression of KMT2A-X target genes
(Figure 1). On the one hand, the first 145 N-terminal
amino acids of KMT2A interact with MEN1 and LEDGF
to bind KMT2A target genes.” On the other hand, most
fusion partners of KMT2A belong to the transcription
elongation machinery leading to the active recruitment of
various factors including (i) the P-TEFb complex (com-
prising CDK9), which phosphorylates RNA polymerase
II; and (ii) the histone methyltransferases DOTI1L and
NSD1, which catalyze H3K79me3 and H3K36me2 marks
deposited in the body of actively transcribed genes. This
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creates an active gene transcription elongation environ-
ment at KMT2A-X target genes (e.g. HOX genes), which
is reinforced by the recognition of acetylated lysines on
histones at important oncogene loci (e.g. MYC) by the
BET proteins including BRD4. Based on these dependen-
cies, small molecule inhibitors of DOT1L, of BRD4 and of
the interaction between KMT2A and MENT1 have been
developed.®®

Other alterations of KMT2A function are observed. In
some instances reciprocal X-KMT2A fusions were shown
to contribute to leukemogenesis in murine model (e.g.
AFF1-KMT2A cooperation with KMT2A-AFF1°). KMT2A
partial tandem duplications (KMT2A-PTD) are also found
in AML and both murine modeling and human genetics
indicate that KMT2A-PTD requires additional mutations
to induce bona fide leukemia.'*"

Wildtype NUP98 is part of the nuclear pore complex, a
large structure of ~30 proteins at the nuclear membrane
which provides a bidirectional channel allowing small
ions and peptides to diffuse and larger molecules (mRNA
and proteins) to be actively transported by carriers.

BMI1
HDAC1,2
MEN1 CTBP1
LEDGF HPC

waoperona | B

-

MENT1 4 KMT2A
LEDGF

 pTEFb

H3K79 activity

L J

47

HOX genes

NUP98 is different from other nucleoporins as it contains
multiple GLFG repeats allowing interaction with
CREBBP/EP300 and it can be found throughout the nucle-
us. Nup98 was reported to be involved, together with
Rae, in cell cycle progression and mitotic spindle regula-
tion.”” Notably, NUP98 is found at sites of actively tran-
scribed genes presenting the H3K4me3 mark and is
involved in cell cycle and development.”® NUP98 is also
involved with wildtype KMT2A and NSL in complexes
regulating HOX gene expression."

In leukemia, NUP98 is recurrently fused with over 30
different partners (including NSD1, KDMb5A, but also
homeodomain proteins such as HOXA9, HOXCI11,
HOXD11 or HOXD183). These fusions (termed NUP98-X
here) result from chromosomal alterations that are fre-
quently undetected by conventional cytogenetics due to
the location of the NUP98 gene close to the telomere of
the short arm of chromosome 11 (11p15)."* In the case
of chimeras between NUP98 and homeodomain proteins,
the GLFG repeats of NUP98 generally replace the transac-
tivation domain. To date, all NUP98-X fusions have been
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Figure 1. Molecular mechanisms associated with KMT2A-X and NUP98-KMT2A fusions. Schematic representation of the functional domains of wildtype KMT2A,
KMT2A-X (where X corresponds to the fusion partners), and NUP98-KMT2A and the molecular mechanisms associated with leukemic transformation. While KMT2A-
X fusions are associated with high expression (High) of HOX genes and MYC, NUP98-KMT2A is associated with low HOX genes (Low) and its regulation on MYC expres-
sion remains unknown (?). In mice, NUP98-KMT2A transformation is associated with high expression of cell cycle-associated genes (e.g. Sirtl, Rbl2 and Tert2).
Therapeutic targeting developed for KMT2A-X leukemia includes MEN1, DOT1L and BRD4 inhibitors. Whether small-molecule inhibitors of SET domain or TASPASE
1 activities would be efficient in NUP98-KMT2A leukemia is unknown. AT: AT-hook domain; SNL: speckled nuclear localization domains; MBD: MENIN 1-binding
domain; PHD: plant homeodomain finger domain; BD: bromodomain; FYRN and FYRC: phenylalanine/tyrosine-rich-N- and C-terminal domains; TAD: transactivation

domain; SET: SET methyltransferase activity domain.




associated with high HOX gene expression. Similarly to
wildtype NUP98, the NUP98-HOXA9 fusion also inter-
acts with wildtype KMT2A through the second GLFG
repeat of NUP98 and KMT2A is important for the recruit-
ment of NUP98-HOXA9 to the HOXA locus and NUP98-
HOXA9-dependent HOXA genes expression.”

Fisher et al. performed functional modeling of a peculiar
NUP98-KMT2A  alteration, resulting from an
inv(11)(p15;q23) characterized in two AML patients and
leading to the fusion of NUP98 exon 13 to KMT2A exon
2. The predicted NUP98-KMT2A fusion encodes a 4,340
amino acid protein lacking the MEN1-interacting domain
but containing most of KMT2A including the H3K4
methylation SET domain, as opposed to KMT2A-X
fusions (Figure 1). As the reciprocal KMT2A-NUP9S
fusion transcript (between exon 1 of KMT2A and exon 14
of NUP98) was detected in only one of the two original
patients,” the hypothesis was that the NUP98-KMT2A
fusion may represent the important disease driver. Fisher
et al. achieved this tour de force through the development
of a novel inducible NUP98-KMT2A transgenic mouse
model.

The authors demonstrate the expansion and increased
competitiveness of NUP98-KMT2A-expressing
hematopoietic progenitor cells (LineageScal*Kit* cells)
and concomitant cell cycle abnormalities without signifi-
cant changes in the relative distribution between long-
term hematopoietic stem cells and multi-potent progeni-
tors. Upon long-term NUP98-KMT2A expression, mice
succumbed to lethal myelodysplasia or AML. The median
latency for development of a hematopoietic malignancy
in inducible NUP98-KMT2A mice was rather long (>1
year) and sublethal irradiation to generate DNA damage
accelerated disease. Together with the observation of
additional mutations in other human NUP98-rearranged"
or KMT2A-PTD," this strongly suggests that cooperating
mechanisms are required for induction of full-blown
AML by NUP98-KMT2A. Interestingly, however, the co-
expression of Flt3-ITD did not accelerate the disease in
this inducible NUP98-KMT2A model, suggesting differ-
ent cooperating networks as compared to the NUP98-
NSD1 fusion.”

Inducible models allow elegant and formal testing of
whether continuous expression of the driver oncogene is
required for leukemia maintenance by removing doxycy-
cline treatment in diseased animals. Previously, full
dependence of AML on KMT2A-MLLT3 expression was
observed using a similar model."” Here, however, ceasing
the doxycycline treatment in recipients of inducible
NUP98-KMT2A cells did not abrogate the disease pro-
gression in all the mice. The authors suggest that this may
result from a “leak” of residual NUP98-KMT2A expres-
sion inherent to this inducible system. In this regard,
given that KMT2A-X and NUP98-KMT2A fusion tran-
script expression is controlled by different endogenous
regulatory elements - KMT2A and NUP98 promoters,
respectively - significantly different levels of fusion
expression could be required for leukemia induction and
maintenance. It remains to be formally tested whether
NUP98-KMT2A expression is essential for the mainte-
nance of already transformed leukemic cells in all cases.
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At the molecular level, inducible NUP98-KMT2A
murine leukemia cells, similarly to NUP98-KMT2A
patient’s leukemic cells,” do not show significant upregu-
lation of HOX genes as compared to control cells or
leukemia from two retroviral models of KMT2A fusions
(KMT2A-ENL and KMT2A-MLLT3). Gene expression
analyses in transgenic mouse embryonic fibroblasts con-
firmed cell cycle deregulation and further demonstrated a
block in induction of senescence. Notably, a subset of cell
cycle- and senescence-associated genes deregulated by
transgene induction in mouse embryonic fibroblasts was
also found to be deregulated in murine hematopoietic pro-
genitor cells (e.g. Sirt1, RbI2, Tert2). These data suggest that
NUP98-KMT2A does not transform hematopoietic pro-
genitor cells through aberrant expression of HOX genes
and cofactors but through an alternative mechanism asso-
ciated with a defective cell cycle checkpoint. Notably, this
is further supported by the absence of significant cell cycle
perturbation in inducible NUP98-KMT2A cells mediated
by small MEN1 or BRD inhibitors, as opposed to their
effects on KMT2A-MLLTS3 cells.

Three NUP98 fusion partners (NSD1, NSD3, and
KMT2A) have a SET domain and another partner is a
known interactor of SET-containing proteins (SETBP1)
with histone methyltransferase function. Although addi-
tional genome-wide chromatin analyses will be required
to assess H3K4me3 profiles and NUP98-KMT2A DNA
binding sites in NUP98-KMT2A cells, it could be hypoth-
esized that aberrant deposition of H3K4me3 at NUP98
target genes enhances or ectopically creates promoter
activities. More generally, it also remains to be deter-
mined: (i) whether the NUP98 or KMT2A moiety con-
trols the identity of the target genes; (ii) whether dimer-
ization is required for transformation as for other
KMT2A-X fusions; and (iii) whether the location of
NUP98-KMT2A at the nuclear pore, reported to be in
close proximity to the loci of actively transcribed cell
cycle regulators, in part controls the identity of the target
genes in a cell context-dependent manner.

Together, the identification of transcriptional targets of
NUP98-KMT2A represents a first step toward the devel-
opment of novel therapeutic strategies. Based on the pro-
tein structure, the NUP98-KMT2A transforming proper-
ties could depend on cleavage by TASPASE 1 and SET
domain catalytic activity. As interference with these
activities has been proposed,” future assessment of the
efficacy and specificity of targeted therapies could be of
interest in these human leukemias.
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T-cell and NK-cell neoplasms of the gastrointestinal tract - recurrent themes, but clinical
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he history of intestinal T-cell lymphomas begins
with the early work of Peter Isaacson and Dennis
Wright who described cases of “malignant histio-
cytosis” of the intestine that they linked to malabsorption
and ulcerative jejunitis." Subsequent work showed that
“malignant histiocytosis of the intestine” was a form of T-
cell lymphoma, later named enteropathy-associated T-
cell lymphoma (EATL).” Since then, we have come to
understand the distinction between EATL, closely linked
to celiac disease, and monomorphic epitheliotropic T-cell
lymphoma (MEITL), formerly EATL type II (Figure 1).°
The work of Isaacson and Wright shaped the modern
classification of both T-cell and B-cell intestinal lym-
phomas, giving us not only EATL, but also mucosa-asso-
ciated lymphoid tissue (MALT) lymphoma. Sadly Dennis
Wright passed away on April 08, 2020 at the age of 88.
Most cases of intestinal T-cell lymphoma were highly
aggressive, but in the 1990s there was a series of reports
of low-grade intestinal T-cell neoplasms, some of which
mimicked lymphomatous polyposis.“® The nature of this
rare form of T-cell lymphoma was better defined in sub-

sequent reports,”’ and incorporated into the Revised 4*

Edition of the World Health Organization (WHO) classi-
fication® as a provisional entity under the term indolent T-
cell lymphoproliferative disorder of the gastrointestinal
tract (ITLPD-GIT) (Figure 1). Most patients had a chronic,
relapsing clinical course, although in both of the above
series late instances of large-cell transformation were
described."""

In the current issue of Haematologica, Soderquist et al.
expand our knowledge regarding the immunophenotypic
spectrum of ITLPD-GIT and provide new insights into its
molecular pathogenesis.”” As with prior reports, all cases
were derived from aff T cells with an equal proportion of
cases expressing either CD4 or CD8. One case each had
either a double-positive or double-negative phenotype.
The authors also examined the expression of T-bet
(TBX21) and GATAS, but any conclusions regarding the
functional or clinical significance of these markers, which
have been examined more extensively in nodal peripheral
T-cell lymphomas,* remain premature.

This study confirms the importance of alterations in
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JAK-STAT pathway genes in cases of ITLPD-GIT with a
CD4* phenotype. Five of six cases, either CD4*, or dou-
ble-negative in one instance, had alterations with predict-
ed activation of the pathway. Interestingly, functional
evidence of activation of the pathway was less convinc-
ing. Cells with nuclear staining for p-STAT3 and p-STATS
accounted for fewer than 10% of total cells in all nine
cases studied. Activation of the JAK-STAT pathway is a
very common finding in many forms of T-cell lymphoma,
most of which have a cytotoxic phenotype. Initially
reported in T-cell large granular lymphocyte leukemia,"
activation of this pathway is a regular feature of
hepatosplenic T-cell lymphoma,®” intestinal T-cell lym-
phomas,'*" anaplastic large cell lymphoma (ALCL), ALK-
positive and ALK-negative,”®” and breast-implant-associ-
ated ALCL.»" Interestingly, similar alterations were not
seen in the CD8" cases, which share a cytotoxic pheno-
type with many of the above mentioned lesions.
However, JAK3 mutations have been reported in NK-cell
enteropathy, an indolent NK-cell derived lymphoprolifer-
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ative disease of the gastrointestinal tract that has a chron-
ic relapsing and remitting clinical course similar to that of
[TLPD-GIT.”

Prior reports have noted that ITLPD-GIT with a CD8"
phenotype has a similar immunophenotypic profile to
that of primary cutaneous acral CD8" T-cell lymphoma,
another newly recognized provisional entity in the
revised WHO classification.’ This tumor presents with
superficial, non-epidermotropic cutaneous lesions.
Initially reported on the ear, it has subsequently been rec-
ognized presenting in other acral cutaneous sites. The
neoplastic cells have a cytotoxic T-cell phenotype but, as
in ITLPD-GIT, are positive for TIA-1 although negative
for granzyme B and perforin. Acral CD8" T-cell lym-
phoma has a similar indolent clinical course as ITLPD-
GIT, with a low risk of disease beyond the skin. Given
the current report by Soderquist ez al., which describes
structural alterations of the IL2 gene, extending these
studies to other forms of indolent T-cell lymphoma is
warranted. It is also notable both in this study, and in

EATL
Common sites - Jejunum - Jejunum - Duodenum - Stomach
« lleum « lleum « Jejunum « Duodenum
«lleum - SB, Colon
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Figure 1. Distinguishing features of primary intestinal T-cell and NK-cell neoplasms. Major biological and clinical features of enteropathy-associated T-cell ymphoma
(EATL), monomorphic epitheliotropic T-cell ymphoma (MEITL), indolent T-cell lymphoproliferative disorder of the gastrointestinal tract (IT-LPD) and natural killer-cell
enteropathy (NK-ENT) are shown. EATL and MEITL are clinically aggressive, whereas IT-LPD and NK-ENT have a chronic relapsing clinical course, with a low risk of
dissemination or transformation. Common recurrent features include a cytotoxic phenotype and activation of the JAK-STAT pathway in most of the entities. EATL:
enteropathy associated T-cell lymphoma; MEITL: monomorphic epitheliotropic intestinal T-cell lymphoma; IT-LPD, indolent T-cell lymphoproliferative disorder of the
gastrointestinal tract; NK-ENT, natural killer-cell enteropathy; SB; small bowel; R/D, rearrangement or deletion.
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prior work, that the molecular pathogenesis of the CD4*
and CD8" cases of ITLPD-GIT appears distinct.”” Thus,
more formal separation of these phenotypic variants may
be warranted in the future.

The current series presents both similarities with and
differences from prior clinical reports.”” Endoscopic find-
ings included multiple mucosal lesions, often with nodu-
larity or polyps. Only one case was associated with
mucosal ulceration. Most of the patients had a very pro-
tracted clinical course, with two patients being alive 19
and 21 years after diagnosis. There is a small but signifi-
cant risk of transformation, with disease progressing in
two patients after 11 and 27 years of follow-up. A vari-
ety of treatments were employed, with no patient stated
to attain a complete remission.

In prior series, all patients had disease confined to the
gastrointestinal tract, with extraintestinal dissemination
seen only in patients with histological progression.”"
However, Soderquist et al. report bone marrow involve-
ment in three cases, all of which were detected prior to
transformation. In one case bone marrow involvement
was detected only through an unidentified cytogenetic
abnormality; the bone marrow was morphologically nor-
mal and lacked evidence of a monoclonal T-cell receptor
gene rearrangement. This patient is alive with disease at
7 years after presentation, so the presence of bone mar-
row involvement, if real, has had little clinical impact.
Two additional patients were reported to have inguinal
lymph node involvement, one of whom also had positive
bone marrow. This latter case is the only patient classified
as having Ann Arbor Stage IV disease. This 41-year old
male was asymptomatic at presentation, and is untreated,
being alive with disease at 1 year. Curiously, the remain-
ing three patients said to have “biopsy-proven” involve-
ment of lymph node or bone marrow were classified as
stage IE at diagnosis. Presumably, the stated bone mar-
row or lymph node involvement occurred at some later
point during the clinical course. More data are needed to
understand the clinical and biological significance of this
extraintestinal dissemination, including molecular data to
confirm involvement.

A remaining issue is the optimal therapy for ITLPD-
GIT. Most of the data are anecdotal. A number of patients
have been treated with a variety of chemotherapy regi-
mens used in both B-cell and T-cell lymphomas.” Most
patients have failed to achieve any long-term benefit
from conventional chemotherapy. The JAK-STAT path-
way appears to be an attractive target, especially in
patients with CD4" disease, and in recent years there has
been interest in the use of targeted agents for a variety of
mature T-cell and NK-cell malignancies.”* Ruxolitinib is a
JAK-inhibitor approved for use in myeloproliferative neo-
plasms, and has shown some activity in cutaneous T-cell
lymphomas with activation of the JAK-STAT pathway.*
Other agents under evaluation for T-cell and NK-cell lym-
phomas include tofacitinib, pacritinib, and the histone
deacetylase inhibitor, chidamide. The use of targeted
agents in combination with either chemotherapy or
immunotherapy may offer promise in the future.
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ortunately, recent progress in systemic treatment has

prolonged the median overall survival of myeloma

patients."” However, this leads to increasing numbers
of radiation cycles being administered for supportive rea-
sons (e.g. pain, stability). Although radiation can result in
hematopoietic insufficiency in a dose-dependent manner,
leading to ineligibility for systemic treatment, the best
radiation regimen providing optimal local control and
minimized bone marrow toxicity is still under investiga-
tion. The current guidelines for radiotherapy in patients
diagnosed with multiple myeloma were summarized in a
critical review by the International Lymphoma Radiation
Oncology Group in 2018.° In their letter published in this
issue of Haematologica, Elhammali et al. contribute the
large and high-value experience of the MD Andersson
Cancer Center to this ongoing discussion.” After analysis
of treatment, toxicities and tumor control in 772 myelo-
ma patients with 1,513 irradiated lesions and a median
follow-up of 65.6 months the authors claim that radiation
doses as low as 20-25 Gy were sufficient to avoid reirra-
diation in more than 97% of all cases. However, in uni-
variate analysis, a biologically effective dose assuming an
o/p ratio of 10 Gy (BED,) of <28 Gy was associated with
an increased risk of reirradiation. As the authors state
themselves, the study is limited by the well-known bias
of retrospective data with a long observation period.*
From our perspective, the most important problems seem
to be the comparatively weak endpoint of reirradiation
and the selection bias of how dose was determined in the
individual patient.” Our own clinical experience shows
that lower doses are preferentially given to elderly or frail
patients, in order to save treatment time and reduce acute

toxicity, or in cases of small lesions with low tumor bur-
den. In fragile patients reirradiation is often not per-
formed as these patients may die prior to local tumor
recurrence because of systemic disease progression or rel-
evant comorbidities and the reirradiation is therefore
underestimated. In patients with small lesions, a lower
irradiation dose may probably be sufficient to achieve
local tumor control. Despite the reported data, we would
therefore still recommend higher doses of 30-40 Gy to
large lesions as stated by the International Lymphoma
Radiation Oncology Group.® Especially when treating
critical lesions of the spine or the skull base as well as
lesions particularly prone to fractures, it is essential to
reach stable local tumor control. In this context we sug-
gest that toxicity should be avoided by shrinking the irra-
diation field rather than by reducing dose. Targeted
dosage to bone lesions or extramedullary tumors will not
compromise bone marrow function relevantly.

Nevertheless, the reported routine clinical records of a
reference center with a high number of cases* still con-
tribute valid arguments to the ongoing discussion: The
authors could show that in this selected cohort compara-
tively low doses were sufficient for a high rate of tumor
control, emphasizing that selected plasmacytoma sites with
low tumor burden might definitely be effectively irradiated
with doses as low as 20-25 Gy, and that in advanced disease
stage, lower doses and therefore shorter time of treatment
are still sufficient for local control.*

The best approach is probably to apply high doses pre-
cisely to sites with large tumor burden and to reduce
doses in sites with less or disseminated tumor and if func-
tional bone marrow may be affected. With modern inten-

Figure 1. Planning computed tomography scanning of a myeloma lesion in the right ischium. The dose distribution is depicted by a color wash from red (= high
dose) to dark blue (= low dose). (A) Conventional technique: 50 Gy in 20 fractions of 2.5 Gy to complete target volume. Black arrow: areas of high dose out of target
volume (red line/white arrow). (B) Volume modulated arc therapy (VMAT) technique. Red line/white arrow: main target volume 40 Gy in 20 fractions of 2.0 Gy; orange
line/red arrow: integrated boost target volume 50 Gy in 20 fractions of 2.5 Gy. The complete dose of each fraction is delivered simultaneously integrated to both tar-

get volumes.
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sity-modulated radiotherapy or volume-modulated arc
therapy such dose distributions can be routinely attained
(Figure. 1). Considering possibilities of modern imaging,
including magnetic resonance imaging and positron emis-
sion tomography/computed tomography, which are able
to depict myeloma lesions very precisely, highly confor-
mal radiotherapy techniques can be applied with a com-
paratively low risk of missing the target.” Thus, even high-
precision stereotactic radiotherapy or radiosurgery can be
considered for the treatment of critical multiple myeloma
lesions in the spine.® Of course, using such radiation tech-
niques, effective systemic therapy is an essential part of
the interdisciplinary treatment concept.

Radiotherapy is the treatment of choice for multiple
myeloma in two situations: as curative treatment for sin-
gle plasmacytoma lesions and as palliation for local symp-
toms due to certain bone or extramedullary lesions. In
both situations local tumor control is most important and,
therefore, the radiation dose sought should not differ. In
fact, the decision regarding each patient’s or each lesion’s
dose should also be taken on the basis of that patient’s
general condition and life expectancy. In this context, spe-
cific help for dose decisions can be obtained by scores,
such as the one developed by Rades et al”

Furthermore, and probably most importantly, consid-
ering multiple myeloma and also solitary plasmacytoma
as a systemic disease, radiation doses and volumes
should not adversely affect the administration of essen-
tial systemic therapies by being toxic to the bone mar-

row. To ensure this, patients diagnosed with multiple
myeloma should be treated in an interdisciplinary man-
ner by oncologists and radiation oncologists together. In
summary, the work by Elhammali et a/. may not cause a
paradigm shift, but it does contribute important data
with regards to a concept of individualized radiation
therapy.
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ABSTRACT

he myelodysplastic syndromes (MDS) share their origin in the

hematopoietic stem cell but have otherwise very heterogeneous

biological and genetic characteristics. Clinical features are dominat-
ed by cytopenia and a substantial risk for progression to acute myeloid
leukemia. According to the World Health Organization, MDS is defined
by cytopenia, bone marrow dysplasia and certain karyotypic abnormali-
ties. The understanding of disease pathogenesis has undergone major
development with the implementation of next-generation sequencing and
a closer integration of morphology, cytogenetics and molecular genetics is
currently paving the way for improved classification and prognostication.
True precision medicine is still in the future for MDS and the develop-
ment of novel therapeutic compounds with a propensity to markedly
change patients’ outcome lags behind that for many other blood cancers.
Treatment of higher-risk MDS is dominated by monotherapy with
hypomethylating agents but novel combinations are currently being eval-
uated in clinical trials. Agents that stimulate erythropoiesis continue to be
first-line treatment for the anemia of lower-risk MDS but luspatercept has
shown promise as second-line therapy for sideroblastic MDS and
lenalidomide is an established second-line treatment for del(5q) lower-risk
MDS. The only potentially curative option for MDS is hematopoietic
stem cell transplantation, until recently associated with a relatively high
risk of transplant-related mortality and relapse. However, recent studies
show increased cure rates due to better tools to target the malignant clone
with less toxicity. This review provides a comprehensive overview of the
current status of the clinical evaluation, biology and therapeutic interven-
tions for this spectrum of disorders.

Definition of myelodysplastic syndromes

The myelodysplastic syndromes (MDS) constitute a spectrum of disorders with
variable degrees of cytopenias, morphological dysplasia and risk of progression to
acute myeloid leukemia (AML). As such, they provide a clinical model of neoplastic
disease capable of progressing from indolent to frankly aggressive. Thus, under-
standing the nature of MDS permits analysis of clinical and biological factors
involved in maintaining clinical stability and those provoking active tumor progres-
sion.

Although MDS comprises heterogeneous subcategories these share a common
origin in the hematopoietic stem and progenitor cell compartment.' The degree of
cytopenia partly defines the World Health Organization (WHO) subcategories but
certain MDS and subgroups of mixed MDS/myeloproliferative neoplasma (MPN)
may present with increased white blood cell, monocyte and platelet counts.
Moreover, a diagnosis of MDS can be made in patients with mild or borderline ane-
mia if definite morphological or cytogenetic findings are present.'

Besides cytopenia, the main defining feature of MDS is the presence of morpho-
logical dysplasia of precursor and mature bone marrow blood cells. A number of
dysplastic changes have been defined for each lineage of the bone marrow, as listed
in Table 1.
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Scope and limitations of this review

While definitions and classifications of MDS until 2001
included chronic myelomonocytic leukemia, in the 2008
WHO classification this former MDS subtype was trans-
ferred to a novel entity of mixed MDS/MPN.> MDS and
MDS/MPN share several pathogenic features but also dis-
play important differences. Clinical trials that constitute
the basis for therapeutic recommendations have often
enrolled both MDS and MDS/MPN patients. In this
review, we will focus on the current WHO diagnosis of
MDS but discuss MDS/MPN when relevant for the con-
text.

An area with relevance for MDS are variants of clonal
hematopoiesis, defined as the presence of somatic
myeloid mutations in the absence of diagnostic criteria for
MDS or any other blood cancer.® Clonal hematopoiesis
will be discussed herein as a differential diagnosis of MDS.

The review focuses on adult MDS. However, knowl-
edge about germline conditions potentially predisposing
to MDS has vastly increased over these past years, leading
baseline investigation of patients with potential MDS to
include evaluation of potential germline conditions.’

Classification systems

Historical perspective including the French-American-
British classification

Morphological depiction of the disease spectrum has
been difficult due to the somewhat subjective nature of
defining marrow dysplasia and the patients’ variable clin-

Table 1. Morphological manifestations of dysplasias (WHO 5.01 and
6.02).*
Dyserythropoiesis
Nuclear
Nuclear budding
Internuclear bridging
Karyorrhexis
Multinuclearity
Megaloblastoid changes
Cytoplasmic
Ring sideroblasts
Vacuolization
Periodic acid-Schiff positivity
Dysgranulopoiesis
Small or unusually large size
Nuclear hyposegmentation (pseudo-Pelger-Huet)
Nuclear hypersegmentation
Decreased granules — agranularity
Pseudo-Chédiak-Higashi granules
Déhle bodies
Auer rods
Barr bodies
Dysmegakaryopoiesis
Micromegakaryocytes
Nuclear hypolobation
Multinucleation
Monocytosis
No specific morphology but persistent monocytosis =1 x 10%L with
monocytes accounting for =10% of leukocytes

e Dysplasia may also be visible in peripheral blood films when dysplastic
cells are released from the bone marrow

ical courses. Since its initial description as ‘preleukemia’ in
1953 a multiplicity of terminologies have been used to
describe this entity (Table 2). The French-American-British
(FAB) morphological classification in 1982 helped to pro-
vide a consensus approach to grouping patients.” MDS
emerged as a separate entity in the FAB classification,
which recognized one group with an excess of blasts but
not fulfilling the criteria for acute leukemia, and, as indi-
cated above, another group with increased monocytosis
termed chronic myelomonocytic leukemia, now charac-
terized as an MDS/MPN.

World Health Organization classification

In 2001, the WHO proposed an alternative classification
for MDS which was subsequently updated in 2008 and in
2016" and currently identifies six MDS entities based on
marrow morphology and cytogenetics (Table 3).*° The
denominator used for determining blast percentage was
recently redefined to include all nucleated bone marrow
cells as opposed to only non-erythroid cells. The division
between MDS and AML is a continued area of debate.
The clinical outcomes of MDS patients are not only relat-
ed to the quantity of blasts, but also to a differing pace of
disease related to distinctive biological and molecular fea-
tures compared with those of de movo AML."* The
National Comprehensive Cancer Network (NCCN) prac-
tice guidelines for MDS (also discussed by the WHO)
allow for patients with 20% to 29% blasts AND a stable
clinical course for at least 2 months to be considered as
having either higher-risk MDS or AML.’ Individuals with
FLT3 or NPM1 mutations are more likely to have AML
than MDS." Future challenges will include methods to
further stratify patients’ clinical courses more effectively,
using biological features (e.g., mutations) as adjuncts to
morphology.

Demographics and clinical presentation

The incidence of MDS was previously based on large
regional registries. The Diisseldorf Registry described 216
patients diagnosed between 1996 and 2005, correspon-
ding to an incidence of 4.15 cases per 100,000 popula-

Table 2. Chronology of the terminology for myelodysplastic syndromes.

Term Year  Author
Preleukemia 1953 Block et al.
Refractory anemia with ringed sideroblasts 1956 Bjorkman
Refractory normoblastic anemia 1959 Dacie et al.
Smoldering acute leukemia 1963 Rheingold et al.
Chronic erythremic myelosis 1969 Dameshek
Preleukemic syndrome 1973 Saarni and Linman
Subacute myelomonocytic leukemia 1974 Sexauer et al.
Chronic myelomonocytic leukemia 1974 Miescher and Farquet
Hypoplastic acute myelogenous leukemia 1975 Beard et al.
Refractory anemia with excess myeloblasts 1976 Dreyfus
Hematopoietic dysplasia 1978 Linman and Baghy
Subacute myeloid leukemia 1979 Cohen et al.
Dysmyelopoietic syndrome 1980 Streuli et al
Myelodysplastic syndromes 1982 Bennett et al.
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tion/year." The median age, 71 years, was similar to that
of the Revised International Prognostic Scoring System
(IPSS-R) cohort.” More recent population-based reports
show median ages of 75-76 years. A Swiss study showed
an incidence of 3.6 cases per million.” A Swedish study
described 1,329 patients with MDS or MDS-MPN,; corre-
sponding to a crude annual incidence of 2.9 cases per
100,000 population.” The lower incidence reflects that
patients were double-reported from hematology and
pathology departments, with non-MDS differential diag-
noses most likely being excluded. In all registries the inci-
dence sharply increases with age, making MDS one of the
most common blood cancers in the elderly population.

The clinical presentation mainly consists of symptoms
caused by cytopenia. According to the Swedish Registry
11% and 42% of newly diagnosed patients had hemoglo-
bin levels <8 g/dL and 8-10 g/dL, respectively, and 50%
needed erythrocyte transfusions, 40% had platelet counts
below 100x10°/L, 5% received platelet transfusions, and
20% had neutrophil counts <0.8x10%/L."" Hence, symp-
toms of anemia, such as dyspnea and fatigue, dominate
the clinical picture. Bleeding complications and infections
become more pronounced during the course of disease. In
a recent survey, 309 consecutive patients received a total
of 11,350 red cell units and 1,956 platelet units over 777
person-years of follow-up, corresponding to an overall
transfusion intensity of 14.6 and 2.5 units/person-year for
red blood cells and platelets, respectively.”

Table 3. World Health Organization classification of myelodysplastic syndrome.
Dysplastic

Cytopenias*
lineages

Ring sideroblasts
as % of marrow

Personalized management of MDS -

Some MDS patients present with systemic inflammato-
ry and autoimmune diagnoses before, in conjunction
with, or after the diagnosis of MDS." A recent French sur-
vey of 123 patients with MDS and systemic inflammatory
and autoimmune diagnoses reported systemic vasculitis
in 32%, connective tissue disease in 25%, inflammatory
arthritis in 23%, and neutrophilic disorders in 10% of
cases. A significant association was shown between
chronic myelomonocytic leukemia and systemic vasculi-
tis. Other symptoms and findings encompassed fever, skin
abnormalities including Sweet syndrome, and bleeding
due to disturbed coagulation, as recently reviewed.” It is
important to recognize the MDS diagnosis in these
patients, since intervention with corticosteroids and azac-
itidine may relieve symptoms.

Quality of life

MDS is a disease with a significant impact on every-day
life due to cytopenia and the substantial risk of a fatal out-
come. Recent studies provide important information
about the quality of life in MDS. Troy et al. assessed the
NCCN distress thermometer and problem list scores in
110 patients.” The three most frequently reported symp-
toms were fatigue, pain and worry. Stauder ez al. used the
prospective European LeukemiaNet Registry to compare
health-related quality of life in 1,690 consecutive patients

BM and PB hlasts Cytogenetics by conventional

karyotype analysis

erythroid elements

MDS with single lineage dysplasia 1 lor2 <15% <5%" BM <5%, PB <1%, no Auer rods  Any, unless fulfills all criteria for
MDS with isolated del(5q)
MDS with multilineage dysplasia 2o0r3 1-3 <15%/ <5%" BM <5%, PB <1%, no Auer rods  Any, unless fulfills all criteria for
MDS with isolated del(5q)
MDS with ring sideroblasts
(MDS-RS)
MDS-RS with single lineage dysplasia 1 lor2 =15%/=5%" BM <5%, PB <1%, no Auer rods  Any, unless fulfills all criteria for
MDS with isolated del(5q)
MDS-RS with multilineage dysplasia 2 or 3 1-3 =>15%/=5%" BM <5%, PB <1%, no Auer rods  Any, unless fulfills all criteria for
MDS with isolated del(5q)
MDS with isolated del(5q) 1-3 1-2 None or any BM <5%, PB <1%, no Auer rods  del(5q) alone or with 1 additional
abnormality except -7 or del(7q)
MDS with excess blasts (MDS-EB)
MDS-EB-1 0-3 1-3 None or any BM 5%-9% or PB 2%-4%, no Any
Auer rods
MDS-EB-2 0-3 1-3 None or any BM 10%-19% or PB 5%-19% Any
or Auer rods
MDS, unclassifiable (MDS-U)
MDS-U with 1% blood blasts 1-3 1-3 None or any BM <5%, PB 1%, no Any
Auer rods
MDS-U with single lineage dysplasia 1 3 None or any BM <5%, PB <1%, no Auer rods ~ Any
and pancytopenia
MDS-U based on defining cytogenetic abnormality 0 1-3 =15%* BM <5%, PB <1%, no Auer rods
MDS-defining abnormality
Refractory cytopenia of childhood 1-3 1-3 None BM <5%, PB <2% Any

*Cytopenias defined as: hemoglobin <10 g/dL; platelet count <100 x10°/L; and absolute neutrophil count <1.8 x 10°/L. Rarely, myelodysplastic syndrome may present with mild anemia or
thrombocytopenia above these levels.The peripheral blood monocyte count must be <1 x 10%L.'If SF3B] mutation is present. /One percent peripheral blood blasts must be recorded on
at least two separate occasions.5Cases with =15% ring sideroblasts by definition have significant erythroid dysplasia,and are classified as myelodysplastic syndrome with ringed siderob-
lasts with single lineage dysplasia. BM: bone marrow; PB: peripheral blood.
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with IPSS low/intermediate-1 risk MDS with an age- and
sex-matched reference population.” MDS patients report-
ed moderate/severe problems in the dimensions pain/dis-
comfort (50%), mobility (41%), anxiety/depression
(38%), and usual activities (36%). Limitations were more
frequent in older patients, in females, and in those with a
high comorbidity burden or needing red blood cell trans-
fusions. Finally, Efficace and co-workers studied patients
with higher-risk MDS and concluded that patient-report-
ed outcomes provide important information regarding the
prognosis of patients.”

Disease pathogenesis

A hallmark of MDS is the dysregulated hematopoietic
differentiation resulting in impaired differentiation, mor-
phological dysplasia, and cytopenia.” The cell of origin of
MDS lies within the hematopoietic stem and progenitor
cell compartment and can usually be tracked back to the
pluripotent hematopoietic stem cell, implying that MDS is
a malignancy for which cure usually cannot be reached
with treatments other than allogeneic stem cell transplan-
tation (SCT).? MDS cells accumulate in the bone marrow
as a result of a complex interplay between genetic and epi-
genetic alterations, the bone marrow microenvironment,
and the immune system, a process that can develop over
several years (Figure 1).

The genetic landscape of MDS is quite well delineated.
Early studies focused on structural cytogenetic abnormali-
ties, identified by metaphase karyotyping in around 50%

Accumulation

of immature cells Increased

apoptosis

of MDS patients. Most of these abnormalities are unbal-
anced changes resulting in loss or gain of a large amount of
chromosomal material e.g. deletion (del) 5q, monosomy 7,
trisomy 8 and del 20q.” The advent of next-generation
sequencing technology resulted in a comprehensive map-
ping of the MDS genome.”” More than 50 genes have
been identified as recurrently mutated in MDS. These
genes are involved in biological processes such as DNA
methylation, chromatin modification, RNA splicing, cohe-
sion formation, regulation of transcription, signaling and
DNA repair (Table 4). Some mutations result in specific
phenotypes e.g. SF3B1 and del5q which are described
below. Interestingly, some of the recurrently mutated genes
e.g., DNMT3A, TET2 and ASXL1, are also found in healthy
individuals (clonal hematopoiesis of indeterminate progno-
sis, CHIP), representing pre-leukemic clones with an age-
associated incidence and a varying risk of subsequent
development of MDS or other myeloid malignancies.””

Several of the recurrently mutated genes are epigenetic
regulators.”®” The MDS epigenome exhibits distinct
pathological patterns, which may be explained in part by
such mutations but which can also be a consequence of
stochastic epigenetic drift, seen with increasing age.” In
analogy with the epigenetic profile, patients with MDS
also demonstrate specific gene expression profiles.**
Such clusters can be observed for morphological sub-
groups e.g. MDS with ringed sideroblasts (MDS-RS) and
MDS with excess blasts, as well as for specific genetic
lesions e.g., del(5q) and SF3B1.

Many studies have addressed the composition and func-
tion of the immune system in MDS and several immuno-

Cytopenia
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Figure 1. Pathogenesis of myelodyspastic syndromes: underlying mechanisms. CMP: common myeloid progenitors; GMP: granulocyte-monocyte progenitor; MEP:
megakaryocyte-erythrocyte progenitor; MkP: megakaryocyte progenitor; EPP: early erythroid progenitor.
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logical imbalances have been identified, in particular with-
in the T-cell lineages. In lower-risk MDS, an upregulation
of cytotoxic T cells has been observed, whereas higher-
risk MDS is characterized by immune escape and upregu-
lation of regulatory T cells.*** Several studies have identi-
fied autonomous large granular lymphocyte T-cell clones
in a large proportion of patients with MDS.¥* Similarly,
the presence of plasma cell clones has been described.**
Whether the MDS disease is evoking immune activation
or whether an initial immune activation results in selec-
tion pressure giving mutated MDS cells a survival advan-
tage is unclear.

The microenvironment in MDS shows abnormal mor-
phological features. Molecular characterization of stromal
niche cells has revealed various alterations, including dis-
turbances in differentiation and in stem cell supporting
functions.”*** Again, whether niche-alterations are initi-
ating events or induced by the MDS clone is unknown.
Murine models have suggested that manipulation of the
niche can induce myeloid malignancies, but solid evidence
from MDS patients remains to be presented*

An important route to develop MDS is by exposure to
cytostatic drugs or radiation-therapy, i.e., therapy-related
MDS. The mechanisms involved are largely unknown.
Case-control studies have demonstrated a higher frequen-
cy of underlying CHIP clones in patients developing ther-
apy-related MDS.™* Possibly, the survival pressure that is
exerted on hematopoietic stem cells during treatment may
give underlying CHIP clones a survival advantage resulting
in emergence of the MDS. It has also been proposed that
cytostatic/radiation therapy can cause direct DNA dam-
age but evidence for this hypothesis is sparse.

5¢- syndrome

Although the mechanisms underlying anemia in
patients with del(5q) remain elusive, haploinsufficiency
and dependence of erythroid cells on casein kinase
(CKla), encoded for by a gene within the common delet-
ed region of del(5q), appear to be of central importance.
The drug lenalidomide induces ubiquitination of CKla
through the E3 ubiquitin ligase cereblon, resulting in
CKla degradation.” Such degradation in the haploinsuffi-
cient del(5q) cells sensitizes these cells to lenalidomide,
providing a basis for the therapeutic effects of the drug in
these patients. Additionally, the E3 ubiquitin ligase RNF41
is a principal target responsible for erythropoietin receptor
(EpoR) stabilization. Data suggest that lenalidomide also

Table 4. Mutations in myelodysplastic syndromes.
Functional group Included genes

DNA methylation DNMT3A, TET2, IDHI, IDH?
Chromatin modification

Personalized management of MDS -

has E3 ubiquitin ligase inhibitory effects thus inhibiting
RNF41 auto-ubiquitination and promoting membrane
accumulation of signaling competent JAK2/EpoR com-
plexes that augment responsiveness to erythropoietin.”

Myelodysplastic syndrome with ringed sideroblasts
and SF3B1 mutations

The characteristic mitochondrial ferritin accumulation in
MDS-RS is associated with reduced expression of the iron
transporter protein gene ABCB7.>* In two pivotal papers,
Papaemmanuil et al. and Yoshida et al. described recurrent
mutations in splicing factor 3b subunit 1 (SF3B1) in more
than 80% of patients with MDS-RS.**" Subsequent studies
identified aberrant splicing of genes involved in erythro-
poiesis and mitochondrial function, but the molecular and
cellular links between the SF3B1 mutation and ineffective
erythropoiesis remain elusive.”* Recent studies have
tracked back the SF3B1 mutations to multipotent
hematopoietic stem cells and described how MDS-RS ery-
thropoiesis can be confidently modeled in vitro, leading to
new possibilities to assess the effects of novel com-
pounds.®* From a clinical perspective MDS-RS with SF3B1
mutations appears as a clinically and morphologically dis-
tinct entity with affected patients having a favorable sur-
vival, a low risk of leukemic transformation but a high risk
of developing refractory transfusion dependence.*”

Genetic predisposition to myeloid neoplasms

Myeloid neoplasms with germline predisposition were
recognized as a separate entity in the WHO 2016 classifi-
cation." Individuals with germline predisposition exhibit
an increased risk of developing myeloid neoplasms, main-
ly AML and MDS. Estimates suggest that at least 5% to
15% of patients with MDS or AML carry germline patho-
genic variants.®”

Germline mutations are divided into those predisposing
to myeloid neoplasms without a pre-existing disorder,
mutations with pre-existing platelet dysfunction, and
mutations associated with organ dysfunction. GATA2 and
RUNX1 mutations are relatively common and mandate
continuous surveillance of asymptomatic carriers, because
of the high risk of such subjects developing a myeloid neo-
plasm.”***”* Mutations in the telomerase complex usually
lead to a complicated clinical presentation with multi-
organ involvement, and mutations in the SAMD9 and
SAMDOL genes are associated with a high risk of progres-
sion to monosomy 7 MDS.””> More recently identified

EZH2, SUZI2, EED, JARID2, ASXLI, KMT2, KDM6A, ARID2, PHF6, ATRX

Cohesin complex formation
RNA splicing

STAG2, RAD21, SMC3, SMCIA

SF3B1, SRSF2, U2AF1, U2AF2, ZRSR2, SF1, PRPFS, LUCTL2

Transcription
Cytokine receptor/tyrosine kinase

RUNXIETV6,GATA2,IRFI, CEBPA, BCOR, BCORLI, NCOR?2, CUXI
FLT3, KIT, JAK2, MPL, CALR, CSF3R

Other signaling
Checkpoint/cell cycle

GNAS, GNBI, FBWX7, PTEN
TP33, CDKN2A

DNA repair
Other

ATM, BRCCS3, FANCL
NPMI, SETBPI, DDX41
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homozygous mutations in ERCC6L2 have been shown to
predispose to the development of somatic 7P53 mutations
and severe AML.® Mutations in DDX41 predispose to
myeloid neoplasms at higher ages than most other predis-
posing mutations, making this an important gene to ana-
lyze in potential adult sibling donors.”

Determining the diagnosis of myeloid neoplasms with
germline predisposition is of crucial clinical significance
since it may tailor therapy, dictate the selection of donors
and conditioning regimens for allogeneic hematopoietic
SCT, and enable relevant prophylactic measures and early
intervention. The Nordic MDS group recently published a
practical guideline program for diagnosis and manage-
ment of such conditions.*

Risk assessment and prognostication

Clinical variables for risk-based classification

A number of disparate methods have been developed to
clinically characterize MDS patients and evaluate their
prognosis. These classification approaches incorporated a
mixture of clinical features, including marrow blasts and
cytogenetics, differing cytopenias, age, lactate dehydroge-
nase levels, and cytogenetic abnormalities. The
International MDS Risk Analysis Workshop clarified these
features and generated the consensus International
Prognostic Scoring System for MDS (IPSS), dividing
patients with MDS into four risk categories based on their
cytopenias, marrow blast percentage and cytogenetic sub-
group, with median survivals ranging from 0.4 to 5.7
years.”” This classification method proved useful for prog-
nostic evaluation and clinical trial design.

Over the ensuing 15 years, additional features were sug-
gested to provide prognostic information in MDS, includ-
ing ferritin and fB,-microglobulin levels, marrow fibrosis,
the patient’s comorbidities and performance status, and
novel cytogenetic subgroups as well as refined morpho-
logical assessment of MDS.>’** To examine the prognostic
impact of these variables, the coalescence of data from a
new set of untreated primary MDS patients from multiple
international institutions provided another global data-
base of 7,012 patients via the International Working
Group for Prognosis in MDS (IWG-PM) project. This data-
base generated the Revised-IPSS (IPSS-R) allowing for a
more comprehensive cytogenetic analysis, providing five
cytogenetic subgroups based on an increased number of
specific prognostic chromosomal categories (n=15)" com-
pared to the six in the IPSS.”* In addition and importantly,
the revised system incorporated depth of cytopenias and
differing marrow blast percentages. The revised model
demonstrated five major prognostic categories (Figure 2).
Some patients in the IWG-PM project were also assessed
by the WHO classification-based Prognostic Scoring
System (WPSS) parameters, including red cell transfusion
dependence and WHO-defined clinical subgroups, with
similar prognostic efficacy.”

Since 2012, the IPSS-R has been a standard for evalua-
tion of risk-based clinical outcomes, and design of thera-
peutic strategies and clinical trials based on prognostic
risk-based features. The European LeukemiaNet and the
American NCCN MDS practice guidelines recommend
treatment based on the IPSS-R, age and performance sta-
tus.”® The IPSS-R has been confirmed to be a valuable
method for risk-classifying MDS patients, albeit with
some degree of variablity.**®

IPSS-R prognostic risk-based categories for MDS

Survival Freedom from AML Evolution
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H i H & i 4 A g % 8 g b Lt
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Figure 2. Clinical outcomes of patients with myelodysplastic syndrome in relation to Revised International Prognostic Scoring System prognostic risk-based cate-
gories. Survival, n = 7012, P<0.001. Evolution to acute myeloid leukemia, n = 6485, P<0.001.*? IPSS-R: Revised International Prognostic Scoring System; AML: acute

myeloid leukemia.
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Genomics in the International Prognostic Scoring
System risk assessment

Recent molecular studies have demonstrated the major
impact on survival and disease progression of specific
somatic mutations, including those that are additive to the
IPSS-R clinical characterization.®*®**" At least five genes -
TP53, ASXL1,EZH2, ETV6, and RUNX - have an adverse
prognostic impact whereas SF3B1 has a positive impact.
Additionally, a group of approximately 60 genes have
been recurrently demonstrated to be involved in the vari-
ous subtypes of MDS, with varying incidence levels (Table
4). Bone marrow samples from a representative cohort of
over 3,000 MDS patients were sequenced using a next-
generation sequencing panel optimized for myeloid dis-
ease. Analysis of TP53 mutations in 380 patients enabled
segregation of patients according to two TP53 states: a
mono-allelic state in which one wildtype allele remained
and a multi-hit/bi-allelic state in which TP53 was altered
multiple times by either mutations, deletions or copy neu-
tral loss of heterozygosity (67% of TP53-mutated
patients).” TP53 state rather than mutation alone was
found to be an independent diagnostic and prognostic bio-
marker in MDS. Mono-allelic TP53 patients had more
favorable disease than multi-hit TP53 patients and were
enriched in low-risk WHO subtypes. Critically, multi-hit
TP53 was associated with a worse overall survival as com-
pared to mono-allelic 7P53, and with more pronounced
AML transformation.”

Patients’ management

MDS is a complex disease displaying marked inter-indi-
vidual differences with regard to disease mechanisms and
potential therapeutic options. Compared to many other
blood cancers, the diagnostic process is more challenging
and effective targeted treatments less abundant. In

Europe, the MDS-Europe platform offers comprehensive
consensus-based MDS guidelines for diagnosis, prognosis
and treatment derived from two consecutive European
Union research projects (www.mds-europe.eu).” Moreover,
many Western countries have local web-based guidelines
with links from mads-europe.org. In the USA the NCCN
guidelines  (www.nccn.org/professionals/physician_gls/PDF/
mds.pdf)’ offer the same service.

Diagnostic work-up

The diagnostic work-up follows the recommendations
in the WHO 2016 classification." Cornerstones are bone
marrow morphology and histopathology, and cytogenetic
analysis. Flow cytometry immune-phenotyping is recom-
mended but not mandatory.” It is a necessary tool to
exclude certain differential diagnoses, such as paroxysmal
nocturnal hemoglobinuria and large granular lymphocytic
leukemia. Molecular genetics, mainly targeted DNA
sequencing, is strongly recommended, in particular in
patients who are candidates for active treatment.”®
Differential diagnoses of MDS encompass a long list of
both benign and malignant diagnoses, as summarized in
Table 5. Since management depends on a correct diagno-
sis, many national cancer programs mandate that diagno-
sis and prognosis are established in multi-professional
conferences.

Clonal cytopenia of unknown significance

Clonal hematopoiesis becomes more prevalent with
increasing age and may be present in the absence of
cytopenias [CHIP/aging-related clonal hematopoiesis
(ARCH)]. Interestingly, a recent study based on the Danish
twin registry failed to show a clear relation between CHIP

Table 5. Causes of cytopenia and/or dysplasia other than myelodysplastic syndromes.

Differential diagnosis Diagnostic tests

Aplastic anemia, pure red cell aplasia
Metastatic carcinoma

Histology, cytology, parvovirus B19
Histology, immunohistochemistry

Toxic bone marrow injury (alcohol, lead, zinc, copper deficiency,
nonsteroidal anti-rheumatic drugs, etc.)

Reactive bone marrow changes (infections e.g. sepsis, HIV, hepatitis,
tuberculosis and other chronic infections, autoimmune diseases,
thyroid disease, etc.), copper deficiency

History, laboratory tests

Cytology, history, laboratory tests

Paroxysmal nocturnal hemoglobinuria
Immune thrombocytopenia

Immunophenotyping
History, course

Megaloblastic anemia
Hypersplenic syndromes

Vitamin B12/folic acid concentration
History/clinical features (splenomegaly)

Acute leukemia (especially erythroleukemia, FAB-M6)

Myeloproliferative diseases (especially CMML, aCML, PMF)

Cytology, histology, inmunophenotyping, genetic and molecular genetic
testing

Histology, cytogenetic and molecular genetic testing

Hairy cell leukemia, large granular lymphocytic leukemia

Congenital dyserythropoietic anemia (rare)

Cytology, immunophenotyping, molecular genetic testing (BRAF, STATS),
T-cell receptor

Molecular genetic testing

Idiopathic cytopenia of undetermined significance
Clonal cytopenia of undetermined significance

ICUS minimal diagnostic criteria
CCUS diagnostic criteria

HIV: human immunodeficiency virus; FAB: French-American-British; CMML: chronic myelomonocytic leukemia; aCML: atypical chronic myeloid leukemia; PMF: primary myelofi-
brosis; ICUS: idiopathic cytopenia of undetermined significance; CCUS: clonal cytopenia of undetermined significance.
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and survival and did not point towards a common genetic
basis.” The term clonal cytopenia of unknown signifi-
cance defines individuals with myeloid mutations and
some degree of cytopenia, but without fulfilling criteria
for MDS or other hematologic diagnoses. The type and
number of mutations, and variant allele frequencies are
potential predictors of risk of progression and are current-
ly being evaluated and reviewed in large cohorts.”” Single
mutations in TET2 or DNMT3A with limited variant allele
frequencies are observed in a relatively large fraction of
individuals above 60 years and could thus be considered
normal, while the presence of more than one mutation
and any splice factor mutation may predict a high risk of
developing MDS. Patients with clonal cytopenia of
unknown significance, in particular if they are potential
candidates for curative treatment, should be followed up,
but results are presently too divergent to allow for precise
recommendations.

Risk-based therapeutic decision-making

In addition to disease-specific variables, patient-related
factors are also essential for risk estimation. Age and
comorbidities, naturally, influence the spectrum of avail-
able therapies. A number of comorbidity and so-called
frailty scores have been developed both for MDS and
blood cancers in general and, accounting for both disease-
and patient-related factors, considerably improve risk
stratification. Several comorbidity scores have been tested
in the general MDS patient population, including the
MDS-Specific Comorbidity Index and the Charlson
comorbidity index.”*

Therapeutic options

Therapeutic options for patients with MDS vary from
supportive care to allogeneic SCT, depending on disease-
and patient-related risk factors. Table 6 provides an
overview of therapeutic options and is divided into treat-
ments which either are formally approved by the FDA
and/or EMA or are part of long-standing routine treatment
used for MDS, albeit having been approved for other diag-
nosis, or are in the process of being approved. As the
MDS-Europe and NCCN guidelines are relatively specific
about indications and dosing, these will not be detailed in
the present review.

Supportive care

Supportive care is a cornerstone of the management of
all MDS and MDS/MPN patients.” Recent studies show
reduced progression-free survival and quality of life in
patients with a higher density of transfusions.”” A
Nordic study showed that quality of life improved in
patients responding to growth factors, but also in non-
responders transfused to a target hemoglobin of >12
g/dL."™ A British study showed that higher transfusion tar-
gets were associated with improved quality of life."”
Indeed, increasing evidence suggests that transfusion ther-
apy should be tailored according to the patient’s subjective
symptoms and not to specific hemoglobin trigger levels.”

Severe thrombocytopenia with the need for transfu-
sions becomes increasingly frequent with time."
Consensus-based guidelines agree that platelet transfu-

sions should be governed by trigger platelet count levels
during active treatment with chemotherapy and
hypomethylating agents (HMA), but mainly based on
bleeding symptoms during untreated chronic thrombocy-
topenia. Eltrombopag and romiplostim are licensed (the
latter only in the USA) for the treatment of severe chronic
immune thrombocytopenia. The results from the pivotal
studies in lower-risk and higher-risk MDS did not generate
licensing in any region, even though some positive
responses were observed.'”” Eltrombopag did not
improve the outcome of patients treated with azacytidine
in a randomized phase III study."” These compounds may
relieve bleeding symptoms in patients with lower-risk
hypoplastic MDS with severe thrombocytopenia, and are
sometimes used for such individuals. Granulocyte colony-
stimulating factor (G-CSF) is not indicated for low neu-
trophil counts, but can be used as supportive care in the
case of neutropenia caused by HMA treatment, in partic-
ular after recurrent infectious events.”*

Iron chelation

Close to 50% of MDS patients need red blood cell trans-
fusions as supportive care.”** Transfusion dependence
leading to iron overload has a negative impact on organ
function as well as infectious complications in some analy-
ses.'”" In cases of iron overload, the transferrin binding of
iron is overwhelmed and free non-transferrin bound iron, a
redox active component in the plasma, appears to be an
important mediator of tissue damage.”"

Prior observational studies have indicated that iron over-
load may contribute to poorer clinical outcomes in patients
with low/intermediate-1-risk MDS.""*"* Although studies
have shown that iron chelation therapy may improve
patients’ outcomes, most studies had limitations, such as

Table 6. Therapeutic options for myelodysplastic syndrome.
Approved by EMA or FDA or part of standard care

- Transfusion therapy

- Iron chelation'

- Erythropoiesis-stimulating factors

- Immunosuppressive treatment

- Lenalidomide for lower-risk del(5q) MDS
- Azacytidine’

- Decitabine’

- Induction chemotherapy

- Stem cell transplantation

Available therapeutic options, but not approved for MDS by
EMA or FDA

- Venetoclax (+ HMA hypomethylating agents or low-dose cytarabine)*
- Luspatercept®

- Eltrombopag, romiplostim6

- Ivosidenib (/DHT) and enasidenib (/DH2)’

'Desferrioxamine, deferasirox and deferiprone available in Europe. 1Desferrioxamine
and deferasirox available in the USA.*Approved for International Prognostic Scoring
System (IPSS) intermediate-2 and high-risk myelodysplastic syndrome (MDS), and
acute myeloid leukemia (AML) with 20-29% myeloblasts by the European Medicines
Agency (EMA). Approved for all MDS and AML with 20-29% myeloblasts by the Food
and Drug Administration (FDA).?Approved for IPSS intermediate-2 and high-risk MDS
by the FDA. Approved for AML by the FDA and EMA 'Approved for AML (in combina-
tion with hypomethylating agents, low-dose ara-C) by the FDA. Approved for chronic
lymphocytic leukemia by the EMA. *Expected FDA approval in April 2020.
‘Eltrombopag and romiplostim approved for immune thrombocytopenic purpura,
thrombocytopenia associated with hepatitis C, and aplastic anemia by the FDA. Only
eltrombopag approved by the EMA."Approved for AML by the FDA. Not approved by
the EMA.
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being retrospective analyses or registry studies.'*'”

Currently, the drugs used for iron chelation are deferasirox
(oral), deferioxamine (intravenous via an infusion pump)
and deferiprone (oral). A prospective randomized, double-
blind study was performed, which assessed event-free sur-
vival and safety of deferasirox compared with placebo."
Although not demonstrating an improvement in overall
survival, the median event-free survival was prolonged by
approximately 1 year with deferasirox treatment. Clinical
guidelines include recommendations for the use of iron
chelation therapy in some populations of MDS patients.
However, debate regarding the clinical utility of iron chela-
tion therapy remains.”®""**

Erythropoiesis-stimulating agents

Erythropoiesis-stimulating agents (ESA) constitute
standard treatment for the anemia of lower-risk MDS.>®
Both the EMA and FDA have evaluated numerous studies
on the effects of ESA in the treatment of anemia in MDS,
although both agencies formally approved erythropoietin
and darbepoetin only recently, based on placebo-con-
trolled trials.””"* Erythropoietin o and f and later darbe-
poetin have been extensively evaluated for MDS and
were shown to improve hemoglobin levels and reduce
transfusion needs in 40% to over 60% of patients with an
overall duration of 18-24 months.” Higher doses (60,000
to 80,000 U per week) may give a slightly better response
rate in transfusion-dependent patients.” Lower serum
erythropoietin levels are associated with higher response
rates. There is no evidence from any trial or registry that
treatment with ESA is associated with an increased risk of
disease progression or leukemic transformation.'”

A study of a large cohort of patients included in the
European Union MDS Registry recently added significant
novel information. Patients with symptomatic anemia
who did not require transfusions and were treated with
ESA had a significantly better response rate and longer
time to a permanent transfusion need than those treated
after the onset of regular transfusions.”” This led to an
important change in the European guidelines, which now
recommend treatment at the onset of symptomatic ane-
mia. Relapse of anemia is usually not associated with dis-
ease progression and the biological reasons for treatment
failure are yet to be explored. Several randomized phase
II studies and epidemiological investigations also showed
that the addition of low-dose G-CSF to erythropoeitin
may improve the response rate to ESA, and improve over-
all survival.”" The synergistic effect is seen particularly
in MDS-RS and is related to the anti-apoptotic effects of
G-CSF on mitochondria-mediated apoptosis.

Lenalidomide for del(5q)

An initial clinical trial showed that MDS patients with
the del(5g31) chromosomal abnormality were particular-
ly responsive to lenalidomide, demonstrating a major
reduction in transfusion requirements and reversal of
cytogenetic abnormalities.”” These effects were con-
firmed and extended in a larger phase II trial and a subse-
quent phase III, randomized, placebo-controlled trial
which demonstrated erythroid response rates of ~50-
60%, including a transfusion independence rate of ~28%
together with concomitant cytogenetic responses. A
phase III randomized trial in lower-risk, ESA-refractory,
non-del(5q) patients comparing lenalidomide alone with
lenalidomide in conjunction with recombinant human

Personalized management of MDS -

erythropoietin suggested that lenalidomide may restore
sensitivity of MDS erythroid precursors to erythropoi-
etin.'™ These data led to the recommendation in the
NCCN and MDS-Europe guidelines on the symptomatic
treatment of anemic del(5q) MDS patients with lenalido-
mide.”® The negative impact of 7P53 mutations (present
in ~30% of these patients) on responsiveness and out-
come after lenalidomide is notable."*

Immunosuppressive treatment

Treatment with immunosuppressive agents such as
antithymocyte globulin and cyclosporine A may improve
cytopenias in certain patients with MDS."** As recently
described in a well-performed meta-analysis there are
few large prospective studies, follow-up times in many
studies are short, and each study has used different
immunosuppressive regimens.”” In an analysis of 570
patients with a median age of 62 years, 80% of patients
had low or intermediate-1 IPSS scores, the complete
response and red cell transfusion independence rates
were 12.5% and 33%, respectively, and the rate of pro-
gression to AML was 8.6% per patient-year.
Immunosuppressive therapy has not been confidently
evaluated in relation to mutational profiles. Both
European and USA guidelines identify a group of
younger, lower-risk MDS patients with hypo- or normo-
plastic bone marrow and normal karyotype, with the
exception of trisomy 8, who may respond to immuno-
suppressive therapy. Some responders may experience
durable and possibly permanent responses, indicating
that immunosuppressive therapy may be considered
prior to SCT in patients with these features.

Hypomethylating agents
Azacitidine

Based on early phase I/1I studies, two large randomized
phase III studies were designed to evaluate the effects of
azacitidine in MDS.***** The CALGB9221 trial included
patients with all subtypes of MDS, and showed improved
overall response rate and progression-free survival in the
azacitidine arm. The second randomized study, AZA-
001, was designed to demonstrate a possible difference in
overall survival."® The median overall survival for the
azacitidine-treated patients was 24.5 months vs. 15
months for patients assigned to the control arm. Both
studies showed that responses are often delayed until the
patient has received =3 treatment cycles."”'* Azacitidine
is approved in Europe for the treatment of higher-risk
MDS and in the USA for the treatment of all MDS sub-
groups.

Some phase II studies have also shown effects in lower-
risk MDS although the clinical benefits and risks in this
population are still unclear and no studies have provided
evidence for prolonged survival in this group of
patients.” "¢ A Jarge  randomized = study
(NCT01566695) is assessing the effect of oral azacitidine
in lower-risk MDS and will perhaps bring more clarity on
its role in the treatment of these patients.

Much effort has been given to identifying factors that
could predict response. Predictive models based on basic
clinical data have not generated clinically meaningful
tools."”** Neither have studies on mutational profiles
resulted in robust response prediction. Better responses
have been reported for patients with TET2, ASXL1 and
EZH2 mutations but the data are conflicting."**”
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Decitabine

Decitabine has been evaluated in two phase II studies
assessing higher-risk MDS patients.”" Both studies
showed similar efficacy, with overall response rates of 32-
39% and median survivals of ~20 months. The safety and
efficacy data were similar to those for azacytidine, although
phase III data, available for azacitidine, are lacking for
decitabine. Both HMA are recommended by the NCCN for
treating higher-risk patients, with a special focus also as a
bridge to allogeneic SCT for eligible patients. High response
rates have been reported for 7P53-mutated AML patients
treated with a 10-day decitabine regimen, although the
durations of the responses were short."

Intensive chemotherapy

Since the advent of HMA and other disease-modifying
drugs, the use of intensive chemotherapy has decreased
substantially but it may be considered after failure to bene-
fit from HMA in younger fit patients, particularly as bridg-
ing-therapy to SCT. The rate of complete responses
achieved with intensive chemotherapy is around 50%,
which is lower than that for de novo AML patients, and time
to relapse is often short.”*® The clinical benefit of this
approach for non-SCT candidates in whom azacitidine
therapy has failed has not been established.

Allogeneic stem cell transplantation

SCT is the only potentially curative treatment for patients
with MDS. Due to potential severe complications, SCT is
generally offered only to fit patients up to around 70-75
years of age. Historical data document long-term survival
rates of between 25% and 45% with non-relapse mortality
and relapse occurring in approximately a third of the
patients.””**" A more recent prospective study found a high-
er 2-year relapse-free survival of 60%."” Since the median
age (50 years) in that study was relatively low, the outcome
does not represent a real-world population.

Optimal timing of SCT is essential, considering that
patients with high-risk MDS have a high risk of both
relapse and mortality after SCT.'® A general recommenda-
tion is to transplant higher-risk patients as part of an upfront
process, while lower-risk MDS patients should be moni-
tored and transplanted upon disease progression. Defining
which patients should be considered low- and high-risk is
therefore crucial for a correct transplantation plan. All three
prognostic scoring systems (IPSS, IPSS-R and WPSS) are
predictive of survival after allogeneic SCT.**'*"''® Genetic
aberrations have a large impact on relapse risk. Relapse-free
survival at 5 years in the five IPSS-R cytogenetic risk groups
ranges between 10% and 42%."'* In addition, mutations
in TP53 and the RAS-pathway genes have been reported to
be risk factors for relapse.*"*

Disease status is also important for SCT outcome.
Disease-modifying treatment is usually given to patients
with a more proliferative disease, aiming for the best possi-
ble remission before SCT. The usefulness of such treatment
has, however, not been tested in prospective clinical trials.
Retrospective studies have demonstrated similar outcomes
for treated and untreated patients although selection bias is
an obvious potential pitfall in these studies.”"® Similarly,
retrospective studies have not shown any advantage for
either HMA or intensive chemotherapy as disease-modify-
ing treatment before SCT."*

Retrospective studies have shown higher relapse rates
but lower non-relapse mortality for reduced intensity con-

161,168,170

ditioning, generating similar overall survival rates.”™'*"'®

Good results have been reported for the fludarabine plus
treosulfan regimen which is often used in younger
patients.”>"”

The prognosis after a post-SCT relapse is dismal although
donor lymphocyte infusions and HMA may reverse the
relapse in some cases.”® No validated minimal residual dis-
ease markers are yet available for MDS. The Nordic MDS

roup is presently conducting a clinical trial
(NCTO02872662) in which patient-specific mutations are
tracked in serial post-SCT samples using digital droplet
PCR. Preliminary data indicate that these markers may pre-
dict relapse and can be used for initiation of pre-emptive
treatment.

Investigational therapies for myelodysplastic
syndromes

There are limited therapeutic options available to exploit
our increasing understanding of the molecular pathophysi-
ology of MDS. As indicated above, only one therapy,
lenalidomide, targets a specific clinical subset [patients with
del(5q) cytogenetics], and two epigenetic modulators (aza-
cytidine and decitabine) have been approved for the treat-
ment of patients with presumed hypermethylation.
Recurrently mutated intracellular functional pathways are
frequently implicated in MDS and a number of novel ther-
apies targeting these molecular defects have recently shown
potential utility for treating MDS patients. In addition,
drugs capable of modifying the toxic marrow microenvi-
ronmental influences for erythropoiesis have been devel-
oped.

IDH1 and IDH2 mutation inhibitors

Understanding of the pathophysiology of IDH1/2 muta-
tions in MDS and AML has led to development of clinical
IDH1 and IDH2 mutation inhibitors. IDH1 and IDH2 muta-
tions occur in approximately 5-12% of MDS patients (P51).
Recent data have shown encouraging results from the use
of ivosidenib or enasidenib for patients with IDH1 or IDH2
mutations, respectively.””*®

BCL2 inhibitor

The anti-apoptotic protein B-cell leukemia/lymphoma-2
(BCL2) is overexpressed in hematologic malignancies
including some cases of MDS, in which it has been impli-
cated in the maintenance and survival of myeloid cells,
resistance to therapy, and poor clinical outcomes.” In
recent studies in higher-risk MDS patients either previously
untreated or resistant to HMA, initial data suggest potential
clinical efficacy of the BCL2 inhibitor, venetoclax, when
combined with azacytidine."**

Drugs acting on p53

In hematologic malignancies, including MDS, TP53
mutations confer a poor prognosis. These mutations are
particularly common in therapy-related MDS and a portion
of patients with del(5q) cytogenetics.'™ The drug APR-246
restores wildtype conformation to the mutant p53 and has
recently shown beneficial clinical activity in MDS.*®'*
Another approach to reactivate p53-mediated tumor sup-
pression is to inhibit the frequently overexpressed p53 sup-
pressor proteins MDMX and MDM2 in tumors. ALRN-
6924, a cell-penetrating stapled o-helical peptide disrupts
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the interaction between p53 and endogenous inhibitors
thereby reactivating p53-mediated tumor suppression in
AML cells.”” Phase I/Il clinical testing with these drugs is
ongoing.

Telomerase inhibition

Defective maintenance of telomere integrity is a hall-
mark of cancer and is implicated in the pathogenesis of
MDS. In MDS, telomere erosion and dysfunction potenti-
ate persistent DNA damage and accumulation of molecu-
lar alterations.”'” Evidence suggests that telomere ero-
sion can suppress hematopoietic stem cell self-renewal,
repopulating capacity, and differentiation. Imetelstat is a
telomerase inhibitor that targets cells with short telomeres
and highly active telomerase, and has been shown in early
clinical studies to have activity in myeloid malignancies.””
Initial data on the use of imetelstat in lower-risk MDS
patients resistant to ESA has shown encouraging erythroid

responses.’”!

Luspatercept

Increased levels of the transforming growth factor f
(TGE) superfamily inhibitors of erythropoiesis (predomi-
nantly growth and differentiation factor-11) occur within
MDS erythroid cells.”” Luspatercept, a recombinant fusion
protein, is considered to bind TGEf superfamily ligands and
reduce SMAD2 and SMADS signaling, reduce erythroid
hyperplasia, and enhance erythroid maturation and hemo-
globin levels in MDS."*"* In a recent phase III trial, luspa-
tercept was shown to reduce the severity of anemia in
transfusion-dependent patients with MDS-RS who had dis-

ease refractory to or were unlikely to respond to ESA (38%
of patients achieved transfusion independence).” This drug
is currently undergoing USA FDA review for therapeutic
use in MDS-RS.

Future considerations

Given the stem cell origin and the multiplicity of molec-
ular abnormalities in MDS,; it is difficult to identify poten-
tially effective drugs that can be used to treat a high propor-
tion of patients. Recent studies have demonstrated the fea-
sibility of ex vivo drug cytotoxicity platforms to screen effec-
tively for multiple, potentially useful and novel drugs in
myeloid neoplasms, including MDS, to provide functional
data to guide personalized therapy for treatment-refractory
patients with myeloid malignancies and to accurately pre-
dict clinical responses in vivo.**" Such studies will likely
synergize with molecular data and emerging genomics- and
cellular-based precision medicine approaches such as i silico
computational biology modeling.””* Ultimately, combin-
ing both genomics-based and ex vivo functional data may
further refine precision therapy in myeloid neoplasms such
as MDS and translate into improved patients’ outcomes.
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ABSTRACT

entral nervous system involvement in multiple myeloma is a rare

complication but carries a very poor prognosis. We provide a

review of current literature, including presentation, treatment and
survival data, and describe our experience in a regional hematologic
malignancy diagnosis center where, over a 15-year period, ten cases were
identified. Although the median age of onset, frequently between 50-60
years, is comparatively young, those diagnosed usually have a preceding
diagnosis of multiple myeloma and often have had several lines of treat-
ment. We discuss putative underlying factors such as prior treatment and
associations including possible risk factors and features suggestive of a
distinct biology. Central nervous system involvement may be challenging
to diagnose in myeloma, displaying heterogeneous symptoms that can be
confounded by neurological symptoms caused by the typical features of
myeloma or treatment side-effects. We discuss the clinical features, imag-
ing and laboratory methods used in diagnosis, and highlight the impor-
tance of considering this rare complication when neurological symptoms
occur at presentation or, more commonly, during the disease pathway. In
the absence of clinical trial data to inform an evidence-based approach to
treatment, we discuss current and novel treatment options. Finally, we
propose the establishment of an International Registry of such cases as
the best way to collect and subsequently disseminate presentation, diag-
nostic and treatment outcome data on this rare complication of multiple
myeloma.

Introduction

Extramedullary disease (EMD) occurs in up to 5% of multiple myeloma (MM)
patients, arising via hematogenous spread or through the bone cortex into contigu-
ous tissues.”” It can occur in the skin, lymph nodes, abdominal organs, upper air-
way and the central nervous system (CNS).” Plasma cell leukemia (PCL) and
extramedullary solitary plasmacytomas are biologically and prognostically distinct
conditions and therefore not referred to as EMD.** The reported incidence of EMD
has increased, possibly in part due to improved survival in MM patients through
the use of enhanced treatment modalities, in particular stem cell transplantation
(SCT), proteasome inhibitors (PI), and immunomodulatory drugs (IMiD).’
According to one study, there has been an increase in EMD detected at the time of
MM diagnosis from 4% to 12% between 1971-93 and 2000-2007 patient cohorts,
suggesting improved detection by modern imaging techniques.® Since it represents
a minority of MM cases, clinical trials have not focused on EMD or any of its sub-
types such as MM with CNS involvement (CNS-MM), and thus available data
come from single cases and small retrospective studies.’

Multiple myeloma with CNS involvement is a rare form of EMD characterized
by plasma cell infiltration of the CNS, meninges or cerebrospinal fluid (CSE). It is
observed in a small number of MM cases at diagnosis and around a fifth of
extramedullary relapses, typically two or three years after the initial MM
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diagnosis.”" Infiltration of the CNS or meninges is rarer in
myeloma than in most other hematologic malignancies,
affecting well under 1% of patients, and carries a very
poor prognosis with reported median overall survival (OS)
of seven months or less following its diagnosis.**
However, intracerebral plasmacytomas that develop from
osseous lesions of the cranium can be treated successfully
with radiation, unlike the more serious myelomatous
meningitis."

Incidence and prevalence

The reported median age of onset of CNS-MM is often
younger (50-60-year old age group) than the usual median
age of approximately 70 years for MM diagnosis, with up
to 20-25% of cases discovered at the initial myeloma diag-
nosis.*” However, age at presentation varies between stud-
ies, including that of our own data (Table 1), suggesting
CNS-MM may be underdiagnosed in older patients. CNS-
MM can arise at any stage of MM, and although previous
studies suggest a bias towards later stage disease,' a recent
large-scale retrospective study did not find an association
with MM clinical stage.’ The improved OS of MM
patients is expected to lead to an increased incidence of
EMD and CNS-MM, possibly due to the extra time avail-
able for mutations in residual, drug-resistant tumor cells
following treatments, that alter expression of adhesion
molecules, oncogenes and tumor suppressor genes."
Furthermore, there may also be an increase in the time

from MM diagnosis to CNS involvement due to the effec-
tiveness of high-dose chemotherapy and treatment using
novel agents.”” Indeed, patients have often had several lines
of treatment by the time CNS-MM is diagnosed.*'

In our own experience in a regional hematologic malig-
nancy diagnosis center (HMDS, Leeds, UK) over a 15-year
period (December 2003-March 2019), ten cases (6 female,
4 male) of CNS-MM were identified (SO'C, 2019, unpub-
lished data). Two of these were at MM presentation, whilst
the remainder occurred 6-108 months following MM diag-
nosis (Table 1). The incidence was well under 1% overall
(5,238 cases of MM were investigated at HMDS during
this period). A higher incidence of female (F) to male (M),
and lambda (A)-restricted to kappa (k)-restricted, patients,
to that found in newly diagnosed MM (ND-MM), was
noted. Although absence of CD56 expression was more
frequent (4 out of 10 cases) than seen in ND-MM, and one
case showed rearranged immunoglobulin heavy chain
(IGH), and one loss of 1p with gain of 1q, none of these
parameters, including immunophenotypic or acquired
cytogenetic aberrations, was seen in adequate numbers to
be suggestive of significant association with CNS involve-
ment. Furthermore, bone marrow (BM) interphase fluo-
rescence in situ hybridization (iFISH) was not available in
the earlier cases, so association of CNS-MM with cytoge-
netic aberrations predisposing to its development cannot
be reported due to small sample size. In all cases, the
immunophenotype of the CNS plasma cells was identical

Table 1. Regional hematologic malignancy diagnostic service data (SO’C, 2019, unpublished data).

Case n. Gender Ageat MMtoCNS- CNSCD56 BM FISH CNS FISH Additional comments
CNS-MM MM (months)  status
1 F 76 20 CD56 * No
2 F 89 18 CD56 * No
3 M 71 15 CD56 * [GH rearranged  Insufficient CSF sample for full FISH
panel
4 F 90 0 CD56 * No Patient presented with CSN disease
(limb weakness and cranial nerve palsy).
BM aspirate not received
5 M 55 0 CD56+ * No Patient presented with CNS disease
(cranial nerve palsy), BM requested after
CSF sample report
6 F 7 6 CD56* Deletion 7P53, No Bone plasmacytoma, myeloma diagnosed
monosomy 13, /GH-MAF on BM; plasma cell leukemia 2 months
translocation prior to CNS disease
7 M 76 41 CD56** Insufficient sample No
8 F 57 28 CD56* [GH-FGFR3 translocation, No Multiple plasmacytomas, myeloma
1q21 gain, 13q loss diagnosed on BM
9 M 70 28 CD56 Hyperdiploid (Chr 5, 9, 15) No Concurrent plasma cell leukemia and
CNS disease
10 F 65 108 CD56* 1q21.3 gain, 1q21.3 gain, Identical iFISH cytogenetic abnormalities
1p32.3 loss 1p32.3 loss as at presentation despite 108-month
separation
Mean F:Mratio 1.5:1 73 26 #10CD56  n/a n/a n/a
2/10 CD56wk

__________________________________________________owsw |

Ten multiple myeloma with CNS involvement (CNS-MM) cases were identified over a 15-year period during which 5,238 myeloma cases were assessed. Recent audit shows sam-
ples from 20% of cases are too poor to proceed to CD138" plasma cell selection (short sample,hemodiluted, etc.).A neoplastic plasma cell phenotype was identified in all cases
by flow cytometry;six cases were CD56* and four were CD56 ;in all cases the neoplastic phenotype of the CNS-MM plasma cells was identical to the bone marrow (BM) plasma
cells. Cytogenetic testing of the central nervous system (CNS) plasma cells was limited by the low volume of cerebrospinal fluid (CSF) sample received for diagnostic workup.
As these non-clinical trial samples were diagnosed in a regional diagnostic laboratory, treatment and follow-up information is not available.iFISH: interphase fluorescence in situ
hybridization; FDG-PET: fluorodeoxyglucose positron-emission tomography; IGH: immunoglobulin heavy chain; Chr: chromosome; n/a: not available; M: male; F: female.
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to the BM plasma cells. Overall, the ability to carry out
iFISH or molecular testing was compromized in most
instances by inadequate sample and/or myeloma cell
numbers.

A summary of presentation, treatment and survival data
from all papers reviewed is presented in Table 2. Although
limited by variations in both the approach and incomplete
data in the original manuscripts, this analysis confirms the
bias towards a lower M:F ratio, and more frequent A light
chain restriction than in ND-MM without CNS involve-
ment. Furthermore, CNS relapse 26 months following
MM diagnosis is in keeping with the duration generally
quoted. Because of incomplete data, definitive treatment
analysis preceding and following CNS-MM relapse could
not be ascertained. However, within these limitations,
summary treatment data are annotated in Table 2.

Cause

Multiple myeloma with CNS involvement develops via
hematogenous dissemination of malignant cells or con-
tiguous spread of the tumor, often associated with PCL
and cranial plasmacytoma, respectively."*” Although it has
been suggested that invasion of the CNS is enabled by
treatment of MM with immunomodulatory drugs (IMiD),
with a report of an MM patient receiving lenalidomide
prior to CNS-MM progression,” this is not robust evi-
dence. Data for EMD in general suggest that escape from
the BM is enabled by mutations to tumor suppressor
genes such as TP53, oncogenes such as RAS, and altered
expression of adhesion molecules, as outlined above.**
These genetic changes may enable proliferation independ-
ent of stimuli provided by the BM environment.
Furthermore, recent studies do not support a causal link
between modern MM treatment and subsequent EMD
which may rather be a consequence of longer survival of
patients treated with novel agents.””” Additionally, recent
increases in EMD prevalence have been seen at MM diag-
nosis as well as post treatment, and therefore may be due
to improved detection.” In another study, the only risk fac-
tor for an extramedullary relapse following autologous
stem cell transplant (SCT) was EMD at MM diagnosis.’
Further weak evidence for a causal relationship between
loss of neural cell adhesion molecule (NCAM) (CD56) and
CNS-MM, which has a role in cell-cell adhesion, is pre-
sented in our own data (Table 1).

Prognosis

The majority of CNS-MM cases are in patients who
have received MM therapy prior to CNS involvement
(Table 2) and whose survival is generally short and may
depend on subsequent treatment.®*"** In a recent retro-
spective study of 172 CNS-MM patients, Jurczyszyn et al.
found the median overall survival (OS) from the onset of
CNS involvement to be seven months; multivariate analy-
sis revealed that receiving MM therapy before CNS
involvement, and having >1 cytogenetic marker of poor
prognosis, were risk factors that reduced median OS from
25 months to 5.5 months when either was present, and to
two months with both present.” Jurczyszyn et al. also
showed a median OS of 12 months in patients who
received systemic therapy following CNS-MM diagnosis.®
Similarly, Chen e al. analyzed records for 37 patients
treated between 1999-2010 and found a group of nine
longer survivors with a median OS of 17.1 months from
CNS-MM diagnosis, who were typically treated with

radiotherapy, intrathecal chemotherapy, and IMiD."” Majd
et al. studied nine CNS-MM patients treated between
2008-2013 and observed that the three longest survivors
received stem cell transplant after CNS involvement was
detected.” Interestingly, none of these nine patients was
receiving maintenance therapy before CNS involvement
was detected.”

Table 2. Analysis of data from studies referenced.

Parameter Mean of all studies (range)
% detected at MM diagnosis 16
Months from MM diagnosis to CNS-MM 26 (0 - 216)
% male 57
Age 57
% 1gG 38
% IgA 26
%IgD 4
% biclonal
% light chain only 21
% lambda 50
iFISH on CSF (compared BM at MM Dx)
13q loss 33% (38%)
17p loss 14% (9%)
1q gain 10% (17%)
t(4;14) 14% (9%)
t(11;14)14% (5%)
Courses of MM treatment before CNS-MM 22
OS from CNS-MM diagnosis (Months) 45
MM treatment CNS-MM median OS
IMiD PI SCT XRT
v v 2.6
v v 6.0
v v v 35
v 10.9
v 3.0
4 4.0
None of the above 1.6
CNS-MM treatment CNS-MM median OS
IMiD PI SCT XRT
v 4 5.1
v v 47
v 4 v 73
v 5.8
4 2.0
v v 6.0
4 4 9.0
None of the above 1.0

Summary, where data are available. Means and medians were weighted according to
study size and used to calculate an overall mean. MM: multiple myeloma; CNS-MM:
multiple myeloma with central nervous system (CNS) involvement; OS: overall sur
vival. Cerebrospinal fluid (CSF) interphase fluorescence in situ hybridization (iFISH)
data from 21 cases (3 studies) compared to that from 64 cases (12 studies) at diagno-
sis (Dx) of multiple myeloma (MM Dx). Treatment data obtained from 123 cases of
CNS-MM. Prior to CNS-MM diagnosis, 36% of patients received one or more stem cell
transplants (SCT); 27% were treated with one or more immunomodulatory drugs
(IMiD); 24% received a proteasome inhibitor (PI); and 9% received radiotherapy
(XRT).BM: bone marrow.



The recent study of 50 patients with intracranial myelo-
ma by Gozzetti et al. illustrates the distinction of osteodur-
al myeloma from CNS-MM, with osteodural myeloma
patients showing a median OS more than three times that
of patients whose CNS-MM was defined by the presence
of plasma cells in CSE* Dias et al. studied 20 patients with
CNS infiltration, 17 of whom had only osteodural myelo-
ma without leptomeningeal involvement and median OS
of 40.3 months from the start of CNS involvement, com-
pared to 5.8 months with leptomeningeal involvement.”
Our overall analysis of CNS-MM survival data from stud-
ies cited in this review (4.5 months) (Table 2) is in accor-
dance with these figures.

Cytogenetics

The cytogenetic risk factors of MM have been estab-
lished as prognostic indicators of poor OS in CNS-MM
patients. Jurczyszyn et al. found del(13q) (39%) and
del(17p) (23%) to be the most common.” del(13q) is
detected at a similar frequency in CNS-MM to MM, and
therefore this study concurs with an older review by
Nieuwenhuizen and Biesma which found no association
between CNS-MM and del(13q)."* Jurczyszyn et al. also
observed the frequency of del(17p) in CNS-MM to be sim-
ilar to that in MM.® Smaller studies, however, have shown
higher rates of del(13q)** and del(17p) in CNS-MM.* A
similar pattern of cytogenetic abnormalities is seen in
EMD and BM-MM, apart from the t(4;14) FGFR3/IgH
translocation and del(17p), which showed a higher fre-
quency in EMD.” A small study using immunostaining to
compare EMD with BM-MM showed higher aberrant
expression of p53 in EMD.” We advocate caution in the
interpretation of some data providing apparently convinc-
ing evidence of association between specific acquired
cytogenetic aberrations such as dell7p,” published well
over a decade ago when methodologies and iFISH probe
quality were questionable. In our own experience, we
have failed to detect any significant association between
BM iFISH results at diagnosis and co-existing or subse-
quent development of CNS-MM. Also, we have refined
our iFISH technique during the past 15 years, including
preselection of CD138 positive plasma cells, and switched
to alternative iFISH probes giving clearer signals, so would
include our own earlier results in this ‘questionable’ cate-

gory.

Other associations

Associations between CNS-MM and several further
parameters have been suggested, although some evidence
comes from small studies. [gA myeloma represented 27 %
of CNS-MM cases in the multi-center study by Jurczyszyn
et al. compared to 21% of the 1,027 newly-diagnosed MM
(ND-MM) cases studied by Kyle et al.*** The figure of 27 %
is very similar to that of 26% in the summary analysis of
data referenced in this review (Table 2). The review by
Nieuwenhuizen and Biesma shows a higher proportion of
cases of A than x light chain expression in CNS-MM
patients, to that observed in MM." Jurczyszyn et al. report
52% of cases expressing K, 42% A and 5% both « and A,
also suggesting a higher frequency of A-expressing myelo-
ma in CNS-MM than in MM.* Nieuwenhuizen and
Biesma also observed 8.3% of CNS-MM cases expressing
IgD and 7.3% showing biclonal immunoglobulin expres-
sion,! both of which are around 2% in ND-MM.” Other
studies suggest a higher likelihood of IgD and light chain

myeloma in CNS-MM.** According to Jurczyszyn et al.,
however, 2% of CNS-MM cases were IgD and 1% had
biclonal immunoglobulins; the proportions of cases with
light chain myeloma and IgG myeloma were also similar
to those seen in ND-MM.** Data from studies of EMD in
general show a higher prevalence of IgD myeloma among
EMD at relapse than in MM;™ and cases with EMD at MM
diagnosis are more likely to be IgD, A or non-secretory
myeloma.” Our summary analysis of studies referenced in
this review identified 4% of cases expressed IgD, and 5%
showed biclonal immunoglobulin expression. Overall,
however, there is no consensus for associations between
light chain restriction, or Ig class, and CNS-MM.

The phenomenon that CNS-MM might be seen more
often in autologous SCT (ASCT)-receiving patients might
be: a) by chance; b) because specifically those patients
may show longer survival and may, with prolonged sur-
vival, develop extramedullary site (EM)-MM; and/or c)
because EM/CNS-MM specifically homes to sites other
than the BM, as has been observed after intensive thera-
pies, such as ASCT and allogeneic-SCT.**

Other associations seen in CNS-MM suggest features of
late disease or, alternatively, distinct biology. In
Nieuwenhuizen and Biesma’s 2008 review, 41.3% of
CNS-MM were stage 3 disease by the Durie-Salmon stag-
ing system.' The later study by Jurczystyn et al. found only
27% to be stage 3, using the International Staging System
(ISS), although 47 % showed elevation of lactate dehydro-
genase (LDH), one of the parameters of late-stage MM
used in the ISS.* The 18 cases studied by Fassas et al. sug-
gest an association between CNS-MM and tumor mass,
other EMD, PCL and plasmablastic morphology.”
Nieuwenhuizen and Biesma observed circulating plasma
cells (cPC) in 20% of CNS-MM and postulated an associ-
ation, although the Kyle et al. study reported cPC in the
majority of ND-MM.” Some groups propose loss of the
cellular adhesion molecule CD56 from the surface of
malignant plasma cells as a mechanism of extramedullary
spread and, hence, CNS infiltration.® Although our own
data suggested a higher incidence of CD56 loss in CNS-
MM than in ND-MM, data from some other studies do
not support this or the presence of a CNS-specific
immunophenotype.”*¥ Studies of EMD in general have
revealed a putative biological signature which includes
increased LDH,* along with evidence of a reduction in
CD56 expression.”” We found no difference in features
such as cytogenetics, cytology and histopathology
between CNS-MM diagnosed at the time of MM diagno-
sis and those diagnosed at relapse. A summary of studies
considered in this review is given in Table 3.

Diagnosis

Multiple myeloma with CNS involvement is difficult to
diagnose as it can produce heterogeneous symptoms relat-
ed to either spinal, cranial or meningeal infiltration, which
can be confounded by neurological symptoms caused by
the hypercalcemia, uremia, paraproteinemia and bone
damage typical in MM as well as side-effects of drug
therapy and, in some cases, amyloid protein.” In addition,
clinical and laboratory findings of CNS-MM are not
always MM-specific; for example, they can be similar to
those of leptomeningeal metastases from other hemato-
logic malignancies.” CNS-MM patients can present with
impairments to sight, speech, motor and sensory func-
tions, radicular pain, headache, confusion, dizziness and,

- coww |
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less frequently, seizures, vomiting, cranial nerve palsy,
lethargy, fever, convulsion, vertigo, hearing loss and incon-
tinence."”” When such symptoms are seen in MM patients,
the ensuing investigations employ imaging, cytological
and/or cytometric techniques. The suggested approach to
diagnosis of CNS-MM is shown in Figure 1.

Cytological techniques can detect atypical plasma cells
and flow cytometry can detect monoclonal CD38/CD138
expressing cells in CSF in approximately 90% of CNS-
MM cases, thus confirming the disease.*"" CSF cytology
and flow cytometry are both particularly useful since the
former can employ immunocytochemistry to identify
unknown tumors,” and the latter can be used to distin-
guish the clonal plasma cells found in MM from polyclon-
al plasma cells present in CSF in other conditions.”
Furthermore, the presence of a paraprotein, including
clonal free light chains (FLC), in CSF obtained from a clean
lumbar puncture, can be diagnostic. Minute or unde-
tectable concentrations of paraprotein in the parallel
analysis of serum is strong evidence that monoclonal
immunoprotein detected in CSF originates from plasma
cells in the CNS rather than BM.

In the study of 172 CNS-MM patients by Jurczyszyn et
al., magnetic resonance imaging (MRI) of the brain and/or
spine showed evidence of CNS involvement in 93% of
cases, while computed tomography (CT) scans showed
evidence in 81%.° In the patients who underwent imag-
ing, leptomeningeal involvement was found in over half,
intracranial mass in approximately half, and both in

Table 3. Studies considered in this review.
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approximately 20%.° Fluorescence in situ hybridization
can reveal EMD and is therefore potentially useful for
detection of CNS-MM.*# Diagnosis of CNS-MM is con-
firmed using imaging and by detection of monoclonal
immunoprotein and/or clonal plasma cells in CSF (Figure
2), with the last of these especially useful for lep-
tomeningeal involvement.”* Imaging techniques are
effective in most cases, although studies estimate a 10%
false negative rate.’ Detection of plasma cells in CSF pro-
vides strong evidence of CNS-MM, although these can be
absent when infiltration of parenchymal CNS has
occurred.®*

Treatment of multiple myeloma with CNS involvement:
current approaches and future directions

The optimal approach to treatment of CNS-MM is not
currently known. The relatively small numbers of patients
presenting with this complication means that there is no
high quality, prospective clinical trial data to inform an
evidence-based approach to therapy. The current
approach mirrors those treatment modalities used in lym-
phoproliferative disease infiltrating the CNS, namely, sys-
temic therapy, intrathecal (IT) therapy, and CNS irradia-
tion, often in combination.

Systemic therapy

Drug therapies successfully employed in MM might be
ineffective in CNS-MM due to: tumor resistance after pre-
vious therapy,” because they require interaction with the

Reference Study dates CNS-MM Topic of study Reference Study dates CNS-MM  Topic of study
Nieuwenhuizen L 1968-2007 109*  Literature review — diagnosis ~ Fassas AB et al. 2002* 1990-2002 18* Features associated
and Biesma DH. 2008' and treatment with CNS-MM including
cytogenetic
Varga G et al. 2018 2007-2017 13 Imaging, CSF analysis, Chang H et al. 2005% 2005 8 CSF plasma cell, CD56
treatment, survival
Jurczyszyn Aet al 2016 1995-2014 172 Multicenter study of pathology,  Liu XJ et al. 2015" 2015 1 Case description
imaging and survival
Paludo J et al. 2016’ 1998-2014 29 Plasma cell detection in CSF Marini A et al. 20145 2014 1 Flow cytometry for rapid
diagnosis, CD56
(Gangatharan SA et al. 2012" 2001-2010 7 CNS-MM and novel agents Lopes AC et al. 2017* 2017 1 CD56* CNS infiltration
Fassas AB et al. 2004" 1990-2004 25**  Risk markers including Kaplan JG et al. 1990* 1990 63 Presentation and cytology
cytogenetic
Lee Det al 2013" 2000-2011 17 CSF protein, intrathecal therapy Mendez CE et al. 2010* 2010 1 Case study with dural involvement
Abdallah AO et al. 2014*  1996-2012 35 Diagnosis and treatment Fukunaga H et al. 2017* 2017 1 FDG-PET
Chen Cl et al. 2013" 1999-2010 37 Treatment and survival Bommer M et al. 2018" 2017 16 Cytology, flow cytometry and iFISH
for diagnosis
Ruiz-Heredia Y et al. 2018 2018 1 CNS-MM concurrent with PML ~ Ren H et al 2017* 2017 2 CSF cytology for diagnosis
Chang H et al. 2004* 2000-2003 9 Cytogenetics Riley M et al. 2011 2011 1 Radiotherapy
Chang WJ et al. 2014 2006-2010 8 Cytogenetics Katodritou E et al. 2015*  2000-2013 31 Treatment with novel agents
Majd Net al. 2016® 1998-2012 9 Characterization Vicari P et al. 2003" 2003* 54 Thalidomide
Gozzetti Aet al. 2012% 2000-2010 0 Intracranial EMD Mussetti Aet al 2013  2009-2013 1 Pomalidomide
and novel therapies
Dias Aet al. 2018" 2008-2016 3 Brazilian center Badros A et al. 2017% 2008-2016 2 Marizomib
Kyle RA et al. 2003* 1985-1998 0***  Large-scale MM study Kauffmann G et al 2017* 2017 1 Proton therapy
Marchesi F et al. 2016 2016 4 Flow cytometry Marron TU et al 2015 2011-2013 9 FLC measurement in CSF

*Nieuwenhuizen et al. (2008)' included 18 cases from Fassas et al. (2002)* and 54 cases from Vicari et al. (2003).” **Fassas et al. (2004) " includes 18 cases from Fassas et al. (2002).* ***Multiple
myeloma cases only. CNS: central nervous system; MM: multiple myeloma; CNS-MM: multiple myeloma with CNS involvement; CSF: cerebrospinal fluid; PML: progressive multifocal leukoen-
cephalopathy; FDG-PET: fluorodeoxyglucose positron-emission tomography; FLC: serum free light chain; iFISH: interphase fluorescence in situ hybridization.
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Figure 1. Diagnosis and treatment of multiple myelo-

1. RaleIOgY © 2.CSF ma with central nervous system (CNS) involvement.
FDG-PET: fluorodeoxyglucose positron-emission
tomography; WCC: white cell count; CSF: cere-
brospinal fluid; FLC: free light chain; TP: total protein;
ALB: albumin; Ig: immunoglobulins; M-band: mono-

clonal immunoprotein; CS: corticosteroids; NGNA:
(Report to CNS-MM Registry ) next generation novel agents; XRT: radiotherapy; IT:

intrathecal therapy; mAbs: monoclonal antibodies.

haematologica | 2020; 105(7) -



- P.A. Egan et al.

- haematologica | 2020; 105(7)

CBD077 CSF 280317 MRDSORT-SORT

PLASMA CELLS

T ulm'rn] LB RLLL I L]
10° 104 10°

CD138 APC-A

CBDO077 CSF 280317 MRDSORT-SORT
5 21 S .
O A4
2 4 <
X o1 =
&7 Q
=l O
: %
% 8- 8
[T . [a
8 - ] . CELL GATE O
S
o]
]
- LI | L | UL | LI | UL | 1
50 100 150 200 250
FSC-A (X 1,000)
CBDO077 CSF 280317 MBRDSORT-SORT
< <
~ h
9 2
i =
. —
@ a
a NES)
(@)
104
CD56 BV510-A

CBD077 CSF 280317 MRDSORT-SORT

Figure 2. Detection and char-
acterization of myeloma cells
in cerebrospinal fluid by flow
cytometry. Clonal plasma cells
(blue) distinguished from other
lymphocyte populations (red)
and debris (black).

1 ||||I'n'| 1 IIIIIIII 1
03 104 108
D27 PE-A

1
C

BM microenvironment,” or the inability to cross the
blood-brain barrier (BBB)." It has been suggested that, by
preventing access of drugs to the brain, the BBB provides
a safe haven for the tumor that only radiotherapy or IT
administration can overcome." Therefore, when consider-
ing systemic therapy, a prerequisite is that the chosen
agent(s) have the potential to cross the BBB. Standard
cytotoxic regimens lack efficacy in CNS-MM as they are
either poor at penetrating the BBB (alkylating agents
including melphalan and cyclophosphamide) or ineffec-
tive against myeloma cells (high-dose methotrexate or
cytarabine). Bendamustine is capable of permeating the
BBB and has shown some efficacy in two cases of lep-
tomeningeal relapse of myeloma in combination with
thalidomide, dexamethasone and craniospinal irradia-
tion.” High-dose steroids are known to cross the BBB,
although they are of limited benefit when used in isola-
tion.

The retrospective analysis of 172 patients with CNS-
MM published by Jurczyszyn et al. in 2016 highlighted the
importance of incorporating systemic therapy into any
planned treatment strategy.” Ninety-seven percent of
patients were treated, receiving systemic therapy (76%),
radiotherapy (36%), and IT therapy (32%). The only
group to have a significantly longer median OS than the
untreated group received systemic treatment (OS 12 vs. 3
months), although the number of patients not given sys-

temic therapy was small. Furthermore, these data need to
be interpreted with caution as it appears fair to assume
that patients in whom systemic treatment could be con-
sidered were in better condition to tolerate that treatment
when CNS-MM was diagnosed. Hence, this is a potential
source of bias in the interpretation of the OS data.

The IMIiD thalidomide and lenalidomide have been
reported to penetrate the BBB in non-human primates.” In
patients, thalidomide has been shown to cross the BBB in
leptomeningeal CNS-MM;* however, it is not certain
whether it is sufficiently fast-acting to stabilize CNS-MM
disease.*™ A 2015 review of 31 Greek patients with CNS-
MM showed no survival benefit from the use of novel
agents (including thalidomide and lenalidomide) or radio-
therapy, although it should be noted that they received no
high-dose systemic therapy or SCT.* Chen et al's 2013
study observed 6 of 9 long-term CNS-MM survivors when
treated with IMiD-based therapy (5 thalidomide; 1
lenalidomide), with concomitant multi-dosing IT therapy
and cranial/spinal irradiation.” The third-generation IMiD
pomalidomide has demonstrated activity in EMD?” and
good penetrance of the BBB in a murine model.” Notably,
a durable CSF emission has been reported using poma-
lidomide-dexamethasone treatment.”

The current Pl in regular clinical use (bortezomib, carfil-
zomib and ixazomib) are not thought to cross the BBB.
However, bortezomib has shown some efficacy when



used in combination with other agents and treatment
modalities in CNS-MM.” This benefit may be due to
pathological changes such as inflammation and angiogen-
esis increasing the permeability of the BBB, thus allowing
passage of the drug. Marizomib, a newer Pl which can
cross the BBB, can be detected in the CNS upon systemic
therapy, and has shown potential efficacy in relapsed
refractory MM (RRMM), malignant glioma, and a small
number of CNS-MM patients."*”

Intrathecal therapy

The typical intrathecal therapy (IT) therapy regimen
administered in CNS-MM is the triplet of IT hydrocorti-
sone, methotrexate and/or cytarabine. This is repeated
until clearance of plasma cells and free light chains from
the CSE Its use is controversial as myeloma cells are not
thought to be particularly susceptible to methotrexate or
cytarabine and it is unlikely to penetrate parenchymal
CNS lesions. In two 2013 studies, one of 17 CNS-MM
cases showed longer median OS in patients given IT ther-
apy (methotrexate and/or dexamethasone) compared to
those who had not,”” and a study of 37 patients identified
a subgroup treated with radiotherapy, IMiD and IT thera-
py (hydrocortisone, methotrexate and/or cytarabine) who
had longer median OS.” Since patients were not randomly
grouped, the effect of bias cannot be ruled out in these
studies. No such positive effect was observed in a 2014
study of eight patients where IT therapy was associated
with a median OS of 0.9 months,” consistent with other
studies that have only shown a modest benefit of IT ther-
apy.” Intrathecal use of rituximab [a humanized anti-
CD20 monoclonal antibody (mAb)] has been shown to be
safe for this method of administration in the setting of
CNS lymphoma™ which might suggest a future role for
other mAb with anti-myeloma activity being adminis-
tered by this route.

Cranial or cranial-spinal irradiation

Malignant plasma cells are known to be sensitive to
radiotherapy and this treatment modality is the corner-
stone of treatment for solitary plasmacytomas of bone and
EM plasmacytomas.” Cranial irradiation was reported in
one review to show statistically significant benefit in
improving survival (median 3 vs. 0.81 months) compared
to those not receiving this treatment modality.' Targeted
radiotherapy can alleviate focal symptoms such as muscle
weakness caused by intramedullary spinal cord lesions.”
There is evidence that modern radiotherapy techniques
can deliver impressive responses in parenchymal CNS-
MM lesions without significant myelotoxic sequelae.”

Stem cell transplantation

Stem cell transplantation can overcome the poor prog-
nosis of EMD when detected at MM diagnosis,” and can
have a similar effect in extramedullary relapse as in BM
relapse, contradicting the theory that EMD has its own
immunological environment that will not support a graft-
versus-myeloma response.” In a study of 18 CNS-MM
patients, the longest survivor (25 months) had received an
allo-SCT after the diagnosis of CNS-MM and had no evi-
dence of CNS-MM relapse at the time of death, suggesting
a graft-versus-myeloma effect in the CNS.” However,
unlike in EMD, SCT is not currently considered a standard
salvage treatment option in most cases of CNS-MM due
to their short survival time.

Current approach

Important factors in the approach to treatment of CNS-
MM include the following.

® Accurate diagnosis with a clear understanding of
which part of the CNS is involved in order to help target
therapy and penetrate site of disease.

e Patient factors, including: a) current BM function and
likelihood of being able to tolerate further systemic thera-
py; b) practicalities of delivering frequent IT therapy; c)
potential toxicities of CNS irradiation.

¢ Acknowledgment of prior lines of systemic therapy, to
avoid use of likely disease-resistant agent(s). However,
drug resistance in the primary site of the tumor (BM) may
not necessarily be replicated in the CNS due to the
absence of BM mesenchymal stromal cells which may
provide protection to the tumor cells in the BM environ-
ment.

e Constraints of treatment options in resource-poor
countries.

e Choice of agents known to cross the BBB and with
evidence of efficacy in CNS-MM.

Given the limited therapeutic evidence-base described,
our current approach to patients with suspected CNS-MM
is as follows: accurate diagnosis (as summarized in Figure
1) employing MRI of brain and whole spine, analysis of
CSF including serum free light chain (FLC) analysis and
multi-color flow cytometry to demonstrate presence of
MM cells, and, less commonly, stereotactic brain biopsy as
indicated; a backbone of systemic therapy incorporating
IMiD and high-dose steroid, and anti-CD38 mAb (see
below) depending on local funding directives; and appro-
priate site-directed CNS irradiation. We would acknowl-
edge that, whilst IT therapy is controversial, it remains
part of the standard of care in most centers.

Future direction

Several newer agents have demonstrated activity in B-
cell neoplasms including CNS-MM. Monoclonal antibod-
ies are of considerable interest and may play an important
part in improving outcomes in CNS-MM. Daratumumab
is a humanized mAb specific for CD38 and there is evi-
dence it can cross the intact BBB, being measurable in
CSE® It has shown significant activity in parenchymal
CNS-MM in combination with IT therapy and radiother-
apy (XRT).” Also, in a study of relapsed / refractory MM
RRMM) with CNS involvement, a patient treated sys-
temically with daratumumab achieved a response, clear-
ing the CSF of plasma cells, although there was concomi-
tant use of IT therapy.® Isatuximab, another anti-CD38
mAb, has shown efficacy in heavily pre-treated MM
patients* and is currently being evaluated in phase III
studies in combination with steroid and novel agents.”
Elotuzumab is a humanized mAb directed against
SLAME7, also called CS1. SLAMF7 is expressed on most
myeloma and natural killer cells, but not on normal tis-
sues. More than 95% of BM myeloma cells have been
demonstrated to express SLAME7. Elotuzumab has been
shown to have activity in RRMM in combination with
IMiD and steroid.®®” However, there are no current data
on its use in CNS-MM.

Translocations involving chromosome 14 are a recurrent
finding in MM and approximately 15% of patients demon-
strate a t(11;14) (q13;q32) involving the CCND1/IGH
genes. This juxtaposition results in CCND1 being over-
expressed, leading to kinase activation and tumor cell pro-
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liferation. t(11;14) cases in MM are predicted to be BCL-2-
dependent resulting in upregulation of anti-apoptotic pro-
teins and thereby making BCL-2 a potential target in this
subtype of myeloma.”® Venetoclax is a BCL-2 inhibitor
and promotes apoptosis via a TP53 mutation-independent
pathway and is of proven efficacy in patients with chronic
lymphocytic leukemia (CLL) with del(17p) and/or TP53
mutation.” It has also been demonstrated to cross the BBB
in CLL and is therefore of potential efficacy in CNS-MM.”
Several phase I trials are currently underway using vene-
toclax in patients with RRMM.

The BRAF gene encodes protein kinases which regulate
the intracellular MAP/ERK signaling pathway involved in
cell proliferation and survival. Somatic mutations arising
in this gene can lead to oncogenesis. The BRAF™* muta-
tion is seen in up to 10% of MM patients at diagnosis and
up to 20% at relapse.”””” Inhibition of this pathway using
selective inhibitors of BRAF"™ kinase such as vemu-
rafenib, has shown some efficacy in RRMM”  Other
agents targeting this pathway are currently the subject of
prospective clinical trials in Europe (clinicaltrials.gov identifi-
er: NCT02834364) and in the United States (clinicaltrials.gov
identifier: NCT03091257). There is evidence such agents
may cross the BBB™ and at least one case report of a
patient with BRAF*"* positive CNS-MM relapse respond-
ing clinically and radiologically to BRAF-MEK inhibitors.”

Chimeric antigen receptor-modified T-cell (CAR-T)
therapy is in preclinical stages of development for patients
with RRMM. The CAR-T construct targets the B-cell mat-
uration antigen (BCMA) which is highly expressed on
malignant plasma cells. Soluble BCMA levels are signifi-
cantly increased in CSF in primary CNS lymphoma.”
There is an assumption that CAR-T products cross the
BBB given that neurotoxicity is a frequent but generally
temporary side effect of this therapy. Its use in treating
patients diagnosed with CNS-MM might be impeded by
the fact that currently the time from patient leukapheresis
to re-infusion with the CAR-T product is approximately
four weeks. However, development of ‘off-the-shelf’
CAR-T products may overcome this obstacle in the
future.”” Other immunotherapy modalities that target the
BCMA include bispecific antibody constructs, including
BiTE® (bispecific T-cell engager) immuno-oncology thera-
pies, and antibody-drug conjugates (ADC). These prod-
ucts, like CAR-T, have shown efficacy in RRMM.”
However, unlike CAR-T, they have the advantage of not
requiring ex vivo manipulation of patients’ cells, therefore
conferring a significantly faster time-to-treatment follow-
ing diagnosis. Studies have suggested SBCMA is not just a
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ABSTRACT

cquired hemophilia A (AHA), a rare bleeding disorder caused by

neutralizing autoantibodies against coagulation factor VIII (FVIII),

occurs in both men and women without a previous history of
bleeding. Patients typically present with an isolated prolonged activated
partial thromboplastin time due to FVIII deficiency. Neutralizing anti-
bodies (inhibitors) are detected using the Nijmegen-modified Bethesda
assay. Approximately 10% of patients do not present with bleeding and,
therefore, a prolonged activated partial thromboplastin time should
never be ignored prior to invasive procedures. Control of acute bleeding
and prevention of injuries that may provoke bleeding are top priorities in
patients with AHA. We recommend treatment with bypassing agents,
including recombinant activated factor VII, activated prothrombin com-
plex concentrate, or recombinant porcine FVIII in bleeding patients.
Autoantibody eradication can be achieved with immunosuppressive
therapy, including corticosteroids, cyclophosphamide and rituximab, or
combinations thereof. The median time to remission is 5 weeks, with
considerable interindividual variation. FVIII activity at presentation,
inhibitor titer and autoantibody isotype are prognostic markers for
remission and survival. Comparative clinical studies to support treatment
recommendations for AHA do not exist; therefore, we provide practical
consensus guidance based on recent registry findings and the authors’
clinical experience in treating patients with AHA.

Introduction

Acquired hemophilia A (AHA) is characterized by neutralizing autoantibodies,
called inhibitors, against factor VIII (FVIII)." AHA is a rare disorder, affecting men
and women of all ages.” Two peaks in AHA incidence are typically observed; one
associated with pregnancy, and another with older age (>60 years old).
Approximately half of patients with AHA have concomitant disorders, most often
other autoimmune disorders or malignancy.** In approximately 1-5% of cases,
AHA is diagnosed during pregnancy or within 1 year following childbirth.” The
bleeding phenotype of AHA is variable, ranging from life-threatening bleeds to
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mild or no bleeding. Subcutaneous hematomas are charac-
teristic of AHA and can be the first indication of the dis-
ease.

Patients with AHA are often elderly; comorbidities and
medications, such as antiplatelet agents and anticoagu-
lants, may influence the clinical picture and require an
individualized therapeutic approach. In contrast to con-
genital hemophilia, comparative clinical studies are not
available in AHA, largely because of the rarity of the dis-
order and the severe clinical condition of patients at pres-
entation. Treatment decisions are often based on the
expertise and clinical experience of treating physicians,
and referral to expert centers is often recommended to
provide the best possible care.

In 2009, Huth-Kihne er al. published international rec-
ommendations for AHA." Since then, other guidance has
also been published.® These documents are recognized as
important sources of guidance for hematologists and other
specialists. The 2009 recommendations were mainly
based on the authors’ collective experience in treating a
large number of patients with AHA. Data from several
AHA registries have since been published, including the
EACH2 (European ACquired Haemophilia),*”* SACHA
(Surveillance des Auto-antiCorps au cours de I'Hémophilie
Acquise)’ and GTH (Gesellschaft fiir Thrombose- und
Hiimostaseforschung) registries'*® in Europe, as well as the
HTRS (Hemostasis and Thrombosis Research Society)
registry in the USA."* Moreover, a clinical trial investigat-
ing the use of a recently introduced treatment for AHA,
recombinant porcine FVIII (rpFVIII), has been reported.”
Here, we provide an updated set of recommendations
based on this higher level of recent evidence, which has
influenced clinical practices in AHA.

Methods

First, each author independently reviewed the 2009
international AHA recommendations,’ identifying areas in
which an update was required based on their personal

Table 1. Recent studies and registries in acquired hemophilia A.
Study
type

Collection Total n.
period of patients

Study name Design

Hemostatic
therapy
(n. of pts)*

experience and knowledge of current literature. Feedback
was consolidated in a single document, and the latest
available published evidence was assessed to ascertain the
extent to which each proposed statement was justified,
with particular emphasis on the results of the AHA reg-
istries summarized in Table 1. A PubMed literature search
was conducted to identify additional relevant publications
published since 2009. The search strategy and a PRISMA
diagram are provided in the Online Supplementary Material.

Recommendations were formulated according to
Guyatt et al.,' as detailed in Online Supplementary Table S1.
We used GRADE 1 for recommendations (“we recom-
mend”) whenever a clear impact on patients’ safety or
benefit would outweigh risks and burden. More specifical-
ly, GRADE 1B was used when the statement was support-
ed by data from at least one observational or intervention-
al study, and when the recommendation seemed to apply
to most patients in most circumstances without reserva-
tion; GRADE 1C was used for recommendations that
lacked support from such evidence, but still appeared to
be important for patients’ safety or benefit. GRADE 2
(“we suggest”) was used for weaker suggestions (2B for
those with support from registries or studies, and 2C
without) that may change when new data become avail-
able. Table 2 lists our main recommendations in the order
in which they are discussed.

Diagnosis

AHA is rare, usually occurring unexpectedly, with
physicians of different specialties potentially seeing
patients initially. Therefore, a simplified diagnostic algo-
rithm to assist physicians who may not have direct expe-
rience of AHA is required (Figure 1).

Typically, patients with AHA present with acute or
recent bleeding symptoms, without a previous history of
bleeding, with laboratory investigations showing an isolat-
ed prolonged activated partial thromboplastin time (APTT),
reduced FVIII activity (FVIIL:C) (<1% in 50% of cases; <5%

Survival  Reference
information
Remission (pts)

(n. of pts)

Treatment/outcome data
available information
Bleeding IST
resolved (n. of pts)**
(n. of pts or
episodes)

UK surveillance  Registry ~ Prospective, 2001-2003 172 97 - 151 105 113 2)
study consecutive
EACH2 Registry ~ Retrospective 2003-2009 501 307 288 patients 331 331 331 3,5,1,8)
(3 years); (1st episodes)
prospective
(3 years)
SACHA Registry ~ Prospective  2001-2006 82 38 38 patients 7 7 82 )]
GTH-AH 012010  Registry ~ Prospective  2010-2013 102 70 162 episodes 101 101 102 (10-12, 37)
HTRS Registry ~ Prospective  2004-2011 166 68 (rFVila only) 139 episodes - - (14)
OBI-1 Clinical trial ~ Prospective, - 29 28 (rpFVIIl only) 28 patients - - 29 (15)
single-arm

*Number of patients reported to have received recombinant activated factor VII (xFVIla), activated prothrombin concentrate complex (APCC), factor VIII (FVIII) and/or recombinant
porcine factor VIII (rpFVIII). Differences in the numbers reported vs. the total number of patients may be due to no treatment or lack of reporting. * *Number of patients reported to have
received immunosuppressive therapy. N: number; IST: immunosuppressive therapy; UK: United Kingdom; EACH2: European ACquired Haemophilia; SACHA: Surveillance des Auto-antiCorps
au cours de I'Hémophilie Acquise; GTH: Gesellschaft fiir Thrombose- und Hémostaseforschung; HTRS: Hemostasis and Thrombosis Research Society; OBI-1: susoctocog alfa.
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in 75% of cases; <40% in 100% of cases), and the presence  patients), followed by muscle, gastrointestinal, genitouri-
of autoantibodies, detected by the Bethesda assay or by nary, and retroperitoneal bleeds (in 45%, 21%, 9% and 9%
enzyme-linked immunosorbent assay (ELISA)." If the pro-  of patients, respectively).’Joint bleeds, the hallmark of con-
thrombin time (PT) is prolonged, it must be attributed to  genital hemophilia, are much less common in AHA* In
other reasons, e.g., anticoagulant treatment. The bleeding some cases, patients with AHA have not yet started to
pattern in AHA is characteristic of the disease, with subcu-  bleed at the time of diagnosis.” In these patients, a pro-
taneous bleeds being most common (observed in 80% of longed APTT may be the only sign of AHA.

Table 2. Summary of recommendations on the diagnosis and treatment of patients with acquired hemophilia A.

Recommendation Grade according
to Guyatt et al.*
Diagnosis
e We recommend that the diagnosis of AHA should be considered whenever an acute or recent onset of bleeding is accompanied 1B
by an unexplained prolonged APTT.
e We recommend that an unexplained APTT prolongation prior to surgery should be investigated and not ignored. 1C
e We recommend confirming a diagnosis of AHA by testing FVIII activity and inhibitor concentration using the Bethesda assay and/or 1B
an anti-FVIII ELISA.
® We recommend testing for anti-porcine inhibitors using a modified Bethesda assay, if treatment with rpFVIII is an option. 1B

Hemostatic treatment

e We recommend that hemostatic treatment be initiated in patients with AHA and clinically relevant bleeding irrespective of inhibitor 1B
titer and residual FVIII activity.

e We recommend the use of rFVIla, APCC or rpFVIII instead of human FVIII concentrates or desmopressin for the treatment of clinically 1B
relevant bleeding in patients with AHA.

e We recommend that alternative treatment strategies from among the first-line agents be used if appropriate initial treatment fails. 1C

e For initial treatment with rFVIla, we recommend bolus injection of 90 ug/kg every 2—3 h until hemostasis is achieved. 1B

e For initial treatment with APCC, we recommend bolus injections of between 50—100 U/kg every 8—12 h, up to a maximum of 200 U/kg/day. 1B
e For initial treatment with rpFVIII, we recommend the approved dose of 200 U/kg, followed by further doses to maintain trough levels >50%. 1B

e We recommend close monitoring of FVIII activity during therapy with rpFVIIL. 1B
o We suggest the use of recombinant or plasma-derived human FVIII concentrates only if bypassing agents or rpFVIII are unavailable

or ineffective and the inhibitor titer is low. We recommend against the use of desmopressin. 1B
e We recommend the prophylactic use of bypassing agents or rpFVIII to cover minor or major invasive procedures. 1B
Inhibitor eradication
e We recommend IST in all patients with AHA. However, particular caution should be exercised in frail patients. 1B
o We suggest using prognostic markers (FVIII activity, inhibitor titer, if available) to individualize IST. 2B
o We suggest that patients with FVIII =1 IU/dL and inhibitor titer <20 BU at baseline receive first-line treatment with corticosteroids 2B

alone for 3—4 weeks.
© We suggest combining corticosteroids with rituximab or a cytotoxic agent for first-line therapy in patients with FVII <1 [U/dL or

inhibitor titer >20 BU. 2B
e We suggest extending observation in patients who do not achieve remission with first-line IST but have continued improvement

of FVIII activity and inhibitor titer. 2B
o We suggest second-line therapy with rituximab or a cytotoxic agent, whichever was not used during first-line therapy. 1B
e For corticosteroid therapy, we suggest prednisolone or prednisone at a dose of 1 mg/kg/day PO for a maximum of 4—6 weeks

(followed by a tapered withdrawal). 2B
e We suggest rituximab at a dose of 375 mg/m* weekly for a maximum of 4 cycles. 2B
e As cytotoxic therapy, we suggest cyclophosphamide at a dose of 1.5-2 mg/kg/day PO for a maximum of 6 weeks, or MMF at a dose

of 1 g/day for 1 week, followed by 2 g/day. 2B
e We do not recommend the use of high-dose human FVIII for immune tolerance induction in AHA. 2C
© We do not recommend the use of high-dose intravenous immunoglobulins for inhibitor eradication in patients with AHA. 1B
e We recommend follow-up after complete remission, using FVIII:C monitoring monthly during the first 6 months, every 2—3 months up 1B

to 12 months, and every 6 months during the second year and beyond, if possible.
e [n women with pregnancy-associated AHA, we suggest the same approach for IST as in other patients, but with a more careful 2C

consideration regarding the use of cytotoxic agents.
e We recommend thromboprophylaxis according to ASH guidelines if FVIII:C has returned to normal levels. If indicated, therapy 1C

with anti-platelet drugs or oral anticoagulants should be initiated after normal FVIIL:C levels have been achieved.

AHA: acquired hemophilia A; APTT: activated partial thromboplastin time; FVIII: factor VIII; ELISA: enzyme-linked immunosorbent assay; rpFVIII: recombinant porcine FVIII;
rFVIla: recombinant activated factor VII; APCC: activated prothrombin complex concentrate; IST. immunosuppressive therapy; BU: Bethesda unit; PO: orally; MMF: mycophenolate
mofetil; IVIG: intravenous immunoglobulins; FVIII:C: factor VIII activity; ASH: American Society of Hematology.
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Consider pharmacological anticoagulants

Isolated prolonged APTT [——>
I
If unexplained or patient bleeding
Corretted ,  Consider intrinsic factor deficiency
..
APTT mixing study (vin, 1X, X1, X11) or von Willebrand syndrome
Prolonged
A 4
Normal . .
FVIII:C 5 Consider lupus anticoagulant or other
inhibitor
Reduced
e
i i Non-bleeding Consider lupus anticoagulant
i AHA very likely :T’ Confirm FVIII deficiency by chromogenic assay
- : patien
Bleeding If FVIII deficiency confirmed
patient

Consult expert
Confirm AHA by Bethesda assay or anti-FVIII ELISA
Test for anti-rpFVIIl inhibitors, if susoctocog alfa is an option

Figure 1. Diagnostic pathway for acquired hemophilia A. The activated partial thromboplastin time (APTT) mixing study will not be needed in an environment in which
factor VIII (FVII) activity is immediately available. Note that the presence of lupus anticoagulant does not exclude acquired hemophilia A. See the ‘Diagnosis’ section
for more details. FVIII:C: factor VIII activity; AHA: acquired hemophilia A; ELISA: enzyme-linked immunosorbent assay; rpFVIII: recombinant porcine factor VIII.

A prolonged APTT is not specific to FVIII deficiency;
other causes of APTT prolongation are much more com-
mon. Therefore, a prolonged APTT does not constitute a
good predictive biomarker for bleeding, as evidenced by
UK guidelines recommending against routine testing in
unselected patients.” However, we recommend that an
unexplained APTT prolongation should not be ignored if
it is encountered before surgery or in bleeding patients.
Measuring normal FVIII, factor IX (FIX) or factor XI (FXI)
levels will exclude a bleeding diathesis in such cases and
testing for conditions that prolong the APTT but do not
pose a bleeding risk, such as lupus anticoagulant (LA) and
factor XII deficiency, may be performed.

We recommend that the diagnosis of AHA should be consid-
ered whenever an acute or recent onset of bleeding is accompa-
nied by an unexplained prolonged APTT (GRADE 1B).

We recommend that unexplained APTT prolongation prior to
surgery should be investigated and not ignored (GRADE 1C).

Mixing tests

Coagulation factor deficiencies or coagulation factor
inhibitors, including autoantibodies, LA, or pharmacolog-
ical anticoagulants, may result in a prolonged APTT. To
distinguish a factor deficiency from the presence of an
inhibitory substance, mixing tests may be conducted if
FVIIL:C is not immediately available. AHA FVIII inhibitors
are time- and temperature-dependent, so APTT results
obtained immediately following the mixture of normal
and patient plasma and after a 2 h incubation should be
compared.”® These tests are poorly standardized and can-

not be used to establish or exclude AHA." Further investi-
gation is always required, and specific factor activity
assays should be performed in parallel to facilitate early
diagnosis.

Coagulation factor measurements

An isolated low FVIII level suggests a diagnosis of AHA.
However, differential diagnoses of low FVIIL:C include
von Willebrand disease, congenital hemophilia A and the
acquired von Willebrand syndrome.” A decrease in all
intrinsic coagulation factors may be an in vitro false result
arising from inhibitor-induced FVIII depletion in the sub-
strate plasma.”” LA-induced inhibition of phospholipid in
the factor activity assay can also result in reduced factor
levels. LA can be excluded by a negative diluted Russell
viper venom test, which is typically not affected by FVIII
inhibitors.” Vice versa, interference of LA on FVIII activity
and the Bethesda assay can be excluded by using chro-
mogenic substrate assays that are usually insensitive to
LA > Alternatively, a normal chromogenic assay FVIII:C
excludes AHA in cases in which LA decreases one-stage
FVIII assay results. However, it should be noted that AHA
and LA are both autoimmune disorders that can co-exist
in the same patient.”*”

Bethesda assay and modifications

The Bethesda assay was developed to detect and quan-
tify FVIII alloantibodies in congenital hemophilia A that
display linear type 1 kinetics.” It is also useful in detecting
FVIII inhibitors in AHA, but these often display complex



and non-linear type 2 kinetics and so the assay may not be
able to estimate the true potency of the autoantibody.” By
consensus, the dilution closest to a 50% inhibition of FVIII
in normal plasma is selected to estimate the inhibitor
titer:*® 1 Bethesda unit (BU) = the amount of inhibitor that
neutralizes 50% of FVIIL:C in normal plasma after incuba-
tion for 2 h at 37°C. Sometimes several dilutions are close
to 50%, introducing some uncertainty in assigning the
inhibitor titer. LA may interfere with the Bethesda assay
and cause low-positive results. Immunoassays to detect
anti-FVIII antibodies may help to distinguish LA from
FVIII inhibitors in such cases.”®” The Nijmegen modifica-
tion has been developed to improve specificity in the
detection of low-titer inhibitors.” Pre-analytical heat inac-
tivation of test plasma may improve assay accuracy/sensi-
tivity.**

Anti-porcine inhibitor titer

The porcine FVIII inhibitor titer should be quantified if
rpFVIII is considered as a treatment option. The assay is
performed in the same way as the Bethesda assay, but
with rpFVIII as the substrate instead of normal human
plasma. In the rpFVIII OBI-1 pivotal clinical trial, patients
with an anti-porcine titer of >20 BU were excluded.”
Lower, albeit detectable, anti-porcine titers had implica-
tions for dosing of rpFVIII (see the ‘Recombinant porcine
FVIII’ section for more details).

Anti-factor VIl enzyme-linked immunosorbent assay

A commercial anti-FVIII ELISA was shown to be sensi-
tive and specific for diagnosing AHA."” It may be particu-
larly helpful when interference with LA is suspected in a
positive Bethesda assay, or if the Bethesda assay cannot be
performed because rpFVIII has already been given. In
addition, determining the anti-FVIII isotype may have
prognostic implications, as shown for anti-FVIII IgA."

We recommend confirming a diagnosis of AHA by testing
FVIII activity and inhibitor concentration using the Bethesda
assay and/or an anti-FVIII ELISA (GRADE 1B).

We recommend testing for anti-porcine inhibitors using a mod-
ified Bethesda assay, if treatment with rpFVII is an option
(GRADE 1B).

Hemostatic treatment

Treatment of bleeds in patients with AHA should be car-
ried out in a specialist center; if immediate referral is not
possible, expert advice should be sought. The first priority
is to control acute bleeds and to prevent injury, including
iatrogenic, that may provoke further bleeding. Surgical
interventions and other invasive procedures should be per-
formed only at specialist centers, or with expert advice. If
a central venous line is required, it may be preferable to use
the femoral vein. Venipuncture should be performed by
experienced staff, and blood pressure measured only as
often as deemed clinically relevant. Fasciotomy for intra-
muscular bleeds should be avoided because this can result
in uncontrolled bleeding.**** Early hemostatic therapy may
prevent compartment syndrome in most patients or even
reverse symptoms of developing compartment syn-
drome.” In the EACH2 registry, the only parameter that
differed between patients who responded to treatment and
those who did not was a delay in time to treatment.’

The decision to initiate treatment is guided by the clini-

cal relevance of acute bleeds. Overall, approximately 70%
of patients with AHA need hemostatic treatment.
According to data from the UK and the EACH?2 registry,
approximately 30% of patients were untreated,*® appar-
ently because they had no bleeds or only non-severe sub-
cutaneous bleeds. However, close observation may be
warranted because even fatal bleeding can occur up to 5
months after first presentation in patients with persistent
inhibitors.?

A lack of correlation between FVIII:C or inhibitor titer
and bleeding phenotype in AHA has been described in
many studies.*** Inhibitor titer and FVIII:C should not
therefore influence the decision to initiate treatment for
clinically relevant bleeding.

Any hemostatic treatment is associated with a risk of
arterial and thrombotic events, particularly in elderly
patients and those with risk factors or recent thromboem-
bolic events. Acute illness and immobility in bleeding
patients with AHA is a risk factor for thromboembolism;
however, controlling acute bleeds should usually be prior-
itized.

We  recommend that hemostatic treatment be initiated in
patients with AHA and clinically relevant bleeding irrespective of
inhibitor titer and residual FVIII activity (GRADE 1B).

Choice of first- and second-line treatment for acute
bleeds
Parallel-group, comparative-treatment studies are not
available in AHA. Propensity score-matched analysis of
registry data on bypassing agents, including recombinant
activated factor VII (rFVIla; NovoSeven®) and activated
prothrombin concentrate complex (APCC; FEIBA®), as
well as a single-arm clinical trial on rpFVIII did not show a
clear efficacy or safety benefit of one drug over the
others.*™ A similar analysis showed that the efficacy of
human FVIII concentrates and desmopressin was clearly
lower than that of bypassing agents in EACH2.°
Therefore, APCC, rFVIla and rpFVIII can all be considered
appropriate first-line treatments (Figure 2). The final
choice will be influenced mostly by the anti-porcine titer,
as well as availability, cost and ability to monitor rpFVIIL.
We recommend the use of tFVIla, APCC or tpFVIII instead of
human FVIII concentrates or desmopressin for the treatment of
clinically relevant bleeding in patients with AHA (GRADE 1B).
Patients should be closely monitored for treatment effi-
cacy. Such monitoring is based mainly on clinical judg-
ment. Depending on the bleeding site, serial blood count
measurements, inspection and palpation of bleeding sites,
patient-reported changes in pain or mobility, as well as
imaging studies should be taken into consideration.”
When using rpFVIII treatment, monitoring of FVII:C can
also help to guide subsequent dosing, although clinical
efficacy may not always correlate with FVII:C.”
Depending on the severity of the condition, failure to
improve bleeding symptoms or the appearance of new
symptoms may indicate the need for treatment intensifi-
cation or switching to one of the alternative therapies.
We recommend that alternative treatment strategies from
among the first-line agents be used if appropriate initial treatment
fails (GRADE 1C).

Recombinant activated factor VI

The efficacy of rFVIla [eptacog alfa (activated)] in AHA
was recently addressed in a systematic literature review.”
A total of 12 studies, reporting on 671 patients and 1,063

Diagnosis and treatment of acquired hemophilia A -
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Clinically relevant bleeding
or before invasive procedures

If anti-porcine titer If other options
low or undectable unavailable and low
anti-human titer
\ 4 . _ M ___
1 1
1 1
rkVila APCC rpFVIII ' hEVIIL
1
50-100 U/kg 200 U/kg 50-100 U/kg
es(e)r“gz/—:gh every 8-12h followed by followed by
v (max 200 per d) tailored dosing tailored dosing
y v
Close monitoring of FVIII activity
\ 4 A 4 \4 \ 4

Clinical assessment of efficacy
Increase dosing interval if no further bleeding
Switch treatment option if ineffective

Figure 2. Choice and monitoring of hemostatic therapy in acquired hemophilia A. rFVlla, recombinant activated factor VIl (eptacog alfa); APCC, activated prothrom-
bin complex concentrate; rpFVIIl: recombinant porcine factor VIII (susoctocog alfa), hFVIII, human (plasma-derived or recombinant) factor VIII; h: hour; d: day.

bleeds treated with rFVIla, were analyzed. The reported
median initial rFVIla dose was 90-105 ug/kg body weight,
with ranges between 25-181 ug/kg in individual studies.
Doses were repeated mostly every 2—3 h, with the medi-
an total number of doses being 10-28. rFVIla was used as
first-line treatment in the majority of cases, and 39-90%
of treated bleeds were severe. There was considerable
variability across the 12 studies in terms of how hemosta-
tic effectiveness was defined. The only effectiveness out-
come that provided sufficient data was defined as ‘com-
plete” or ‘partial response’, available for six studies. In five
of these six studies, treatment efficacy was >90%, at both
patient and bleed levels.

The safety of rFVIla in AHA was also addressed in the
same systematic review.” Thromboembolic and cardio-
vascular events were assessed in eight of the 12 studies
and reported in 0-5% of patients. Mortality was included
in ten of the studies, with eight reporting no mortality
related to rFVIla. The two studies that reported deaths
from thromboembolic events potentially related to rFVIla
were a Japanese surveillance study (2 deaths in 132 rFVIla-
treated patients)” and the GTH study (3 deaths in 61
rFVIla-treated patients).”” One patient in the GTH study
died from portal vein thrombosis on day 6 while on rFVIla
for 3 days. The other two patients died of ischemic stroke
on days 5 and 35 of rFVlla treatment; these two patients
received rFVIla together with tranexamic acid. In EACH?2,
thrombotic events were reported in 5/174 (2.9%) patients
in association with rFVIla treatment.®

For initial treatment with rFVlla, we recommend bolus injec-
tions of 90 ug/kg every 2—3 h until hemostasis is achieved
(GRADE 1B).

Activated prothrombin complex concentrate
APCC is used for the treatment and prevention of
bleeds in patients with congenital hemophilia with

inhibitors,”* and is widely used for AHA, although no
systematic reviews are available. The recommended dose
is 50-100 U/kg every 8—12 h, up to a maximum of 200
U/kg/day." In the EACH2 registry, propensity score-
matched analysis indicated indistinguishable efficacy for
APCC compared with rFVIla, with >90% bleed control
rates when used as first-line treatment.” An earlier study
collected data from 34 cases in three centers in the USA
over 10 years.® A total of 55 bleeding events were
observed and the response rate was 76% and 100% for
patients with severe and moderate bleeds, respectively.®
APCC has also been used for secondary prophylaxis.**

In a retrospective study, APCC exhibited a favorable
safety profile indicating that it is well-tolerated with few
adverse events.” Thrombotic events, including myocardial
infarction and venous thrombosis, were mostly reported
in patients with additional risk factors.”” In EACH?2,
thrombotic events with APCC were reported in 3/63
(4.8%) patients.® Disseminated intravascular coagulation
has been observed following APCC administration in
some patients receiving doses higher than 200 U/kg/day.”
APCC is contraindicated in patients with signs of dissem-
inated intravascular coagulation.

For initial treatment with APCC, we recommend bolus injec-
tions of between 50—100 Ulkg every 8—12 h, up to a maximum
of 200 Ulkg/day (GRADE 1B).

Recombinant porcine factor VIII

Although animal-derived concentrates are no longer
available, porcine plasma-derived FVIII concentrate was
used extensively in the past for the treatment of AHA
because anti-FVIII autoantibodies often exhibited low
cross-reactivity with porcine FVIIL® rpEVIII (susoctocog
alfa) was assessed in a prospective, single-arm clinical
study.” Patients with AHA and a serious bleed were eligi-
ble, but were excluded if they had an anti-rpFVIII inhibitor



titer >20 BU. rpFVII was administered at an initial dose of
200 U/kg. Subsequent doses and dosing intervals were
assigned by the treating physician based on the clinical
response and FVIII:C measured, with the aim of maintain-
ing FVII:C >80% for severe bleeds of particular concern®
(e.g. severe mucous, intracranial, retro- or intra-abdominal,
genitourinary, neck, traumatic or postoperative bleeds), and
>50% for all other bleeds. Clinical assessment after 24 h
indicated an effective response in 24/28 patients and a par-
tial response in 4/28 patients. The bleeding was controlled
at the time of the final dose in 24/28 (86%) patients. FVIII
levels measured immediately after the first dose and 24 h
later were 22-540% and 2-369% of normal, respectively.
The presence of cross-reacting antibodies did not appear to
affect the clinical response after 24 h, but patients with
cross-reactivity needed higher doses in the first 24 h than
patients without cross-reactivity (median 1,400 and 300
U/kg, respectively). Cross-reacting anti-rpFVIII inhibitors
were found in 44% of patients in a recent study.” A retro-
spective study used a lower starting dose of 100 U/kg in six
of seven patients given rpFVIII as second-line therapy, with
five of these six patients achieving FVIII:C >100% after
infusion (one patient had unmeasurable FVIII:C).” Overall,
treatment was effective in five of the seven patients. These
data suggest that, although the approved initial dose for
rpFVIII is 200 U/kg, an initial dose of 100 U/kg appears to
be sufficient for most patients, and FVII:C should be close-
ly monitored to prevent excess FVIII:C. The baseline anti-
rpFVIII titer may help to identify those patients for whom
rpFVIII is unlikely to be efficacious.

In the pivotal trial, rpFVIII was well-tolerated in all
patients.” A total of 5/18 patients who did not have anti-
rpFVIII inhibitors at baseline developed de novo anti-
rpFVIII antibodies after 8-85 days, prompting discontinu-
ation of the drug in two patients. No patient developed
thromboembolic events.

For initial treatment with rpFVIII, we recommend the approved
dose of 200 U/kg, followed by further doses to maintain trough
levels >50% (GRADE 1B).

We recommend close monitoring of FVIII activity during thera-
py with rpFVIII (GRADE 1B).

Human factor VIII concentrates and desmopressin

The 2009 international AHA recommendations suggest-
ed the use of human FVIII concentrates or desmopressin
only if therapy with bypassing agents was not available." In
the EACH2 registry, an efficacy assessment of the treat-
ment of first bleeding episodes could be performed in 288
patients, of whom 219 (76%) received bypassing agents
and 69 (24%) received human FVIII or desmopressin.®
Patients administered human FVIII concentrates or desmo-
pressin had higher initial FVIII levels, lower inhibitor titers,
less severe bleeds and received tranexamic acid more often.
When comparing propensity score-matched groups (n=60
per group), significantly lower efficacy rates were observed
for treatment with FVIII or desmopressin (68%) compared
with bypassing agents (93%). Of note, there was no
matching for tranexamic acid use in this comparison.
There may be a risk of fluid overload, heart failure and
severe hyponatremia with desmopressin and it should not,
therefore, be used in elderly patients.”

We suggest the use of recombinant or plasma-derived human
FVIII concentrates only if bypassing agents or rpFVIII are
unavailable or ineffective and the inhibitor titer is low. We recom-
mend against the use of desmopressin (GRADE 1B).

Anti-fibrinolytics and other treatments

Some controversy persists regarding the use of anti-fib-
rinolytic agents in conjunction with bypassing agents.
Anti-fibrinolytic agents should be used with caution in
patients treated with APCC.” However, in a small case
series of combination therapy of tranexamic acid with
APCC, which included one patient with AHA, no throm-
boembolic events or disseminated intravascular coagula-
tion were reported.”® Combining tranexamic acid with
rFVIla has been of less concern traditionally.™ In the
EACH2 registry, 17% of rFVIla patients received ancillary
anti-fibrinolytic therapy compared with only 5% of
patients treated with APCC.® In the GTH study, 32/102
(31%) patients received tranexamic acid, 63/102 (62%)
received rFVIla, and 21 (21%) received both concomitant-
ly."” Of the three fatal thromboembolic events observed in
relation to rFVIla, two occurred in the 21 patients receiv-
ing concomitant tranexamic acid and rFVIla."” We, there-
fore, suggest caution when combining tranexamic acid
with bypassing agents. Topical tranexamic acid may be
used as an alternative for some types of bleeding.

A plasma-derived, purified FVIla/factor X concentrate
(MC710, Byclot) is approved in Japan for the treatment of
acute bleeds in patients with inhibitors against FVIII or
FIX.® Studies in AHA are not available.

Emicizumab is a recombinant, humanized, bispecific
monoclonal antibody with FVIII-mimetic activity. It was
recently licensed for prophylaxis in patients with hemo-
philia A with or without inhibitors.”” The drug has been
used in a few patients with AHA with severe bleeding.”
However, the safety and efficacy of emicizumab in AHA
is unknown and so this antibody should not be used in
this group of patients outside of clinical trials. This is par-
ticularly relevant for elderly patients, in whom cardiovas-
cular events are more common, and in women who are
considering use of hormonal therapy or future pregnancy;,
as emicizumab is an IgG4 antibody and may therefore be
transferred across the placenta. Given its long half-life of
approximately 1 month, patients treated with emicizum-
ab are exposed for up to 6 months after their last dose.

Invasive procedures

In patients with AHA, even minor invasive procedures
can result in significant bleeding;**” therefore, particular
caution should be exercised during all procedures and sur-
gery and, if possible, they should be delayed until after the
inhibitor has been eradicated. Use of a bypassing agent or
rpFVIII is usually required for central venous access, taking
biopsies or performing other invasive procedures.

We recommend the prophylactic use of bypassing agents or
rpFVIII to cover minor or major invasive procedures (GRADE 1B).

Immunosuppressive therapy

Goals of immunosuppressive therapy and definition of
remission

The goal of immunosuppressive therapy (IST) is to
reduce the risk of bleeding by shortening the time to
achieve remission of AHA. Spontaneous remissions have
been observed in patients not treated with IST, but this
outcome is unpredictable.” Definitions of remission vary
across studies and registries. The UK surveillance study
defined complete remission as: FVIII normal, inhibitor
undetectable, and immunosuppression stopped or
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2009 Recommendation

2010 GTH Protocol

2020 Recommendation

FVIII 21% and FVIIl <1% or
<20 BU/ml >20 BU/ml
1
2* Steroids alone ) Steroids +
. 1st line: for 3 weeks Steroids alone CTX or rituximab
3 stline; for 3-4 weeks
_ B Steroids with or for 3-4 weeks
% 4 without CTX for
2 4-6 weeks Steroids + CTX
[} — for 3 weeks
§ 6 Add CTX or Add CTX or
n rituximab if not rituximab if not
7_ responding responding
8, 2nd line; Steroids + 4x
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Figure 3. Recommendations regarding Immunosuppressive therapy in patients with acquired hemophilia A. Comparison of immunosuppressive therapy regimens
recommended in the 2009 international recommendations by Huth-Kiihne et al.* the GTH study* and the current paper. FVIII; factor VIII activity; BU: Bethseda unit;

CTX, cyclophosphamide.

reduced to doses used before AHA developed without
relapse.” The GTH study also included a definition for
partial remission: FVIII restored to >50% and no bleeding
after stopping any hemostatic treatment for at least 24 h."

General strategy and prognostic factors

The 2009 international AHA guidelines recommended
starting IST in all patients with AHA immediately follow-
ing diagnosis.! This recommendation was mainly based
on the high bleed-related mortality in earlier studies and
the observation that the initial bleeding tendency was not
predictive of later major or even fatal bleeding.” Initial
treatment with corticosteroids alone or in combination
with cyclophosphamide was recommended for up to 6
weeks, while second-line therapy with rituximab was
suggested if first-line IST failed or was contraindicated
(Figure 3).

The GTH-AH 01/2010 study protocol was designed as
a variant of this recommendation and was the first IST
protocol investigated prospectively.”” Patients were
enrolled <7 days after starting any IST, and follow-up
data were collected weekly until complete remission was
achieved. The 1-year survival rate was 68%. The most
frequent cause of death among the 34 patients who died
was infection (n=16), followed by cardiovascular disor-
ders (n=6), underlying disorders (n=3), and bleeding
(n=3). Fourteen deaths were considered to be directly
related to IST. These results established that IST-related
mortality, in particular infection, exceeds the current risk
of fatal bleeding in AHA. Patients with a poor World
Health Organization (WHO) performance status (>2) at
presentation had a 4-fold increased risk of mortality.
Therefore, careful individual consideration of the require-
ment for and contraindications against IST, its intensity
and timing is warranted in frail patients with AHA and
should be a priority for future research. IST should be
stopped if severe side effects to treatment develop.

We recommend IST in all patients with AHA. However, partic-
ular caution should be exercised in frail patients (GRADE 1B).

The success of IST, in particular the time to achieve
remission, varies largely among patients. In the GTH
study, 85/102 (83%) patients achieved a partial remission
after a median time of 5 weeks (range, 1-52 weeks)."
FVIII:C at presentation was the most important prognos-
tic factor; patients with FVIII <1% achieved partial remis-
sion less often compared with other patients (77 vs. 89%,
respectively) and after a significantly longer time on IST
(43 vs. 24 days, respectively). Anti-FVIII IgA autoantibod-
ies were predictors of relapse as observed in 45% of
patients with anti-FVIII IgA titers >1:80. These data sug-
gest that IST should be individualized in patients with
AHA according to baseline characteristics, although inter-
ventional studies with stratified protocols have not been
performed.

We suggest using prognostic markers (FVIII activity, inhibitor
titer, if available) to individualize IST (GRADE 2B).

The benefit of combining corticosteroids with other
immunosuppressants for first-line therapy is uncertain
and cannot be concluded from the published observation-
al studies. Combination therapy shortened the time to
remission in the EACH2 registry’ but not in the UK sur-
veillance study.” GTH data indicated that achieving par-
tial remission within 21 days of steroid therapy was
unlikely (negative predictive value, 84%) if patients had
FVIII <1% or an inhibitor titer >20 BU."” We, therefore,
suggest combination therapy in these patients. In all other
patients (i.e., those with FVIII 21 % and inhibitor <20 BU),
we suggest using steroids alone, because the benefit of
more intense regimens is uncertain, and the risk of infec-
tious complications currently exceeds the risk of bleeding.

We suggest that patients with FVII =1 [U/AL and inhibitor
titer <20 BU at baseline receive first-line treatment with cortico-
steroids alone for 3—4 weeks (GRADE 2B).

We suggest combining corticosteroids with rituximab or a cyto-



toxic agent for first-line therapy in patients with FVIII <1 [U/dL
or inhibitor titer >20 BU (GRADE 2B).

In the GTH study, 23 patients had a continuous
improvement of their FVIII:C and/or inhibitor titer while
not achieving partial remission during the first 3 weeks
on steroids."” These patients were not escalated to sec-
ond-line IST and all achieved partial remission after a
median of 29 days.

We suggest extending observation in patients who do not
achieve remission with first-line IST but have continued
improvement of FVIII activity and inhibitor titer (GRADE 2B).

Patients not responding to steroids after 3 weeks were
escalated to second-line therapy with cyclophosphamide,
and later rituximab, in the GTH study. Eighty-three per-
cent of these patients achieved remission.

We suggest second-line therapy with rituximab or a cytotoxic
agent, whichever was not used during first-line therapy
(GRADE 1B).

Corticosteroids

Corticosteroid therapy with prednisolone or pred-
nisone 1 mg/kg/day PO for 4-6 weeks was suggested in
the 2009 international AHA recommendations." This reg-
imen was also used in the GTH study."

For corticosteroid therapy, we suggest prednisolone or pred-
nisone at a dose of 1 mg/kg/day PO for a maximum of 4—6
weeks (followed by tapered withdrawal) (GRADE 2B).

Rituximab

Second-line therapy with rituximab for inhibitor eradi-
cation was recommended in the 2009 international AHA
recommendations.’ Rituximab is often used at the licensed
dose for the treatment of non-Hodgkin lymphoma (i.e.,
375 mg/m*/week), but has also been used in lower doses
of 100 mg/week in some reported cases.”* The drug is
licensed for the treatment of rheumatoid arthritis at a
fixed dose of 1,000 mg on days 1 and 15.° This regimen
has also been used in immune thrombocytopenia.”*
Although not licensed for the treatment of AHA, we sug-
gest adding rituximab to first-line IST in patients with
poor prognostic markers, in those with contraindications
against corticosteroids, or as second-line therapy.

We suggest rituximab at a dose of 375 mg/m’ weekly for a
maximum of four cycles (GRADE 2B).

Cytotoxic agents

Cyclophosphamide therapy was recommended at a
dose of 1.5-2 mg/kg/day PO in the 2009 international
AHA recommendations.' Intravenous pulse therapy of
cyclophosphamide 500-1,000 mg/m’ is licensed for the
treatment of severe lupus nephritis and Wegener granulo-
matosis, although there is no experience in AHA.”
Recently, the use of mycophenolate mofetil (MMEF) was
reported in a retrospective collection of 11 AHA
patients.”” MMF was started at 1 g/day and increased to 2
g/day after 1 week. Among seven patients given MMF
together with prednisolone as first-line IST, one complete
and five partial remissions were achieved after 4 to 77
weeks; among four patients receiving MMF for second-
line IST after a median of 14 weeks of other treatments,
three complete remissions and one parital remission were
observed. Close monitoring for leukopenia, thrombocy-
topenia, and infections is required during treatment with
any cytotoxic agent. These agents should not be used in
pregnancy or in women who are breastfeeding.

Diagnosis and treatment of acquired hemophilia A -

As cytotoxic therapy, we suggest cyclophosphamide at a dose
of 1.5-2 mg/kg/day PO for a maximum of é weeks, or MMF
at a dose of 1 g/day for 1 week, followed by 2 g/day (GRADE
2B).

Immunoadsorption, immune tolerance regimens and
immunoglobulins

Immunoadsorption protocols have been used success-
fully to deplete inhibitors in patients with AHA. The
modified Bonn-Malmé protocol combined immunoad-
sorption with high-dose FVIII, intravenous immunoglob-
ulins and immunosuppression.” Inhibitors were eliminat-
ed after a median of 3 days. Whether the overall response
rate is superior to that achieved with IST alone remains
unclear, as does the relative contribution of FVIII and
immunoglobulins in this regimen. We, therefore, suggest
that this protocol is used only in patients with particularly
severe bleeding or those who are resistant to other thera-

Similarly to immune tolerance in hemophilia A with
inhibitors, high-dose FVIII has been combined with IST
by several investigators in AHA."”* However, a conclu-
sion as to whether FVIII increased the efficacy of IST can-
not be reached based on these studies due to the lack of a
control group for comparison. We, therefore, suggest this
treatment only in patients with life-threatening bleeding
in whom the available hemostatic therapies have failed.

We do not recommend the use of high-dose human FVIII for
immune tolerance induction in AHA (GRADE 2C).

High-dose intravenous immunoglobulins are known to
be effective in idiopathic thrombocytopenic purpura;
however, they had little or no effect in patients with AHA
in the one currently available study on this therapeutic
strategy.”

We do not recommend use of high-dose intravenous
immunoglobulins for inhibitor eradication in patients with AHA
(GRADE 1B).

Follow-up

Adverse events occurred in 66 % of patients in the GTH
registry (including IST-related events in 50%): 25% of the
events occurred after more than 100 days.” Relapse
occurred in 12-18% of EACH?2 patients after a median
time of 138 days.” Given the risks of adverse events and
of recurrence, patients should be closely monitored until
they achieve complete remission and for several months
thereafter. Monitoring of FVIII:C is more sensitive than
APTT for detecting recurrence.

We recommend follow-up after complete remission, using
FVIII:C monitoring monthly during the first 6 months, every 2—3
months up to 12 months, and every 6 months during the second
year and beyond, if possible (GRADE 1B).

Pregnancy-associated acquired hemophilia A
Hemostatic therapy and the response to it were similar
in 42 women with pregnancy-associated AHA as com-
pared with other patients in the EACH2 registry.” A total
of 70% of the women received steroids alone for IST,
while the rest received steroids and rituximab, cytotoxic
agents, or intravenous immunoglobulins. The success
rates and times to remission were similar in these women
compared with those in other AHA patients in the reg-
istry. The mortality rate was lower than in the other
patients, possibly because of the younger age of women
with pregnancy-associated AHA, and the risk of relapse
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10.

Thromboprophylaxis

Cardiovascular events, including thrombosis, myocardial
infarction and stroke, were recorded as the cause of death
in 6-7% of patients with AHA in the GTH and SACHA
registries.”” It therefore appears justified to recommend
thromboprophylaxis according to the 2018 American
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ABSTRACT

hematopoietic differentiation towards red blood cells. During ery-

throid differentiation, GATA1 forms different complexes with other
transcription factors such as LDB1, TAL1, E2A and LMO2 (“the LDB1 com-
plex”) or with FOG1. The functions of GATA1 complexes have been stud-
ied extensively in definitive erythroid differentiation; however, the tempo-
ral and spatial formation of these complexes during erythroid development
is unknown. We applied proximity ligation assay (PLA) to detect, localize
and quantify individual interactions during embryonic stem cell differenti-
ation and in mouse fetal liver (FL) tissue. We show that GATA1/LDB1 inter-
actions appear before the proerythroblast stage and increase in a subset of
the CD71*/TER119" cells to activate the terminal erythroid differentiation
program in 12.5 day FL. Using Ldb1 and Gata1 knockdown FL cells, we
studied the functional contribution of the GATA1/LDB1 complex during
differentiation. This shows that the active LDB1 complex appears quite late
at the proerythroblast stage of differentiation and confirms the power of
PLA in studying the dynamic interaction of proteins in cell differentiation at
the single cell level. We provide dynamic insight into the temporal and spa-
tial formation of the GATA1 and LDB1 transcription factor complexes dur-
ing hematopoietic development and differentiation.

GATAI is an essential transcriptional regulator of myeloid

Introduction

The first hematopoietic cells appear in yolk sac blood islands on embryonic day
6.5 (E6.5) during mouse development. On E10.5 to E11, definitive hematopoietic
stem cells (HSC) appear in the aorta-gonad-mesonephros (AGM) region within the
embryo (and the vitelline and umbilical arteries). They migrate to the fetal liver
(FL), mature from pre-HSC to HSC, and after moving, reside in the adult bone mar-
row."” One of the lineages originating from HSC generates erythroid cells.

GATA1 is one of the essential transcription factors for the erythroid (and
megakaryocytic) program. Gata1 knockouts (KO) (Gata1”) die between E9.5 to E10
due to a block of differentiation at the proerythroblast stage, leading to the absence
of mature red blood cells.** GATA1 can form several complexes to regulate ery-
throid gene expression.” Two proteins of particular interest bind directly to GATA1.
The first, FOG1 (Friend of GATA1), binds to the N-terminal zinc finger (ZnF) of
GATA1 and recruits the chromatin remodeling complex NuRD/MeCP1 and/or the
C-terminal binding protein (CTBP) corepressor-containing complex to regulate
GATA1 target genes.’ The second is LMO2, which is part of a larger complex™ con-
taining the LIM-domain-binding protein 1 (LDB1). LDB1 functions as a scaffold
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protein to form multiprotein transcription complexes that
regulate the differentiation of various cell types. Ldb1 KO
(Ldb17") mice die between E9.5 and E10 due to severe
defects in a number of developing tissues, including
abnormal hematopoietic development.”” This abnormal
hematopoiesis is also observed in knockout mouse
embryos lacking the LDB1 binding-partners TAL1" or
LMO2.7

Despite the knowledge on GATA1 binding partners, it is
not known when and where GATA1 complexes form. In
order to identify the temporal and spatial appearance of
GATA1/FOG1 and GATA1/LDB1 complexes during differ-
entiation, we applied proximity ligation assays (PLA)" in
differentiated mouse embryonic stem (ES) cells and FL
cells. We detect the first significant GATA1/LDB1 interac-
tion in CD71* FL cells. Knockdown (KD) of LDB1 in vitro
led to fetal cell death and decreased the CD71* cell popu-
lations, providing functional evidence for its essential role
at that stage of erythroid differentiation in normal FL.

Methods

Cell culture and mouse FL collection

Wild-type (WT) and Ldb1” mouse ES cells were cultured in
DMEM-15% FCS-1% non-essential amino acids-100 units/mL
penicillin-100 mg/mL streptomycin-6.3e-4% 2-mercaptoethanol-
100 units/mL Esgro. Day 12.5 (D12.5) or D13.5 FL were used for
cell sorting, nuclear extraction, or directly embedded in OCT
Tissue-Tek (Sakura) for tissue slicing. All animal experiments were
performed according to guidelines and protocols that had been
approved by an independent committee on the ethical use of
experimental animals (DEC).

ES cell differentiation by the hanging drop method

Mouse WT and Ldb1” ES cells were differentiated as
described." On D4, D5 or D9 of ES cell differentiation, embryoid
bodies (EB) were collected by flushing with PBS in 50 mL falcon
tubes then embedded in the OCT Tissue-Tek.

Flow cytometry analysis and cell sorting

Mouse E12.5 or E13.5 FL cells (infected or not by LDB1 or
GATA1 small hairpin RNA [shRNA]) were labeled with
CD71-FITC and TER119-PE antibodies and sorted on a FACSAria
III (BD Biosciences) into four populations: P1 (CD717/TER1197), P2
(CD71*/TER119°), P3 (CD71*/TER119") and P4 (CD71/TER119").

Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from sorted FL cells or trypsin-dissoci-
ated EB up to D6 of differentiation with Trizol (Invitrogen). RT-
qPCR was performed using SybrGreen (Applied Biosystem) on
Bio-Rad CEX96. Ruh1 (ribonuclease inhibitor 1) gene was used as
internal control for normalization. Primers are indicated in the
Online Supplementary Table S1.

Gene expression profiling by RNA sequencing (RNA-seq)

RNA samples from sorted mouse E12.5 FL cells, P1 to P4, were
sequenced and analyzed as described'’ using independent biolog-
ical replicates. Significant (at least +0.6 log two-fold change and
P-value <0.05) up- and down-regulated genes were selected. Data
are deposited in the Sequence Read Archive (SRA) (Accession
Number: SRP158286).

Antibodies
Antibodies are indicated in the Online Supplementary Table S2.

RNA interference

Lentiviral particles for LDB1 were produced as described by
Stadhouders R" using Ldb1 shRNA (shRNA#1: 5-GGACCAAA-
GAGATATACCA-3’, shRNA#2: 5-GACTCTGTGTGATACTA-
GA-3) and Gata1 shRNA (5-GTTTGGATGCAGCATCTTICTTI-
3’) with non-targeting shRNA as controls. Lentiviral infected cells
were harvested 72 hours after transduction and processed for
nuclear extraction.

Protein analysis

Murine erythroleukemia (MEL) cells or EB nuclear extract and
immunoprecipitation (IP) were prepared as described'® and size-
exclusion chromatography was performed on an AKTA-FPLC
apparatus with a Superose-6 10/30 column (Amersham
Biosciences). Fractions were precipitated with trichloroacetic acid
and analyzed by Western blotting using Odyssey system (LI-
COR).

Immunofluorescent staining
MEL or FL cells were stained as described® and analyzed by con-
focal microscopy (Leica SP5).

PLA on EB and mouse embryo tissue

10 um sliced E4, 5, 9 EB or E12.5 mouse fetal tissues were fixed
and processed for PLA following the manufacturer’s protocol
(Duolink, OLINK) using antibodies indicated in the Online
Supplemntary Table S2. PLA signals were visualized by Leica SP5
confocal microscopy and were analyzed using BlobFinder soft-
ware (Uppsala University, Sweden). Signals contained in or adja-
cent to nuclei were compared between different groups (n=3). The
Kruskal-Wallis test for variance between groups was performed
and the Tukey method to counteract multiple comparison errors
was applied. Deconvolution of PLA signals and volume analysis
was performed using Huygens Suite as published."”

Results

LDB1 complexes start to form at D4 of in vitro ES cell
differentiation

We applied PLA" on sliced in vitro differentiated EB to
identify when GATA1 complexes form. This enables low
level detection of endogenous protein-protein interaction
in situ.

First, we characterized gene expression dynamic for
genes of interest during ES cell differentiation (Figure 1A).
As expected, the stem cell marker Rex1 is expressed early
(day O to 2 [D0-D2]) and decreases during differentiation,
while B-globin increases at later stages at D5-D6. Thus
Ldb1 is expressed both in early and late stages of ES differ-
entiation, and in the erythroid cell lineage at D3-D6.
Following differentiation Gatat, Fog1, Gata2, Flk1, Talt
and Lmo2 expression gradually increases. Of note Gata2
gene induction starts at D4 whereas Gata1 expression is
delayed for 24 hours (h) (Kolovos et al. submitted), i.e. the
GATA-switch occurs in early embryogenesis.”

PLA representing combinations of transcription factor
(TF) interactions (GATA1/LDB1, GATA1/FOG1 and
LDB1/E2A) was performed in undifferentiated cells DO,
D4, D5 and D9 differentiated WT or Ldb1-KO EB (Figure
1B). Quantification of PLA signals showed that these inter-
actions are absent in ESC, while GATA1/LDB1 and
LDB1/E2A interactions already occur at D4 of ES cell dif-
ferentiation. The GATA1/FOG! interaction appeared 24 h
later at D5. No red blood cells emerged in Ldb1-KO EB at

Temporal and spatial emergence of GATA1 complex -
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Figure 1. Gene expression and proximity ligation assay on embryonic stem cell differentiation. (AcGene expression during embryonic stem (ES) cell differentiation
from day O until day 6 (DO-D6) of genes of interest. Standard error of the mean (SEM) from three biological replicates is shown as error bar. (B) Proximity ligation
assay (PLA) detection of GATA1/FOG1, GATA1/LDB1 and LDB1/E2A complexes was performed on wild-type ES cell differentiation at DO (ES cells), D4, D5 and D9,
and Ldb1-KO ES cell differentiation at D9. On D9, EB from wild-type (WT) or Ldb1-KO are collected and pictured as shown. PLA signal representing protein-protein
interaction was in white on a black background and in Texas-Red in merged pictures together with DAPI in blue. Each red dot represents a fluorescent signal of GATAL
complex formation. The images were analyzed using BlobFinder software® which quantifies the number of PLA-positive dots in cells. The boxplot (Figure 1B, right
panel) shows the density of the dots related to its nuclear area (from three biological replicates). Comparisons of the PLA signals obtained with two primary antibod-
ies versus those obtained in the negative controls were tested in ANOVA and the significance is shown in asterisks. All scale bars represent 10 um. PLA signals have
been quantified on each day and compared with negative controls including GATAL, FOG1, or E2A single-antibody or secondary antibodies alone. Asterisk shows the
significant interactions between the two primary antibodies PLA sighal and single primary antibody controls. The significance was analyzed with Kruskal-Wallis test
as follows, ****: P<0.0001, ***: P<0.001, **: P<0.01, *: P<0.05. The Tukey method to counteract multiple comparison errors was applied.
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D9 as shown by the lack of red coloration. This correlates
with absence of interaction detection by PLA constituting
an important control for PLA specificity, in addition to the
single probes and secondary antibodies alone used a neg-
ative control.

We next characterized the dynamic expression of
hematopoietic TF proteins during the time course of ES
cell differentiation at D4-5 using Ldb1-KO cells as the con-
trol (Online Supplementary Figure S1A). This showed that
the different factors already form a complex as deter-
mined by immunoprecipitation at D4 and D5 (Online
Supplementary Figure S1C-D) using Ldb1-KO cells as the
control (Online Supplementary  Figure S1E). Online
Supplementary Figure S1C shows that LDB1 and FOG1 fail
to pull down GATA1 (and vice versa) in D4 differentiated
cells, which is likely due to very low amounts of the bridg-
ing factor LMO2. Day 5 (Online Supplementary Figure S1D)
shows more GATA1, but LMO?2 is still undetectable and
LDB1 and GATA1 appear to fail pulling down each other.
The same is seen for GATA1 and FOGI. Interestingly
FOGT1 appears to be regulated by (the) LDB1 (complex) as
itis presentin D5 WT cells, but not in Ldb1-KO cells. This
agrees with our observation that LDB1 binds to the Fog?
gene in Flk1 positive cells sorted four days after ES cell dif-
ferentiation and the reduction of Fog? expression in
Ldb1-KO cells analysed by RNA-Seq."” The amounts of the
proteins involved (directly or indirectly) were too low to
allow their detection by immunoprecipitation or mass
spectrometry (data not shown), because D4 and D5 differ-
entiated ES cells are a mixture of few hematopoietic cells
in the presence of many non-hematopoietic cells. For
example, many cells express Oct4 (Online Supplementary
Figure S1A) or cardiac genes in cardiac progenitors.”’ The
complexes are barely detectable by size-exclusion chro-
matography (Online Supplementary Figure S1B). By con-
trast, the clear PLA signals (Figure 1B) show the power of
PLA to analyze complexes in individual cells. The few PLA
signals in undifferentiated ES cells are background since
such signals are also detected with single antibody con-
trols.

In summary, PLA monitors the dynamic changes of dif-
ferent protein complexes even of low amounts present in
a subset of cells. The PLA signals in D5 EB appear to dis-
tinguish a subpopulation of cells, suggesting that some
specification is already in progress towards hematopoietic
cells in the mixed three-dimensional cell aggregates.

The GATA1 complexes (GATA1/LDB1 and GATA1/F0G1)
are observed in mouse E12.5 FL cells

(Pre-)HSC move to the FL at embryonic day E10.5 to
11.5. We applied PLA on FL sections at E12.5 to under-
stand the temporal appearance of the two GATA1 com-
plexes in definitive blood cells. Figure 2 shows the com-
parison of the GATA1/LDB1 and GATA1/FOG1 complex-
es, together with negative controls of GATA1, FOG1 or
LDB1 single-primary antibody. Although FL tissue is com-
pact and single cells can be difficult to distinguish, clearly
some cells contained very dense GATA1/LDB1 PLA sig-
nals when compared to surrounding cells (Figure 2A).
Close up images show that the signal co-localizes with the
DAPI staining (of note, those cells have little cytoplasm
relative to the size of the nucleus) and that cells with no
signal (next to strong positive ones) include FL endothelial
cells which are expected to be negative for GATAL. A sim-
ilar result was found in fetal aorta (not shown). Specific PLA

Temporal and spatial emergence of GATA1 complex -

signals were also detected for LDB1/LMO2, which is part
of the same GATA1/LDB1 complex (Figure 2B) suggesting
GATA1/LDB1 and LDB1/LMO2 and by inference the
GATA1/LDB1/LMO2 complex are present at a high level
in a subpopulation of cells. This is in accordance with our
previous co-immunoprecipitation and ChIP-sequencing
co-localisation data of these factors in MEL and in Flk1*
cells sorted four days after ES cell differentiation.®*" In
contrast, GATA1/FOG1 signals appear in similar numbers
of cells but are less abundant/weaker and more evenly dis-
tributed (Figure 2, upper panel A). In agreement with the
PLA results, immunofluorescent staining for individual
LDB1, GATA1 and FOGI1 proteins in FL sections showed
higher co-expression of GATA1 and LDB1 in a subpopula-
tion of cells than GATA1 and FOG1 (Online Supplementary
Figure S2), although it should be noted these are signals
from different antibodies (see Methods).

FL contains erythroid cells at different stages of differen-
tiation and the PLA results suggest that the LDB1 com-
plex, is more important at particular stages of erythroid
cells in agreement with data showing that GATA1 increas-
es before the end stage of erythroid differentiation® prima-
rily in the LDB1 complex.

GATA1/LDB1 complex is highly localized in early
erythroid differentiating cells in sorted FL

In order to identify the cells containing high PLA signals,
E12.5 or E13.5 FL cells were sorted using glycophorin
(TER119) and transferrin receptor (CD71) antibodies into
four  populations: P1  (CD71/TER1197), P2
(CD71*/TER1197), P3 (CD71/TER119%) and P4
(CD717/TER119%) in order to separate different stages
from proerythroblasts to orthochromatic erythroblasts™*
(Figure 3A).

First, gene expression was measured in the four popu-
lations (Figure 3B). At early stages (P1 and P2), expression
of Ldb1, Gata1 and Fog1 starts increasing followed by a
decrease at P3 for Ldb1 and at P4 for Gatat and Fogi,
which follow each other. Gata2, ¢-Kit and c-Myb genes are
expressed highly in P1 which contains precursor cells (and
other cell types), their expression decreases during differ-
entiation, whereas the -globin gene increased dramatical-
ly from P3 to P4. The CD71/TER119 sorted cells were
used for RNA-seq analysis in two independent biological
replicates for each P1 to P4 population of E12.5 FL cells.
Principal component analysis (Figure 3C) shows that bio-
logical replicates of each population cluster and can be
separated from each other. As expected, the RNA-seq
result in those populations (Online Supplementary Figure S3)
is very similar to the genes analysed by qPCR (Figure 3B
and Online Supplementary Figure S3). There is an increase of
expression of the transcription factors Ldb1, Gatal and
Fog1 from P1 to P2 (together with E2A) and continuing to
P3 for Gatat and Fog1 (together with KIf1). Gataz, c-myb
and c¢-kit expression is inversely correlated and follows the
same trend as Et02 and Irf2bp2, with a decrease peaking at
P3 followed by erythroid specific markers such as 5-globin,
Alas2 and Gypa and the transcription factor Lmo2. The
result shows that the sorting method clearly separates the
different stages of the erythroid cells. The significantly dif-
ferentially expressed genes (0.6 log log two-fold change
and P-value <0.05) between the populations is shown in
the Online Supplementary Table S3. Of note Ldb1 expres-
sion presents a two-fold increase between P1 and P2, but
is not included in the Online Supplementary Table S3 due to
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the threshold parameters used in our study to detect the
strongest differentially expressed genes. In P1 and P2, 65%
of the downregulated genes are enriched for e.g neu-
trophil degranulation, cytokine production and hemosta-
sis, i.e. genes crucial for other cell types (Figure 3D). The
up-regulated genes (35%) represent essential functions for
erythroid genes, e.g. erythrocyte homeostasis, porphyrin-
synthesis and cell cycle genes as cells at this stage are still
replicating. During mid- (P2 to P3) or late (P3 to P4) differ-
entiation, the majority (76% and 67%) of upregulated

genes have erythroid differentiation bio-functions. Down-
regulated genes, (24% and 33%) show functions like lym-
phocyte differentiation, B-cell differentiation and lympho-
cyte migration. At these stages (P3 to P4), cell cycle func-
tions are suppressed as erythroid cells enter the terminal
differentiation and proceed to enucleation. Next
GATA1/LDB1 PLA was applied on the four sorted popula-
tions (Figure 4A), showing high signals in P2 and P3.
Quantification confirmed that P2 had the highest density
of GATA1/LDB1 interaction signals per nuclear area
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Figure 3. Fetal liver cell sorting and RNA-sequencing data analysis. (A) Schema

tic description of erythroblast development. Fetal liver (FL) cells are sorted into four

populations based on membrane markers TER119 and CD71. Different stages of erythroblasts are indicated into P2 to P4 populations. The C-KIT positive cell pop-
ulation (P1, CD71/TER119") represents precursors or other lineage cell types present before the initiation of erythroblast maturation. Proerythroblasts/colony form-
ing unit-erythroid [CFU-E] cells) express high level of CD71 and low level of TER119 (P2, CD71'/TER119"). Following erythroblast maturation, TER119 expression
increases (P3, CD71"/TER119"). When the differentiation reaches the orthochromatic stage, they loose CD71 expression (P4, CD71-/TER119*). Pro: immature proery-
throblast; Baso: basophilic erythroblast; Poly: polychromatic erythroblast; Orth: orthochromatic erythroblast; Ret: reticulocytes; Ery: erythrocyte. Gray bars represent

the changes of c-Kit, Cd71 and Ter119 gene expression. The darker color of th

e bar represents higher expression for the indicated gene. (B) Quantitative PCR on

indicated genes in E12.5 or E13.5 sorted FL cells (E12.5 and E13.5 were used as duplicates) as described in Panel A. Relative expression values are calculated by
comparing to control gene Rnh1. (C) Principle component analysis of RNA-sequencing data from two replicates of each P1 to P4 sorted FL cells as described in (A)
(D) The total number of down-regulated or up-regulated differentially expressed genes (DEG) are shown for each comparison in a Volcanoplot, in which x-axis repre-
sents log two-fold change and y-axis represents log 10 adjusted P-value. Significant DEG are shown in blue for down-regulated and red for up-regulated. Gray dots
represent the non-significant genes. The ratio of down- or up-regulated DEG in each comparison is shown in pie-chart inserted in the Volcanoplot. Top 20 gene ontol-

ogy terms for down- or up-regulated DEG in each comparison are shown.
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(Figure 4B). Interaction between the LDB1 and GATA1
proteins appears already shortly before the proerythrob-
last stage. It is most abundant in the P2 population (most
likely colony forming unit-erythroid [CFU-E] cells) and
basophilic erythroblasts but decreases during the final
stages of differentiation in vivo. We applied PLA to detect
the interaction between GATA1/FOG1, GATA1/LDBI,
GATA1/TAL1, LDB1/LMO2 and LDB1/ETO2 in MEL
cells, which mimic FL cells. Uninduced MEL cells repre-
sent proerythroblasts, i.c. part of the P1 and P2 population,
while induced MEL cells represent P3 and further differen-
tiated populations.” **” Figure 5A shows the detection of
the GATA1/FOGI interaction by PLA using single-prima-
ry antibody and secondary antibody alone as controls.
Quantification of the PLA signals in nuclei show a signifi-
cant increase of GATA1/FOG! interaction after MEL cell
differentiation. An additional negative control experiment
to further demonstrate the specificity of the PLA assay
was a TAL1/FOGI interaction which is known not to be
formed.” Quantification of the different PLA signals con-
firmed the absence of TAL1/FOGI interaction detection in
MEL cells and is comparable to the one of the single probe
GATA1 only control, thereby supporting the specificity of
positive PLA signals (Figure 5B). This control on non-inter-
acting highly expressed proteins (TAL1 and FOG1 in MEL
cells)’ also ruled out a potential threshold effect of PLA i.e.
where ligations may be more likely when the relevant TF
partners are expressed highly. Similar quantification of
PLA signals was performed in the cytoplasm (Figure 5B). It
was much lower than that observed in the nucleus and
does not increase upon differentiation as seen in the
nuclei. Of note the increase of signal was not due to an
increase of signal volume between the differentiated and

undifferentiated states (Figure 5C). In MEL cells, the LDB1
complex binds its target genes during erythroid differenti-
ation,” e.g. the a- and f-globin locus bind the LDB1 com-
plex in differentiated cells resulting in upregulation,** due
to the loss of the repressor ETO2 (encoding by Cbfa2t3)
from the complex.” We quantified the PLA signals for
GATA1/LDB1, LDB1/LMO2 and LDB1/ETO?2 interactions
(Figure 5D-F) and confirmed not only an increase of both
GATA1/LDB1, and LDB1/LMO?2 interactions upon differ-
entiation but further confirmed that the LDB1/ETO2
interaction is lost during differentiation in MEL’ (Figure
5F), supporting its role as a negative regulator during ery-
throid differentiation where ETO2 and IRF2BP2 with the
NCOR1/SMRT co-repressor complex suppress the expres-
sion of typical erythroid genes such as K/ff which is need-
ed to express $-globin and Gypa genes.**

In conclusion, the GATA1/LDB1 complex starts to be
formed just before the proerythroblast stage and activates
erythroid specific genes of erythroid differentiation in vivo,
when it looses ETO?2.

LDB1 KD results in loss of the erythroid cell
population

We examined the importance of the GATA1/LDB1 com-
plex in fetal erythropoiesis at E12.5 by three independent
(partial) KD rather than a (lethal) KO using anti-LDB1
shRNA (shLDB1_1 and shLDB1_2) and an anti-GATA1
shRNA (shGATA1). Treatment with an empty vector
pLL3.7 shRNA or scrambled shRNA (Scr) was used as the
controls. The level of LDB1 or GATA1 protein relative to
valosin containing protein (VCP) decreased in the FL cells
from D1 to D3 in the KD (Online Supplementary Figure S4).
On D3, the cells were sorted by fluorescence-activated cell
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Figure 4. GATA1/LDB1 proximity ligation assay on sorted fetal liver
cells. (A) GATA1/LDB1 proximity ligation assay (PLA) on the four sorted
cell populations as described in Figure 3A. PLA signal is in red and
nucleus in blue. Scale bar represents 20 um. (B) Quantification of
GATA1/LDB1 PLA signals from three biological replicates (total number
of dots in one cell vs. nucleus area) and boxplot comparison among the
sorted four cell populations. ****|ndicates the significance
(P<0.0001) between any of two cell populations. The statistical signifi-
cance is determined by Kruskal-Wallis test (Tukey method).
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Figure 5. Proximity ligation assay on
GATA1 complexes in MEL cells. (A)
GATA1/FOG1 proximity ligation assay
(PLA) on non-induced and induced
MEL cells. PLA signal representing
protein-protein interaction in white in
a black background and in red in
merged pictures together with DAPI in
blue. GATA1 or LDB1 antibody alone
was also performed as negative con-
trols. All scale bars represent
20 um. The significance from three
biological replicates was analyzed
with Kruskal-Wallis test as ****: P<
0.0001 and *: P<0.05. The statistical
significance is determined by Kruskal-
Wallis test (Tukey method). (B) PLA
detection of GATA1/FOG1 and
GATA1/TAL1 interaction compared to
non-existing interaction FOG1/TAL1 in
MEL non-induced cells. The PLA sig-
nal is separated into relative ratio in
nucleus or cytoplasm. ****|ndicates
the significance (P<0.0001) between
indicated interactions and is deter-
mined by Kruskal-Wallis test (Tukey
method). (C) The volume of individual
GATA1/LDB1 PLA signals from 53
MEL non-induced and 56 induced
cells is calculated following deconvo-
lution and shown in boxplot. P-values
of both statistical analysis of paramet-
ric (t-test) and non-parametric (Mann-
Whitney) are 0.827 and 0.674,
respectively. (D) GATA1/LDB1 PLA on
MEL cells as in (A) (E) LDB1/LMO2
PLA on MEL cells as in Panel A. Panel
F: LDB1/ETO2 PLA on MEL cells as in
Panel A.




sorting (FACS) using TER119 and CD71 expression and
the relative ratio normalized versus pLL3.7 control (ctrl), in
each population is shown in the Ounline Supplementary
Figure S4B. LDB1 protein decreased by ~60% at D3
(54.8%, for shRNA#1 and 64.3% for shRNA#2 compared
to ctrl) which resulted in a +50% decrease in the P2, P3
and P4 population of cells (see above). In three additional
LDB1 KD, a pLL3.7 plasmid containing EGFP was used to
determine the RNA levels in GFP* cells versus the total cells
(“All cells”). As expected, the “All cells” result shows a
similar ratio in each population as was observed in Figure
3A. The GFP* cells representing the really infected cells,
showed a strong KD effect in P2 to P3 compared to pLL3.7
control, when the level of LDB1 appears highest (Figure
3A). The GATA1 KD showed a decrease of GATA1 pro-
tein of ~43.5% at D3 (relative to Scr ctrl) resulting in a
+40% decrease in the P3 population while majority of
cells are P1. This result is consistent with the phenotype
observed in inducible Gata1 KO mice showing an over-
representation of cells in P1 and an under-representation
of cells in P3 and P4).* The difference of the KD effect in
LDB1 and GATAL1 therefore correlates with their expres-
sion in those populations (Figure 3B). It is impossible to
conclude whether the decrease in the LDB1 complex has
an effect before the proerythroblast stage, because the
number of progenitors committed to the erythroid lineage
in the P1 is not known, but the 40-50% decrease in P2 to
P4 suggests that there is a decrease in the number of
proerythroblasts that is propagated to the later cell com-
partments. Of note, the cells (P2 to P4) were strongly
affected by the KD of LDB1 or GATA1 and were dying.

Discussion

Our study shows a modulation of the levels of the pro-
tein complexes from the early stages of erythroid differen-
tiation of the systems that we used (erythroid differentia-
tion from embryonic stem cells, MEL cells, primary ery-
throid cell populations from mouse FL and FL tissue sec-
tions). These diverse systems represent different stages
and therefore heterogeneous systems of hematopoietic
development and differentiation. They show that the
same complex is formed at these quite different stages,
although these experiments do not directly show that the
formation of the complex is essential at all these stages
and one system might not directly extrapolate to the
other. However previous data using KO or KD experi-
ments of individual components of the complex lead to
defective hematopoiesis/erythropoiesis.”'*” We therefore
conclude that GATA1/LDB1 complex formation is essen-
tial in these diverse systems and provide novel insight in
GATA1 complexes. The result describes the sequential
emergence of GATA1/LDB1, GATA1/FOG1 and
LDB1/E2A complexes in early stage ES cell differentiation,
suggesting dynamic changes of the complexes and their
function taking place during the blast colony-forming cell
(BL-CFC) stage similar to the hemangioblast stage in vivo.
GATA1 as part of the LDB1 complex is absent in undiffer-
entiated ES cells and only appears after a few days of dif-
ferentiation, while GATA?2 is expressed and is part of the
LDB1 complex in the very early stages of differentiation
where it activates GATA1" in a feed forward type system
(Kolovos et al., in revision), which is in agreement with the
data on the function of GATA1 and GATA2 in mice or dif-
ferentiating ES cells.**

N I T

GATAZ2 is present during early erythropoiesis and binds
to the Gatal gene to activate its expression.” Gatat
expression in turn represses Gata2 expression via the
FOG1/MeCP1 complex, while activating its own expres-
sion. This "GATA switch" represents a forward drive
towards late stage erythroid differentiation through
changes in gene expression.”®" GATA2 regulates impor-
tant proliferation genes of stem or progenitor cells where-
as GATA1 also regulates the final erythroid fate through
the expression of erythroid specific genes. A similar
process operates early during embryonic development.
GATA2 is present before GATA1 during ES cells differen-
tiation to the hematopoietic lineage. The GATA2/LDB1
complex is present in very low concentration binding a
small set of hematopoietic specific transcription factors in
a co-factor dependent manner (PK, CA-S and FG, manu-
script in revision). Unfortunately, the low level of GATA?2
and poor quality of its antibodies prevent a PLA signal
although the GATA switch must start early as we identi-
fied the GATA1/LDB1 and LDB1/E2A complexes already
in D4 EB. PLA does not show which cell population con-
tains the GATA1/LDB1 and LDB1/E2A complexes in D4
EB, but it is known that LDB1 is expressed in BL-CFC."
The cells expressing GATA1 and LDB1 in D4 EB are differ-
entiating hematopoietic cells. We know from ChlIP-seq
data that the two factors already form a complex at this
stage targeting a core set of genes enriched for categories
related to differentiation/quantity of blood/hematopoietic
progenitor cells (Kolovos et al., manuscript in preparation).
Moreover, we described in Mylona et al. 2013" that blast
colony-forming cells deficient for Ldb1 (i.e. Flk1* cells sort-
ed four days after ES cell differentiation) are unable to dif-
ferentiate to the hematopoietic lineages with a severe
reduction in the number of blast colony forming cells and
their failure to give rise to blast colonies.

These cells appear between ES cell differentiation D3.75
to D4.25 expressing vascular endothelial growth factor
receptor-2 (VEGFR2, ie. FLK1). The absence of LDB1
results in less BL-CFC and failure to generate hematopoi-
etic and endothelial lineages.”” Of its targets Gata2,
Scl/Tal1, Runx1 and Giftb are down-regulated showing
that the complex is essential for activation of early embry-
onic hematopoiesis in agreement with our observation
here that the GATA1/LDB1 interaction already takes place
at this early stage. It has been shown that a KO of Gata1
in ES cells did not affect the formation of clonogenic pro-
genitors in chimeric in vitro differentiation, and Gata1 KO
colonies contained phenotypically normal macrophages,
neutrophils and megakaryocytes,**suggesting that GATA1
is not yet essential at this early stage. Importantly GATA2
is essential for the generation of FLK1*BL-CFC during
in vitro ES cell differentiation® and Gata2” embryos die at
E11.5 with severe anemia.*

LDB1 IP experiments in undifferentiated ES cells show
that a GATA1/LDB1 complex is absent, but appears at low
levels in nuclear extracts (NE) from D4 and D5 ES cell EB
(Online Supplementary Figure S1C-D). The expression of
FOG1, LDB1 and GATA1 increases from D4 to D5, but is
still very low and the binding partner LDB1 could not
detected by IP in a GATAl pulldown (Online
Supplementary Figure S1). The E2A protein was detected in
the LDB1 IP only at D5, but again the band is very weak.
We also applied size-exclusion chromatography to distin-
guish the different GATA1 complexes. The expression of
LMO?2 protein increases at D4 (Online Supplementary Figure
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S1B), most of it is in the fractions of 37-39, but some is
present in fractions 22-24 indicating that some complex
has formed. In MEL cells, i.e. a much later stage of devel-
opment and differentiation, most LMO?2 is in the fractions
overlapping with LDB1 (Online Supplementary Figure S1B),
showing they are in the same complex consistent with
previous results. Although the expression of GATA1 and
partners is low at D4-5 ES cell differentiation, we could
detect the formation of the different complexes by PLA
due to its ability to detect 10°-fold or 10°fold lower pro-
tein concentrations than ELISA or WB, respectively.*

GATA1/FOG1 regulates genes that are less important
for erythroid specific functions in the undifferentiated
stage, e.g. pro-erythroblasts. We originally postulated a
switch from GATA1/FOGI, repressing alternative lineage
genes to GATA1/GFI1B repressing proliferation related
genes during differentiation.” In MEL non-induced cells,
GFI1B and LDB1 can also be detected in an ETO2 pull-
down, indicating that LDB1 complexes containing ETO2
and/or GFI1B proteins suppress archetypical erythroid
genes primed for the onset of terminal erythroid differen-
tiation.” Indeed, RNA-seq data shows that Cbhfa2:3
(encoding ETO2) and Irf2bp2 expression decreased from
P1 to P2 suggesting these genes mainly function in P1 to
P2, similar to the stage of non-induced MEL cells.
Meanwhile, KIf1 increased its expression and reached the
peak at P3, together with the increase of typical erythroid
specific genes (Online Supplementary Figure S3). This result
indicates that clear erythroid differentiation starts at P2.
Our PLA result on sorted FL cells show that the
GATA1/LDBI interaction peaks in CD71*/TER119" cells at
a relatively early stage of erythropoietic differentiation,
like undifferentiated MEL cells, when many erythroid
genes are still suppressed, until ETO2 disappears from the
complex turning on typical erythroid genes. Other LDB1
complex regulated genes such as c-myb remain suppressed,
because they no longer bind the (activating) LDB1 com-
plex through an as yet unresolved mechanism
(Giraud et al., unpublished data).

We show that PLA can detect endogenous level of
GATA1/LDB1 and GATA1/FOG! interactions in FL tissues
and we located the GATA1/LDB1 interaction in a specific
cell type in sits. Whether it corresponds to E7.5 yolk-sac
derived primitive cells, E8.5/E9 yolk sac and placenta
derived intermediate erythroid-myeloid,*** or HSC
derived definitive progenitors is still an open question.

From PLA images a number of transcription factor com-
plexes seem to be located outside the nuclei. The studied
factors are certainly formed in the cytoplasm and travel to
the nuclei; whether a fraction of interacting factors
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ABSTRACT

e classical model of hematopoietic hierarchies is being reconsidered
on the basis of data from in vitro assays and single cell expression pro-
filing. Recent experiments suggested that the erythroid lineage might

differentiate directly from multipotent hematopoietic stem cells / progeni-
tors or from a highly biased subpopulation of stem cells, rather than tran-
siting through common myeloid progenitors or megakaryocyte-erythro-
cyte progenitors. We genetically barcoded autologous rhesus macaque stem
and progenitor cells, allowing quantitative tracking of the in vivo clonal out-
put of thousands of individual cells over time following transplantation.
CD34- cells were lentiviral-transduced with a high diversity barcode library,
with the barcode in an expressed region of the provirus, allowing barcode
retrieval from DNA or RNA, with each barcode representing an individual
stem or progenitor cell clone. Barcode profiles from bone marrow
CD45CD71* maturing nucleated red blood cells were compared with other
lineages purified from the same bone marrow sample. There was very high
correlation of barcode contributions between marrow nucleated red blood
cells and other lineages, with the highest correlation between nucleated red
blood cells and myeloid lineages, whether at earlier or later time points post
transplantation, without obvious clonal contributions from highly ery-
throid-biased or restricted clones. A similar profile occurred even under
stressors such as aging or erythropoietin stimulation. RNA barcode analysis
on circulating mature red blood cells followed over long time periods
demonstrated stable erythroid clonal contributions. Overall, in this non-
human primate model with great relevance to human hematopoiesis, we
documented continuous production of erythroid cells from multipotent,
non-biased hematopoietic stem cell clones at steady-state or under stress.

Introduction

In the classical model of hematopoiesis, initially constructed from data obtained
via in vitro colony assays and transplantation of populations of flow-sorted
phenotypically-defined murine bone marrow (BM) cells, the top of the hematopo-
ietic hierarchy is comprised of a pool of homogenous, self-renewing and always
multipotent long-term hematopoietic stem cells (LT-HSC), producing downstream
stem and progenitor cells via branching pathways passing through discrete interme-
diate stages. These processes were characterized by stepwise restriction of
self-renewal and lineage potential, passing through short-term multipotent HSC
(ST-HSC), multipotent progenitors (MPP), and lineage-restricted progenitors, bifur-
cating first into lymphoid versus myeloid progenitors, followed by common
myeloid progenitors (CMP) branching towards granulocyte-monocyte progenitors
(GMP) and megakaryocyte-erythrocyte progenitors (MEP) in both murine and
human studies."® Optimized i vitro clonal assays, large-scale single cell murine
transplantation assays, in vivo clonal tracking via genetic tags and single cell gene
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expression profiling analyzed by computation algorithms
predicting differentiation trajectories have challenged the
classical branching hematopoietic model in both rodents
and humans. Adolffson and co-workers reported direct
differentiation of murine megakaryocytic-erythroid line-
ages from HSC/ MPP* Notta and co-workers analyzed
human MPP subpopulations and demonstrated almost
exclusively uni-lineage potential of single cells i vitro, sug-
gesting that both erythroid and megakaryocytic lineages
differentiate directly and separately from HSC/MPP® In
vitro assays and single cell gene expression mapping of
classical human MEP populations also suggested distinct
erythroid and megakaryocytic pathways immediately
downstream of multipotent progenitors, although other
groups were able to purify rare bipotent progenitor cells.”
Both murine and human single-cell RNA-seq profiling of
hematopoietic stem and progenitor cells (HSPC) uncov-
ered very early transcriptional lineage priming immediate-
ly downstream of HSC, imputing early branching towards
individual hematopoietic lineages, and in some models
the earliest branch being erythroid.**

In addition, large-scale optimized single cell murine
transplantation assays have suggested that all long-term
and self-renewing engrafting cells are not necessarily
homogeneous or multipotent, with evidence for lineage-
bias or even lineage-restriction. Dykstra and co-workers
reported different classes of such cells with myeloid, or
multipotent engraftment patterns long-term, maintained
in secondary transplants, but did not examine erythroid or
megakaryocytic lineages, given lack of expression of stan-
dard congenic markers on these lineages." More recently,
groups have devised strategies to allow tracking in all
murine lineages, and uncovered megakaryocytic-restricted
or  highly-biased  intermediate’ or  long-term
engrafting/self-renewing single cells.” Use of an inducible
transposon to create clonal tags in non-transplanted mice
also uncovered a megakaryocyte-restricted differentiation
pathway, and both clonal label propagation through vari-
ous progenitor populations and gene expression profiling
suggested that megakaryocyte-primed HSC are located at
the top of the hematopoietic hierarchy.” These powerful
in vivo approaches are dependent on methodologies such
as single cell transplantation, transposon activation or lin-
eage tracing that are not feasible in humans or large ani-
mals.

We have employed rhesus macaque (RM) HSPC autolo-
gous transplantation combined with lentiviral genetic bar-
coding to quantitatively track the in vivo clonal output of
thousands of individual HSPC over time, in a model with
great relevance to human hematopoiesis.” Macaques and

N I

humans have prolonged lifespans and similar HSPC
cycling and dynamics.” We previously demonstrated early
lineage-restricted engraftment of short-term progenitors
for several months, followed by stable very long-term out-
put from engrafted multipotent HSPC, analyzing DNA
barcodes from nucleated neutrophils and lymphoid line-
ages, in the peripheral blood (PB) and BM.”*' Persistent
myeloid or B-cell lineage bias, although not complete lin-
eage restriction, could be appreciated,” and was increased
in aged macaques.” Peripheral maintenance and expan-
sion of T-cell and mature natural killer (NK) clones was
documented.” We now apply this macaque model to
examine the clonal ontogeny of the erythroid lineage at
steady state post transplantation and under erythropoietic
stimulation, employing both DNA and expressed RNA
barcode analysis. Results in both young and aged
macaques revealed closely shared clonal landscapes for
erythropoiesis compared to myeloid and lymphoid lineag-
es at both steady states following transplantation and
under erythropoietic stress, and clonally-stable erythro-
poiesis over time.

Methods

Autologous rhesus macaque transplantation

All experiments were carried out on protocols approved by the
National Heart, Lung and Blood Institute (NHLBI) Animal Care
and Use Committee, following institutional and Department of
Health and Human Services guidelines. Details of peripheral blood
HSPC mobilization, CD34" purification, lentiviral transduction,
and autologous transplantation following myeloablative (500 rads
x2) total body irradiation have been published* including details
for the specific animals included in the current paper.”**"” Table 1
summarizes transplanted cell doses and length of follow up.
Details of transplantation and the clonal patterns in non-erythroid
lineages from animals ZH33, ZG66, ZJ31, ZK22, ZL40 and ZH19

have been previously reported.”***?

Barcoded library preparation, validation, transduction,
and retrieval

The barcoded lentiviral vector consists of the backbone pCDH
(Systems Biosciences) expressing the CopGFP marker gene fol-
lowed by a 6 base pair (bp) library identifier and a 27 or 35bp highly
diverse DNA barcode, flanked by polymerase chain reaction (PCR)
amplification sites.” Lentiviral vectors were produced using the
xHIV packaging system optimized for RM HSPC transduction.”®
CD34" HSPC were transduced with high-diversity barcoded
libraries ensuring that the majority of transduced HSPC contain
only one barcode per cell and that each barcode uniquely defines a
single HSPC, as described and validated.*”” DNA from target cell

Table 1. Transplantation and follow-up characteristics of animals included in this study.

ZH33 2G66 )31 ZH19 ZK22 Z140 JD76  IJM82 RQ3600
CD34* transplant dose (millions) 32 48 23 48 82 57 444 91 58.4
CD34* transplant dose/kg (millions) 6.9 8.5 4.1 7.1 7.2 8.1 4.1 72 15.9
% GFP* infused cells 35% 35% 35% 23% 31% 22.5% 27.1% 34% 35%
Infused GF™cells (millions) 11.1 16.7 8.0 11.0 25.2 12.8 12.0 30.6 204
Follow-up time points (months) 46, 54.5, 48,53, 3.5,28,31, 41,445,455, 9,115, 105,12, 3.5 35 46,4849

60, 61 55.5 32,33, 35 485,49 12.5,15.5, 15.5

175

Details of transplantation and the clonal patterns in non-erythroid lineages from animals ZH33,ZG66,ZJ31,ZH19, ZK22, ZL40 and RQ3600 been previously reported.*#»
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populations or cDNA reverse-transcribed from cellular RNA under-
went low cycle PCR with primers bracketing the barcode followed
by multiplex Illumina sequencing; see the Online Supplementary
Appendix for details. Sequencing output was processed using cus-
tom Python and R code to retrieve and quantitate barcode contri-
butions (available at: www.github.com/dunbarlabNIFH/), previously
validated to closely reflect fractional contributions of each clone
within polyclonal cellular populations.”

Hematopoietic cell purification and phenotypic
analyses

0-15 mL BM aspirates were obtained from the posterior iliac
crests or ischial tuberosities. BM and PB samples were separated
into mononuclear cell (MNC) and granulocyte (Gr) fractions via
centrifugation over a Ficoll gradient (MP Biomedicals). Red blood
cells (RBC) were removed from the Gr pellet via red cell lysis with
ACK buffer (Quality Biological). BM MNC were passed over an
immunoselection column to purify CD34" HSPC as described.”
CD34" MNC flowing through the column or PB MNC were
stained with lineage-specific antibodies and sorted for CD45-
CD71" nucleated red blood cells (NRBC) as described,” CD3*
T cells, CD20" B cells, and CD3"CD20 CD14" monocytes (Mono)
as reported previously,” using gating strategies shown in Online
Supplementary Figure S1. The purity of sorted erythroid cells was
validated by morphologic scoring of at least 500 cells on Wright’s
stained and benzidine-stained cytospins. Erythroid cells constitut-
ed at least 95% of sorted preparations. Monoclonal antibodies uti-
lized are given in Online Supplementary Table S1.

Leukocyte depletion of peripheral blood was performed by fil-
tration through a 10 mL syringe packed with 5 mL of cellulose
fibers (Sigma-Aldrich) and fitted with two layers of Whatman™
lens paper (GE Healthcare Life Sciences) covering the outlet.”
Before use, columns were rinsed with phosphate buffered saline
(PBS) and then 5 mL whole blood was added and gently pressed
to run through in droplets. Each product was checked for extent of
CD45" cell depletion by flow cytometry, and by morphologic
scoring of at least 500 cells on a Wright’s stained smear. Each blood
sample was >99%-depleted of non-erythroid cells.

Colony-forming unit assays

CD34" cells were plated for colony-forming unit (CFU) assays
according to the manufacturer’s (STEMCELL Technologies)
instructions in two different methylcellulose formulations: one is
MethoCult GF'H4435 complete methylcellulose medium contain-
ing human IL-3, IL-6, SCE, G-CSF and GM-CSF to support forma-
tion of myeloid CFU, the other is MethoCult H4230 methylcellu-
lose medium supplemented with 3 JU/mL human erythropoietin
(EPO) (PeproTech), 5 ng/mL rhesus IL-3 (R&D) and 100 ng/mL
human SCF (Miltenyi Biotec), to support erythroid colony forma-
tion.” Cells were plated at 1000 cells/mL in H4435 medium or at
10,000 cells/ mL in EPO-supplemented H4230 medium, incubated
at37°C and 5% CO,. At day 12-14, colonies were enumerated and
well-separated CFU were plucked individually for molecular
analyses.

Erythropoietin treatment

Purified recombinant human EPO (PeproTech) was injected
subcutaneously at 3000 U/kg for two doses 12 hours apart to stim-
ulate macaque erythropoiesis™® in barcoded animal ZL40 at 12
months post transplantation. Baseline BM and PB samples were
collected five weeks before EPO stimulation, and reticulocyte con-
centrations in the PB were monitored every other day post EPO
administration. When the reticulocytes rose to =8%, BM and PB
samples were collected. Recovery samples were collected three
months post EPO stimulation.

Results

Approaches for erythroid lineage tracking in the
rhesus macaque model

In order to track clonal contributions to erythropoiesis
in comparison to other lineages, CD34" HSPC from seven
young RM and one aged RM were transduced with high
diversity barcoded lentiviral libraries under conditions
favoring a single unique barcode marking individual HSPC
and reinfused into the autologous RM following ablative
total body irradiation (TBI); see Table 1 for a summary of
transplantation and transduction parameters. Following
engraftment, samples were obtained from BM and PB
(Figure 1). As reported previously, short-lived, lineage-
restricted progenitors contributed for the first 1-2 months,
followed by stable highly polyclonal contributions to Gr,
monocytes, B cells, T cells and CD56*#* NK cells from
long-lived, stable, multipotent long-term repopulating
HSPC clones.”* In the current study, we designed assays
to study clonal contributions to the erythroid lineage
(Figure 1), with the anucleate state of mature circulating
erythrocytes requiring design of alternative approaches for
mapping of clonal contributions.

Clonal contributions to nucleated erythroid cells are
shared with myeloid lineages

Nucleated RBC represent the final stage in marrow ery-
throid differentiation, before nuclear extrusion and exit
from the BM into the PB. NRBC can be identified and sort-
ed to high purity based on absent/low expression of the
pan leukocyte marker CD45, and high expression of the
transferrin receptor CD71%% (Figure 2A). Unfortunately,
RM:-reactive antibodies recognizing other erythroid mark-
ers, such as glycophorin, do not currently exist. We sorted
NRBC from BM MNC based on a CD45°CD71" pheno-
type, with a starting population of 0.2-4.7 %, and generat-
ed NRBC preparations with high purity (>95%) as con-
firmed by fluorescence-activated cell sorting (FACS),
Wright-Giemsa staining and benzidine staining (Figure 2A
and Online Supplementary Figure S4). Concurrent purified
populations of NRBC, CD34" HSPC, T cells, B cells,
monocytes and Gr were isolated from 10-15 mL BM aspi-
rates from four young adult rhesus monkeys (JD76, ZK22,
ZH19 and ZH33, 7-10 years of age) 3.5-46 months post
transplantation, and one aged rhesus monkey (RQ3600,
23 years of age), 48 months post transplantation and DNA
was obtained for barcode retrieval. Obtaining enough BM
prior to three months post transplantation was not feasi-
ble due to low marrow cellularity during recovery from
TBL

As we reported recently,” there is marked clonal geo-
graphic segregation of the output from HSPC in the BM
for at least six months post transplantation, followed by
very gradual clonal mixing at different BM sites over sub-
sequent months to years. Therefore, we analyzed the bar-
code clonal pattern of all lineages from the same BM sam-
ple, rather than comparing NRBC from one or a few BM
sites to circulating myeloid and lymphoid cells. We visual-
ized the contributions of the largest clones to each lineage
mapped across all lineages in heat maps (Figure 2B) and
analyzed Pearson correlations between all contributing
clones (Figure 2C). At both early (3.5 months) and later
time points up to several years post transplantation, clonal
contributions were closely correlated between NRBC,
monocytes and Gr (r values ranged from 0.68 to 0.95;

Erythropoiesis at a clonal level -
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* P<0.05) in both young and aged monkeys. Correlations

were also high with B cells, known to be produced from
HSPC locally in the BM, but clonal contributions to T cells
were very distinct and poorly correlated, given that the
final stages of T-cell development occur primarily in the
thymus, thus T cells in the BM have returned back from
the blood and represent the total body clonal T-cell land-
scape.” Figure 2D groups clonal contributions by degree of
lineage bias for the young and aged macaques and demon-
strates no appreciable contributions from HSPC clones

5LTR GFP

contributing solely or in a highly biased way to NRBC but
not to other hematopoietic lineages. The bias and relative
size of barcoded clones in other lineages are shown in
Ounline Supplementary Figure S2.

Erythroid and myeloid colony-forming units share
clonal contributions

Colony-forming unit assays are widely used to study
HSPC output and differentiation at a single cell level.
Previous publications reported erythroid-biased output

Promotor

(i

- - - |

Figure 1. Experimental design.

Oligonucleotides consisting of a 6bp
library ID followed by a 27-35bp high
diversity random sequence barcode
were inserted into a lentiviral vector
flanked by polymerase chain reaction

BamH1 EcoR1
——— Forward Primer | GTAGCC | 35N(N=AT\C\G) | Reverse Primer ——

(PCR) primer sites. RM CD34*

Library ID 35bp Barcode

/ T

o .Q Barcoded lentivirus library

Mobilized
CD34* cells

Autologous
transplantation

,

hematopoietic stem and progenitor cell
(HSPC) were mobilized into the periph-
eral blood (PB), collected by apheresis,
enriched via immunoselection, trans-
duced with the barcoded lentiviral
library, and infused back into the total
body irradiation (TBI) irradiated autolo-
gous macaque. After engraftment, PB
and bone marrow (BM) samples were
obtained, and various hematopoietic
lineages were purified for barcode
retrieval and analyses. Lineage cells
and nucleated red blood cell (NRBC)
were purified from the BM and/or PB.
Colony-forming unit (CFU) derived from
CD34' BM cells cultured in semi-solid
media, and mature red blood cell (RBC)
and reticulocytes were enriched via
depleting nucleated cells from the PB.
DNA and/or RNA were extracted for bar-
code PCR, high-throughput sequencing,
and custom data analysis.

Sort CD45CD71*
NRBC. versus other
lineages from the
bone marrow

Plucking of individual
myeloid vs. erythroid colonies
following plating of CD34*
cells in methylcellulose

HSPC Erythroid Nucleated red Reticulocyte Mature red
precursor blood cell blood cell
CFU assays NRBC isolation RBC RNA assays:

RNA extraction and barcode
analysis from reticulocytes and
mature RBC compared to and
other blood lineages

throughput sequencing

Barcode retrieval by PCR and high

|

Quantitative barcode analysis

haematologica | 2020; 105(7)




Erythropoiesis at a clonal level -

from individual HSPC based on CFU assays.”*We conduct- ~ 3A). Individual CFU-E or CFU-GM were plucked and 450- ¢

ed barcode analysis on CFU to investigate clonal output in 600 of each type were pooled together for DNA extraction
this progenitor population. CD34" cells were purified from  and barcode recovery. Cell populations of NRBC, T cells, B
BM samples post transplantation and cultured at low densi-  cells, monocytes and Gr were also purified from the
ty under erythroid or myeloid cytokine conditions (Figure —remaining CD34 BM cells after CD34" cell selection.
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Figure 2. Clonal relationships between erythroid and other hematopoietic lineages. (A) CD45-CD71' nucleated red blood cell (NRBC) were FACS-purified from six
bone marrow (BM) mononuclear cell (MNC) samples obtained from four macaques post transplantation. A representative flow plot and corresponding cytospins of
Wright-Giemsa staining and Benzidine staining of purified NRBC are shown. The percentage of NRBC was 94.3+0.8% by Wright-Giemsa staining, and 95.2% by
Benzidine staining, counting at least 500 cells. (B) Heat maps representing the log fractional contributions of the top ten most abundant contributing clones retrieved
from each different bone marrow (BM) cell lineage population plotted over all BM cell populations. Each individual row represents the fractional contributions from
an individual barcode (clone), and each individual column represents a sample. *A barcode is one of the top ten contributing clones in that cell sample (column).
Since the top ten barcoded clones in each sample are plotted across all samples, each row in the heat map has at least one*, and each column has exactly ten*.
The rows are ordered by unsupervised hierarchical clustering using Euclidean distances to group barcoded clones together that manifest similar patterns of clonal
contributions. The color scale on the right depicts the log fractional contribution size. Samples include CD34* hematopoietic stem and progenitor cell (HSPC), T cells,
B cells, monocytes (Mono), granulocytes (Gr), and NRBC. (C) Pearson correlation coefficients comparing all barcoded clonal contributions between different lineages
in the same six BM samples shown in (A). The color scale bar for r values is on the right, the shape and the color signify the strength of the correlation. (D) Stacked
histograms displaying the degree of erythroid lineage bias and relative size of barcoded clonal contributions (largest to smallest, with smallest clonal contributions
appearing only as overlapping lines). Erythroid lineage bias is calculated via a ratio of the fractional contribution of a barcode to NRBC versus the fractional contri-
bution of the barcode to another lineage (Gr, Mono, CD34", T, or B), using the largest fractional contribution among the other lineages for each barcode to calculate
the ratio. The positive sign (+) indicates bias towards the NRBC lineage and the negative sign (-) indicates bias away from the NRBC lineage.
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We analyzed CFU from two animals at 3.5 months post-
transplantation (Z]J31 and JD76). The clone heatmaps from
these two monkeys documented that the majority of bar-
codes retrieved from pooled CFU-E were also detected in
pooled CFU-GM, along with purified monocytes and Gr,
suggesting a shared unbiased myeloid-erythroid HSPC
pool (Figure 3B). In addition, we observed unique groups
of clones contributing to either CFU-E or CFU-GM but not
to both, and those unique clones were also detected as
low-contributing clones in circulating blood lineages
(Figure 3B), suggesting that the apparent lineage restriction
may be due to sampling limitations of the pooled CFU
approach.

RNA barcoding tracing of reticulocytes and mature red
blood cells from peripheral blood

In an attempt to analyze contributions to the erythroid
lineage more comprehensively, sampling the entire blood
compartment instead of localized marrow sites, we
designed an approach to barcode retrieval from circulat-
ing erythroid cells. During the process of erythropoiesis,
maturing erythroid cells excluded their nuclei and exited
the marrow as reticulocytes containing ample RNA, with
loss of RNA over time during the approximately 100-day
lifespan of circulating erythrocytes, given lack of ongoing
transcription in anucleate cells. Since the lentiviral vectors
utilized located the barcodes in a transcribed region of the
integrated provirus, we asked whether barcode retrieval
from cellular RNA could be used to quantitatively study
clonal contributions to various lineages, allowing compar-

[Collect BM samples]

CD34* selection ]

CD34* cells: CD34 cells:
Plate in methylcellulose FACS for T, B, mono
with cytokines Gr, and NRBC
for 12-14 days
450-600 colonies of
CFU-Es and CFU-GMs Extract DNA

plucked individually

CFU-Es or CFU-GMs
pooled bofore
DNA extraction

isons between circulating RBC and other blood lineages
(Figure 4A). We purified RBC depleted of >99% of nucle-
ated leukocytes as confirmed via flow cytometry for
CD45 expression and by morphologic scoring (Figure 4B).
Polychromatophilic reticulocytes containing ample RNA
could be identified by larger size and a grayish color on
Wright'’s-stained blood smears (Figure 4B).

To ask whether RNA barcode contributions match
DNA clonal contributions for nucleated blood lineages,
we first compared both DNA and RNA barcodes
retrieved from the same blood or marrow samples of Gr,
monocytes, B cells, T cells and marrow NRBC, specifical-
ly from animal ZK22 15.5 months post transplantation; a
time point late enough to reach clonal equilibration and
homogeneity between different BM sites and PB. In these
nucleated cells, the fractional contributions of barcoded
clones to DNA versus RNA from the same sample were
overall well-correlated, with Pearson correlation coeffi-
cients (r values) of 0.76+0.04 (Figure 4C), although it is
apparent and not surprising that some clones in all lineag-
es contribute primarily at a DNA but not an RNA level,
likely due to insertions in chromatin at sites inhospitable
to pro-viral gene expression.

However, in comparing major barcode contributions in
RNA from circulating RBC versus BM NRBC (Figure 4D),
most of the barcodes found in NRBC and myeloid sam-
ples were also present in the RBC RNA barcodes. But
quantitatively the relative levels of individual barcode
contributions could vary markedly between immature
NRBC and more mature anucleate circulating cells,
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Figure 3. Barcode analysis of bone marrow (BM) colony-forming units (CFU). (A) Flowchart for CFU collection and barcode retrieval. (B) Heatmap of top 30 clones in
BM CD34 cells, T, B, Mono, Gr and nucleated red blood cell (NRBC), and pooled myeloid and erythroid CFU samples from ZJ31 (3.5m) and JD76 (3.5m). The colony
number of CFU-E and CFU-GM pooled for DNA extraction and analysis are given on top of each CFU column. Heatmaps were constructed as described in Figure 2B.
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Figure 4. Clonal contributions to circulating erythrocytes. (A) Flowchart for RNA barcode retrieval from circulating anucleate mature red blood cells (RBC) and retic-
ulocytes. (B) FACS plots (left panel) showing CD45 expression on whole blood cells before and after leukocyte depletion, and a Wright's stained blood smear post
leukocyte depletion (right panel). The red arrows indicate polychromatophilic reticulocytes with a blue-gray color due to increased RNA content. (C) Heatmap plotting
contributions from the top 30 clones in each sample of DNA or RNA obtained from ZK22 15.5m post transplantation, plotted across all samples; heatmap was made
as explained in Figure 2B. The paired Pearson correlations between DNA and RNA global barcode contributions to the same sample are given on the bottom of the
heatmap. (D) The heatmaps (upper panel) and Pearson correlation plots (lower panel) show peripheral blood (PB) RBC RNA barcodes and the DNA barcode from PB
Mono and granulocyte (Gr) and BM Mono, Gr, nucleated red blood cell (NRBC) at the same time point from three rhesus macaque (RM). The color scale is on the
right of each panel.
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including some barcodes found contributing at high rela-
tive levels to RBC compared to NRBC or to other lineag-
es. Conversely, many clones found contributing to NRBC
as well as BM or circulating myeloid cells (Gr and Mono)
were undetectable or contributing at a fractionally much
lower level in RBC. Overall, the Pearson correlations
between RNA barcodes contributing to RBC versus
myeloid cells were much lower than between the other
lineages, including between NRBC and myeloid cells, and
low even between NRBC and RBC (Figure 4D). These
findings may result from legitimate HSPC clonal bias, i.e.
HSPC clones that contribute in a highly-biased manner to
the erythroid versus other lineages. But this seems unlike-
ly, given the discrepancy in clonal patterns between
NRBC and anucleate RBC. Instead, we suspect this
reflects the marked transcriptional restriction and differ-
ential RNA stability occurring in maturing RBC as they
transition towards producing massive amounts of only a
few proteins, most notably hemoglobin.”” A large fraction
of vector insertion sites may be silenced transcriptionally
or translationally during the final stages of RBC enucle-
ation and release, making extrapolating clonal contribu-
tions from RNA barcode expression problematic.

We were, however, able to use RNA barcode retrieval
to track the stability of clonal contributions to circulating
RBC over time, studying six macaques for intervals of up
to 15 months. PB RBC RNA barcode analysis showed
very stable barcode RBC contribution patterns over time
in both young and old animals (Figure 5).
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RBC

Mono Gr Mono

RBC

Erythropoietin stimulation does not alter erythroid
clonal patterns

We investigated the impact of erythropoietic stress on
erythroid clonal patterns. EPO is the key lineage-specific
humoral regulator of mammalian erythropoiesis, and in
the setting of anemia, levels increase to expand the ery-
throid compartment. To assess whether lineage-biased
clones could be recruited via lineage-specific stimulation,
we administered a short course of high-dose EPO to
achieve significant erythroid proliferation®* in barcoded
monkey ZL40. BM and PB samples were collected from
animal ZL40 at baseline 10.5 months following transplan-
tation, at the peak of reticulocytosis on day 6 of EPO
administration, and at recovery several months later, once
blood counts and reticulocyte numbers had returned to
baseline (Figure 6A and B).

The clonal patterns in BM NRBC were stable over time
whether at baseline, peak or recovery following EPO, and
matched those of BM monocytes and Gr (Figure 6C). The
RNA barcode analysis of PB RBC RNA also showed an
unchanged clonal pattern in response to EPO (Figure 6C).
The results indicated that the EPO administration did not
change the erythroid clonal output, it only stimulated the
existing erythroid progenitor pool to produce more RBC,
but without recruiting previously-quiescent HSPC clones
to generate new erythroid cells.
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Figure 5. Stability of erythroid clonal contributions over time. Heatmaps plotting barcode contributions to peripheral blood (PB) red blood cell (RBC) RNA over time
in five young macaques and one aged (RQ3600) macaque, compared to DNA barcode from PB monocytes (Mono) and granulocytes (Gr). Each heatmap plots the
top ten contributing clones in each sample across all samples, heatmaps were made as explained in Figure 2B. The color scale is on the right.
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Discussion

The cellular differentiation pathways supporting ongo-
ing adult erythropoiesis from primitive marrow HSPC are
still not completely clear, with some contradictory find-
ings in murine and human studies, particularly regarding
whether erythroid production is supported by multipo-
tent then bipotent intermediate steps downstream from
the most primitive HSC, as in the classical model."*Recent
findings in murine model human cells studied in robust
single cell in vitro assays, and pseudotemporal ordering of
single cell RNA-Seq gene expression patterns have raised
the possibility that the erythroid and megakaryocytic lin-
eages, along with eosinophils and basophils in some stud-
ies, may represent the earliest branch point durin
hematopoiesis from self-renewing LT-HSC.>#10121517585
The RNA-Seq study most relevant to erythropoiesis came
from Tusi and co-workers, enriching for cell populations
previously linked to erythropoiesis to study differentia-
tion trajectories, reporting that HSC/MPP first bifurcate
towards erythroid-basophil-megakaryocytes — versus
myeloid-lymphoid pathways before constricting to ery-
throid or towards myeloid and lymphoid fates. Murine
lineage tracing studies using platelet lineage-specific pro-
moters have uncovered evidence for long-lasting and self-
renewing megakaryocyte-restricted HSC, but to date, ery-
throid-restricted engrafting HSPC have not been uncov-

A . EPO Stimulation:
Baseline Day 0

ered, despite the suggestion, based on gene expression
studies, that they may exist.”"* These observations led
us to ask whether we could detect long-lived erythroid-
restricted or highly erythroid-biased HSPC in our RM bar-
coded clonal tracking model.

Techniques allowing long-term  tracking of
hematopoiesis in vivo at a single cell level via fate map-
ping or clonal tags are powerful tools to provide answers
to these questions and have been utilized primarily in
murine models over the past decade. Yamamoto et al.”
used single cell murine HSPC transplants along with lin-
eage-specific markers and demonstrated lineage-restrict-
ed engrafting progenitors producing platelets, platelets
and red cells, or all myeloid/erythroid lineages, and sin-
gle cells able to produce both megakaryocyte and multi-
potent engrafting daughter cells, but no other uni-lineage
daughter HSC. Using a non-transplant “naive
hematopoiesis” murine transposon-tagging model,
Rodriguez et al. came to similar conclusions regarding LT-
HSPC heterogeneity, showing megakaryocytic-restricted
long-term contributing HSPC clones, but did not exam-
ine erythroid output at a clonal level.” The Jacobsen lab-
oratory also reported lineage-restricted long-term self-
renewing potential initially only for the platelet lineage
in mice,” more recently adding an erythroid-specific
tracer that did not reveal long-term erythroid-restricted
HSPC, but did uncover very rare platelet-erythroid
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Figure 6. Impact of erythropoietin (EPO) administration on erythroid clonal patterns. (A) Timeline of EPO stimulation and sampling in ZL40, EPO was administrated
at 11.5m post transplantation. (B) The reticulocyte (RETIC) percentage during EPO stimulation. (C) Heatmap of the top ten contributing clones from bone marrow (BM)
monocytes (Mono), granulocytes (Gr) and nucleated red blood cell (NRBC) DNA barcodes and peripheral blood (PB ) red blood cell (RBC) RNA barcodes samples
before and post EPO stimulation. Heatmap was constructed as described in Figure 2B. day -35: baseline, day 6: reticulocyte peak, and day 87: recovery after EPO

stimulation are shown.
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restricted LT-HSPC." However, the majority of single
HSPC were multipotent.

Similar i vivo studies of human LT-HSPC properties via
single cell transplantation or naive hematopoietic tagging
are not feasible, but the significant differences between
human and rodent hematopoiesis make extrapolation dif-
ficult.* In vitro single cell CFU assays are the classic
approach to study lineage relationships and search for
intermediate progenitors in hematopoiesis."* Notta et al.’
found that populations of human CD34*HSPC sorted by
previously-described erythroid and megakaryocytic line-
age markers and grown in single cell culture did not reveal
single progenitors with both erythroid and megakaryocyt-
ic or erythroid and myeloid potential, in contrast to the
presence of such progenitors in fetal liver and cord blood,
thereby supporting the concept that both erythroid and
megakaryocytic lineages emerge directly from multipo-
tent HSC, at least postnatally. In contrast, several other
groups did find appreciable numbers of single human pro-
genitors with both erythroid and myeloid potential using
a different culture system and lineage-defining
antibodies.”

Our macaque barcoding approach provides a robust
platform to quantitatively track the output of thousands
of individual HPSC clones long-term over multiple lineag-
es in vivo. The clonal landscape in NRBC closely matched
that of other hematopoietic lineages sampled from the
same BM locus at same time point, with a particularly
close relationship between NRBC and Gr and monocytes,
which are continuously produced from HSPC, in contrast
to T cells that can clonally expand and renew peripherally.
Our analysis of thousands of individual clones contribut-
ing to purified nucleated erythroid precursors versus other
lineages at the same time point and at the same marrow
location did not uncover a measurable population of
markedly erythroid-biased LT-HSPC in this post-trans-
plantation model. Likewise, analysis of barcodes from
hundreds of pooled myeloid and erythroid CFU grown
from marrow post transplantation led to similar conclu-
sions, although a small fraction of clones unique to CFU-E
were identified; however, CFU-GM analyses also revealed
unique clones. Given that engraftment in macaques results
from many thousands of individual LT-HSPC,” the appar-
ent presence of lineage-restricted CFU was likely due to
sampling bias or potentially differential clonal in vivo versus
in CFU in vitro. However, we cannot rule out that these lin-
eage-restricted clones detected only via CFU analysis rep-
resent true myeloid or erythroid-restricted clones not
detected in our NRBC analyses.

Our findings were confirmed at various time points
from months to years post transplantation. Even in an
aged macaque, previously shown to have long-term per-
sistence of highly myeloid and lymphoid biased clones,”
we found no evidence for erythroid-biased clones not also
biased towards myeloid output. A recent human lentiviral
gene therapy study in patients with an immunodeficiency
disorder used insertion site retrieval to map clonal rela-
tionships between lineages, and also reported primarily
shared clones contributing to erythroid and myeloid line-
ages.” Of note, our findings do not contradict the concept,
derived from recent single cell gene expression studies,
that erythroid pathways diverge very early from myeloid
and lymphoid lineages, representing one of the first
branches from differentiating LT-HSC. A multipotent LT-
HSC marked by a barcode could produce daughters going

down both erythroid and non-erythroid pathways. Our
results do suggest that no significant contributions from
self-renewing or engrafting erythroid-restricted or highly
biased progenitors could be detected, at least in this trans-
plantation model. However, in several murine studies, the
stress of transplantation or i vitro culture was shown to
drive megakaryocytic-biased HSC to contribute to addi-
tional lineages,'®"” thus our transplantation model may not
reflect physiologic naive hematopoiesis.

Since we have discovered that clonal output from indi-
vidual HSPC can remain highly geographically restricted
within the BM for up to years post transplantation,® it
may be difficult to study the entire clonal composition of
NRBC or erythroid progenitors via marrow sampling
alone. Thus we also analyzed the barcodes in circulating
mature RBC and reticulocytes via retrieval of RNA bar-
codes, given the lack of DNA in enucleated cells.
Fractional contributions of DNA and RNA barcodes
retrieved from the same nucleated sample of each lineage
were compared and showed high correlation, suggesting
the differentiation pathway for these lineages does not
impact significantly on expression level of barcodes from
our vector regardless of insertion site, due to expression
of the marker gene and the barcode RNA from a strong
constitutive viral promoter. However, RNA barcodes in
circulating reticulocytes/mature RBC revealed a less
diverse clonal pattern and major differences from clonal
contribution patterns revealed in RNA of circulating
myeloid and lymphoid cells, and even from NRBC con-
currently sampled from the BM in animals many years
post transplantation. Rather than implying erythroid line-
age bias, we suspect these findings resulted from a major
constriction of gene expression in anucleate erythroid
cells, with marked silencing of many endogenous genes
other than hemoglobin and red cell structural proteins.
Bonafoux et al.*® reported globally skewed transcriptional
activity follow erythroid differentiation, with major dif-
ferences in gene expression between end stage anucleate
erythroid cells and leukocytes, and even in comparison
with earlier stage erythroid progenitors. More than 50%
of transcripts in these end stage erythroid cells encoded
globin. The fact that many viral integrations were likely
also silenced and thus did not express the barcode is sup-
ported by the observation that the GFP percentage in
RBC was much lower than in Gr in all our macaques
(Online Supplementary Figure S3). Despite the difficulties in
comparing clonal contributions in RBC RNA to other lin-
eages, sampling of PB RBC over prolonged periods of
time allowed us to establish the long-term clonal stability
of contributing HSPC to erythropoiesis for as long as four
years post transplantation.

Given the advantage of our experimental models, we
sought to answer some additional questions, including
whether erythropoiesis at a clonal level will be stable
under lineage-specific stimulation, or if lineage-specific
clones might be recruited under this proliferative stress, as
has been suggested for lineage-restricted megakaryocy-
topoiesis.” Thus, we tracked the clonal characteristics of
hematopoiesis under stimulation by EPO, a key lineage-
specific humoral regulator responsible for erythroid pro-
genitor proliferation and accelerated maturation. We
found no detectable impact on clonal contributions under
EPO stimulation, suggesting that the pool of HSPC con-
tributing to erythropoiesis does not shift between steady
state and proliferative stress resulting from EPO stimula-



tion. It would be of

interest
megakaryocytes/platelet output in our model, at steady
state or under stress, but the size and lack of nucleus in
platelets present challenges, as does the rarity of

to examine

ders.

megakaryocytes in the BM. We are developing an opti-

mized vector allowing concurrent single cell RNA-Seq and
barcode retrieval to further investigate platelet and other

lineage relationships.”

Funding

In conclusion, this study is the first to quantitatively

track erythropoiesis at a clonal level in vivo in a translation-
ally-relevant model. Overall, our analyses indicate long-
term shared ontogeny with other lineages, particularly
myeloid cells, without measurable contributions from
highly erythroid-biased or restricted long-term engrafting
HSPC, even under stressors such as aging or erythroid lin-
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ABSTRACT

anconi anemia (FA), an inherited bone marrow failure (BMF) syndrome,

caused by mutations in DNA repair genes, is characterized by congeni-

tal anomalies, aplastic anemia, high risk of malignancies and extreme
sensitivity to alkylating agents. We aimed to study the clinical presentation,
molecular diagnosis and genotype-phenotype correlation among patients
with FA from the Israeli inherited BMF registry. Overall, 111 patients of Arab
(57 %) and Jewish (43%) descent were followed for a median of 15 years
(range: 0.1-49); 63% were offspring of consanguineous parents. One-hun-
dred patients (90%) had at least one congenital anomaly; over 80% of the
patients developed bone marrow failure; 53% underwent hematopoietic
stem-cell transplantation; 33% of the patients developed cancer; no signifi-
cant association was found between hematopoietic stem-cell transplant and
solid tumor development. Nearly 95% of the patients tested had confirmed
mutations in the Fanconi genes FANCA (67 %), FANCC (13%), FANCG
(14%), FANCJ (3%) and FANCD1 (2%), including twenty novel mutations.
Patients with FANCA mutations developed cancer at a significantly older age
compared to patients with mutations in other Fanconi genes (mean 18.5 and
5.2 years, respectively, P=0.001); however, the overall survival did not
depend on the causative gene. We hereby describe a large national cohort of
patients with FA, the vast majority genetically diagnosed. Our results suggest
an older age for cancer development in patients with FANCA mutations and
no increased incidence of solid tumors following hematopoietic stem-cell
transplant. Further studies are needed to guide individual treatment and fol-
low-up programs.

Introduction

Fanconi Anemia (FA), an inherited bone marrow failure (BMF) syndrome, results
from defects in the DNA repair pathway, leading to chromosomal instability. The
disease is rare with an estimated prevalence of 1:130,000" but tends to be higher in
certain communities due to founder mutations, especially those with a high rate of
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consanguinity."® The clinical phenotype includes congeni-
tal anomalies, aplastic anemia, a high risk of malignancies,
and extreme sensitivity to cross-linking agents. Patients
with FA classically present with multiple congenital
anomalies and cytopenias, although several patients have
no physical defects and normal blood counts, complicat-
ing the diagnosis, which is based on the chromosomal
breakage test. Genotyping confirms the diagnosis and
allows for proper genetic counseling. Some patients exhib-
it mosaicism, requiring testing by chromosomal breakage
and genetic analysis in non-hematopoietic tissue.’

FA is usually inherited in an autosomal recessive fash-
ion, with the exception of the X-linked FANCB and the
dominantly inherited FANCR. To date, mutations in more
than 20 genes have been detected. Detecting genotype-
phenotype correlations is important for prognostic predic-
tions, treatment decisions and establishment of directed
follow-up programs. However, to date, a clear correlation
between the affected gene and the patient's phenotype
has not been found. One exception is the more pro-
nounced cancer predisposition in patients with
FANCD1/BRCA2 and FANCN/PALB2 mutations, in which
early onset of malignancy is almost invariably present.
Some evidence suggests that the type of mutation corre-
lates better with the phenotype than the specific gene. For
example, one report found that patients with null muta-
tions in FANCA present with a more severe phenotype
than those with mutations leading to altered FANCA pro-
tein production.” Conversely, in a separate report, no func-
tional or clinical difference was found between patients
with absent FANCA protein or those with altered FANCA
protein.® It is possible that specific mutations, as opposed
to affected gene or type of mutation, best correlate with
the phenotype.” However, even for a specific mutation,
there is a variable phenotypic severity among different
ethnicities and among siblings, even twins, suggesting a
role for genetic or epigenetic modifiers and/or environ-
mental factors.

Here, we present data regarding 111 patients with FA in
Israel. This large cohort is unique due to Israel's ethnic
diversity, a high degree of consanguinity and a very high
percentage of genetically diagnosed patients.

Methods

FA was defined by an abnormal chromosomal breakage test
and/or a genetic diagnosis of biallelic mutations in one of the
known FA genes. Patients with FA were registered by their treat-
ing hematologist as part of the Israeli inherited bone marrow fail-
ure registry (IIBMFR). The I-IBMFR is approved by each local
Institutional Review Board. Data was collected at entry to the reg-
istry and annually. Data were extracted by the treating physician
or by the research team from the patients' charts including demo-
graphics, clinical characteristics, laboratory data (including chro-
mosomal breakage tests results), molecular diagnosis, and data
regarding treatment.

BMF was defined by one of these criteria: a patient who under-
went hematopoietic stem cell transplantation (HSCT) for a non-
malignant indication, transfusion dependence or at least one
cytopenia defined as: absolute neutrophil count (ANC) <1000/uL,
platelet count <100,000/uL or hemoglobin <10 g/dL. Severe BMF
was further defined as ANC <500/uL and platelet count
<20,000/uL.

A five-item congenital abnormality score (CABS) was calculated

Table 1. Characteristics of Fanconi anemia patients in Israel.

N= 108 patients Ethnicities

26 Sephardic
46 10 Ashkenazi Jewish
9 Mixed
1 Ethiopian
54 Muslim
62 6 Druze Arab
Christian

for each patient by adding up the total number of phenotypic
abnormalities in a set consisting of developmental delay, heart or
lung abnormalities, renal anomalies, hearing loss and head abnor-
malities."” Whenever possible, genetic analysis was performed as
part of the routine work-up. Patients were included in this study
if they were clinically suspected as having FA and had either a con-
firmed genetic diagnosis of FA or an abnormal chromosomal
breakage test, or both.

Genetic analysis was performed by Sanger sequencing, as pre-
viously described." Sequencing was performed on an ABIPrism
3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). Chromatograms were visualized with CHROMAS (v.2.6.4;
www.thechnelysium.com.au). Variant pathogenicity was deter-
mined based on the American College of Medical Genetics and
Genomics (ACMG) criteria. Multiplex ligation dependent probe
amplification (MLPA) was performed using the commercially
available kit SALSA MLPA probemix P031-B2/P032-B2 FANCA
(MRC-Holland) following the manufacturer’s instruction.

Data organization was performed with Microsoft Excel
(Windows, Version 16.11.1). The data were analyzed using BMDP
software (1993, University of California Press, USA). Pearson's
chi-square test or Fisher’s exact test (two-tailed) was used for
analysis of between-group differences in discrete variables, and
analysis of variance (ANOVA) was used for continuous variables.
Those variables which did not have Gaussian distributions or
when the sample size was very small were compared using the
non-parametric Mann-Whitney test. The Kaplan-Meier estimate
was used to show survival for the cohort and various sub-groups.
Calculations and graphic representation of survival curves were
performed on Prism 7 (Graph Pad Software) and on MedCalc soft-
ware (Belgium). A P-value of <0.05 was considered significant.

Results

Patient demographics

One hundred and eleven patients (53% male) with FA
diagnosed between 1980 and 2016 were registered in the
[-IBMFR and followed for a median of 15 (range: 0.1-49)
years. (Table 1). The median survival time was 27.9 years
Brookmayer-Crowley 95% Confidence interval [CI]: 24-
35) (Figure 1A).

Ethnic Origin

Over half of the patients with FA in our cohort were of
Arab descent, while the rest were Jewish, mostly of
Sephardic origin (Table 1). 63% of the patients were off-
spring of consanguineous parents. Consanguinity was
reported in 93% of Arab patients and in 21% of Jewish
patients. Notably all of the Druze patients were offspring
of consanguineous parents.



Clinical Features

The median age at the time of diagnosis of FA was 6
years (range: 0-26.5); 20% were born small for the gesta-
tional age, and 57% fit criteria for short stature. The
majority of patients (90%) had at least one congenital
anomaly. More than half had café-au-lait spots (52.3%)
followed by renal anomalies (39.6%). Of the 18% of the
patients with hearing loss, all had a conductive compo-
nent (Table 2).

Previous publications have reported an association
between the presence or absence of radial ray anomalies
and a five-item CABS on disease prognosis.’*" Five-item
CABS were calculated for each patient,' resulting in 41
patients with CABS 0, an additional 41 patients with
CABS 1, 22 patients with CABS 2, five patients with
CABS 3 and one patient each with CABS 4 and CABS 5.
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There was no correlation between the CAB score and sur-
vival (Figure 1B). In our cohort, 82% of the patients devel-
oped BME of which 18% fit criteria for severe BME All
patients with higher CABS (3-5) exhibited BMF with the
exception of one patient who developed infant AML and
was transplanted at the age of five months. No association
was found between radial ray anomalies and BMF devel-
opment.

Malignancy

During the follow-up period of this patient cohort, 30%
developed myelodysplastic syndrome (MDS), leukemia
and/or solid tumors (Table 3). The mean age for the first
event of MDS was 13.3 years (standard deviation [SD]
8.6), for leukemia 10.8 years (SD 6.2) and for solid tumors
26.6 years (SD 4.9). No significant difference was detected
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Figure 1. Survival curves for patients with Fanconi anemia
1 (FA) in Israel, calculating the proportion of live patients by
age using the Kaplan-Meier methods. (A) Survival for the
whole cohort. (B) Survival divided by cab score O (blue), 1
1 (red) or greater than 1 (green). No significant difference was
found between the groups.

Fanconi anemia in Israel -




O.Steinberg-Shemer et al.

between the age of the first event of MDS and the age of
the first event of leukemia; however, both MDS and
leukemia were diagnosed significantly earlier relative to
solid tumors (P=0.001 and P<0.001, respectively) (Figure
2A). Seven patients developed two cancers, three patients
developed three cancers, and two patients developed four
cancers.
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Figure 2. Cumulative incidence (Cl) by age for adverse events in patient with
Fanconi anemia (FA). (A) Cl by age of first cancer. Myelodysplastic syndrome
(MDS) - blue; leukemia - red; solid tumors - green. MDS and leukemia events
both appeared significantly earlier than solid tumors (P=0.001 and P<0.001,
respectively). No significant difference was found between the age of first event
of MDS versus leukemia; (B) Cl of HSCT. (C) Cl of solid tumors for patient who
underwent hematopoietic stem cell transplantation (HSCT) (blue) or did not
have a transplant (red). No significant difference was found between the groups.

Hematopoietic stem cell transplantation

Approximately half of the patients with FA in the reg-
istry (n=59) underwent a HSCT; seven of the patients
underwent a second transplant. The median age for the
first transplant was 9.3 years (range: 0.45-30.8) (Figure 2B).
Indication for HSCT was MDS/leukemia in 15 patients;
the rest (n=44) were transplanted due to BME 25% were
transplanted in the 1990s, 39% in the years 2000-2009,
and 36% between 2010-2017. No association was found
between a history of HSCT and incidence of solid tumor
or age of first cancer (Figure 2C). Solid tumors were
reported in six non-transplanted patients and in four trans-
planted patients, of which two were transplanted due to
MDS/leukemia and the other two due to BME Among the
four transplanted patients, the median time from trans-
plant until solid tumor diagnosis was 10 years (range: 2.5-
18). The five patients with at least three events of cancer
had no previous HSCT.

Survival

Currently 65 of the 111 patients (59 %) in the cohort are
alive with a median age of 16.5 years (range: 0.8-37).
Forty-three patients have died, and three were lost to fol-
low-up. The median age of death was 11 years (range: 0.1-
49). Causes of death were mostly cancer related (23
patients; 53%) or transplant-related (11 patients; 25%).
64% of transplanted patients are alive, and 56% of non-
transplanted patients are alive and no significant (NS) dif-
ference was found in the age of death between transplant-
ed and non-transplanted patients. The 5-year survival of
the post-HSCT cohort was 44%, and 10-year post-HSCT
survival was 27 %. Among the transplanted patients, 78%
of those transplanted due to BMF are alive, while only
27% of those transplanted for MDS/leukemia are alive.

Genotype

Genetic analysis was performed on 94 patients (85% of
the cohort), of which 88 patients (94% tested) reached a
genetic diagnosis. The majority were found to have muta-
tions in the FANCA gene, followed by mutations in
FANCG, FANCC, FANC], and FANCD1 (Figure 3). The six
undiagnosed patients had an incomplete genetic analysis
performed. Of these, two siblings were found to have a
heterozygous mutation in FANCC (Table 4).

Table 2. Congenital anomalies of patients with Fanconi anemia in
Israel.

m

Any anomaly 100 (90.1%)
Café-au-lait spots 58 (52.3%)
Renal structure 44 (39.6%)
CNS structure 21 (18.9%)
Hearing loss 20 (18%)
Congenital heart disease 18 (16.2%)
Male genitourinary 18 (16.2%)
Radial ray 18 (16.2%)
Gastrointestinal structure 9 (8.1%)
Spine 6 (5.4%)
Cleft lip/palate 2 (1.8%)

Anomalies as reported in patient charts. CNS: central nervous system.
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34 different mutations were found, including 21 in the cohort, as detailed in the Online Supplementary Table
FANCA and three each in FANCC, FANCD1, FANCG and ~ S1; 7 of these were previously reported by our group.”**
FANC]J (Table 4); 76 patients were homozygous for muta- The type of mutation varied, as detailed in Table 4. 26
tions in Fanconi genes, and 12 patients were compound patients had frameshift mutations, 19 patients had splice
heterozygous; 33 different combinations of mutations site mutations, 15 patients had deletions, 13 patients had
were found (Table 4); 20 novel mutations were detected in  nonsense mutations, nine patients had missense muta-

Table 3. Number of events of myelodysplastic syndrome, leukemia and solid tumors.

Cancer type Total FANCA FANCC FANCD1 FANCG FANCJ Undiagnosed
MDS 19 8 3 0 1 1 6
Leukemia

AML 14 3 1 1 2 1 6

ALL 1 1 0 0 0 0 0
Head and Neck 6 3 0 0 0 0 3
GU 3 3 0 0 0 0 0
Gl 3 1 0 0 0 0 2
Skin 3 2 0 0 0 0 1
Breast 1 0 0 0 0 0 1
MB 1 0 0 1 0 0 0

ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia; GI: gastrointestinal; GU: genitourinary; MB: medulloblastoma; MDS: myelodysplastic syndrome.

A

B FANCA
B FANCG

M FANCC
B FANCJ
B FANCD1

H FANCA
1 FANCC
B FANCG
B FANCJ
B FANCD1

Figure 3. The distribution of the Fanconi ane-
mia (FA) genes in Israel: (A) including siblings
and (B) excluding siblings.
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® Table 4. Genetics of Fanconi anemia in Israel.
Gene Mutation 1 Mutation 2 Effect 1 Effect 2 Ethnicities
11 FANCA ¢.2172-2173 insG ¢.2172-2173 insG frame frame Sephardic
(p. ST25VEs*69) (13) (p. S725VEs*69) (13) shift shift Jewish
8 FANCA ¢.4261-2A>C (IVS43-2a>c) ¢.4261-2A>C (IVS43-2a>c) splice splice Arab Muslim
(14 (14 site site Arab Christian
8 FANCA ¢.3788-3790delTCT (25) ¢.3788-3790delTCT(25) frame frame Arab Druze
6-31 shift shift Sephardic Jewish
5 FANCA ex6-31 del (14) ex6-31 del(14) large large Arab
deletion deletion Muslim
5 FANCA ex21 del(26, 27) ex21 del (26, 27) large large Arab
deletion deletion Muslim
3 FANCA ¢4069-4070insT ¢.4069-4070insT frame frame Arab
shift shift Muslim
3 FANCA p.GIn1128Ter(15) p.GIn1128T(15) nonsense nonsense Arab
Muslim
2 FANCA ex31-37del(15) 4275delT (p.Asp1427Thr fsX6) large deletion Sephardic
(13) deletion Jewish
2 FANCA p.Prol164Ser” p.Prol164Ser” missense missense Arab Muslim
1 FANCA ¢.2172-2173 insG deletion exons frame large mixed
(p.S725Vis*69) (13) 4-7(8) shift deletion Jewish
1 FANCA c.4275delT (p.Asp1427Thr fsX6) ¢.2172-2173 insG frame frame Sephardic
13) (p.S725VEs*69) (13) shift shift Jewish
1 FANCA c4275delT (p.Asp1427Thr fsX6) 4275delT (p.Asp1427Thr fsX6) frame frame Sephardic
(13) 13) shift shift Jewish
1 FANCA ¢.65G>A (p.Trp22Ter) ¢.65G>A (p.Trp22Ter) missense missense Ashkenazi
(25) (25) Jewish
1 FANCA ¢.65G>A (p.Trp22Ter) ex1-24del” missense large mixed
(25) deletion Jewish
1 FANCA ¢.891-893 delGCTG ¢.2172-2173 insG (p.S725Vfs*69) frame frame Sephardic
(13) (13) shift shift Jewish
1 FANCA ¢.2172-2173 insG (p.S725Vfs*69) ex1,2,4,5del™ frame large Sephardic
(13) shift deletion Jewish
1 FANCA ¢.891-893 delGCTG ¢.65G>A (p.Trp22Ter) frame nonsense mixed
13) (25) shift Jewish
1 FANCA ex15-21 del(28) ex15-21 del(28) large large Arab
deletion deletion Muslim
1 FANCA ex1-6 del (29) ex1-6 del (29) large large Arab
deletion deletion Christian
1 FANCA c.189+1G>A (IVS2+1g>a) »  ¢2778+2T>C (IVS28+2 T>C) » splice site splice site Arab Muslim
1 FANCA p-Arg880Ter (30) p-Arg880Ter (30) nonsense nonsense Ashkenazi Jewish
1 FANCA €.3520-3522 delTGG (25) ¢.1471-401_1626+395del ~ deletion large deletion mixed Jewish
7 FANCC c. 456+4a>t (IVS4+4 a>t) (5) c. 456+4a>t (IVS4+4 a>t) () splice site splice site Ashkenazi Jewish
2 FANCC p. GIn3Ter” p. GIn3Ter” nonsense nonsense Arab Muslim
1 FANCC c. 456+4a>t (IVS4+4 a>t) (5) del 97116249-97124749 (31) splice site deletion mixed Jewish
1 FANCDI c.6174delT(24) c.6174delT(24) frame shift frame shift mixed Jewish
1 FANCDI ¢.7579delG (p.V2527X) " ¢.9693delA (p.S3231fs16*) nonsense frame shift Ethiopian Jewish
6 FANCG ¢.1742C<G (p.Ser581Ter) ~ ¢.1742C<G (p.Ser581Ter)” nonsense nonsense Arab Muslim
4 FANCG ¢.212T>C (p. Leu71Pro) (32) ¢.212T>C (p. Leu71Pro) (32) missense missense Arab Muslim
3 FANCG ¢.510+3A>G (IVS4+3 A>G) ~ ¢.510+3A>G (IVS4+3 A>G) A splice site splice site Arab Muslim
1 FANCI p-Arg251Cys(33) p-Arg251Cys(33) missense missense Arab Muslim
1 FANCJ p.Arg848His (34) p.Arg848His (34) missense missense Arab Muslim
1 FANCJ p.GIn376Ter" p.GIn376Ter nonsense nonsense Arab Muslim
2 @ FANCC c. 456-+4a>t (IVS4+4 a>t) (5) Unknown splice site Unknown mixed Jewish
4 @ Unknown Unknown
# number of patients; A: mutations not previously described; @: not included in the analyses.
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tions and six patients had a combination of mutation
types.

In our cohort, the most common mutations in FANCA
were ¢.2172-2173 insG (p.S725Vfs*69), most frequent in
the Sephardic Jewish population, ¢.4261-2A>C (IVS43-
2a>c) in Arab Muslims and Christians and c.3788-
3790delTCT, detected in both Arab Druze and Sephardic
Jews. The most common mutation in FANCC was c.
456+4a>t (IVS4+4 a>t) in the Ashkenazi Jewish popula-
tion. The mutation most commonly found in FANCG was
the novel mutation ¢.1742C<G (p.Ser581Ter) in the Arab
Muslim population.

Genotype-phenotype correlations

Genotype-phenotype correlations were first analyzed
by the specific affected gene. In addition, patients were
grouped by function of altered genes into those encoding
proteins of the core complex (FANCA, FANCC, FANCG)
versus those downstream (FANCD1, FANC]). Finally,
analysis was done according to the type of mutation (dele-
tion, frame shift, missense, nonsense, splice site).

No association was found between the affected gene
and survival (Figure 4). Survival was not significantly dif-
ferent between patients with core complex mutations and
those with mutations in downstream genes. Neither the

specific FA gene nor function were associated with the
development of BME Of note, neither of the patients with
FANCD1 mutations developed BMFE One underwent
HSCT for AML before the age of six months, while the
other had no complications by the age of 17 years.

Looking at congenital anomalies, no association was
found between the CAB score and the affected FA gene.
Rib abnormalities were observed only in patients with
FANCC mutations. Cleft lip was more common in
patients with FANCD1 mutations, compared with other
FA genes (P<0.001). Patients with mutations in the down-
stream genes FANCD1 and FANC] were significantly
shorter compared with the others (P=0.003). Patients with
downstream mutations were found to have significantly
more skull anomalies (P<0.001), central nervous system
(CNS) abnormalities (P=0.005) and genitourinary anom-
alies (P=0.03), compared with patients with core complex
mutations.

All the solid tumors in our cohort were reported in
patients with FANCA mutations or in undiagnosed
patients, except for one case of medulloblastoma in a
patient with FANCD1 mutation (Table 3). Due to the rela-
tively small numbers of reported cancers in patients with
non-FANCA mutations (Table 3), we compared the age of
the first cancer (including MDS) between patients with
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— - FANCD1
— FANCG
= — I—|_l —— FANCJ
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£ 50—
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Figure 4. Survival according to the Fanconi anemia (FA) gene. Survival curves for patients with FA in Israel, calculating the proportion of live patients by age using

the Kaplan-Meier methods according to the mutated gene: FANCA (blue), FANCC
was found between the groups.

(red), FANCD1 (green), FANCG (purple) and FANCJ (orange). No significant difference
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FANCA mutations and patients with non-FANCA muta-
tions. The mean age of the first cancer was 18.5 years (SD
6.3 years) for patients with FANCA, relative to 5.2 years
(SD 8.7 years) for patients with FANCC, FANCD1,
FANCG and FANC] mutations, with a statistically signifi-
cant difference (P=0.001). This difference remains statisti-
cally significant upon exclusion of solid tumors; patients
with FANCA mutations developed MDS/leukemia at a
significantly older age as compared to patients with
FANCA mutations (P=0.002). All patients with mutations
in FANCA developed cancer after the age of 10 years,
while all other genetically diagnosed patients developed
their first cancer by the age of 10 years. There was a trend
towards more MDS in patients with FANCC mutations
and less MDS and cancer in patients with FANCG muta-
tions, compared with patients with mutations in other
genes (NS).

No association was found between the mutation type
and survival. In addition, no association was found
between the mutation type and the development of MDS,
leukemia or solid tumors, although patients with nonsense
and splice site mutations developed the first cancer at a sig-
nificantly lower age than patients with deletions (P=0.011
and P=0.012, respectively). No association was found
between the CAB score and mutation type. However,
some significant correlations were found between the
mutation type and specific congenital anomalies. Patients
with deletions were shorter than patients with nonsense
mutations (P=0.018). Patients with splice site mutations
had significantly more CNS anomalies and developmental
delay, compared with the other patients (P=0.03 and
P=0.038, respectively). Patients with missense mutations
had significantly less congenital heart disease (P=0.022).

Discussion

We hereby present a large cohort of 111 patients with
FA in Israel. In a previous report of Israeli patients with
BMEF syndromes, 66 of these patients were included.”” Our
cohort is unique in a few aspects. First, the vast majority
of the patients included in this cohort are genetically diag-
nosed. Second, the ethnic diversity in this population is
distinct with a larger representation of patients from Arab
descent compared to those of Jewish descent; this is in
contrast to the general population of Israel comprised of
74% Jews and 21% Arabs. In addition, the patient popu-
lation exhibited a high degree of consanguinity, especially
in the Arab population, most likely the cause of their
skewed representation in this cohort.

The large majority of our patients (90%) had at least one
congenital malformation. In an Italian registry, including
97 patients, only 76% had at least one somatic malforma-
tion, although abnormal facial features were not includ-
ed.” We calculated a CAB score for all the patients in our
cohort as described in a previous publication.”” In the
German cohort, including 181 patients, this score predict-
ed BME" In agreement, in our cohort, all patients with
higher CAB scores (CABS 3-5) developed BME In addi-
tion, the two patients in our cohort with the highest CAB
scores (CABS 4-5) did not develop cancer. This low num-
ber of patients does not allow statistical analysis; however
it is consistent with previous publications finding an
inverse correlation between congenital anomalies and
malignancy in patients with FA.**

Of the patients in this FA cohort, 82% developed BME.
This is similar to the 80% described by the International
Fanconi Anemia Registry.” In contrast, in the German
cohort, only 36% developed BME"” Neither of the
patients with FANCD1 mutations in our cohort devel-
oped BMF, in agreement with previous publications.”
However, it should be noted that one of the patients
with a FANCD1 mutation was transplanted at a very
young age for the treatment of leukemia, essentially
eliminating the risk of BMF development.

Nearly one third of this cohort of patients with FA in
Israel developed MDS, leukemia and/or solid tumors.
Twelve of the 111 patients had more than one cancer
event. The median age at initial diagnosis of cancer was
16 years in our cohort. Hematological malignancies
appeared at a significantly earlier age relative to solid
tumors. Of note, one patient with a FANCD1 mutation
developed medulloblastoma at the age of 3 years.
Patients with FANCD1 mutations have been previously
described as uniquely developing solid tumors early in
life," requiring screening for childhood cancer from a
very young age. Excluding this particular patient with
FANCD1 mutation, initial diagnosis of solid tumors in
this cohort ranged from 21-32 years of age. These data
support the need to start early cancer surveillance for
patients with FA.

Approximately half of the patients in this cohort
underwent HSCT, similar to the Italian FA registry
report.” There was no difference in survival between
patients who did or did not undergo a HSCT. In the
International Fanconi Anemia Registry, HSCT was found
to be a predictor of poor prognosis.”” The patients from
our cohort were transplanted over a three-decade time
frame. Therefore, differences in donor selection and con-
ditioning treatment plus patient selection bias may
explain the discrepancy. The indication for HSCT had a
large impact on survival in our cohort, with patients
transplanted due to BMF having a much better survival
relative to those transplanted due to MDS/leukemia.
These results, if confirmed in future studies, may influ-
ence the decision on choosing the right timing for HSCT.

In this cohort, HSCT did not appear to hasten the onset
of solid tumors. Similar findings were reported in the
International Fanconi Anemia Registry as well as in the
Italian Fanconi Anemia Registry, including 754 and 180
patients, respectively.”" In contrast, the German registry
reported a hazard ratio of 3.8 for developing solid tumors
in patients with FA post-transplant, compared to those not
transplanted.”” The National Cancer Institute also detected
an increased incidence of cancer in FA patients and a
younger age at cancer detection post-transplant in their
cohorts of patients with FA.***! Indeed, reconciling this dis-
crepancy holds paramount importance in clinical decision-
making regarding optimal timing for initiation of cancer
surveillance. More up-to-date studies will be needed to
identify if any association exists.

We aimed to perform a genetic diagnosis for all Israeli
patients with FA for whom DNA was available. By con-
ventional Sanger sequencing and MLPA, we arrived at a
genetic diagnosis in almost 95% of those tested. Of the
six patients for whom genetic diagnosis was not
achieved, only a partial work-up was performed due to
the lack of remaining DNA samples. Two of these were
found to be heterozygous for a FANCC mutation. In our
cohort, 34 different mutations were found, with 20 of



them either not previously published or reported only by
our group (Table 4).

In this Israeli cohort of FA patients, two-thirds of genet-
ically diagnosed patients had biallelic FANCA mutations.
These numbers are similar to the International Fanconi
Anemia Registry, in which 60% of the diagnosed patients
had FANCA mutations,” and the European cohort, in
which 70% had FANCA mutations’ but in contrast to the
Italian cohort, in which 90% of the patients diagnosed
were found to have FANCA mutations.” The other FA
genes were represented in our cohort similar to previous
publications.”* We did not find a significant correlation
between survival and the affected gene. This is in contrast
to the International Fanconi Anemia Registry, in which
patients with FANCC mutations had a poorer survival."”

Some mutations were exclusively or more commonly
found in specific ethnic populations in our cohort. For
example, in the Ashkenazi Jewish population, the most
common mutation was c. 456+4a>t (IVS4+4 a>t) in
FANCC, as previously described.” In contrast, in the
Sephardic Jewish population, the most common muta-
tions was in ¢.2172-2173 insG (p.S725V£s*69) in FANCA.
Both these mutations were exclusive to Ashkenazi Jewish
and Sephardic Jewish patients with FA, respectively.
Patients with FANCG and FANC] mutations were all from
Arab Muslim descent.

A number of correlations were found between the geno-
type and development of cancer in our cohort. Patients
with FANCA mutations developed cancer at a significantly
older age, compared with patients with non-FANCA
mutations. In addition, there was a trend towards a higher
prevalence of MDS in patients with FANCC mutations
and less MDS and cancer in patients with FANCG muta-
tions in our cohort. In contrast, in a larger cohort recently
published from the National Cancer Institute,” there was
no clear association between the genotype and malignan-
cy. Patients with FANCG mutations were even reported
previously to have a higher incidence of leukemia.” These
data may reflect the unique population in our cohort, as
most of the patients with FANCG mutations were of Arab
Muslim origin, and all 13 patients were homozygous for 1
of 3 mutations: ¢.1742C>G (p.Ser581Ter), c.212T>C
(p.Leu71Pro) and c.510+3A>G (IVS4+3 A>G). Further
studies will be needed to elucidate the specific character-
istics of these mutations.

Regarding the type of mutation in our cohort, no asso-
ciation was found between the mutation type and sur-
vival, the risk of development of cancer or the CAB score.
However, we found a few correlations between specific
congenital anomalies and the type of mutation. A few pre-
vious publications looked at correlations between specific
mutation types of FANCA and phenotype. One study
reported a higher incidence of leukemia in patients with
null mutations of FANCA, compared to those with other
types of mutations.” In contrast, in the Spanish cohort, no
association was found between the type of FANCA muta-
tions and hematologic disease or somatic malformations.®
The discrepancies between these studies may reflect spe-
cific population characteristics, making it difficult to rely
on the Fanconi group or the type of mutation in defining
the risk for disease complications.

This cohort includes patients treated in various medical
centers in Israel. The biggest limitation of this report is
that not all patients were seen by the same medical team.
We overcame this by using a standardized and elaborate
medical form for each patient included in the I-IBMER, fol-
lowed by an annual update. In addition, genetic analysis
was uniformly performed in our centralized hematology
molecular laboratory.

This study includes a relatively large cohort of patients
with FA in a nation with a unique ethnic diversity and a
high degree of consanguinity. Our high success rate of
genetic diagnosis has enabled the detection of several
novel mutations and unreported genotype-phenotype cor-
relations. We found that patients with FANCA mutations
developed cancer at a later age; however the causative
gene was not found to affect the overall survival of
patients. In our cohort, HSCT did not increase the risk of
solid tumor development. Continuation of this registry
and establishment of similar registries worldwide are
paramount for further advancement of our understanding
of this rare disease.
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ABSTRACT

inihepcidins are hepcidin agonists that have been previously
shown to reverse iron overload and improve erythropoiesis in mice
ffected by non-transfusion-dependent thalassemia. Given the
extreme anemia that occurred with the previous model of transfusion-
dependent thalassemia, that model was inadequate for investigating
whether minihepcidins can improve red blood cell quality, lifespan and inef-
fective erythropoiesis. To overcome this limitation, we generated a new
murine model of transfusion-dependent thalassemia with severe anemia and
splenomegaly, but sufficient red cells and hemoglobin production to test the
effect of minihepcidins. Furthermore, this new model demonstrates cardiac
iron overload for the first time. In the absence of transfusions, minihepcidins
improved red blood cell morphology and lifespan as well as ineffective ery-
thropoiesis. Administration of a minihepcidin in combination with chronic
red blood cell transfusion further improved the ineffective erythropoiesis
and splenomegaly and reversed cardiac iron overload. These studies indicate
that drugs such as minihepcidins have therapeutic potential for patients
with transfusion-dependent thalassemia.

Introduction

Non-transfusion and transfusion-dependent thalassemia (NTDT and TDT,
respectively) are characterized by imbalanced synthesis of a- and B-globin chains,
leading to the formation of unstable a-globin chain/heme aggregates
(hemichromes) in erythroid cells. Hemichromes impair the differentiation and sur-
vival of erythroid progenitors as well as the lifespan of enucleated red blood cells
(RBC)."*

Both NTDT and TDT patients suffer from iron overload and require chronic iron
chelation therapy to prevent major complications, such as liver and heart failure.”™”
The mechanism leading to iron accumulation in organs is different in NTDT wvs.
TDT. 2" In NTDT, iron overload is likely mediated by a variety of factors, includ-
ing increased erythropoiesis, hypoxia and the contribution of factors such as ery-
throferrone, which suppresses hepcidin synthesis in the liver.”'* Because hepcidin
functionally inhibits iron egress from cells by binding and internalizing the iron
transporter ferroportin in enterocytes, iron absorption is increased under condi-
tions of reduced hepcidin synthesis.*'**® Additionally, in hypoxic conditions, syn-
thesis of molecules responsible for mediating iron absorption (including ferro-
portin) are increased in the duodenum, further contributing to the iron overload in
NTDT.*** In contrast to NTDT patients, TDT patients require chronic RBC trans-
fusion for survival.”***' Because transfused RBC ultimately undergo senescence and
require removal by splenic and liver macrophages and because there is no physio-
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logical way of excreting the iron recycled from these cells,
continuous infusion of RBC is the primary reason for iron
overload in TDT patients.'®"*

Mouse models of B-thalassemia intermedia (e.g. Hbb"*"*
mice) exhibit ineffective erythropoiesis, anemia and
reduced or inappropriately normal hepcidin synthesis,
but do not require RBC transfusion for survival, similarly
to NTDT patients. Minihepcidins function as hepcidin
agonists, target ferroportin, and reduce iron absorption
and transferrin saturation.** We and others showed that
administration of minihepcidins or agents that induce
hepcidin expression in Hbb0"* mice decreased transferrin
saturation, heme synthesis, hemichrome formation, and
improved RBC lifespan, anemia, and splenomegaly."***
Taken together, these experiments demonstrated the
potential benefits of minihepcidins in NTDT. However, it
is unclear whether minihepcidins would improve anemia,
transfusion requirements, and iron overload in TDT.

Based on the pathophysiology of TDT and the effect of
minihepcidins on iron metabolism and erythropoiesis in
NTDT, we speculate that minihepcidins may: (i) improve
ineffective erythropoiesis; (ii) increase RBC lifespan and
reverse anemia; (iii) decrease RBC transfusion require-
ments (decrease frequency of transfusion); (iv) reverse
splenomegaly and extramedullary erythropoiesis; (v)
decrease indications for splenectomy; and (vi) reverse
iron overload in TDT patients.

Multiple existing mouse models of -thalassemia inter-
media harbor different mutations leading to decreased
mouse B-globin genes synthesis, triggering ineffective
erythropoiesis and anemia (Figure 1A-C). However, some
animals do not require RBC transfusion for survival,
while others produce very few RBC.** For example,
Hbb"""" mice carry a homozygous spontaneous deletion

of 3.7 Kb containing the f-major gene and 2 Kb of the &’
flanking region, including the promoter (Figure 1A).*
Hbb"™* mice were created by inserting a neomycin-resis-
tant cassette into exon 2 of the B-major gene such that
heterozygotes are mildly anemic while homozygotes die
perinatally due to severe anemia (Figure 1B).® Hbb"™"
mice have one copy of the normal B-globin cluster and an
allele with a deletion of both the B-major and B-minor
genes (Figure 1C), resulting in moderate anemia that is
not severe enough to require transfusion, a phenotype
similar to that of Hbb"""" mice.*” Homozygous Hbb""
mice die perinatally, preventing their use as an adult
model of TDT.*

We previously used a transplant model in which fetal
liver cells from E13.5-15.5 day Hbb"" embryos are trans-
planted into irradiated wildtype (WT) syngeneic mice.***
Successful engraftment of Hbb"" fetal liver cells led to
ineffective erythropoiesis and severe anemia resulting in
death 3 months after transplantation if the animals were
not transfused.”*** This and other models were utilized
to study dysregulated iron metabolism in B-thalassemia
major."*** However, Hbb""" mice are characterized by
such low hemoglobin and RBC production that they
make testing drugs, such as minihepcidins that have the
potential to modify RBC quality and lifespan and
improve ineffective erythropoiesis, complex if not impos-
sible.

To assess the efficacy of minihepcidins in TDT, we gen-
erated a new mouse model (Hbb0""") that closely resem-
bles the human TDT phenotype (Figure 1D). Our aim
was to use combinations of already existing mutations in
order to generate a model intermediate in severity to
those already in use, in which some RBC are produced
although their synthesis is insufficient to support long-

A Hpbth1/th1 B

R-thalassemia intermedia

Hpbth2/+ C

Hpbth3/+

g WAGR i - -WLOR fma - i - -WLORW- Ba i -
“ULGRLN |~ Bmi - “WGR

R-thalassemia major

D Hbbth1/th2

Figure 1. Genetic makeup of established mouse models of f-thalassemia intermedia and a new model of B-thalassemia major. (A-C) Mouse models of f-tha-
lassemia Intermedia: (A) Hbb"*", (B) Hbb"**, (C) Hbb"¥* and (D) a new mouse model of p-thalassemia major: Hbb"*"?, The mouse p-globin locus is represented in
the 5’ to 3’ orientation; for simplicity, only the -globin genes are indicated; not in scale. LCR: f-globin locus control region; fma: p-globin major gene; pmi: f-globin

minor gene; N: neomycin gene. Dotted lines represent DNA deletions.




term survival in the absence of transfusion. Using these
mice, we demonstrate the potential beneficial effect of
minihepcidins in mice affected by TDT which were or
were not given transfusions.

Methods

Animal models

Hbb"""" mice (B6.D2-Hbb®"/Brk] stock n. 000996) were
crossed with Hbb"™* animals (B6.129P2-Hbb"'""/] stock n.
002204).** All recipient mice were 8- to 12-week old females
transgenic for either green fluorescent protein (C57BL/6-
Tg(UBC-GFP)30Scha/])* or B6.SJL-Pipret Pepc’/Boy] (known as
Pep Boy). The Pep Boy mice allow us to discriminate between
endogenous cells [which carry the differential Piprc* pan-leuko-
cyte marker (commonly known as CD45.1 or Ly5.1)] from the
donor fetal liver cells (which carry the CD45.2 or Ly5. variant);
similarly, GFP* donors can be distinguished from GFP- recipient

source RBC. Blood samples were analyzed as previously
described.*"

Hematopoietic chimeras and genotyping

Donor fetal liver cells were harvested from embryos (E13.5-
15.5 days) obtained by intercrossing Hbb"""', Hbb"™", or WT
mice. Embryonic genotypes were screened by DNA extraction
(KAPA Biosystems, Kapa Mouse Genotyping Kit hotstart,
KK7352) and polymerase chain reaction analysis (see Online
Supplementary Tables S1 and S2). Fetal liver cells were kept on ice
and resuspended in sterile phosphate-buffered saline
(ThermoFisher PBS, Ph 7.4, CAT 10010023). To establish bone
marrow chimeras, 2.0-5.0x10° cells were injected retro-orbitally
into each of the irradiated female recipients. Recipient mice
were irradiated with 10 Gy (split dose of 2 x5 Gy) on the day of
transplantation (ISOVOLT Titan E Series X-Ray Generators).

Blood transfusion

Transfusion was performed as previously described."® Starting
2 months after transplantation, mice were transfused weekly via
retro-orbital venous plexus with 300 uL freshly harvested blood
from normal healthy C57BL/6 mice or GFP. The first transfusion
was delivered at the same time as the first minihepcidin admin-
istration. The last transfusion was delivered 1 week before the
last minihepcidin injection.

Mouse serum erythroferrone measurement

The immunoaffinity liquid chromatography-tandem mass
spectrometry assay to quantify total erythroferrone protein lev-
els in mouse serum was developed in-house using surrogate
peptide analysis. Briefly, total erythroferrone from 25 uL serum
was enriched using a biotinylated mouse anti-erythroferrone
antibody (Drakesmith Lab) by diluting serum into 75 uL of
phosphate-buffered saline-Tween and incubating with antibody
at 30°C for 4 h with interval mixing at 600 rpm. Magnetic strep-
tavidin beads were added and incubated for an additional 30
min with interval mixing at 1200 rpm. The bound erythrofer-
rone protein was then eluted from the beads using hydrochloric
acid and processed for digestion using Promega trypsin-LysC
enzyme at 37°C overnight. The liquid chromatography-tandem
mass spectrometry quantification was carried out by monitoring
two unique erythroferrone-specific surrogate peptides (EFQLL-
LK and SGSHESAILLGL) using a standard curve generated with
a recombinant mouse erythroferrone-Fc protein construct.
Levels were measured with a lower limit of quantification

(LLOQ) of 0.25 ng/mL.**

Statistics

Bars represent standard deviation (SD). When multiple com-
parisons were needed, statistical analysis was performed using
ordinary one-way or two-way analysis of variance (ANOVA)
with the Tukey or Sidak adjustment for multiple comparisons.
An unpaired two-tailed Student t-test was used for comparisons
between two groups. P values <0.05 are considered statistically
significant. All data were analyzed using GraphPad Prism ver-
sion 7 (Microsoft GraphPad Software, La Jolla, CA, USA). Data

for WT fetal liver cells are presented as a reference.

Animal study approval

All animal studies were conducted under protocols approved
by the Institutional Animal Care and Use Committee of The
Children’s Hospital of Philadelphia.

Results

Generation of a new mouse model of [3-thalassemia
major or transfusion-dependent thalassemia

We hypothesized that intercrossing Hbb"""" and Hbb"
mice (Figure 1A, B) could generate animals that are able to
produce RBC, but with insufficient levels of adult hemo-
globin for long-term survival (Figure 1D). At birth Hbb"""
pups were extremely pale but alive (for up to 8 h) and
died despite transfusion (Online Supplementary Figure S1A)
likely due to irreversible damage associated with the
severe hypoxia in late gestation. We then focused on gen-
erating mice through transplantation of Hbb""" fetal liver
cells into recipient transgenic animals expressing GFP or
Pep Boy mice [HbL""" bone marrow chimeras
(Hbb"""*BMC)] (Online Supplementary Figures S1B and S2A,
B; Online Supplementary Table S1 and S2). The GFP* and
the Pep Boy (CD45.1) mice were utilized to monitor the
chimerism of circulating RBC over time (GFP- vs. GFP*
RBC) or bone marrow leukocytes (CD45.2 vs. CD45.1)
and assess engraftment of donor cells. The resulting mod-
els demonstrate the desired phenotype 2 months after
transplantation, including production of GFP RBC or
CD45.2 bone marrow leukocytes and anemia (Online
Supplementary Figure S3A, B, Figure 2).

Hbb**?BMC animals showed features
of 3-thalassemia major, requiring transfusion for
long-term survival

Two months after transplantation, analysis of the
hematologic parameters indicated that Hb""""BMC mice
produce few RBC, low hemoglobin levels, but high retic-
ulocyte counts (Figure 2A-C). Hbb"""”"BMC mice showed
the largest increase in spleen weight (Figure 2D).
Peripheral blood smears confirmed more severe anisocy-
tosis, poikilocytosis and hypochromasia (Figure 2E) than
in models of NTDT. Because Hbt""*BMC mice do not
require transfusion for survival for up to 4 months after
transplantation, we analyzed the effect of minihepcidins
in the absence of transfusion. After this period,
Hbb"""*BMC mice showed exacerbation of their anemia,
incompatible with survival.

Administration of minihepcidins ameliorated red blood
cell lifespan, ineffective erythropoiesis, anemia and
splenomegaly in untransfused Hbb"*?>BMC mice
Hbb"""BMC were treated with two doses of minihep-
cidins, 2.625 mg/kg [(low dose (MH_L)] or 5.25 mg/kg

Minihepcidins to treat R-thalassemia major mice -
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4 [high dose (MH_H)] 2 months after transplantation. The

experimental design is shown in Omnline Supplementary
Figure 4A, B. The duration of the treatment was selected
based on the findings of our previous pharmacokinetic
studies.”® Compared to controls (V- vehicle), administra-
tion of minihepcidins improved hematologic parameters
in a dose-dependent manner. Using the lowest dose, we
observed a trend of improved parameters, with the
improvement reaching statistical significance with the
highest dose. RBC count and hemoglobin concentration
were statistically significantly improved in animals treat-
ed with the high dose (Figure 3A, B). Similarly, reticulo-
cyte count and splenomegaly decreased more in MH_H-
treated Hbb""”"BMC mice (Figure 3C, D). We then
focused only on the highest dose. Minihepcidin adminis-
tration also decreased hemichrome formation (Figure 3E)
and reactive oxygen species production (Figure S3F).
Accordingly, RBC morphology (Figure 4A) and lifespan
(Figure 4B) improved in MH_H-treated mice, relative to
vehicle-treated Hbb0"""”BMC mice. Flow cytometric
analysis of bone marrow and spleen samples (Figure 4C)
demonstrated improved ineffective erythropoiesis in
minihepcidin-treated H60"""*"BMC mice as the percent-
age (Figure 4D, E) of erythroid progenitor cells decreased
compared to that of mature RBC.

Administration of minihepcidins ameliorated iron
overload in untransfused Hbb"“**BMC mice

As erythropoiesis improved in H6G""*BMC MH_H-
treated mice, we investigated whether minihepcidins had
a beneficial effect on endogenous hepcidin synthesis and
iron metabolism. Hbb"""*"BMC mice treated with vehicle
demonstrated a significant increase in serum erythrofer-
rone levels compared to WT animals, but a reduction in
these values when treated with MH_H (Table 1, Figure
5A). Endogenous serum hepcidin concentrations were dif-
ferent between untreated and treated animals (Figure 5B),
but no significant differences were observed in transferrin
saturation levels (Figure 5C). However, serum iron levels
decreased significantly in MH_H-treated Hb6""""BMC
mice (Figure 5D). Moreover, Hob"""BMC MH_H-treated
mice showed significant reductions of iron by ~33% and
~77% in the liver and spleen, respectively, but not in the
kidney (tissue iron content in the kidney not shown).
(Figure 5E, F and Ounline Supplementary Figure S5).

Minihepcidin treatment ameliorated ineffective
erythropoiesis, reversed splenomegaly, and reduced
serum iron and heart iron concentration in transfused
Hbb"*?2BMC mice

Compared to Hbb"""BMC mice treated with vehicle,

A B Hkkk C dekedkk
*ekkk —
31 5 — 20 Fhkk o 3000
% Fkkk E Kkkk
= Fkkk ! e Sk E “ v
w810 -ty " - %' o = — o 2000 {u Jf" ?‘
5 5 & o 2 - W 5’ 1000 v
3 v 5 e 2 —_
E . # bl
c 0' T T \l le G 0' T T \l le O T T T '\l f;
X PAX ‘<\ ‘\ rﬁx r!;‘x ‘\ ‘\ 0 X X
& ‘g\q) ‘é(\ %\\V‘ \‘\\'@ §\’ 68(\ \O‘g\ \g\\“\\ ‘g\\“ &V g\'ﬁ 0’6{9 \“&Q \‘\»\(&
P \3‘\0‘0 Q\‘O‘o POl PR \3“0 ‘?“0 Q\‘O‘O Q\‘O‘O
D - . Hbpth1th1 Hbbth2+
o) Hkkk g
z Fekdkek
§ 0‘03 Kkkk
-g‘ 002 *kkk -E-
g 0
2 o
% 0.01
= e =k
g 0.00 P ——
% Pl %\rb »3\’?) \‘\r\‘(& @\\’3\

blood smears) of wildtype (WT), B-thalassemia intermedia and Hbb"**">-BMC mice.

Figure 2. Complete blood count analysis of animals affected by f-thalassemia intermedia or major. (A) Red blood cell (RBC) number, (B) hemoglobin (Hb) levels,
(C) reticulocytes (RETIC) count and (D) spleen weight. Bars represent standard deviation. ****P<0.001. (E) RBC morphology (shown by Giemsa staining of peripheral
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Figure 4. The iron-restrictive effect of minihepcidin improved ineffective erythropoiesis
in Hbb"*"2-BMC mice. Minihepcidin improved (A) red blood cell (RBC) morphology and
(B) RBC lifespan [statistics are determined comparing animals treated with vehicle (V)
vs. high-dose minihepcidin (MH_H)]. (C) Minihepcidin also improved erythropoiesis in
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> ing analysis of the percentage of BM (D) and splenic (E) erythroid cells using CD44" and
Ter119* cells (n=4-5 animals per group). Results are presented as means + standard

deviation: ****P<0.001, **P<0.01, *P<0.05.

blood transfusion in animals treated or not with MH_H
(see experimental design in Omnline Supplementary Figure
S4B) resulted in increased RBC count and hemoglobin
concentration, and decreased reticulocyte count and
serum erythropoietin concentration (Figure 6A-D).
Furthermore, flow cytometric analysis of bone marrow
and splenic erythroid cells demonstrated that the combi-
nation of MH_H and blood transfusion further reduced
the total number of erythroid progenitors compared to
blood transfusion alone, indicating an improvement of
ineffective erythropoiesis (Online Supplementary Figure
S6A-C).

Transfusion alone in Hb6"""*BMC mice resulted in sig-
nificantly increased serum hepcidin (Figure 7A), likely due
to suppression of both serum erythropoietin concentra-
tion (Figure 6D) and endogenous erythropoiesis (Online
Supplementary Figure S6). Administration of MH_H (with
and without blood transfusion) had little effect on trans-
ferrin saturation (Figure 7B), but improved serum iron lev-
els (Figure 7C) in non-transfused Hb0""*BMC mice.
Compared to Hbb"""BMC mice treated with vehicle
alone, transfusion significantly decreased liver iron con-
centration (Figure 7D, Online Supplementary Figure S7),
likely due to the increased levels in serum hepcidin (Figure
7A), but no further decrease was observed in MH_H-treat-
ed transfused Hbb""*BMC mice.

Appreciable iron deposition in the heart makes our
model helpful to study a pathological feature extremely
relevant in patients affected by thalassemia major. In par-

Table 1. Serum erythroferrone measurements.

Erythroferrone ng/mL

w'l' Hb bthl/thz_v Hb bml/ch_MH_H % %k %k ok
1.0 9.6 43

LLOQ 17.1 8.5

LLOQ 13.0 7.0

2.2 143 6.8

LLOQ 152 .1

LLOQ 9.6 43

24 17.1 8.5

Serum erythroferrone levels in wildtype (WT) and thalassemic animals, treated with
vehicle (V) or a high dose of minihepcidin (MH_H). A statistically significant differ-
ence was observed comparing Hbb"'""* BMC vehicle-treated vs. Hbb""""* BMC MH_H-
treated animals (****P<0.001).The lower limit of quantification (LLOQ) in wildtype
animals was 0.25 ng/mL.

ticular, when we looked at the iron concentration in the
heart, we observed that minihepcidins in combination
with a transfusion regimen significantly reduced iron con-
tent (Figure 7E). Furthermore, as minihepicidins enable
iron sequestration and reduce ineffective erythropoiesis,
we postulate that the decreased erythroid mass also
reduces the amount of iron utilized, leading to a relative
normalization of transferrin saturation and parenchymal
iron deposition. Furthermore, MH_H treatment in trans-
fused HbL"""BMC mice decreased total spleen iron
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1
(Figure 7E  Online Supplementary Figure S7) and low hepcidin levels in the serum, iron overload and suc-
splenomegaly (Figure 7G), reaching levels similar to those =~ cumbed to death due to anemia 4 months after transplan-
in WT mice. Therefore, administration of minihepcidins  tation, mimicking the most severe form of thalassemia in
may also be beneficial in reducing or preventing humans. This relatively slow progression to fatal anemia
splenomegaly and organ-associated iron overload in the enables this model to be used to study drugs, such as
presence of blood transfusion. minihepcidins, with the potential to modulate ineffective
erythropoiesis in the presence and absence of transfu-
sions.
Discussion The administration of a minihepicidin improved RBC
morphology, hemichrome formation, and thus the quali-
We crossed models of NTDT Hbb""" with Hbb"* to ty of RBC, and reversed splenomegaly, ineffective ery-
generate a combination of mutations that decreased syn-  thropoiesis, and anemia in Hb0"""“"BMC mice, our new
thesis of mouse B-globin genes to mimic TDT. These model of TDT. Furthermore, iron parameters, such as
models exhibit severe anemia, high erythroferrone and serum, liver, and spleen iron concentration, were
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decreased in the minihepcidin-treated Ho6""”"BMC mice.
Interestingly, serum erythroferrone levels were
decreased, as expected by a reduction in the number of
erythroid progenitor cells, while hepcidin level was
reduced in comparison to that in untreated mice. This
could be explained by the reduction in liver iron concen-
tration, which may prevail over reduced erythroferrone
levels on regulating hepcidin expression. When a mini-
hepcidin was combined with transfusion, it further
improved splenomegaly, with animals treated in this way
showing an average spleen weight similar to that of WT
mice. This suggests that, in TDT patients, this approach
could further prevent or decrease splenomegaly, thereby
reducing the requirement for splenectomy.

Interestingly, in this setting (6 weeks of weekly blood
transfusions), we did not observe any effect of the mini-
hepcidin on anemia (seen 6 days after the last blood trans-
fusion). It is possible that our transfusion regimen (rate of
administration, 6-week treatment and volume of blood
transfused) may have been insufficient to show potential
differences associated with the administration of minihep-
icidins. Alternatively, administration of the minihepicidin
may have slightly reduced the life-span of transfused RBC
(Online Supplementary Figure S8). Future studies will address
whether this phenomenon is associated only with this
compound or with any drug that activates or mimics hep-
cidin activity. Looking at the characteristics of this mouse
model, different endpoints may be observed in B-tha-
lassemic patients treated with a similar drug. For instance
these animals appear to absorb more iron and produce
more reticulocytes compared to humans. In addition, the
amount of transfusion was limited (only 6 weeks com-
pared to lifelong treatment in humans) and the regimen of
drug administration will likely be different in young and
old patients. Nevertheless, our data indicate that minihep-
icidin administration provides several beneficial effects in

tion treatment.
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combination with transfusion, such as reducing serum and
heart iron concentration, while improving ineffective ery-
thropoiesis, and splenomegaly. Based on previous data
from thalassemia intermedia mice and now from this new
TDT model, we speculate that administration of minihep-
icidins may reduce or eliminate the requirement for trans-
fusions by enhancing the efficiency of endogenous, more
iron-restricted, erythropoiesis in several scenarios: (i) for
those NTDT patients who become progressively more
transfusion-dependent due to disease progression and (ii)
in patients with intermittent transfusion requirements, sta-
bilizing endogenous hemoglobin synthesis sufficiently to
avoid transfusion.*** These potentially beneficial effects
of minihepicidins may be further enhanced by combina-
tion with drugs that increase RBC synthesis, such as luspa-
tercept or sotatercept.”

In conclusion, we generated a new model of TDT that
can be utilized to test drugs with the potential to improve
ineffective erythropoiesis and anemia. Furthermore, we
demonstrate that a minihepicidin has the potential to
improve erythropoiesis and iron metabolism in this
model, providing pre-clinical proof-of-concept for its use
also in B-thalassemic patients affected by forms of ane-
mias more severe than those observed in NTDT.
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Src family kinase-mediated vesicle trafficking
is critical for neutrophil basement membrane
penetration
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ABSTRACT

eukocyte recruitment into inflamed tissue is highly dependent on the

activation and binding of integrins to their respective ligands, followed

by the induction of various signaling events within the cell referred to
as outside-in signaling. Src family kinases (SFK) are the central players in the
outside-in signaling process, assigning them a critical role for proper immune
cell function. Our study investigated the role of SFK on neutrophil recruit-
ment in vivo using Hck” Fgr” Lyn” mice, which lack SFK expressed in neu-
trophils. We show that loss of SFK strongly reduces neutrophil adhesion and
post-arrest modifications in a shear force dependent manner. Additionally,
we found that in the absence of SFK, neutrophils display impaired Rab27a-
dependent surface mobilization of neutrophil elastase, VLA3 and VLA6 con-
taining vesicles. This results in a defect in neutrophil vascular basement
membrane penetration and thus strongly impaired extravasation. Taken
together, we demonstrate that SFK play a role in neutrophil post-arrest mod-
ifications and extravasation during acute inflammation. These findings may
support the current efforts to use SFK-inhibitors in inflammatory diseases
with unwanted neutrophil recruitment.

Introduction

Chronic inflammatory diseases are an increasing problem in western industrial-
ized countries. A hallmark of these disorders is the recruitment of leukocytes from
the circulation into affected tissues. This process follows a well-defined cascade of
activation and adhesion events starting with the initial capture of leukocytes from
the blood stream, followed by rolling along inflamed endothelium.' Both steps are
mediated by selectins interacting with glycosylated ligands on leukocytes.”
Through binding of the leukocyte specific integrin LEA1 (aLp2) to ICAM-1 on
endothelial cells, leukocytes slow down their rolling velocity, and in combination
with chemokine stimulation, firmly arrest on the endothelial surface. This is fol-
lowed by post-arrest modifications, a process characterized by cell spreading,
cytoskeleton rearrangements and crawling along the endothelium, that is critical
for tight adhesion to the substrate and allows an appropriate spot for extravasation
into tissue. Transmigration involves the crossing of the venular wall and the under-
lying vascular basement membrane (BM), two steps which are still incompletely
understood. Several reports suggest a role for the integrins VLA3 (a331) and VLA6
(a6B1) along with neutrophil elastase (NE) in this process.*® Recently, our group has
shown that neutrophils translocate VLAS, VLA6 and NE from internally stored
vesicles to the cell surface, to subsequently cross the vascular BM.° The release of
these vesicles is initiated by interactions of neutrophils with the inflamed endothe-
lium in a PECAM-1/ICAM-1- and CXCL1-dependent manner. Vesicle transport is
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mainly regulated by Rab GTPases and their effector pro-
teins with Rab27a being the main Rab molecule involved
in the secretory machinery of neutrophils.” Rab27a func-
tion is mediated by the two effector molecules synapto-
tagmin-like protein 1 (JEC1, encoded by Sytl1 in mice) and
Munc13-4 (Unc13d).® Although most of these processes
rely on integrin signaling, integrins themselves lack enzy-
matic activity. Therefore, numerous proteins are recruited
to their intracellular tails, among those Src family kinases
(SFK). Their early recruitment during integrin activation
assigns SFK a critical role in the so-called outside-in signal-
ing process and thus regulation of central signaling path-
ways downstream of integrin-receptor ligation.’
Neutrophils express three members of this family, namely
Hck, Fgr and Lyn." Their function has been intensively
studied in SFK single, double (Hck”Fgr”), and triple knock-
out (ko) (Hck”Fg"Lyn”) mice," demonstrating a role for
SFK in integrin activation” and their downstream signal-
ing. Neutrophils isolated from Hck”Fgr” mice showed
poor spreading, indicating that integrin outside-in signal-
ing is impaired.” Additionally, neutrophil migration into
the liver of Hck”Fgr” mice in an i vivo endotoxemia
model is severely reduced.” Furthermore, Kovacs et al.
recently showed that neutrophils exhibit reduced capabil-
ity to create a microinflammatory environment, resulting
in diminished neutrophil extravasation in a model of
autoantibody-induced arthritis and inflammatory blister-
ing skin disease.”

Our study aimed to investigate the effect of SFK on
leukocyte recruitment in an in vivo setting of acute inflam-
mation, focusing on post-arrest modifications and the
molecular mechanism of vascular BM penetration. We
show that, in the genetic absence of SFK, these two steps
are strongly impaired. Adherent Hek” Fgr"Lyn” neutrophils
are unable to withstand shear forces and display dimin-
ished LEA1 clustering with reduced phosphorylation levels
of Paxillin, Cortactin and Syk, suggesting that SFK deple-
tion results in severely impaired adhesion strengthening.
In addition, we show that SFK are critical for crossing the
vascular BM during neutrophil extravasation by facilitat-
ing translocation of VLA3-, VLAG6- and NE-containing
vesicles to the cell surface. Therefore, SFK are not only
important mediators of neutrophil post-arrest modifica-
tions, but are also required to breach the vascular BM.

Methods

Animals

Lyz2°" SFK-ko (Hck”Fgr”Lyn”) and SFK-ko Lyz2“™ mice were
generated as described earlier.'*'® C57BL/6 wildtype mice were
purchased from Janvier Labs (Saint Berthevin, France). All animal
experiments were approved by the Regierung von Oberbayern,
Germany (AZ 55.2-1-54-2531-80-76/12 and 55.2-1-54-2532-102-
2017).

Live cell imaging of in vitro laminin digestion
Transmigration of neutrophils was analyzed in u-Slide mem-
brane ibiPore flow chambers (Ibidi, Planegg, Germany) equipped
with a 300-nm thick membrane with 5-um pores, and a subjacent
rat-tail collagen gel (1.5 mg/mlL) containing 10 uM N-formylme-
thionyl-leucyl-phenylalanine (fMLP) as chemoattractant. The
upper compartment was coated with Laminin (LN), PECAM-1
and ICAM-1, and, in addition, LN was visualized using an anti-LN
antibody conjugated to Alexa Fluor-647 (novusbio, Littleton, CO,

USA). Isolated neutrophils from wildtype and SFK-ko animals
were labeled with CellTracker™ Green CMFDA Dye and
CellTracker™ Red CMTPX Dye (Thermo Fisher, Waltham, MA,
USA), respectively, and distributed into the upper chamber com-
partment in a 1:1 ratio. Time-lapse microscopy with an interval of
50 seconds was performed using an upright spinning-disk confocal
microscope (Examiner; Zeiss) equipped with a confocal scanner
unit CSU-X1 (Yokogawa Electric Corporation, Japan), an EMCCD
camera (Evolve; Photometrics), and a x20/1.0 NA water immer-
sion objective (Plan Apochromat; Zeiss). 3D images (70 z-stacks
with a step size of 2pym) were acquired per time point and ana-
lyzed by generating maximum z-projections over time using
Slidebook 6.0.8 software (3i) and Image]. Interaction strength was
analyzed with the MosaicIA interaction plugin of Fiji.

Functional in vitro and in vivo experiments, including intravital
microscopy," peritonitis experiments, flow chamber experiments,
vesicle trafficking, flow cytometry, western blot analysis and sta-
tistics are described in detail in the Online Supplementary Methods.

Data sharing statement
Original data are available on request.

Results

Src family kinase depletion reduces neutrophil
adhesion and extravasation in inflamed postcapillary
venules in vivo

We first investigated how loss of neutrophil-expressed
SFK influences neutrophil adhesion in TNFa-stimulated
cremaster muscle postcapillary venules using intravital
microscopy. Interestingly, the absolute number of adher-
ent neutrophils was strongly increased compared to wild-
type control mice (Online Supplementary Figure S1A).
However, after adjusting the number of adherent neu-
trophils to the circulating neutrophil count, which was sig-
nificantly higher in SFK-ko mice compared to wildtype
mice (Online Supplementary Figure S1B and C), the neu-
trophil adhesion efficiency calculated as number of adher-
ent cells/mm?® divided by the systemic neutrophil count
was significantly reduced in SFK-ko mice (0.48+0.04) com-
pared to wildtype mice (1.04+0.08) (Figure 1A). This was
not due to altered surface expression of rolling and adhe-
sion relevant surface proteins including CD18, CD11a,
CD11b, CD62L, PSGL1, CXCR2, and CD44 as their sur-
face expression was equal between wildtype and SFK-ko
neutrophils (Online Supplementary Figure S1D). We there-
fore conclude that SEK are critical for neutrophil adhesion
in vivo.

Efficient neutrophil extravasation into tissue is required
for proper host defense. Recently, Kovécs et al. demon-
strated in the K/BxN serum-transfer arthritis model that
SFK deficiency resulted in lower levels of cytokine produc-
tion and release leading to impaired leukocyte extravasa-
tion.” To investigate a cell intrinsic adhesion defect in
SFK-ko mice, we injected TNFa into the mouse scrotum.
This approach circumvents possible effects of a reduced
inflammatory environment and enables us to focus on
neutrophil recruitment itself. Performing Giemsa staining
of TNFa stimulated cremaster muscle whole mounts
revealed strongly reduced numbers of extravasated neu-
trophils in SFK-ko mice compared to wildtype mice
(306.51+43.7 vs. 578.6+72.9, respectively) (Figure 1B and
Ounline Supplementary Figure S1E). Moreover, we calculated
the extravasation efficiency as total number of extravasat-



ed leukocytes divided by the total number of adherent
leukocytes to differentiate between reduced extravasation
due to decreased adhesion versus a specific extravasation
defect. Surprisingly, we observed a strongly reduced
extravasation efficiency in SFK-ko mice (0.21 in SFK-ko
mice vs. 0.77 in wildtype mice) (Figure 1C), indicating that
SFK depletion does not only affect neutrophil adhesion,
but also interferes with extravasation itself. Finally, we
also compared neutrophil cell numbers in the peritoneal
cavity 2 hours (h) after TNFo-induced peritonitis (Figure
1D). In SFK-ko animals, peritoneal neutrophil numbers
were reduced to 50% compared to wildtype mice
(0.42x10° vs. 10°, respectively). Taken together, these
experiments demonstrate an important role for SFK in
neutrophil extravasation.

Adhesion strengthening is severely impaired in Src
family kinase-knockout neutrophils in vitro

Our experiments suggest that SFK-deletion in neu-
trophils results in an extravasation defect in the presence
of the proinflammatory cytokine TNFa. After firm adhe-
sion to the inflamed endothelium, neutrophils start to
polarize and crawl along the endothelium to find a suit-
able spot for extravasation. These changes are highly
dependent on B2 integrins LEA1 (aLf2) and Macl (aMpB2)
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and integrin outside-in signaling.”® We analyzed neu-
trophil crawling using time-lapse microscopy in TNFa-
stimulated cremaster muscle venules of SFK-ko and wild-
type mice. We observed no differences in crawling direc-
tion (Figure 2A), but, interestingly, crawling velocity was
significantly increased in SFK-ko mice (12.3 pm/min) com-
pared to wildtype mice (10.7 um/min) (Figure 2B), sug-
gesting defective adhesion strengthening. Subsequently,
we performed ex vivo flow chamber assays using glass cap-
illaries coated with E-Selectin/ICAM-1/CXCL1 to mimic
the inflamed endothelium. Plots of single cell tracks dis-
played more SFK-ko neutrophils crawling in flow direc-
tion compared to wildtype neutrophils (Figure 2C).
Crawling velocity was increased in SFK-ko leukocytes
(Figure 2D), verifying our in vivo results. Interestingly, only
20% of SFK-ko neutrophils were able to crawl under flow
(Figure 2E and Online Supplementary Mov1), compared to
80% of wildtype cells, suggesting that SFK-ko neutrophils
are unable to maintain stable adhesion to the substrate.
Together, these findings demonstrate a decreased capabil-
ity of SFK-ko neutrophils to withstand shear forces, indi-
cating that SFK are necessary for adhesion strengthening
during post-arrest modifications. To further investigate a
shear stress dependent adhesion defect in the absence of
neutrophil SFK, we conducted detachment assays in the
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Differential total cell counts of neutrophils, eosinophils and other cells: n= 4 wildtype; n=5 SFK-ko mice. (C) Extravasation efficiency was calculated by the number
of extravasated cells/mm? divided by number of adherent cells/mm?. (D) Total neutrophil numbers after peritoneal lavage of the unstimulated or TNFa.-stimulated
peritoneal cavity of wildtype and SFK-ko mice: n=7 wildtype and n=6 SFK-ko mice for unstimulated controls and n=6 wild-type and n=6 SFK-ko mice for TNFa.
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flow chamber using increasing shear forces. Adherent
neutrophils were assessed for each shear stress level and
related to the number of adherent neutrophils under low
flow conditions (Figure 2F). Loss of SFK resulted in a
decrease in shear stress resistant adhesion compared to
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wildtype cells. At wall shear stress levels of 140 dyn/cm’,
only 36% of SFK-ko leukocytes could adhere to the flow
chamber, while 84% of wildtype leukocytes were still
attached. To analyze if these findings also apply under in
vivo conditions, we correlated in vivo shear rates to

I i | Figure 2. Neutrophil shear stress

resistance is impaired in the genetic
absence of Src family kinases (SFK).
In vivo crawling experiments were ana-
lyzed in TNFa-stimulated cremaster
muscle tissue of 5 wildtype and 5 SFK-
knockout (ko) mice. Time-lapse movies
over 15 minutes were performed and
leukocytes were tracked for 15 min-
utes. In vitro crawling experiments
were analyzed using whole blood from
3 wildtype and 3 SFK-ko mice in flow
chambers coated with E-
Selectin/ICAM-1 and CXCL1. Time-
lapse movies over 10 minutes were
performed and leukocytes tracked for
200 time points. All data are present-
ed as meant standard error of the
mean (SEM). *P<0.05; **P<0.005;
***%P<0.001; n.s. : not significant.
(unpaired Student t-test). (A and C)
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absolute numbers of adherent cells/mm’ in TNFa-stimu-
lated post-capillary cremaster muscle venules of SFK-ko
and wildtype mice (Figure 2G). We found a similar shear
rate dependent decrease in the number of adherent
cells/mm’ in SFK-ko mice in vivo compared to wildtype
mice. Additionally, we used a pharmacological approach
and administered the broad-spectrum tyrosine kinase
inhibitor Dasatinib before TNFa-stimulation. Dasatinib
has been used in various studies as a SFK inhibitor and led
to promising results as an immune modulator.” Similar to
the results in SFK-ko mice, we found a decrease in adher-
ent cells with increasing shear rates. Importantly, SKF-ko
mice receiving Dasatinib did not show any further
decrease in adherent cells at high shear stress levels, indi-
cating that Dasatinib exerts its observed effects on adhe-
sion via inhibition of SFK (Online Supplementary Figure
S1F). Taken together, these in vivo and in vitro findings indi-
cate that loss of SFK in neutrophils leads to a shear force
dependent inability to firmly adhere to the inflamed
endothelium, a prerequisite for subsequent extravasation.

Reduced phosphorylation of cytoskeleton-associated
proteins in Src family kinase-deficient neutrophils

To further elucidate the molecular mechanisms of SFK
dependent neutrophil extravasation, we analyzed differ-
ent steps of integrin outside-in signaling that occur after
integrins bind to their receptor. This includes integrin clus-
tering and cytoskeletal rearrangements.” To analyze inte-
grin clustering, we performed time-lapse confocal
microscopy and studied LFA1 clustering in SFK-ko and
wildtype neutrophils in flow chambers coated with
E-selectin/ICAM-1/CXCL1 (Figure 3A and Online
Supplementary Mov2). We observed spreading and polariz-
ing wild-type neutrophils which showed an accumulating
LFA1 signal (clustering) over time at the neutrophil uropod
(Figure 3B). In contrast, SFK-deficient neutrophils
appeared round and unpolarized with no obvious LFA1
clustering. Several cytoskeleton-associated proteins and
signaling molecules are known to be tyrosine phosphory-
lated upon integrin ligation.”® We investigated the phos-
phorylation and activation of the direct SFK target™® Syk
in SFK-ko and wildtype neutrophils plated on ICAM-1
and then stimulated with CXCL1 or PMA. Western blot
analysis of phospho-Syk (Tyr519/520) revealed a strong
upregulation of phosphorylation following stimulation of
wildtype cells. In contrast, SEK deficiency prevented the
upregulation of phosphorylation following stimulation
with CXCL1 or PMA (Figure 3C), indicating that Syk acti-
vation is defective in the absence of SFK. Moreover, we
tested the phosphorylation of the adaptor protein Paxillin,
one of the critical proteins for cell adhesion, migration and
podosome formation, that is known to be tyrosine phos-
phorylated upon B, integrin activation.”” Western blot
analysis showed significant upregulation of Paxillin phos-
phorylation when stimulated with CXCL1 or PMA in
wildtype cells, while no upregulation was detectable in
SFK-ko neutrophils (Figure 3D). In addition, we also inves-
tigated the tyrosine phosphorylation of Cortactin, which
regulates actin branching and therefore cell migration.
Likewise, we observed no significant upregulation of
Cortactin Tyr421 phosphorylation upon CXCL1 or PMA
stimulation in SFK-ko cell, in contrast to wildtype neu-
trophils (Figure 3E). Because during neutrophil adhesion
and migration SFK do not selectively signal via LFA1, but
also via Macl, we additionally analyzed Paxillin phospho-

Src kinases and neutrophil extravasation -

rylation after plating the cells on Fibrinogen (Omnline
Supplementary Figure S1G). Similar to ICAM1 we observed
a stimulus dependent phosphorylation of Paxillin in wild-
type neutrophils, which was absent in SFK-ko neu-
trophils. Taken together, these experiments show that
B.-integrin clustering and subsequent outside-in signaling
is severely impaired in SFK-ko neutrophils.

Src family kinase are indispensable to pass the
vascular basement membrane

For successful extravasation into inflamed tissue, neu-
trophils need to cross the endothelial cell layer and the
underlying vascular basement membrane. We aimed to
investigate whether SFK are required to perform this last
step of extravasation. First, we analyzed transmigration
capacity of SFK-ko neutrophils in a transwell assay using
CXCL1 as chemoattractant (Online Supplementary Figure
S2A). In line with previous results,"” we observed no dif-
ference in transmigration between SFK-ko neutrophils and
wildtype neutrophils. Both groups displayed a proportion-
al increase in transmigration with rising CXCL1 concen-
trations. As a next step, we coated transwells with
laminin-111 (LN1) or a combination of LN1 and PECAM-
1/ICAM-1 and stimulated them with CXCL1 in order to
mimic the situation at the vascular BM, as reported previ-
ously.® No difference in transmigration through LN alone
was detected between wildtype and SFK-ko neutrophils
(Figure 4A). Coating with LN1/PECAM-1/ICAM-1
(LN/P/I) together with CXCL1 stimulation induced a
strong increase in transmigration of wildtype cells.
However, SFK-ko cells failed to cross the artificial BM.
How exactly neutrophils cross the vascular BM is still a
matter of debate, especially, whether the BM is perma-
nently modified by extravasating neutrophils. To further
address this, we conducted transwell assays as described
above, coated with a combination of LN1 and PECAM-
1/ICAM-1 and stimulated with CXCL1. We also used the
same total cell number (2x10°), but this time mixed SFK-
ko x Lyz2GFP neutrophils and wildtype neutrophils in a
1:1 ratio (1x10° wildtype and 1x10° SFK-ko x Lyz2GFP neu-
trophils). In this manner, transmigrated SFK-ko neu-
trophils were identified by their GFP signal. Interestingly,
in combination with wildtype neutrophils, SFK-ko neu-
trophils were able to overcome the BM to the same extent
as wildtype cells, suggesting that wildtype neutrophils
facilitate BM penetration by providing exit points for SFK-
ko neutrophils (Figure 4A). To confirm these findings
in vivo, we performed whole mount staining of TNFa-
stimulated cremaster muscles for LN (green) to visualize
the BM, and MRP14 (red) to visualize neutrophils, then
analyzed the localization of neutrophils by confocal
microscopy. In wildtype tissue, we were able to detect
local areas of increased extravasation, which is in accor-
dance with published literature, describing transmigration
hotspots® (Figure 4B). In contrast, none of these spots
could be found in cremaster muscle tissue of SFK-ko mice.
MPR14-positive cells remained located within the vascular
compartment and only few extravasated neutrophils
could be detected, mainly remaining in close vicinity to
the vessel (white arrows). Overall, SFK-ko neutrophils
covered less distance away from the vessel wall when
compared to wildtype neutrophils (8.0 um vs. 17.3 um,
respectively) (Online Supplementary Figure S2B). These in
vivo findings support our eatlier in vitro findings that SFK
are critical for neutrophils to cross the BM.
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Figure 3. Defective LFA1 clustering and adhesion
strengthening in Src family kinases (SFK)-knockout
(ko) mice. Integrin downstream signaling was ana-
lyzed in isolated wildtype and SFK-knockout (ko)
neutrophils. (A) In vitro integrin clustering experi-
ments were performed using whole blood from
wildtype and SFK-ko mice in flow chambers coated
with E-Selectin/ICAM-1 and CXCL1. Blood samples
were incubated with anti-LFA1-Alexa547 (2D7) to
visualize LFA1 and crawling cells were analyzed for
15 minutes by confocal microscopy. LFA1 intensity
is displayed at different time points. White arrows
point to the uropod. Color code indicates signal
intensity. Dashed lines are exemplary for drawn
intensity profiles analyzed in (B) n=3 wildtype and 3
SFK-ko mice. Scale bar: 5 um. (B) Mean signal
intensities of an intensity profile of LFA1 signal,
grouped into 3 regions: front, middle and rear of the
neutrophil. (C-E) Western blot and respective quan-
titative analysis of Syk (Tyr519/520) (72kDa),
Paxillin (Tyr118) (68kDa) and Cortactin (Tyr421)
(80kDa) phosphorylation after CXCL1 and PMA
stimulation in wildtype and SFK-ko neutrophils plat-
ed on ICAM1. Band intensity was normalized to
respective total protein. All data are presented as
meant standard error of the mean (SEM). *P<0.05;
**%*P<0.001; n.s. : not significant (one-way ANOVA,
Dunnett's multiple comparisons test). N=3 wildtype
and 3 SFK-ko mice.
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wildtype and 3 SFK-ko x Lyz2GFP mice, transwell assays were performed in duplicates. (B) Maximum projections of confocal microscopic images of venules in
TNFo-stimulated cremaster muscle whole mounts from wildtype and SFK-ko mice. Basement membrane was visualized by anti-LN5 (green), neutrophils by anti-
MRP14 (red). Surrounding muscle tissue was visualized by bright field microscopy. White arrows point at extravasated, but still attached neutrophils in SFK-ko tissue.
Scale bar: 20 um. (C) and (E) immunostaining of representative wildtype and SFK-ko neutrophils on BSA- or PECAM-1/ICAM-1/CXCL1-coated (P/l/CXCL1) coverslips
for (C) VLAG and (E) VLA3 analyzed by confocal microscopy. Scale bar: 10 um. (D) and (F) Quantification of ring formation for VLA6 (D) and VLA3 (F). At least 80 cells
from 3 wildtype and 3 SFK-ko mice were analyzed for each condition. (G) Immunostaining of representative wildtype and SFK-ko neutrophils on BSA- or PECAM-
1/ICAM-1/CXCL1-coated coverslips for Rab27a (upper panel), Munc13-4 (middle panel), and JFC1 (lower panel). Scale bar is 5um. (H) Quantification of ring forma-
tion for Rab27a, Munc13-4 and JFC1. At least 80 cells from 3 wildtype and 3 SFK-ko mice were analyzed for each condition. All data are presented as mean+SEM.
*P<0.05; P<0.005; ***P<0.001; n.s. : not significant (two-way ANOVA, Sidak multiple comparison test).
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Impaired vesicle transport in the absence of Src family
kinase in neutrophils

We and others have previously shown that mobilization
of vesicles containing VLAS3 and VLAG6 to the plasma
membrane is an important process during vascular BM
penetration.**® To investigate whether SFK have a role in
this process, we analyzed the SFK-dependent transloca-
tion of VLAG6 and VLAS to the plasma membrane of SFK-
ko and wildtype neutrophils. Bone marrow derived neu-
trophils of SFK-ko and wildtype mice were plated on BSA
or, again, on a combination of PECAM-1/ICAM-1 and
CXCL1 and subsequently stained for VLA6 or VLAS.
Plasma membrane translocation was visualized by confo-
cal microscopy as “ring formation” (Figure 4C and E). We
observed fewer SFK-ko cells (37%) displaying a ring of
VLAG6, when plated on PECAM-1/ICAM-1/CXCL1 com-
pared to wildtype (55%) (Figure 4D). This observation
was also true for VLAS, where only 52% of SFK-deficient
neutrophils showed vesicle translocation, compared to
82% of wildtype cells (Figure 4F). To test whether ring for-
mation can also be observed i vivo, whole mount cremas-
ter muscle stainings were conducted for VLAG6, which
revealed a similar trend as i viro. In wildtype whole
mounts, extravasated neutrophils displayed a ring-like
staining for VLAG, while intravascular neutrophils showed
only a diffuse signal. In SFK-ko whole mounts, intravascu-
lar and extravasated cells showed no clear peripheral
staining (Online Supplementary Figure S2C). Next, we plat-
ed wildtype neutrophils on BSA or PECAM-1/ICAM-
1/CXCL1 and stained for SFK. Confocal micrographs
revealed diffuse intracellular SFK staining when cells were
plated on BSA (Online Supplementary Figure S2D). Upon
stimulation with PECAM-1/ICAM-1/CXCL1, we
observed a clear SFK signal at the cell border. Again, we
quantified SFK distribution and observed a pronounced
SFK translocation to the cell periphery when neutrophils
were plated on PECAM-1/ICAM-1/CXCL1 (Ounline
Supplementary Figure S2E). These experiments support a
critical role for SFK by strongly interfering in vesicle traf-
ficking of neutrophils i vitro and in vivo.

Src family kinase regulate Rab27a-dependent vesicle
translocation

Vesicle trafficking in neutrophils is mainly regulated by
Rab27a GTPases and their corresponding effector pro-
teins. In neutrophils, Rab27a works in collaboration with
two of its known effectors, JEC1 and Munc13-4, on vesicle
trafficking and exocytosis of secretory vesicles and
azurophilic granules.® We analyzed the translocation of
Rab27a, JEC1 and Munc13-4 to the cell periphery upon
PECAM-1/ICAM-1/CXCL1 stimulation as described
above. In wildtype neutrophils, stimulation resulted in
translocation of Rab27a and its effectors (Figure 4G).
While 60% of wildtype neutrophils displayed a ring-like
structure, only 40.1% showed Rab27a translocation in
SFK-ko neutrophils (Figure 4H). Similarly, staining for
JEC1 (50.1% vs. 29.2%) and Munc13-4 (60.9% vs. 31.3%)
revealed an equal trend for wildtype vs. SFK-ko neu-
trophils, respectively. Taken together, these experiments
show a clear SFK-dependent activation of the secretory
machinery in neutrophils.

NE-dependent laminin degradation is defective in Src
family kinase-ko neutrophils
Neutrophil extravasation is not only dependent on the

translocation of LN binding p1 integrins, but also on the
serine proteinase neutrophil elastase (NE).>”” We first ana-
lyzed the localization of NE in neutrophils plated on either
BSA or PECAM-1/ICAM-1/CXCL1 as described above
(Figure 5A). Similar to VLA3 and VLAG6, we observed an
increase in ring formation from 21.9% in BSA stimulated
wildtype neutrophils to 59.1% of wildtype neutrophils
stimulated on PECAM-1/ICAM-1/CXCL1 (Figure 5B).
This upregulation of vesicle translocation was absent in
SFK-ko neutrophils (20.0% for BSA vs. 31.2% for PECAM-
1/ICAM-1/CXCL1 coating). In neutrophils, NE is stored in
azurophilic granules together with a variety of other pro-
teinases and antimicrobial proteins such as myeloperoxi-
dase (MPO). Neutrophils release MPO after stimulation
with TNFa.***" Thus, we additionally quantified MPO
release in the serum of SFK-ko and wildtype mice by
ELISA 2 h after TNFo stimulation. While we did not
observe upregulation of MPO in the serum of SFK-ko mice
2 h after TNFa stimulation (158.4 ng/mL before vs. 184.0
ng/mL after TNFa stimulation) (Figure 5C), MPO levels
were markedly increased in the serum of TNFa stimulated
wildtype mice (113.0 ng/mL before vs. 473.5 ng/mL after
TNFa stimulation). This indicates that SFK are required
for the release of azurophilic granule content including NE
and MPO. Earlier studies revealed that NE is able to pro-
teolytically cleave laminins. In addition, NE activates dif-
ferent matrix metalloproteinases (IMMP) that are involved
in matrix degradation.***However, the relevance of these
NE functions for neutrophil transmigration are still not
completely understood. By applying a NE-fluorescent acti-
vatable substrate (NEG6BOFAST) in postcapillary venules
with or without TNFa stimulation we were able to inves-
tigate NE activity in wildtype and SFK-ko cremaster
whole mounts. Compared to unstimulated controls,
TNFo stimulation led to a robust NE activity signal in
wildtype mice (Figure 5D). As expected, this activity was
reduced in SFK-ko venules, indicating that there is reduced
NE dependent substrate cleavage in the absence of SFK
(Figure 5D).

Next, we investigated whether wildtype neutrophils are
able to degrade BM constituents under in vitro conditions.
To this end, we performed transwell experiments in a sys-
tem that allows us to image neutrophil crawling and
extravasation by spinning disc confocal microscopy.
Neutrophils from wildtype and SFK-ko mice were isolated
and stained with different cell trackers (CellTracker™ Red
CMTPX Dye and CellTracker™ Green CMEDA Dye,) to
image both neutrophil populations in one transmigration
chamber. In addition, laminin was visualized with an
Alexa-647 coupled antibody. We observed intensive
degradation of LN by wildtype neutrophils only, which
could be identified by the disappearance of fluorescently
labeled LN over time (Figure 5E, Ounline Supplementary
Figure S3A and Online Supplementary Mov3). When we used
SFK-ko neutrophils only, no degradation of LN was
observed (Online Supplementary Figure S3B). Interestingly
we found that SFK-ko neutrophils, which were unable to
digest the LN layer, migrated strongly towards wildtype
neutrophils during the observation period (Figure 5F and
G and Online Supplementary Mov4). We quantified this
association of SFK-ko neutrophils around wildtype cells in
a randomization approach. Here, the interaction strength
is a measure of the degree of dependence of spatial distri-
bution between wildtype and SFK-ko neutrophils. We
observed an interaction strength of 5.1 after 1,000 seconds
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of observation (Online Supplementary Figure S3C and D),
indicating that this accumulation is not random, but high-
ly dependent. These experiments strongly support the
concept of SFK-dependent BM degradation by extravasat-
ing wildtype neutrophils. In addition, our results indicate
that LN degradation fragments might exert chemotactic
activity.

To finally show that these in vitro findings are also rele-
vant under in vivo conditions, we injected labeled
(CellTracker™ Deep Red Dye) SFK-ko or wildtype neu-
trophils into Lyz2* or SFK-ko x Lyz2%* mice, respectively,
and observed neutrophil behavior using multi-photon
microscopy of the mouse cremaster muscle vasculature.
Compared to SFK-ko x Lyz2“* mice, where neutrophils
accumulated in the vessel or were stuck to the abluminal
side, we observed strongly elevated numbers of
extravasated neutrophils in the periphery, when wildtype
neutrophils were present (Figure 5H and Ounline
Supplementary Mov5 and 6). Additionally, we were able to
visualize SFK-ko x Lyz2°* neutrophils accumulating
around adherent wildtype cells, confirming the observed
behavior of SFK-ko neutrophils in the in wvitro setting
(Figure 5I). Also, in the experiment in which we inverted
the procedure, by injecting fluorescently labeled SFK-ko
neutrophils into Lyz2°* mice, we could observe
extravasated SFK-ko neutrophils (Online Supplementary
Figure S3E and Online Supplementary Mov7 and 8). These
experiments strengthen the concept of wildtype neu-
trophils creating a path through the BM which enables
SFK-ko neutrophils to extravasate into inflamed tissue
in vivo.

Discussion

Integrin outside-in signaling is critical for neutrophil
firm adhesion to and extravasation through the vessel wall
into inflamed tissue. The short intracellular integrin tail
has no enzymatic activity and acts exclusively as a binding
site for recruited proteins, which, in turn, activate a broad
range of pathways, spanning from cytoskeletal rearrange-
ments and integrin clustering to vesicle trafficking. It has
been widely accepted that tyrosine phosphorylation of
ITAM motives by members of the Src family kinases is
one way of integrin outside-in signaling.” Therefore, SFK
triple knockout mice (Hck”Fgr"Lyn”, here named SFK-ko)
have been used to study the function of these kinases in
neutrophils in an in vivo model of acute inflammation.
Interestingly, Hck”Fgr” neutrophils displayed no adhesion
defect in earlier static adhesion experiments on ICAM-
1,"%* while our findings show a dramatic decrease in neu-
trophil adhesion efficiency in inflamed cremaster muscle
venules in vivo implying that SFK-dependent neutrophil
adhesion is sensitive to shear stress. We also found that
neutrophil extravasation in SFK-deficient mice was dra-
matically decreased when compared to wildtype mice,
which was caused by an SFK-dependent intrinsic extrava-
sation defect. This observation is in line with various
reports in different inflammation models with SFK-ko
mice'*>”" where decreased numbers of neutrophils were
observed. Lowell et al. linked low PMN numbers in the
liver during endotoxemia to a failure of Hck”Fgr” neu-
trophils to rearrange their actin cytoskeleton, while
cytokine production was unchanged. We clearly demon-
strate that in the absence of SFK, neutrophils are unable to

strongly adhere to the substrate under flow and detach
in vitro and in vivo, due to defective LFA1 clustering and
poor adhesion strengthening. The application of the tyro-
sine inhibitor Dasatinib led to a comparable shear rate
dependent decrease in adherent neutrophils in inflamed
venules in vivo. This strengthens previous findings of an
improved outcome during sepsis after Dasatinib applica-
tion, where leukocyte infiltration into the inflamed peri-
toneum was reduced in a dose-dependent manner.”!
Interestingly, most in vitro studies were performed under
steady state conditions, where integrin clustering and
crawling were unaffected in SFK deficient leukocytes, ¥
neglecting the impact of shear stress on neutrophil adhe-
sion. This phenomenon was previously observed in
WASP- and mAbp1-deficient mice, where integrin cluster-
ing and migration defects only arose when neutrophils
were analyzed under shear stress.*®” Our study demon-
strates that neutrophil adhesion strengthening under flow
conditions is dependent on SFK which mediate clustering
of integrins, the rearrangement of the actin cytoskeleton
along with polarization of the cell.* Several cytoskeleton
associated proteins required for adhesion are reported
phosphorylation targets of SFK (directly or indirectly via
Syk) like Paxillin and Cortactin."* Here we clearly show
reduced phosphorylation of these adhesion-relevant pro-
teins.

We also aimed to answer the question as to whether
SFK are required for the extravasation process beyond the
endothelial layer. It was suggested that leukocytes pre-
dominantly cross the vascular BM at LN low expression
regions (LER),* and recent publications, including those
from our lab, showed that neutrophils need to translocate
vesicles containing VLA3, VLAG6 and NE to their surface in
a MST1-Rab27a dependent manner in order to overcome
the BM.***%* Our results identify for the first time SFK to
be an additional critical component of this process. We
show that SFK-ko neutrophils fail to pass an artificial LN
barrier, and even when stimulated with PECAM-1 and
ICAM-1, SFK-ko neutrophils are unable to release
azurophilic granules and translocate integrin containing
secretory vesicles. Exocytosis and vesicle transfer in neu-
trophils is strongly regulated by the GTPase Rab27a and
its two effectors JFC1 and Munc13-4.> We demonstrate
that PECAM-1/ICAM-1 and CXCL1 stimulation facilitates
the translocation of all three proteins to the membrane of
wildtype neutrophils, suggesting that SFK regulate vesicle
transport in a Rab27a-dependent manner. How MST1 and
SFK co-operate in this process is still unclear and needs
further investigation. Of note, MPO release was not defec-
tive in MST1 deficient neutrophils (M Sperandio, 2019,
unpublished data/personal communication) compared to SFK-
ko neutrophils, where a marked impairment in MPO
release could be observed, suggesting that SFK are
involved in neutrophil vesicle trafficking independently of
MST1.

The role of NE during neutrophil extravasation is still
controversial, as is the role of BM degradation by elastases
or MMP**#% However, recent findings suggest that this
might, at least in part, be related to the experimental
model used. Reichel et al. could clearly demonstrate
decreased extravasation into inflamed cremaster muscle
tissue after blockage of gelatinases by the specific
inhibitor MMP-2/-9 inhibitor IIl.* Furthermore, Young et
al. were able to show NE-dependent extravasation using
the same model.” It was also suggested that NE/MMP-



dependent LN degradation creates peptides that are
chemoattractant for neutrophils.® In line with these find-
ings, we were able to show diminished LN degradation by
SFK-ko neutrophils in vitro using spinning disk confocal
microscopy. Surprisingly, we observed that SFK-ko neu-
trophils, which are unable to degrade the LN barrier them-
selves, arrange around wildtype neutrophils, strongly sup-
porting the hypothesis of the chemoattractant function of
LN-fragments. Although our data seem to partly contrast
with the study by Kovdcs et al., in which no intrinsic neu-
trophil migration defect was observed in the genetic
absence of SFK,” we propose that this is due to the differ-
ent models used. It is also likely that the rescued extrava-
sation into the synovial joint in their mixed chimeric mice
(50% SFK-ko, 50% wildtype neutrophils) is in part due to
restored NE or protease secretion and subsequent BM
degradation by wildtype neutrophils.

Taken together, we have demonstrated a critical role for
SFK in various steps along the neutrophil adhesion cas-
cade during acute inflammation. While its effect on adhe-
sion strengthening is the direct consequence of its promi-
nent role directly downstream of integrin ligation and sig-

naling, the regulation of vesicle trafficking during neu-
trophil extravasation is unexpected and provides new
insights on the extravasation process through the vascular
BM, supporting the concept of neutrophil-mediated vas-
cular BM digestion along this route.
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ABSTRACT

nv(11)(p15g23), found in myelodysplastic syndromes and acute myeloid
Ileukemia, leads to expression of a fusion protein consisting of the N-ter-

minal of nucleoporin 98 (NUP98) and the majority of the lysine methyl-
transferase 2A (KMT2A). To explore the transforming potential of this
fusion we established inducible iNUP98-KMT2A transgenic mice. After a
median latency of 80 weeks, over 90% of these mice developed signs of dis-
ease, with anemia and reduced bone marrow cellularity, increased white
blood cell numbers, extramedullary hematopoiesis, and multilineage dyspla-
sia. Additionally, induction of INUP98-KNVT2A led to elevated lineage mark-
er-negative Sca-1" c-Kit" cell numbers in the bone marrow, which outcom-
peted wildtype cells in repopulation assays. Six INUP98-KAMT2A mice devel-
oped transplantable acute myeloid leukemia with leukemic blasts infiltrating
multiple organs. Notably, as reported for patients, iNUP98-KMT2A
leukemic blasts did not express increased levels of the HoxA-B-C gene clus-
ter, and in contrast to KMT2A-AF9 leukemic cells, the cells were resistant to
pharmacological targeting of menin and BET family proteins by MI-2-2 or
JQ1, respectively. Expression of iINUP98-KMT2A in mouse embryonic
fibroblasts led to an accumulation of cells in G1 phase, and abrogated
replicative senescence. In bone marrow-derived hematopoietic progenitors,
iNUP98-KMT2A expression similarly resulted in increased cell numbers in
the G1 phase of the cell cycle, with aberrant gene expression of Sirt1, Tert,
RbI2, Twist1, Vim, and Prkcd, mimicking that seen in mouse embryonic
fibroblasts. In summary, we demonstrate that iINUP98-KMT2A has in vivo
transforming activity and interferes with cell cycle progression rather than
primarily blocking differentiation.

Introduction

The gene encoding the 98 kDa nuclear pore protein (NUP98) is recurrently
involved in chromosomal translocations associated with various hematologic
malignancies. Most of these translocations result in the expression of fusion genes
comprising the N-terminal phenylalanine-glycine (FG)-repeats of NUP9S8 fused to
a large group of different partners of which the homeobox family of transcription
factors (such as HOXA9 or HOXD13) or non-homeobox epigenetic regulators are
a part.”” Like NUP9S, the lysine methyltransferase KMT2A, also referred to as
“mixed lineage leukemia” (VLL) gene, encoding for a SET-domain histone H3K4
methyltransferase is a recurrent target of leukemia-associated chromosomal
rearrangements. These generally lead to expression of fusion transcripts that con-
tain the amino-terminal moiety of KAMT2A fused to different partners, of which
AF4, AF9, ENL and AF10 are among the most prevalent of the currently more than
70 known.** Several KMT2A fusions have been shown to be hematopoietic onco-
genes, which phenocopy the disease i vivo when expressed in murine bone mar-
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row (BM).* In cases in which these fusions do not con-
tain the KMT2A-SET (suppressor of variegation 3-9,
enhancer of zeste, and trithorax) domain, they acquire
H3K79 or H4R3 histone methyltransferase- or acetyl-
transferase activity through interactions with several co-
factors.”® The interaction between chromatin and
KMT2A fusions, mediated by the N-terminal menin- and
the LEDGEF (lens epithelium-derived growth factor) bind-
ing domain, has been shown to be crucial for mainte-
nance of the leukemic phenotype.”" Exploration of the
KMT2A-menin-LEDGF interaction triad has led to the
development of a series of promising small molecules
with potent antileukemic activity."""> More recent studies
have proposed physical interactions between NUP98, and
NUP98 fusion proteins, with KMT2A and non-specific
lethal histone-modifying protein complexes. Parallel
genetic studies using mouse models suggested that
NUP98-fusion gene driven leukemogenesis might be
dependent on KMT2A function.”"

Inv(11)(p15g23) has been reported as the sole chromo-
somal abnormality in patients with several hematologic
malignancies including myelodysplastic syndromes
(MDS) and acute myeloid leukemia (AML);** however,
to date NUP98-KMT2A fusion expression has only been
reported in two patients with AML." Using fluorescent in
situ hybridization and reverse transcription quantitative
polymerase chain reaction (PCR), Kaltenbach et al. found
that inv(11)(p15q23) leads to fusion of the NUP98-FG-
repeats to almost the entire KMT2A open reading frame
(OREF).” In this case, exon 1 encoding for the N-terminal
menin-LEDGF interaction domain is lost. In contrast to
other KMT2A- or NUP98-fusion associated diseases,
NUP98-KMT2A" leukemic blasts did not express known
KMT?2A targets such as the HOXA-gene cluster (HOXAS,
HOXA7, HOXA9, or HOXA10) suggesting alternative
mechanisms of transformation. As the size of the NUP98-
KMT2A fusion ORF (>12 kb) limits the ability to test its
transforming activity by retroviral expression in BM cells,
we generated an inducible transgenic mouse model. We
found that iINUP98-KMT2A expression led to a sympto-
matic” hematologic disease mimicking human MDS or
AML that, as in patients, was not associated with elevat-
ed expression of the Hox-A-B-C gene cluster.” Thus, our
work formally proves that a fusion, in which the N-termi-
nus of KMT2A is replaced by the FG-repeats of NUP98, is
a leukemogenic oncogene.

Methods

Primary induction of iNUP98-KMT2A expression

Adult transgenic mice were provided with doxycycline-
impregnated chow pellets (400 ppm Doxycycline Diet, Harlan-
Teklad) ad libitum from 6-8 weeks of age until analysis. All exper-
iments were conducted in compliance with Swiss animal wel-
fare laws and were approved by the Swiss Cantonal Veterinary
Office of Basel Stadt.

Flow cytometry, colony-forming assays and cell culture
Total BM cells were isolated from wildtype (WT) C57BL/6
and iINUP98-KMT2A mice and processed with the Direct
Lineage Cell Depletion kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). For immunophenotypic analysis, cells were incubat-
ed with antibodies recognizing the mouse lineage markers:
CD11b (Mac-1), Ly-6G (Gr-1), CD117 (c-Kit), FeyRIVIIL, Ter119,

CD71, B220, CD3, and CD34. For lineage marker-negative Sca-
1" c-Kit" (LSK) characterization, lineage marker negative (Lin)
BM cells were stained with Ly-6A/E (Sca-1), c-Kit, CD150
(SLAM1) and CD48, as well as CD45.1 and CD45.2 antibodies.

For proliferation experiments, 1x10° Lin' BM cells were cul-
tured in liquid media containing murine stem cell factor (100
ng/mlL), murine interleukin 3 (6 ng/mL), human interleukin 6 (10
ng/mlL) and doxycycline (1 pug/mL). For colony-forming assays,
5x10° Lin cells were plated in 2 mL of methylcellulose
(MethoCult M3434, StemCell Technologies, Vancouver,
Canada) and counted after 8-10 days. For cell cycle analysis, cells
were fixed for 16 h at 4°C in a 4% paraformaldehyde solution
(Thermo Scientific, Monza, Italy) then stained with Hoechst
33342 (Invitrogen, Waltham, USA) and pyronin Y (Sigma, St.
Louis, USA) for 40 min at room temperature, flowed for 15 min
on ice, before washing in FACS buffer and analysis. For in vitro
experiments, unless indicated otherwise, doxycycline was used
at a concentration of 1 ug/mlL.

PO-PRO-1 and 7-aminoactinomycin D staining of apop-
totic cells

Apoptotic cells were quantified using the PO-PRO-1 and 7-
aminoactinomycin D staining kit (Invitrogen, Waltham, USA) in
accordance with the kit protocol.

Expression analysis of senescence-related genes in
iNUP98-KMT2A mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEF) were generated by isola-
tion of E14.5 embryos from iINUP98-KMT2A mice and the geno-
type was checked by PCR. To investigate senescence, WT and
iNUP98-KMT2A MEF were grown in Dulbecco modified Eagle
medium with doxycycline and serially passaged into 100 mm
plates when 90% confluence was reached. pB-Galactosidase
staining was performed using the Senescence B-Galactosidase
Staining kit (Cell Signaling, Leiden, the Netherlands) when WT
MEF started showing signs of senescence. RNA was extracted
from MEEF cell pellets at early and late passages and senescence-
related gene expression was analyzed by quantitative real-time
PCR using a commercially available kit (RT2 Profiler PCR Array,
QIAGEN AG, Hombrechtikon, Switzerland) (Online
Supplementary Table S2) as well as by manual quantitative PCR
using specific primers. Gene expression levels on the RT? Profiler
PCR Array were normalized to an internal panel of housekeep-
ing genes, whereas individual quantitative PCR data were nor-
malized to Gapdh.

Exposure of leukemic blasts to menin and BET
inhibitors

iNUP98-KMT2A and KMT2A-AF9 leukemic blasts were iso-
lated and treated for 48 h in vitro with 0-500 nM of the BRD4
inhibitor JQ1/vehicle (dimethylsulfoxide, DMSO) or 0-12 uM of
the menin-interaction inhibitor MI-2-2/vehicle (DMSO). Cell
cycle analysis was performed at the 48 h time-point after stain-
ing with Hoechst 33342 and pyronin Y as described above.

Results

Establishing iNUP98-KMT2A transgenic mice

To address the transforming potential of NUP9S-
KMT2A, we cloned a full-length human fusion ORF into
the p2LOX targeting-vector to integrate it into the Hprt
gene locus on the X-chromosome under the control of a
doxycycline-responsive element in embryonic stem cells.
A reverse Tet transactivator (r1TA) stably integrated in the



Rosa26 locus allows doxycycline-regulated transgene
expression (Figure 1A)."”* We used primarily female
mice to mitigate the effects of any potential sex-related
differences in transgene expression.

Induction of iNUP98-KMT2A results
in an myelodysplastic syndrome-like disease in vivo

Primary-induced iNUP98-KMT2A mice developed signs
of distress after a variable latency of 13-106 weeks (median
latency=80 weeks, n=22) (Figure 1B). Blood values from
non-induced iINUP98-KMT2A mice did not differ signifi-
cantly from those of WT mice (Online Supplementary Figure
S1A). We also explored disease induction by transplanting
total BM from naive (off doxycycline) iNUP98-KMT2A
mice into lethally irradiated syngenic WT mice. In compar-
ison to primary-induced mice, BM transplant recipient ani-
mals developed the symptoms earlier (median latency=32
weeks, P=0.0007, log-rank test, n=5) (Figure 1B, Omnline
Supplementary Table S3).

Most symptomatic primary-induced iNUP98-KMT2A
mice had peripheral blood counts in the normal range
with slightly increased numbers of white blood cells, and
reticulocytes. Decreases were seen in hemoglobin levels
and red blood cell numbers (P=0.049, unpaired t-test,
n=15) (Figure 1C). Blood values from iNUP98-KMT2A
BM transplant recipients revealed a similar trend to those
of primary-induced samples in all parameters analyzed
with significantly increased numbers of white blood cells
(P=0.0006, unpaired t-test, n=5) and reduced cellular
hemoglobin levels (P=0.03, unpaired t-test, n=5). Notably,
the overall cellularity of the BM of primary-induced mice
was reduced (P=0.0099, unpaired r-test, n=9) relative to
controls. Further analysis of different BM subpopulations
revealed decreased numbers of myeloid cells (Mac-1"/Gr-
19, B cells (B220"), and T cells (CD3") (Ounline
Supplementary Figure S1B). Signs of intramedullary apop-
totic cell death was found in some but not all mice as
measured by combined PO-PRO-1 and 7-aminoactino-
mycin D staining (Figure 1C) with non-significant
increased apoptosis of CD71"Ter119", but not of myeloid
(Mac-1%, Gr-1) or lymphoid (CD37/CD87/B220") cells
from primary-induced animals relative to WT controls
(Online Supplementary Figure S1C). In primary induced
mice we occasionally observed signs of dysplasia on
blood smears, with the appearance of bi-lobed myeloid
cells and polychromatophilic reticulocytes (Figure 1D) as
well as signs of extramedullary hematopoiesis in the
spleen and the liver (Figure 1E).

The BM of iINUP98-KMT2A mice that had been on doxy-
cycline for several months displayed rather heterogeneous
immunophenotypes: some showed an increase in Mac-
1*/Gr-1* cells, whereas others showed a marked decrease in
mature myeloid cells with concomitant increases in
FeyRIVIII* and c-Kit populations (Figure 1E G).

To address potential reversibility, we transplanted
iNUP98-KMT2A BM cells into lethally-irradiated WT recip-
ients on doxycycline: upon development of symptoms in
the first mouse, we reverted to non-doxycycline chow and
followed the remaining mice for several months. Disease-
free survival was significantly increased by the removal of
doxycycline food (median latency=49 weeks, P=0.002, log-
rank test, n=6) (Figure 1B) although analysis of peripheral
blood at death revealed that many parameters remained
similar to those of BM transplant recipients on doxycycline
until death (Figure 1C).

Collectively, these data show that transgenic expression
of INUP98-KMT2A alters the hematopoietic system in vivo:
there were increases in the numbers of white blood cells
and apoptotic cells, and decreases in hemoglobin and the
numbers of red blood cells and cells in the BM with signs of
extramedullary hematopoiesis and morphological signs of
dysplasia with some interindividual differences.

Expression of iNUP98-KMT2A leads to expansion and
competitive advantage of hematopoietic stem and
progenitor cells

We next studied the impact of iINUP98-KMT2A expres-
sion on the cellular hierarchy of the BM. We found that
prior to developing symptoms (mean time on doxycycline:
36 weeks), iNUP98-KMT2A mice displayed an expansion
of Lin' Sca-1* c-Kit" (LSK) hematopoietic stem and progeni-
tor cells (HSPC) (P=0.04, unpaired r-test, n=4) (Figure 2A,
Online Supplementary Figure S1D). Further breakdown of the
LSK compartment revealed no significant changes in the rel-
ative distribution of CD34 long-term hematopoietic stem
cells, and CD34*, CD48*, CD150" multipotent progenitors
(Figure 2B). Interestingly, we found that iNUP98-KMT2A
LSK, but not mature cells, from asymptomatic mice (mean
time on doxycycline: 55 weeks) were cycling more than
control cells as shown by a reduced fraction of quiescent
cells in G, phase (P=0.0098, unpaired r-test, n=3) and an
increase in the G; fraction (Figure 2C, Online Supplementary
Figure S1E).

To address the functional consequence of the increased
LSK number in iNUP98-KMT2A mice on doxycycline, we
performed competitive repopulation assays. Naive CD45.2*
iNUP98-KMT2A or WT (CTRL) total BM cells were trans-
planted 1:1 with CD45.1* WT total BM cells into lethally-
irradiated CD45.1* WT recipients (on doxycycline) and the
cellular chimerism in the peripheral blood was determined
4,8, 12, 18, and 25 weeks after transplantation. We
observed that the proportion of CD45.2* iNUP98-KMT2A
cells in the peripheral blood steadily increased over time
(Figure 2D) whereas the chimerism in mice that received
CD45.2* WT BM cells did not change significantly, remain-
ing near to 50%. The percentage of iNUP98-KMT2A
CD45.2" cells was initially lower than that of CTRL (WT)
(P=0.0153, t-test, n=5). After 18 weeks, CD45.2* iNUP98-
KMT2A cell numbers had increased by 1.6-fold compared
to week 4 (P=0.034, t-test, n=5) and by 25 weeks CD45.2*
iNUP98-KMT2A cell numbers had further increased rela-
tive to initial measurements (P=0.004, t-test, n=5) and were
20% greater than CD45.2* WT cells at the same time-point
[P=0.019, 2-way analysis of variance (ANOVA), n=4].
Interestingly, INUP98-KMT2A CD45.2° cells contributed to
a greater extent to the myeloid lineage (Gr-1) and the B lin-
eage (B2207) but equally to the T lineage (CD3"), compared
to WT controls (Figure 2E). Transplantation of total BM
from primary recipients into lethally-irradiated CD45.1*
secondary recipients resulted in a heterogeneous outcome:
in two mice (“M1” & “M2”) the BM was dominated by
CD45.2" cells, while two other mice (“M4” & “M5”)
showed predominantly CD45.1* cells. One mouse (“M3”)
developed a CD45.2° AML 23 weeks after transplantation
(Figure 2F).

Some iNUP98-KMT2A mice develop transplantable
acute myeloid leukemia

After a median latency of 62 weeks, six out of 22
iNUP98-KMT2A mice on doxycycline developed a
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Figure 1. Expression of iNUP98-KMT2A leads to development of a myelodysplastic syndrome-like disease in transgenic mice. (A) iINUP98-KMT2A mice contain a reverse
Tet transactivator (rtTA) element in the Rosa26 gene locus on chromosome 6 (Chr 6), and a human NUP98-KMT2A open reading frame after a TET-responsive element
(TRE) in the Hprt locus on the X-chromosome (Chr X). Administration of the tetracycline analog, doxycycline (DOX) leads to expression of the NUP98-KMT2A fusion construct.
(B) Kaplan-Meier curves for DOX-exposed primary-induced adult (6-10 weeks) iINUP98-KMT2A mice and wildtype (WT) littermates (CTRL), as well as adult WT irradiated
recipients of iINUP98-KMT2A total bone marrow transplants (BMT) exposed to DOX (BMT + DOX) and BMT recipients taken off DOX (BMT DOX rem) after 31 weeks.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, log-rank test. (C) Blood values from DOX-exposed adult iINUP98-KMT2A mice and WT littermates (CTRL), as well as
adult WT irradiated recipients of iNUP98-KMT2A total BMT exposed to DOX (BMT + DOX) and BMT recipients taken off DOX (BMT DOX rem) after 31 weeks. *P<0.05,
**P<0.01, ***P<0.001, unpaired t-tests. WBC: white blood cells; RBC: red blood cells; HGB: hemoglobin; LUC: abnormal leukocytes. (D) Dysplastic immature myeloid cells
on peripheral blood smears of pre-leukemic DOX-induced iINUP98-KMT2A mice as well as WT recipients of iINUP98-KMT2A total BMT on DOX. Scale bar: 10 um. (E)
Histopathology sections of DOX-exposed iINUP98-KMT2A mice show extramedullary hematopoiesis in the spleen and liver. Scale bar: 100 um. (F) Immunophenotype (Mac-
1, Gr-1, FeyRII/N and c-Kit, given in %) of total bone marrow cells from pre-leukemic iINUP98-KMT2A mice. The flow plots are representative of three mice/group. (G)
Immunophenotype (Mac-1, Gr-1, FcyRIl/Ill and c-Kit, given in %) of total bone marrow cells from WT mice transplanted with iINUP98-KMT2A bone marrow on DOX. Mice
exhibited two diverse phenotypes; denoted a and b. Transplanted mice off DOX were used as the negative control.
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Figure 2. Expression of iNUP98-KMT2A results in LSK cell expansion with a competitive repopulation advantage. (A) Lineage negative (Lin) bone marrow (BM) cells
from pre-leukemic INUP98-KMT2A mice and wildtype (WT) littermate controls (CTRL) were stained for c-Kit and Sca-1 and analyzed by flow cytometry. *P<0.05,
unpaired t-test. (B) Lin' BM from pre-leukemic iNUP98-KMT2A mice and WT littermate controls were stained for markers of long-term hematopoietic stem cells (LT-
HSC) (LSK, CD150*, CD48) and multipotent progenitors (MPP) (LSK, CD34*, CD48*, CD150) and analyzed by flow cytometry. The percentages of LSK identified as
LT-HSC and MPP are shown. (C) Cell cycle analysis of LSK from pre-leukemic iNUP98-KMT2A mice and WT littermate controls. **P<0.01, unpaired t-test. (D)
Competitive repopulation assay: lethally-irradiated CD45.1 WT recipients were transplanted with a 1:1 mixture of total BM cells from CD45.2 iNUP98-KMT2A and
CD45.1 WT mice in the presence of doxycycline (DOX). The percentage of CD45.2 cells present in the peripheral blood was measured by flow cytometry over a period
of 25 weeks. *P<0.05, unpaired t-test. (E) At week 25 of the competitive repopulation assay, the CD45.2* cells were analyzed for percentages of Gr-1, CD3, and
B220 markers. (F) Cellular BM chimerism of WT CD45.1* mice 25 weeks after competitive transplantation with CD45.2" iINUP98-KMT2A BM. All mice were exposed

to DOX throughout the experiment.

leukemic phenotype characterized by the presence of
leukemic blasts on peripheral blood smears, and exten-
sive leukemic infiltration in the BM, spleen, liver and
lungs (Figure 3A, Online Supplementary Figure S2A). This
was accompanied by significantly increased white blood
cell counts (P=0.0018, unpaired r-test, n=5) and abnormal
leukocytes (“LUC”) (P=0.0468, unpaired i-test, n=5)
counts in the periphery and splenomegaly (Figure 3B,
Online Supplementary Table S4). Immunophenotypic
analysis of highly-infiltrated BM revealed intermediate to
high expression levels of myeloid markers Mac-1, Gr-1,
and FcyRII/IIT in five out of six mice, with baseline expres-
sion of B220 and CD3 lymphoid markers characterizing
the disease as AML (Figure 3C, Omnline Supplementary
Figure S2B-D).

Transplantation of total BM from diseased mice into
sublethally-irradiated WT mice induced disease in 100%
of recipients. Whereas disease development was fully
doxycycline-dependent upon transplantation of AML

cells from one donor (“M1”) (median latency 28 weeks,
P=0.025, log-rank test, n=4), leukemic cells from another
donor (“M2”) resulted in disease in all recipients regard-
less of doxycycline administration, with a similar latency
(26-37 weeks) to that of recipients of “M1” cells on doxy-
cycline (Figure 3D). Flow cytometric analysis of BM sam-
ples from transplanted leukemic mice revealed hetero-
geneity in M1 (“M1a” & “M1b”) BM recipients, including
a marked doxycycline-dependent increase in CD3* cells,
but a consistent myeloid phenotype in recipients of M2
(Figure 3E).

Given the long latency to develop primary disease, we
explored whether additional genotoxic insults might
accelerate disease induction. Indeed, sublethal y-irradia-
tion (1x 600 cGy) of asymptomatic 3- to 4-week old
iNUP98-KMT2A mice on doxycycline resulted in earlier
onset of disease symptoms than that observed in sub-
lethally-irradiated WT mice (median latency 26 weeks vs.
undefined; P=0.032, log-rank test, n=5) (Figure 3E Online
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Figure 3. Expression of iNUP98-KMT2A induces a transplantable acute myeloid leukemia in some mice. (A) Histological sections and peripheral blood (PB) smears
from four leukemic iINUP98-KMT2A mice. Scale bar: 10 um. (A) Blood values from doxycycline (DOX)-treated iINUP98-KMT2A mice which developed symptoms of
leukemia as well as wildtype (WT) littermate controls (CTRL). *P<0.05, **P<0.01, unpaired t-test, n=5. WBC: white blood cells; LUC: abnormal leukocytes; RBC: red blood
cells. (C) Gr-1 and Mac-1 expression on total BM cells from leukemic iNUP98-KMT2A mice and a representative control mouse. (D) Total BM from leukemic mice M1
and M2 was transplanted into WT recipients in the presence or absence of DOX. Kaplan-Meier curves show disease-free survival of transplanted animals. **P<0.01,
log-rank test. (E) Representative immunophenotypes of total BM of recipients (on DOX) (from Figure 3D) either transplanted with iINUP98-KMT2A acute myeloid leukemia
from mouse M1: M1a and M1b; or from mouse M2. (F) INUP98-KMT2A mice were exposed to DOX 48 h prior to sublethal irradiation (600 cGy). Irradiated (IR) WT mice
were used as controls. Kaplan-Meier curves illustrate disease-free survival. *P<0.05, log-rank test. (G) Representative histopathology section of a symptomatic irradiated
iNUP98-KMT2A mouse. The BM is infiltrated with blasts which are also visible in the peripheral blood (PB) and kidney. Scale bars: PB: 10 um; BM & kidney: 100 um.




Supplementary Table S5) and that seen in our cohort of pri-
mary-induced, non-irradiated iNUP98-KMT2A mice on
doxycycline (median latency 26 vs. 80 weeks; P=0.0003,
log-rank test, n=6) (Online Supplementary Figure 3A). All
symptomatic mice had extensive multi-organ infiltration
by leukemic blasts, which were visible on peripheral
blood smears as well as in the BM and kidneys (Figure
3G). Collectively, these data show that expression of
iINUP98-KMT2A leads to an MDS-like disease and in
some cases to transplantable AML in mice.

Expression of iNUP98-KMT2A results in aberrant cell
cycle progression and escape from senescence

In the presence of doxycycline (1 ug/mL), ex vivo prolif-
eration of Lin" INUP98-KMT2A BM cells was significantly
impaired in liquid culture containing cytokines (murine
stem cell factor, interleukin-6, and interleukin-3 (Online
Supplementary Figure S3B). Expression of iNUP98-KMT2A
was verified on day 6 of the culture (Online Supplementary
Figure S3C). However, iNUP98-KMT2A expression did
not significantly alter the clonogenic growth of BM cells
in methylcellulose containing doxycycline (Online
Supplementary Figure S3D). Cell cycle analysis of Lin
iNUP98-KMT2A BM cells challenged with doxycycline in
vitro revealed an increase in the number of cells in G,
phase (P=0.033, unpaired t-test, n=3) at the expense of G,
and G,/M phases (P=0.049, unpaired t-test, n=3) (Online
Supplementary Figure S3E), similar to what was observed
in LSK from iNUP98-KMT2A mice on doxycycline
(Figure 2C).

To further explore the impact of iINUP98-KMT2A
expression on cell cycle regulation we established MEE
We first verified iNUP98-KMT2A expression in the MEF
(Figure 4A). We then determined cell cycle progression of
iNUP98-KMT2A MEF on doxycycline and found accumu-
lation of the cells in the G, phase (P=0.081, unpaired t-
test, n=3) with a significant reduction of the percentage of
cells in the G/M phase (P=0.029, unpaired r-test, n=3)
(Figure 4B). Initially, both iNUP98-KMT2A and WT MEF
grew at similar rates; however, upon serial propagation of
the cells we observed reduced growth of WT MEF with
signs of senescence (visualized by X-gal staining for
senescence-associated B-galactosidase activity) after 10-
13 passages (Figure 4C, Ounline Supplementary Figure S3E
G). In contrast, iINUP98-KMT2A MEF continued to grow
at an increased rate (P=0.0156, Wilcoxon matched-pairs
signed rank test, n=2) up to, and beyond, passage 40. To
understand how iNUP98-KMT2A MEF escape senes-
cence, we compared the expression of 84 genes related to
cell cycle regulation and senescence using a commercial
array-based reverse transcription PCR assay. Combining
two independent experiments revealed no significant
changes in gene expression at an early time-point (pas-
sage 1) (Figure 4D) while the levels of expression of eight
genes were significantly reduced in iNUP98-KMT2A MEF
relative to WT MEF at later passages (passage 10-13)
(Figure 4E).

Genes that were found to be dysregulated in late-pas-
sage INUP98-KMT2A MEF samples were further analyzed
in iNUP98-KMT2A HSPC, which had been exposed to
doxycycline in vitro for 48 h. Expression patterns observed
in MEF for Sirt1, RbI2, Twistd, Prkcd, Vim, and Tert were
found to be similar in iINUP98-KMT2A HSPC, demon-
strating common patterns of gene regulation in MEF and
primary iNUP98-KMT2A cells (Figure 4F).

iNUP98-KMT2A" acute myeloid leukemia cells do not
express the HoxA-B-C gene cluster and are resistant
to compounds targeting the KMT2A-menin interaction

In contrast to other NUP98 fusions, primary patients’
NUP98-KMT2A AML cells were shown to express
reduced levels of the HOXA-B-C gene cluster.” Likewise,
leukemic blasts from diseased iINUP98-KAMT2A mice gen-
erally expressed very low levels of HoxA5, HoxA9,
HoxA10, HoxB4, HoxBé6, HoxCé6 and HoxC9 mRNA com-
pared to normal BM cells or to leukemic blasts trans-
formed by retroviral KMT2A-ENL (rKMT2A-ENL) or the
rKMT2A-AF9 fusion genes (Figure 5A).*

The lack of KMT2A exon 1 encoding for the very N-ter-
minus, which mediates the menin/LEDGF interaction,
predicts that cells carrying the NUP98-KMT2A fusion
protein would be resistant to small molecule menin
inhibitors. However, if leukemic transformation by
NUP98 fusions depends on KMT2A, as suggested by
recent studies,"” NUP98-KMT2A leukemic blasts might
be susceptible to inhibition by small molecules targeting
critical KMT2A functional interactions. To address this
question, we exposed cells from two leukemic iNUP98-
KMT2A mice (“M1” & “M3”) to different doses of the
small molecule menin inhibitor (MI-2-2) and to a bro-
modomain inhibitor blocking BET-family proteins includ-
ing BRD4 (JQ1) previously shown to efficiently block
KMT2A and KMT2A-fusion controlled transcription.” As
shown in Figure 5B, MI-2-2 (3-12 uM) did not impair
growth of iINUP98-KMT2A leukemic blasts but at 6 uM
and 12 uM induced a G; cycle arrest in leukemic cells
expressing the IKMT2A-AF9 fusion (P<0.0001, two-way
ANOVA, n=2), with a concomitant decrease in the pro-
portion of cells in the S-phase (P<0.0001, two-way
ANOVA, n=2) and in the G,/M-phase (6 wM: P=0.0246;
12 uM: P=0.0144, two-way ANOVA, n=2). Exposure of
iNUP98-KMT?2A cells to low (0.05-0.5 uM) doses of JQ1
did not induce cell cycle arrest or significant cytotoxicity
as seen in tKMT2A-AF9 cells (Figure 5C), but increased
the fraction of cells in the G, phase of the cycle, suggest-
ing alternative transforming mechanisms of NUP98-
KMT2A compatible with a defective cell cycle checkpoint
control.

Discussion

Inv(11)(p15g23) has been reported in a heterogeneous
group of human hematologic malignancies including
MDS, AML, peripheral T-cell lymphoma, childhood acute
lymphoblastic acute leukemia, myeloma and hairy cell
leukemia.”” In the majority of the myeloid cases,
inv(11)(p15q23) was the sole cytogenetic abnormality,
suggesting a role as a leukemogenic driver. Expression of
a NUP98-KMT2A fusion gene has so far been reported in
two AML patients with inv(11)(p15q28).” Detailed
molecular work-up of additional patients is needed to
delineate the epidemiology of this rare entity. Notably,
inv(11)(p15q23) was also found in some solid cancers but
never analyzed in more detail.” To determine the trans-
forming potential of the NUP98-KMT2A fusion gene we
developed inducible transgenic mice. This approach
avoids some of the drawbacks of retroviral gene transfer
such as cooperating integration events or transduction
bias of early myeloid progenitor cells. In addition, the
large size of the NUP98-KMT2A fusion ORF would clear-
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Figure 4. iNUP98-KMT2A expression impairs cell cycle progression of murine embryonic fibroblasts and bone marrow-derived hematopoietic stem and progenitor
cells. (A) Murine embryonic fibroblasts (MEF), derived from iNUP98-KMT2A and wildtype (WT) control (CTRL) littermate mice were cultured in vitro in the presence of
doxycycline (DOX) (1 ug/mL). iINUP98-KMT2A expression is shown relative to the level of GAPDH expression. *P<0.05, unpaired t-test, n=3. (B) Flow cytometry-based
cell cycle analysis showed increased G, and decreased G,/M fractions of in vitro-cultured iNUP98-KMT2A+ MEF compared to WT controls. *P<0.05, unpaired t-test,
n=3. (C) iINUP98-KMT2A and WT MEF cultured for eight passages in the presence of DOX (1 ug/mL) were stained for senescence-associated B-galactosidase activity
with X-Gal (left panel). The number of X-Gal* cells in the culture was quantified (right panel). Images and counts are representative of three biological replicates. Scale
bars: 100 um. **P<0.01, unpaired t-test, n=3. (D) Differential mMRNA expression from early (passages 1-2) and late (p ges 8-10) p ged WT and iNUP98-
KMT2A MEF analyzed by a RT2 PCR array. Significant (P<0.05) changes are highlighted in red. (E) Validation of differentially expressed genes in MEF (Figure 4D) by
quantitative polymerase chain reaction analysis in WT and iNUP98-KMT2A hematopoietic stem and progenitor cells after exposure to DOX (1 ug/mL) in vitro for 48
h. *<0.05, unpaired t-test, n=3.

ly limit the generation of high-titer retroviral particles. tial transformation but not for maintenance of neoplastic
We used a doxycycline-regulated transgenic expression cells in all cases.
system in which the rtTA is integrated into the ubiqui- Retroviral expression, as well as constitutive or condi-
tously expressed Rosa26 locus and the NUP98-KMT2A  tional activation, of many AML-associated fusions
fusion is in the Hprt locus under control of a tet-respon-  [involving the retinoic acid receptor alpha (RARA), core
sive minimal promoter, previously used to model the binding factor (CBF) or KMT2A] in the hematopoietic
impact of cellular origin in KMT2A-AF9 and KMT2A- system of the mouse often closely phenocopies human
ENL-driven leukemia.”**” disease.”®” In most of these models, AML develops after
Secondary transplantation of iINUP98-KMT2A a long latency without evidence of a symptomatic pre-
leukemic cells revealed that the inherent leakiness of the leukemic MDS phase, with few exceptions such as the
system might be sufficient to drive the phenotype in the = Vav1-promoter driven NUP98-HOXD13 fusion.*” NUP98-
absence of doxycycline after cellular selection in the HOXD13 mice developed T-cell leukemia, undifferentiat-
mouse (Figure 3D) suggesting that, in contrast to KMT2A-  ed leukemia, megakaryocytic and erythroid leukemia or
AF9 or KMT2A-ENL, low level NUP98-KMT2A transgene  symptomatic MDS. In contrast, iNUP98-KMT2A mice (5
expression is sufficient to exert its oncogenic activity or out of 22) only developed Gr-1/Mac-1*/c-Kit" AML.
that expression of the transgene might be required forini- Leukemic transformation of NUP98-HOXD13 mice was
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Figure 5. INUP98-KMT2A acute myeloid leukemia cells express low levels of Hox genes and are resistant to small molecule menin and Brd4 inhibitors. (A)
Expression of HoxA, -B, and -C genes was quantified by quantitative polymerase chain reaction (QPCR) analysis in total bone marrow from wildtype (WT) control (CTRL)
cells, leukemic cells from iINUP98-KMT2A mice as well as from mice transplanted with retrovirally-transduced KMT2A-ENL (rKMT2A-ENL) and rKMT2A-AF9 cells.
Expression relative to that of WT cells is shown. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, one-way analysis of variance (ANOVA) relative to control, n=3.
(B) rkMT2A-AF9 and iNUP98-KMT2A leukemic blasts were treated with the menin inhibitor, MI-2-2, for 48 h at the indicated concentrations and the cell cycle phase
was analyzed by flow cytometry. The figure shows the percentage of cells in each phase of the cell cycle. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, two-
way ANOVA relative to cells treated with dimethylsulfoxide (DMSO), n=2. (C) rKMT2A-AF9 and iNUP98-KMT2A leukemic blasts were treated with the BRD4 inhibitor,
JQ1, for 48 h at the indicated concentrations. Cell cycle phase was analyzed by flow cytometry. The figure shows the percentage of cells in each phase of the cell

cycle. *P<0.05, two-way ANOVA relative to DMSO-treated cells, n=2.

accompanied by spontaneous mutations in Nras, Kras
and Cbl; however, no such mutations were found in
three iINUP98-KMT2A mice that developed AML® (data
not shown). Several studies also demonstrated leuke-
mogenic cooperation of NUP98-HOXD13 with overex-
pression of Meis1, MN1, or loss of p53 or p15™<* %
Intercrossing of transgenic NUP98-HOXD13 mice with
Fli3-internal tandem duplication (ITD) knock-in mice
resulted in acceleration to a fully-penetrant AML pheno-
type.” In contrast to NUP98-HOXD13, we observed that
transplantation of iNUP98-KMT2A BM cells retrovirally
overexpressing FLT3-ITD did not accelerate the disease
(data not shown).*

In the presence or absence of FLT3-ITD, pre-leukemic
NUP98-HOXD13 cells expressed significantly increased
levels of HoxA7, HoxA9, HoxB4, HoxB6, HoxB7, HoxC4 and
HoxC6 mRNA.** In sharp contrast, BM cells from diseased
iNUP98-KMT2A mice expressed significantly reduced lev-
els of the HoxA-B-C gene cluster compared to normal BM
cells, recapitulating what was shown in primary NUP98-
KMT2A" AML cells.” Expression levels of HoxA-B-C genes
below those observed in normal HSPC suggest that the
iNUP98-KMT2A fusion may affect the function of normal
KMT?2A in a dominant-negative manner.

Previous work showed that KMT2A plays a critical
role in cell cycle progression.” Interestingly, under base-
line conditions, we found a higher proportion of
iNUP98-KMT2A Lin cells in S-phase when compared to
WT cells supporting previous studies indicating that
ablation of normal KMT2A function results in defective
S-phase cell cycle entry. The percentage of both WT and
iNUP98-KMT2A cells in S-phase decreased following
exposure to ionizing radiation (data not shown) as has
been demonstrated previously.” Interestingly, compared
to control cells, in vitro doxycycline treatment of both
iNUP98-KMT2A BM-derived HSPC and MEF led to the
accumulation of cells in the G-phase, mirroring what
was seen in LSK cells taken from iNUP98-KMT2A mice
that had been on doxycycline food for several months.
Further experiments with MEF showed that expression
of iINUP98-KMT2A abrogated cellular senescence: com-
pared to WT cells, iNUP98-KMT2A MEF on doxycycline
never showed any signs of crisis and could easily be
propagated for >45 passages. In contrast, iNUP98-
KMT2A cells off doxycycline showed signs of a crisis at
passages 10-12 but were able to escape and could also be
propagated for over 40 passages (data not shown), suggest-
ing that very low expression of iINUP98-KMT2A is suffi-
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cient to provide the cells the signals to escape apoptosis
after crisis.

Among the genes downregulated in late passage
iNUP98-KMT2A relative to control MEE many have
been implicated in cell cycle- or senescence-regulatory
capacities. Previously, sirtuint (sirt1)-deficient MEF were
shown to be resistant to replicative senescence through a
p53-dependent mechanism;” there is also evidence to
suggest that Sirtl plays a crucial role in Foxo3-activated
cell cycle arrest.” It has been shown that the insulin-like
growth factor 1 receptor (IGFIR) ligand, insulin-like
growth factor (IGF1), is involved in cellular senescence
control through the Sirt1-p53 axis,” in line with a pro-
posed model whereby p53-dependent cellular senes-
cence is counteracted by inhibition of IGFIR signaling.”
In a lung fibroblast cell model, Rbl2 (p130) expression
was increased along with E2F-4 and markers of cellular
senescence following heat shock protein-27 (HSP27)
knock-down. Inhibition of Rbl2 counteracted the effects
of HSP27 knock-down and significantly reduced senes-
cence-associated f-galactosidase staining in a p53-inde-
pendent manner.” Additionally, the ribonuclease poly-
merase Tert (telomerase reverse transcriptase), which
maintains telomeric ends, has a well-demonstrated role
in resisting senescence; however, some primary tumor
samples have tested negative for telomerase activity®
and alternative mechanisms to overcome replication-
associated telomeric shortening have been proposed
with evidence for alternative lengthening of telomeres in
10-15% of cancers.” Finally, the role of protein kinase C
delta (Prked) in senescence is currently poorly under-
stood, but studies have suggested that Prked is an impor-
tant mediator of transforming growth factor-p-induced
senescence.

Peptides and small molecule antagonists of KMT2A-
menin/LEDGF interactions have been shown to reduce the
transforming activity of KMT2A fusions by interfering with
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Calreticulin exposure on malignant blasts
correlates with improved natural killer
cell-mediated cytotoxicity in acute
myeloid leukemia patients
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ABSTRACT

n some settings, cancer cells responding to treatment undergo an

immunogenic form of cell death that is associated with the abundant

emission of danger signals in the form of damage-associated molecular
patterns. Accumulating preclinical and clinical evidence indicates that danger
signals play a crucial role in the (re-)activation of antitumor immune respons-
es in vivo, thus having a major impact on patient prognosis. We have previ-
ously demonstrated that the presence of calreticulin on the surface of malig-
nant blasts is a positive prognostic biomarker for patients with acute
myeloid leukemia (AML). Calreticulin exposure not only correlated with
enhanced T-cell-dependent antitumor immunity in this setting but also
affected the number of circulating natural killer (NK) cells upon restoration
of normal hematopoiesis. Here, we report that calreticulin exposure on
malignant blasts is associated with enhanced NK cell cytotoxic and secretory
functions, both in AML patients and i vivo in mice. The ability of calreticulin
to stimulate NK-cells relies on CD11c*CD14"" cells that, upon exposure to
CRT, express higher levels of IL-15R0, maturation markers (CD86 and HLA-
DR) and CCR7. CRT exposure on malignant blasts also correlates with the
upregulation of genes coding for type I interferon. This suggests that
CD11c'CD14"" cells have increased capacity to migrate to secondary lym-
phoid organs, where can efficiently deliver stimulatory signals (IL-15Rov/IL-
15) to NK cells. These findings delineate a multipronged, clinically relevant
mechanism whereby surface-exposed calreticulin favors NK-cell activation
in AML patients.

Introduction

In response to some treatments including anthracycline-based chemotherapy,
high hydrostatic pressure or radiation therapy, cancer cells mount unsuccessful
adaptive responses to stress that are accompanied by the release of endogenous
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molecules that convey danger signals, which are cumula-
tively known as damage-associated molecular patterns
(DAMPs)."* The spatiotemporally regulated emission of
DAMPs by cells undergoing immunogenic cell death
(ICD) generates a pronounced immunostimulatory milieu
that, in the presence of adequate antigenicity (such as that
conferred to cancer cells by somatic mutations), supports
the initiation of tumor-targeting immunity.>* ICD-relevant
DAMPs encompass endoplasmic reticulum (ER) chaper-
ones such as calreticulin (CALR, best known as CRT) and

Table 1. Clinical and biological characteristics of acute myeloid
leukemia patients.

Age at diagnosis
<50 years 23 (46%)
= 50 years 27 (54%)
Median (years) 52
Range (years) 21-73
Sex
Male 23 (46%)
Female 27 (54%)
White blood cell count at diagnosis
< 30.000/mm? 42 (84%)
= 30.000/mm’ 8 (16%)
Median (10° cells/L) 6.9
Range (10° cells/L) 0-402.8
Blasts in peripheral blood
Median (%) 25
Range (%) 0-91
De novo AML 41 (82%)
Secondary AML 9 (18%)
FAB classification
M0 1 2%)
Ml 10 (20%)
M2 12 (26%)
M4 7 (14%)
M5 10 (20%)
M6 1 2%)
MDS 8 (16%)
Cytogenetic profile
Favorable 6 (12%)
Intermediate 29 (58%)
Unfavorable 8 (16%)
Missing data 7 (14%)
Molecular characteristics
FLT3-ITD 7 (14%)
NPMI mutated 12 (24%)
CEBPA mutated 2 (4%)
Induction chemotherapy
Daunorubicin + Ara-C (3+7) 38 (76%)
Idarubicin + Ara-C (3+7) 10 (20%)
FLAG + Idarubicin 1 (2%)
Palliative treatment 1(2%)
CR 40 (80%)
Consolidation
Chemotherapy only 14 (28%)
HSCT 30 (60%)
No consolidation 6 (12%)

AML: acute myeloid leukemia; AM1-ETO: acute myeloid leukemia 1-ETO fusion pro-
tein; CEBPA: CCAAT/enhancerbinding protein alpha; CR: complete remission; FLAG:
fludarabine + high-dose cytarabine + granulocyte colony-stimulating factor (G-CSF);
FLT3-ITD: fms-like tyrosine kinase 3-internal tandem duplication; HSCT. hematopoietic
stem cell transplantation; MDS: myelodysplastic syndrome; NPM1: nucleophosmin 1.
FAB: French-American-British.

heat-shock proteins (HSPs), nuclear components such as
high mobility group box 1 (HMGB1), nucleic acids, as well
as small metabolites like ATP.*” In physiological scenarios,
DAMPs are mostly intracellular, which prevents their
detection by the immune system. Conversely, DAMPs
that are secreted into the extracellular space or exposed on
the plasma membrane of dying cancer cells can be recog-
nized by the immune system via pattern recognition
receptors (PRRs), and hence can drive the activation of
therapeutically relevant innate and cognate immune
responses.”” In line with this notion, DAMP accumulation
in the tumor microenvironment has been correlated with
increased infiltration by multiple immune cell subsets,
including mature dendritic cells (DCs) and effector mem-
ory T cells.” Moreover, factors linked to danger signaling
— including (but not limited to) DAMPs expression levels,
PRR expression levels, genetic polymorphisms in DAMP-
or PRR-coding genes, and activation of relevant stress
responses in cancer cells — have been attributed prognostic
values in several cohorts of patients with cancer.”

Considerable work has been dedicated to elucidate the
mechanisms whereby DAMPs affect the phenotype and
function of myeloid cells that operate as antigen-present-
ing cells (APCs)*® On the contrary, little attention has
been given to the effects of DAMPs on cells of the innate
lymphoid system, such as natural killer (NK) cells, despite
the fact that NK cells are emerging as potent players in the
control of metastases.” Indeed, surface-exposed HSP fam-
ily A member 1A (HSPA1A, best known as HSP70) pro-
motes NK-cell-dependent cytotoxicity in vitro'™'® and in
vivo,"” while exosome-associated HSP70 can stimulate NK-
cell migration and effector functions.”®” Similarly, extra-
cellular HMGB1 can stimulate NK-cell activity upon bind-
ing to Toll-like receptor 2 (TLR2) and TLR4.” Here, we
report that CRT exposure on the surface of malignant
blasts from acute myeloid leukemia (AML) patients is
associated with improved NK-cell secretory and cytotoxic
functions. Mechanistic studies revealed that surface-
exposed CRT stimulates NK-cell activity indirectly,
through the upregulation of IL-15Ra on myeloid
CD11c'CD14"" cells. Moreover, CRT exposure on AML
malignant blasts also correlates with the upregulated
expression of genes coding for type I interferon (IEN),
which are also involved in the capacity of DCs to enhance
NK-cell effector functions.

Methods

Patients

44 patients diagnosed with AML and treated at the Institute of
Hematology and Blood Transfusion in Prague between December
2015 and March 2018 plus six AML patients diagnosed and treated
at the Department of Hemato-oncology of the Pilsen Hospital
between January 2017 and January 2018 were enrolled in this
study. Informed consent was obtained according to the Declaration
of Helsinki, and the study was approved by the local ethics com-
mittee. The main clinical and biological characteristics of the
patients are summarized in Table 1. Induction chemotherapy con-
sisted mainly (96%) of seven days cytarabine plus idarubicin or
daunorubicin for the first three days (standard “7+3” regimen).

Flow cytometry
Peripheral blood mononuclear cell (PBMCs) isolated from AML
patients or C57BL/6 (B6) mice, as well as mouse splenocytes,
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bone-marrow derived DCs and tumor cells were stained with
panels of fluorescent antibodies to evaluate the abundance, phe-
notype and function of immune cell subsets (Online Supplementary
Table S1-2). Briefly, cells were incubated with primary antibodies
or appropriate isotype controls for 20 min at 4 °C. For the analysis
of CRT levels on AML blasts, PBMCs were labeled with anti-
CD45 PerCP (Exbio) and anti-CD33 PE monoclonal antibodies
(BioLegend). Malignant blasts from AML patients were defined as
CD45" cells expressing high levels of CD33 (CD33"¢". Surface
CRT staining was performed by a three-step procedure: (1) incu-
bation with primary CRT-specific antibody (Enzo Life Sciences),
(2) incubation with an APC-conjugated secondary antibody
(Jackson Immunoresearch Laboratories) and (3) incubation with
Annexin V-FITC (Exbio) and 4’,6-diamidino-2-phenylindole
(DAPI, from Molecular Probes) to assess the cell viability. Surface-
exposed CRT levels were analyzed only on live (AnnV"DAPT) and
dying (AnnV*/DAPT) but not dead (DAPI") cells. Flow cytometry
data were acquired on the LSRFortessa analyzer (BD Biosciences)
and analyzed with the Flow]Jo software package (Tree Star, Inc.).

Statistical analysis

Survival analyses were performed by using log-rank tests upon
patient stratification into two groups based on the median cutoff
of continuous variables. Univariate and multivariate Cox propor-
tional hazard analysis was performed to assess the association of
clinicopathological or immunological parameters with relapse-free
survival (RFS). Variables that were intrinsically correlated were not
included in multivariate Cox regressions. Fisher’s exact tests,
Student’s r-tests, and the Wilcoxon and Mann-Whitney tests were
used to test for association between variables, P-values are report-
ed (considered not significant when >0.05).

Results

CRT exposure on malignant blasts is associated with
increased NK-cell frequency and upregulation of
ligands for activating NK-cell receptors

We previously demonstrated a link between CRT expo-
sure on malignant blasts and clinically-relevant anticancer
immunity in AML patients.”” To extend these findings,
we examined the potential impact of CRT on the plasma
membrane (ecto-CRT) of CD45°CD33" malignant blasts
on the frequency and phenotype of NK cells from AML
patients prior to the initiation of anthracycline-based
chemotherapy and at the recovery of normal
hematopoiesis. Patients were stratified based on the
median percentage of DAPI'ecto-CRT" blasts at diagnosis
into a CRT" and CRT™ group. In baseline conditions
(prior to induction chemotherapy), we were unable to
identify statistically significant differences in the frequen-
cy and  absolute numbers of  circulating
CD45'CD3 CD56" NK cells between these two groups of
patients (Figure 1A-B). Conversely, upon complete remis-
sion and recovery of nonmalignant hematopoiesis, CRT™
AML patients had significantly higher frequency and
absolute numbers of CD45'CD3CD56" NK cells in the
circulation as compared to their CRT™ counterparts
(Figure 1A-B). These results are in line with previously
published data from our group.” Of note, CRT™ AML
patients did not display increased frequency of
CD45"CD3 CD56" NK cells in the bone marrow as com-
pared to their CRT" counterparts (Online Supplementary
Figure S1A).

As NK-cell activation is modulated by the balance

between stimulatory and inhibitory signals delivered by
multiple ligand/receptor interactions,* we next analyzed
the levels of common activating (NKp30, NKp46, NKp80,
NKG2D, DNAM-1 and CD16) and inhibitory (CD158el,
CD158bj, CD158ah, NKG2A, ILT2) NK-cell receptors by
flow cytometry. With the exception of ILT2* cells (which
were less represented in the circulation of CRT* AML
patients upon remission), we failed to detect significant
differences in the percentage of NK cells staining positive-
ly for these receptors between CRT™ and CRT™ AML
patients, neither prior to induction chemotherapy nor
upon complete remission (Figure 1C and Online
Supplementary Figure S1B). Because CRT exposure relies
on ER stress responses,” and different stress response
pathways may also modulate the expression of ligands
for NK-cell receptors,” we decided to evaluate the poten-
tial connection between CRT exposure and the levels of
multiple NK-cell ligands on the surface of CD45'*CD33*
blasts, namely major histocompatibility complex (MHC)
class I polypeptide-related sequence A (MICA), MICB,
UL16 binding protein 2 (ULBP2), ULBP5, ULBPS,
poliovirus receptor (PVR, also known as CD155), nectin
cell adhesion molecule 2 (NECTIN2, also known as
CD112 and PVRL2), and B7-H6, by flow cytometry. We
found that the percentage of DAPI'ecto-CRT" blasts pos-
itively correlates with the percentage of AML blasts stain-
ing positively for MICA, MICB, CD155 and CD112
(Figure 1D). In the attempt to identify a potential connec-
tion between the exposure of NK-cell-activating ligands
(NKALs) and ER stress, we retrieved normalized MICA,
ULBP2, PVR and NECTINZ expression levels for 173
AML patients from The Cancer Genome Atlas (TCGA)
public database and analyzed their correlation with the
expression levels of genes involved in the ER stress
response, namely activating transcription factor 4 (ATF4),
DNA damage inducible transcript 3 (DDIT3) and HSP
family A (Hsp70) member 5 (HSPA5). However, linear
regression analysis showed limited degrees of correlation
(Online Supplementary Figure S1C), suggesting the involve-
ment of other stress response mechanisms in the expo-
sure of NKALs by malignant blasts. Altogether, these
findings indicate that malignant blasts from AML patients
display different danger signals on their surface, and this
influences the abundance of circulating NK cells.

CRT exposure on malignant blasts correlates with
improved NK-cell effector functions in AML patients
in remission

Since the ability of surface-exposed CRT to deliver acti-
vatory signals to NK cells had not been previously inves-
tigated, we set out to address this possibility. To this aim,
we evaluated degranulation and IFN-y production by NK
cells from CRT" and CRT" AML patients upon non-spe-
cific stimulation with phorbol 12-myristate 13-acetate
(PMA) and ionomycin by flow cytometry (Online
Supplementary Figure S1D). We failed to detect statistically
significant differences in the frequency of NK cells
responding to stimulation with IFN-y production
(IEN-y*CD45'CD3-CD56"  cells) and degranulation
(CD107a*GZMB*CD45*CD3CD56*  cells) between
CRT" and CRT" AML patients prior to induction
chemotherapy (Figure 2A). On the contrary, upon remis-
sion and recovery of non-malignant hematopoiesis,
CRT"™ patients exhibited significantly improved NK-cell
secretory and cytotoxic effector functions compared to



their CRT"™ counterparts (Figure 2B). To evaluate NK-cell
effector functions in a more direct manner, we also per-
formed NK-cell cytotoxicity assays using NK cell-sensi-
tive human chronic myelogenous leukemia K562 cells as
targets. In general, NK cells isolated from AML patients at
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Figure 1. The impact of ecto-CRT on natural killer (NK) cells and the levels of NK-cell ligands present on acute myeloid leukemia blasts. (A) The percentage and
(B) absolute numbers of circulating CD45"CD3 CD56* NK cells in CRT" versus CRT acute myeloid leukemia (AML) patients before the induction chemotherapy (Prior,
n=45) and at re-establishment of normal hematopoiesis (recovery, n=37) determined by flow cytometry. Boxplots: lower quartile, median, upper quartile; whiskers,
minimum, maximum; ns: not significant. (C) The frequency of CD45°CD3CD56* NK cells staining positively for different NK cell receptors (namely NKp30, NKp46,
NKG2D, NKp80, DNAM-1, CD16, CD158e1, CD158bj, CD158ah, NKG2A and ILT2) in CRT" and CRT* AML patients before the induction chemotherapy (prior, n=38)
and at re-establishment of normal hematopoiesis (recovery, n=31) determined by flow cytometry. ns: not significant. (D) The percentage of CD45'CD33* blasts stain-
ing positively for NK cell ligands (MICA/B, ULBP, CD155 and CD112) in CRT" versus CRT* AML patients prior to the induction chemotherapy (n=21) determined by
flow cytometry. Boxplots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns: not significant. CRT: calreticulin.
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to efficiently kill K562 cells (Figure 2D), CRT" patients in
remission possessed NK cells with superior cytotoxic
functions compared to their CRT™ counterparts (Figure
2E). These data are consistent with the results reported
above (Figure 2A-B).

Surface-exposed CRT influences NK-cell effector
functions indirectly, by affecting the phenotype of
CD11c'CD14"# cells

To further evaluate the impact of surface-exposed CRT
on NK cells and the mechanisms underlying its NK cell-
stimulatory effects, we performed a set of in vitro experi-

ments with recombinant CRT (rCRT). Pre-incubation of
purified NK cells with rCRT did not affect the capacity of
NK cells to release cytotoxic granules containing perforin
1 (PRF1) or secrete IEN-y in response to either nonspecific
stimulation with PMA and ionomycin or exposure to
K562 cells (Figure 3A and Online Supplementary Figure 2A).
Conversely, adding rCRT to whole PBMCs led to signifi-
cant increase in the percentage of CD45"*CD3 CD56" NK
cells degranulating in response to PMA plus ionomycin or
exposure to K562 cells (Figure 3B), with no effects on IEN-
y secretion (Online Supplementary Figure S2B). We con-
firmed these results with NK-cell cytotoxicity assays, as
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Figure 2. The impact of ecto-CRT on the activation and cytotoxic potential of natural killer cells in acute myeloid leukemia patients. (A, B) The percentage of IFN-y

and degranulating (CD107a*/GZMB") CD45*CD3-CD56* natural killer (NK) cells

upon PMA + lonomycin or K562 cell line stimulation in 17 CRT*and 18 CRT"acute

myeloid leukemia (AML) patients prior to the induction chemotherapy (A) or in 12 CRT* and 12 CRT" AML patiens after the restoration of normal hematopoiesis (B).
Patient samples were analyzed by flow cytometry. Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns: not significant. (C) Cytotoxic
potential of NK cells isolated from AML patients before the initiation of chemotherapy (Prior, n=10) versus upon the restoration of normal hematopoiesis (Recovery,
n=10). Purified NK cells were tested for their ability to kill target K562 cell line at two different effector:target cell ratios (5:1 and 10:1) and the viability of K562 cells
was determined by flow cytometry after 4 hours (h). (D, E) Cytotoxic potential of NK cells isolated from five CRT" and 5 CRT* AML patients before the initiation of

chemotherapy (D) or upon the restoration of normal hematopoiesis (E). Purified

NK cells were tested for their ability to kill target K562 cell line at effector:target cell

ratio 5:1 and the percentage of dead (AnnV'DAPI*) K562 cells was determined by flow cytometry after 4 h. The representative dot plots of NK cell cytotoxicity assay
showing the viability of target K562 cells in CRT" versus CRT* AML patients before the initiation of chemotherapy (D) or upon the restoration of normal hematopoiesis
(E) are shown. Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns: not significant. CRT: calreticulin.




NK cells isolated from PBMCs pre-incubated with rCRT
were able to kill an increased amount of K562 cells com-
pared to NK cells isolated from control PBMC (Figure 3B).
These results suggest that CRT stimulate NK cells indi-
rectly, via mechanisms that involve other cellular compo-
nents of the PBMC mixture.

Previous in vitro studies support a role for APCs, mainly
DCs, in NK-cell activation.” We therefore decided to
focus on the phenotype of APCs exposed to rCRT. We
found that incubating PBMCs from healthy donors (HD)
with rCRT induced the upregulation of the chemotaxis-
associated receptor C-C motif chemokine receptor 7
(CCR?7) and the maturation-associated molecules CD86
and HLA-DR on CD11c¢"CD14"¢" cells and increased the
frequency of CD11c*CD14"" expressing interleukin 15
receptor subunit alpha (IL15RA, best known as IL-15Ra)
(Figure 3C),which is crucial for the activatory trans-pre-
sentation of IL-15 to NK cells.” Inspired by these data, we

investigated the relationship between CRT exposed on
malignant blasts and the phenotype of APCs in AML
patients in remission. We found that CRT™ patients har-
bor a significantly higher percentage of CD11c*CD14"
cells expressing CCR7 and IL-15Ra compared to their
CRT"™ counterparts (Figure 3D), suggesting that these
cells have an increased capacity to migrate to secondary
lymphoid organs, where they can efficiently activate NK
cells. In vitro assays suggested a prominent role for
human myeloid over plasmocytoid DCs in NK-cell acti-
vation upon exposure to rCRT (Ounline Supplementary
Figure S3A). Of note, also mouse PBMCs or bone mar-
row-derived DCs exposed to rCRT upregulated activa-
tion markers including CD54, CD86, and MHC class II
molecules, and secreted increased amounts of IL-12
(Online Supplementary Figure S3B-D).

We have previously shown that the PMBCs of CRT™
AML patients who are in complete remission and have
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Figure 3. The mechanism of natural killer cell-stimulatory effects of calreticulin and its impact on CD11c*CD14"¢ cell phenotype. (A, B) The effect of recombinant
human calreticulin (rCRT, Sino Biological Inc.) on effector functions of natural killer (NK) cells isolated from healthy donors (HDs) (n=8) or NK cells in HD peripheral
blood mononuclear cells (PBMC) mixture (n=8). Purified NK cells (A) or whole PBMC (B) were pre-incubated with 5 ug/mL of rCRT overnight and subsequently stim-
ulated by PMA + lonomycin or K562 cell line for 4 hours (h). The percentage of responding (CD107a*PRF1'CD45°CD3 CD56") NK cells was determined by flow cytom-
etry. Alternatively, NK cells were purified from rCRT-pre-incubated PBMC and their capacity to kill K562 cell line was tested in cytotoxicity assay. The percentage of
dead (AnnV*'DAPI*) K562 cells was determined by flow cytometry after 4 h (B). NK cells/PBMCs without rCRT and unstimulated NK cells/PBMC were used as a neg-
ative controls; ns: not significant. (C) The expression of maturation-associated molecules (CD86 and HLA-DR) and CCR7 on CD11c*CD14"# cells in HD PBMCs (n=8)
incubated with rCRT (5 ug/mL) overnight versus control PBMCs without rCRT as determined by flow cytometry. The expression of individual markers is shown as
mean fluorescence intensity (MFI). Flow cytometry was also used for the detection of IL-15Ra*CD11c*'CD14"#" cells in rCRT-pre-incubated versus control PBMCs. (D)
The frequency of CCR7+ and IL-15Ra*CD11c*CD14"=" cells in CRT" versus CRT* AML patients upon the restoration of normal hematopoiesis (n=16) determined by
flow cytometry. Boxplots: lower quartile, median, upper quartile; whiskers, minimum, maximum. (E) Quantitative RT-PCR-assisted quantification of IFNA1 and IFNB1
expression levels in PBMCs from 20 CRT" versus 21 CRT* acute myeloid leukemia (AML) patients at recovery of normal hematopoiesis. Boxplots: lower quartile, medi-
an, upper quartile; whiskers, minimum, maximum.

haematologica | 2020; 105(7) -




- l. Truxova et al.

- haematologica | 2020; 105(7)

recovered normal, non-malignant hematopoiesis exhibit
a remarkable upregulation of genes linked to Tyl polar-
ization, T-cell activation and cytotoxic immune respons-
es."” To confirm and extend these findings, we assessed
the expression levels of 46 genes linked to immune func-
tion, with particular focus on NK-cell activity, in the
PBMCs of 37 AML patients in remission (Online
Supplementary Table S3). We identified five genes that
were differentially expressed in CRT™ wversus CRT™
patients, namely, [FNA1, IFNB1, CD3E, CDSA and CD28
(Figure 3E and  Online Supplementary Figure S4A).
Importantly, type I IFN including the products of IFNA1
and [FNB1 are also involved in the capacity of DCs to
enhance NK-cell effector functions (23).

Taken together, our results suggest that CRT exposure
on the surface of malignant blasts stimulates NK-cell
effector functions indirectly, by altering the migratory
capacity, surface phenotype, and secretory profile of
CD11c'CD14" APCs.

CRT exposure is associated with increased NK- and
T-cell responses in mice

To examine the impact of surface-exposed CRT on
anticancer immunity in vivo, we generated subcutaneous
tumors in B6 mice with mouse wild-type (WT) AML
C1498 cells (C1498.WT) or C1498 cells constitutively
exposing CRT on the plasma membrane (C1498.CRT),
and monitored disease progression (data not shown) and
immune responses. T-cell response was analyzed both in
the tumor and spleen (19 days after tumor cell injection)
and NK-cell response only in spleen (three days after
tumor cell injection) (Figure 4A). Importantly, developing
C1498.CRT tumors resulted in an enrichment of activat-
ed CD107a* NK cells (defined as CD45*CD3"NK1.1* cells)
in the spleen, and enhanced the capacity of NK cells to
respond to PMA plus ionomyecin stimulation (Figure 4B).
In addition, we observed that C1498.CRT tumors are
infiltrated by CD4*and CD8"' T cells with improved effec-
tor functions in response to non-specific stimulation with
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Figure 4. The role of calreticulin in natural killer-cell- and T-cell-based immune response in vivo in mice. (A) Schematic representation showing the process of
C1498.WT/CRT tumor generation and monitoring the immune responses. To generate tumors in vivo, 1x10° C1498.WT or C1498.CRT cells were inoculated sub cuta-
neoulsy into the lower right flank of B6 mice on day O (DO). Tumor size was measured every two days by standard laboratory caliper. Mice were sacrificed on D3 or
D19 and spleen and tumors were harvested for analysis of functional status of natural killer (NK) cells (spleen on D3) and T cells (both spleen and tumors on D19)
by flow cytometry. The experiment was performed three times. (B) The frequency of CD107a*NK cells (defined as CD45*CD3-NK1.1* cells) in spleen harvested from
mice injected with C1498.CRT versus C1498.WT without further in vitro stimulation or upon stimulation with PMA + lonomycin determined by flow cytometry. Box
plots: lower quartile, median, upper quartile; whiskers, minimum, maximum. (C, D) The frequency of activated IFN-y*CD4" T cells and CD107a* CD8" T cells upon in
vitro PMA + lonomycin or anti-CD3 bead stimulation in C1498.CRT versus C1498.WT tumors (C) or spleen (D) determined by flow cytometry. Unstimulated cells were
used as a controls. Box plots: lower quartile, median, upper quartile; whiskers, minimum, maximum; ns: not significant. WT: wild-type.




PMA plus ionomycin and/or anti-CD3 beads (Figure 4C).
Similarly, splenocytes isolated from C1498.CRT-bearing
mice contained CD4* and CD8' T cells that were more
responsive to stimulation than their counterparts from
C1498.WT-bearing mice (Figure 4D).

In line with this notion, PBMCs from CRT™ AML
patients in complete remission contained significantly
higher frequencies of both CD8" and CD4" T cells
responding by IFN-y secretion to PMA plus ionomycin
(Online Supplementary Figure S4B-C), with a slightly sub-
significant trend towards increased numbers of
CD107a"GZMB*CD8" T cells (Online Supplementary Figure
S4D), compared with their CRT" counterparts, comfort-
ing previously published data from our group."
Quantification of several cytokines essential for NK-cell
homeostasis and functions (IL-21, IL-15, IEN-y and
IEN-a2) and for hematopoietic stem cell (HSC) differenti-
ation (IL-3 and IL-7) in the sera of AML patients in remis-
sion also revealed higher IEN-y levels in CRT™ versus
CRT™ patients (Online Supplementary Figure S4E).

CRT exposure on malignant blasts and the frequency
of NKG2D* cells correlate with RFS in AML patients

To evaluate the prognostic impact of CRT exposure on
malignant blasts and verify our previous results on a larg-
er subgroup of our patients, we investigated RFS upon
stratifying AML patients based on the median percentage
of DAPT blasts staining positively for surface CRT. In line
with our previous observations,® CRT™ patients exhibit-
ed a significantly improved RES compared with CRT"™
patients (median: >60 vs. 14 months, P=0.027) (Figure
SA). Using a similar cutoff approach based on the median
value, we also examined whether the mRNA levels of
KLRK1, encoding the key NK-cell activating receptor
NKG2D, would convey prognostic information in AML
patients. We found that patients expressing high levels of
KLRK1 (KLRK1") had a significantly lower risk of relapse
compared to their KLRK1" counterparts (median: 39 vs.
10 months, P=0.039) (Figure 5B). We validated these find-
ings at the protein level by stratifying a larger group of
patients based on the median frequency of CD45'CD3
CD56'NKG2D" NK cells. Patients with a high frequency
of NK cells expressing NKG2D (NKG2D™) exhibited sig-
nificantly improved RES, compared with their NKG2D"
counterparts (median: >35 vs. 24 months, P=0.035)
(Figure 5C). However, neither univariate nor multivariate
Cox proportional hazard analysis confirmed these find-
ings, potentially reflecting a limited follow-up of this
prospectively collected patient cohort, or other confound-
ing factors including disease subtype and inter-individual
heterogeneity (Table 2-3). Since both CRT exposure on
malignant blasts and NKG2D levels influenced RES in our
cohort of AML patients, we evaluated the combined
prognostic value of ecto-CRT" blasts and the KLRK?
mRNA levels or CD45'CD3 CD56'NKG2D" NK-cell fre-
quency by stratifying the cohort in three groups:
CRT"/KLRK 11" or CRT"/NKG2D" patients,
CRT"*/KLRK1* or CRT*/NKG2D" patients and patients
in which the percentage of CRT" blasts was discordant
with the KLRK1 mRNA levels or the frequency of
CD45'CD3 CD56'NKG2D* NK cells (CRT/KLRK1™* or
CRT/NKG2D"™). We found that CRT"/KLRK1"™ or
CRT"/NKG2D" patients had superior RES as compared
with their CRT*/KLRK1" or CRT"/NKG2D" counter-
parts (CRT"/KLRK1"™ vs. CRT"/KLRK1", P=0.050;
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CRT*/NKG2D" vs. CRT“/NKG2D", P=0.037) (Figure
5D-E).

Discussion

CRT exposure on cancer cells conveys robust prognostic
information in patients with a variety of malignancies,
generally reflecting the activation of clinically-relevant
tumor-targeting immune responses.” Previous work from
our group demonstrated that the presence of CRT on the
surface of malignant blasts from AML patients correlates
not only with an increased frequency of effector memory
CD4" and CD8" T cells but also with an increased propor-
tion of circulating NK cells, suggesting that CRT exposure
is linked to both adaptive and innate immunity."’ Inspired
by accumulating evidence on the key role of NK cells in
natural and therapy-driven immunosurveillance,”” we
decided to extend these initial observations and character-
ize the link between surface-exposed CRT and NK-cell
activity in AML patients. Indeed, NK cells from patients
with high CRT exposure on malignant blasts exhibited
improved secretory and cytotoxic effector functions
(Figure 2B and E).

As we excluded the possibility that CRT would mediate
direct immunostimulatory effects on NK cells (Figure 3A
and Ounline Supplementary Figure S2A), we thought that
CRT exposure would be linked to increased levels of
NKALs on the surface of malignant blasts, because both
these processes have been linked to intracellular ER stress
signaling.*” Indeed, the percentage of CD45'CD33" malig-
nant blasts staining positively for ecto-CRT" correlated
with the frequency of blasts staining positively for various
NKALs (Figure 1D). However, we were unable to docu-
ment any correlation between the NKAL expression levels
and mRNA abundance of genes involved in the ER stress
response (which we and others previously demonstrated
to constitutively occur in AML blasts independent of ther-
apy)'*? (Online Supplementary Figure S1C). These findings
suggest that NKALs and CRT are exposed on the surface
of AML blasts via mechanistically distinct stress response
pathways. Replication stress and the consequent DNA
damage response stand out as a promising candidate for
NKAL exposure in this setting.”

We also found that NK-cell activation by CRT involves
a population of CD11c*CD14"" cells that, upon exposure
to CRT, express maturation markers (CD86 and HLA-DR),
acquires improved migratory capacity as a consequence of
CCRY expression, and delivers stimulatory signals to NK
cells via IL-15Ro/IL-15 trans-presentation® and type I TFN.
Consistent observations in peripheral blood of HDs and
AML patients, suggest that CD11c*CD14"" cells exposed
to CRT have a superior capacity to migrate to secondary
lymphoid organs where they can efficiently activate NK
cells (Figure 3C-E). Thus, surface-exposed CRT appears to
trigger the phenotypic and functional maturation of
CD11c"CD14"" cells leading to (i) cell contact-dependent
NK-cell activation via trans-presented IL-15, as well as (ii)
cell contact-independent NK-cell activation via type I
IENs. Importantly, type I IEN signaling in DCs results not
only in a superior ability to drive antigen-specific T-cell
priming,” but also in IL-15 production,” potentially sup-
porting a robust adaptive and innate immune response of
therapeutic relevance. Our findings and elegant preclinical
data from Chen and colleagues® lend robust support to

haematologica | 2020; 105(7) -




- l. Truxova et al.

® CRT B KLRK1

P=0.039
AT AU NUR
o ' '
[} ]
[}
[} ]
[} ]
[} ]
] ]
] ]
0 : T T ll T T 1
0O 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70
Time (months) Time (months)
Time (months) 0 10 20 30 40 60 Time (months) 0 10 20 30 40 50
CRTHi 42 33 22 14 8 2 KLRK1Hi 19 16 13 11 7 4
CRTLe 45 27 14 9 4 2 KLRK -0 18 11 5 4 1 1
C NKG2D D KLRK1/CRT
100+ 100
P=0.035
P=0.05
7] 7]
5 50f========-mm-mo-mo- . W 50
(]
: B
1 L
]
]
]
0 T T . T 1 O 1 T T ) 1 1 1
0 10 20 30 40 0 10 20 30 40 50 60 70
Time (months) Time (months)
Time (months) 0 10 20 30 35 Time (months) 0 10 20 30 40 50
NKG2DMi 24 20 12 7 3 KLRKM™MCRTH 11 11 10 8 6 4
NKG2D° 26 15 9 5 1 KLRK1-°CRTHy
KLRKfHCRTL 12 9 5 3 2 1
E NKG2D/CRT
— L L
i P=0.037 KLRK1-CRT: 11 8 4 4 1 1

50

RFS
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Table 2. Univariate Cox proportional hazard analysis. Table 3. Multivariate Cox proportional hazard analysis. ¢
RFS RFS

Variable HR (95% Cl) P Variable HR (95% Cl) P

Age 1.02 (0.99-1.04) 0.19 Age 1.07 (1.01-1.13) 0.007*

Sex 0.79 (0.44-1.43) 045 Sex 1.34 (0.50-3.60) 0.55

Peripheral blast counts 1.00 (0.99-1.01) 0.26 Peripheral blast counts 1.00 (0.98-1.02) 0.71

HSCT 0.76 (0.40-1.44) 0.40 HSCT 0.62 (0.21-1.83) 0.39

Ecto-CRT* blasts (%) 0.99 (0.98-1.00) 0.22 Ecto-CRT+ blasts (%) 0.98 (0.96-1.00) 0.10

KLRK1 expression 0.80 (0.53-1.19) 0.27 KLRK1 expression 0.69 (0.44-1.07) 0.10

NKG2D* NK cells (%) 0.96 (0.92-1.01) 0.13 NKG2D* NK cells (%) 0.95 (0.90-1.01) 0.11

CI,95% confidence interval; HR, hazard ratio; *p< 0.05; RFS, relapse-free survival.

this possibility. Indeed, i vivo application of C1498 AML
cells engineered to constitutively expose CRT on their sur-
face elicited an accumulation of highly functional NK cells
and CD4" and CD8" T cells in mouse tumors and/or
spleen (Figure 4B-D).

Finally, both CRT exposure on malignant blasts and NK
cell-related marker NKG2D were associated with improved
RES amongst AML patients (Figure 5A-C), corroborating
previously published data.’** Combinatorial assessment of
the prognostic value of these parameters identified signifi-
cantly prolonged RES in KLRK1"CRT" and NKG2D"CRT"
subgroup of patients (Figure 5D-E). However, these findings
could not be confirmed using univariate and multivariate
Cox proportional hazard analysis, potentially reflecting a
limited follow-up period, the small size of the patient
cohort, disease subset and/or inter-patient heterogeneity.
Thus, the precise prognostic value of CRT exposure on
AML blasts and NKGD2 levels on NK cells remains to be
validated in independent patient series.

Taken together, our results support the association of
CRT with enhanced activation of the innate and adap-
tive anticancer immunity. Parallel assessment of CRT
exposure on malignant blasts and immune cell parame-
ters, such as NK-cell markers, may provide prognostic

CI,95% confidence interval; HR, hazard ratio; *p< 0.05; RFS, relapse-free survival.

information and have therapeutic relevance for AML
patients in the future.
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ABSTRACT

ew therapeutic strategies are needed for pediatric acute myeloid

leukemia (AML) to reduce disease recurrence and treatment-related

morbidity. The Children’s Oncology Group Phase IIl AAML1031 trial
tested whether the addition of bortezomib to standard chemotherapy
improves survival in pediatric patients with newly diagnosed AML.
AAML1031 randomized patients younger than 30 years of age with de novo
AML to standard treatment with or without bortezomib. All patients
received the identical chemotherapy backbone with either four intensive
chemotherapy courses or three courses followed by allogeneic hematopoiet-
ic stem cell transplantation for high-risk patients. For those randomized to
the intervention arm, bortezomib 1.3 mg/m’ was given on days 1, 4 and 8 of
each chemotherapy course. For those randomized to the control arm, borte-
zomib was not administered. In total, 1,097 patients were randomized to
standard chemotherapy (n=542) or standard chemotherapy with bortezomib
(n=555). There was no difference in remission induction rate between the
bortezomib and control treatment arms (89% vs. 91%, P=0.531). Bortezomib
failed to improve 3-year event-free survival (44.8+4.5% vs. 47.0£4.5%,
P=0.236) or overall survival (63.6+4.5 vs. 67.2+4.3, P=0.356) compared with
the control arm. However, bortezomib was associated with significantly
more peripheral neuropathy (P=0.006) and intensive care unit admissions
(P=0.025) during the first course. The addition of bortezomib to standard
chemotherapy increased toxicity but did not improve survival. These data do
not support the addition of bortezomib to standard chemotherapy in chil-
dren with de novo AML. (Trial registered at clinicaltrials.govINCT01371981;
httys://www.cancer.gov/clinicaltrials/ NCT01371981).

Introduction

Pediatric acute myeloid leukemia (AML) is the second most common pediatric
leukemia and requires intensive therapy for cure.”” Despite the intensity of AML
chemotherapy, which includes a very high cumulative lifetime anthracycline expo-
sure in patients treated with chemotherapy alone or allogeneic donor stem cell
transplantation (SCT) in first remission, approximately 50% of patients will experi-
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ence disease recurrence.** Moreover, treatment-related
mortality limits the ability to further intensify therapy.’
Thus, new therapies are needed to improve the outcomes
of children with AML.

The development and evaluation of targeted therapies
for children with AML is the highest clinical research pri-
ority for the Myeloid Committee in the Children’s
Oncology Group (COG).® After successfully demonstrat-
ing an improvement in event-free survival (EFS) in chil-
dren treated with gemtuzumab,** COG sought to evalu-
ate the efficacy of bortezomib, a first-generation protea-
some inhibitor approved for multiple myeloma and non-
Hodgkin lymphoma. Bortezomib was selected based on
preliminary data demonstrating that AML blasts have
increased proteasomes and are more sensitive to protea-
some inhibitor-mediated apoptosis,” AML stem cells have
increased NE-kB that is selectively targeted with protea-
some inhibitors,*"" preclinical data from the pediatric pre-
clinical testing program showing activity against leukemia
cell lines,”"® and studies in adults with AML demonstrat-
ing clinical benefit.'"'® At the time of the opening of the
AAML1031 study, a COG pediatric phase I single agent
bortezomib trial had determined the single agent maxi-
mum tolerated dose,” and a phase II trial (AAMLO7P1),
combining bortezomib with AML chemotherapy for
patients with relapsed AML, was nearing completion.*

Since the available safety and efficacy data for combin-
ing bortezomib with standard AML chemotherapy was
limited, COG, in collaboration with the Cancer Therapy
Evaluation Program (CTEP), designed AAML1031 as a
definitive efficacy phase III trial with an interim toxicity
analysis to ensure that combining bortezomib with stan-
dard AML chemotherapy was safe. The primary objective
of AAML1031 was to definitively assess the impact of
bortezomib in combination with standard AML
chemotherapy on EES for children with newly diagnosed
AML without high allelic ratio (HAR) FLT3 ITD. A second
objective was to evaluate the impact of bortezomib on
overall survival (OS). Based on the available preliminary
data at the time of study initiation, bortezomib was
hypothesized to improve both EES and OS. Multiple sec-
ondary objectives included an expanded safety assess-
ment, multiple biology correlative studies, and secondary
clinical data analyses.

Methods

The AAML1031 study was an open-label multi-center random-
ized trial including patients aged 0 to 29.5 years with previously
untreated primary AML. Exclusion criteria were: prior chemother-
apy, acute promyelocytic leukemia [t(15;17)], juvenile
myelomonocytic leukemia, bone marrow failure syndromes, or
secondary AML. The National Cancer Institute’s central institu-
tional review board (IRB) and IRB at each enrolling center
approved the study; patients and families provided informed con-
sent or assent as appropriate. The trial was conducted in accor-
dance with the Declaration of Helsinki. The trial was registered at
clinicaltrials.gov identifier: NCT01371981.

Patients were randomly assigned at enrollment to either stan-
dard AML treatment or standard treatment with bortezomib.
Randomization was conducted in blocks of four. Bortezomib was
administered at a dose of 1.3 mg/m” once on days 1, 4, and 8 of
each chemotherapy course.

Patients with high allelic ratio FLT3 ITD were offered enroll-

ment on a phase I sorafenib treatment arm if that arm was open.
Patients with HAR FLT3 ITD who declined enrollment in the
sorafenib arm, or who enrolled while the arm was suspended,
continued to receive treatment according to their initial random-
ization. These patients were included in safety analyses but were
excluded from all efficacy analyses.

Patients were classified as low- or high-risk after Induction L
Low-risk patients received four courses of chemotherapy and
high-risk patients received three courses of chemotherapy fol-
lowed by allogeneic SCT. High-risk patients without an appropri-
ate donor received four courses of chemotherapy:.

The primary end point was EFS from study entry. EFS was
defined as the time from study entry until death, refractory dis-
ease, or relapse of any type, whichever occurred first. The second-
ary end points were OS, remission rates, relapse risk, post induc-
tion disease-free survival (DES), and treatment-related mortality
(TRM). OS was defined as time from study entry until death.
Relapse risk was defined as the time from the end of Induction II
for patients in complete remission (CR) to relapse, where deaths
without a relapse were considered competing events. DFS was
defined as the time from end of Induction II for patients in CR
until relapse or death. Refractory disease was defined as the per-
sistence of central nervous system (CNS) disease after Induction [,
or the presence of morphologic bone marrow blasts 25% or any
extramedullary disease at the end of Induction II. Patients with
refractory disease were removed from protocol therapy. TRM was
defined as the time from either study entry, or from end of
Induction II for patients in CR, to deaths without a relapse, with
relapses considered as competing events. Patients without an
event were censored at their date of last known contact. However,
for TRM analyses, patients were censored 30 days post end of
therapy or 200 days post SCT.

Statistical analysis

The study was designed with 1-sided testing and 2.5% type I
error rate and 80% power to detect a 9% difference in EFS
plateaus (52% vs. 61%, hazard ratio = 0.78) between patients
without HAR FLT3 ITD randomized to standard therapy versus
bortezomib/standard combination therapy. All P-values are two-
sided. Please see the Ounline Supplementary Appendix for additional
details of the methods used.

Results

Between February 2011 and January 2016, 1,231
patients were enrolled on the AAML1031 study; patients
were aged 0 to 29.5 years and had previously untreated
primary AML at 184 institutions. Data for this analysis
were frozen at December 31, 2017, with a median follow-
up period of 3.0 years (range, 0-6.0 years) for patients alive
at last contact. A total of 132 patients were excluded: 32
patients not meeting eligibility criteria, 102 patients with
HAR FLT3 ITD who either enrolled (n=60) or did not
enroll (n=42) on the phase I sorafenib treatment arm that
concluded enrollment on July 31, 2017; this left 1,097
patients eligible for analysis. Figure 1 illustrates the rea-
sons for exclusion and shows that 555 participants were
randomized to the bortezomib arm and 542 to the control
arm.

Accrual to the main randomization was completed on
January 15, 2016. As of March 14, 2016, the projected
relapse event horizon was reached and outcome analyses
indicated that the addition of bortezomib did not improve
EFS, DFS or OS, but did demonstrate a higher incidence of
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non-fatal treatment-related toxicities. Therefore, institu- Table 1 and Online Supplementary Table S1 summarizes
tions were notified on this date that patients receiving the demographic characteristics of patients by study arm;
protocol therapy on the bortezomib arm should switch to  no significant differences were observed in these dem-
the standard chemotherapy arm immediately. There were  graphic characteristics. Of note, 33% and 13% of patients
22 patients who were receiving protocol therapy on the had favorable cytogenetic or molecular features, respec-
bortezomib arm at this time. tively, and <5% had unfavorable cytogenetic features.

Table 1. Patient demographics and clinical characteristics by treatment arm.

haracteristic Overall ArmA Arm B P
N ) ] % N )
Gender
Male 572 52% 285 53% 287 52% 0.773
Female 525 48% 257 4% 268 48%
Age at diagnosis, years
Median 9.2 9.5 9.1 0.511
Range 0-29.5 0.03-29.5 0-29.2
0-1 [0-730 day old] 237 22% 107 20% 130 23% 0.139
2-10 372 34% 189 35% 183 33% 0.507
11-15 213 25% 139 26% 134 24% 0.565
16-20 188 17% 91 17% 97 17% 0.763
=21 27 2% 16 3% 11 2% 0.300
Race
American Indian or Alaskan Native 9 1% 3 1% 6 1% 0.506
Asian 51 5% 24 5% 27 6% 0.699
Native Hawaiian or other Pacific Islander 8 1% 3 1% 5 1% 0.726
Black or African American 136 14% 69 14% 67 14% 0.793
White 767 79% 384 80% 383 8% 0.652
Multiple Races 1 0% 0 0% 1 0% 1.000
Unknown 125 59 66
Ethnicity
Hispanic or Latino 199 19% 99 19% 100 19% 0.945
Not Hispanic or Latino 863 81% 21 81% 436 81%
Unknown 35 16 19
Leukemic burden, WBC, x 10%uL
Median 177 17 19.2 0.185
Range 0.6-2730 0.6-2730 0.6 - 2600
N. of patients with >100 x 10/uL 178 16% 85 16% 93 17% 0.620
CNS disease classification at study entry
CNSI1 730 69% 358 70% 372 69% 0.617
CNS2 215 20% 100 20% 115 21% 0.507
CNS3 108 10% 53 10% 55 10% 0.905
Unknown 44 31 13
Non-CNS extramedullary disease 170 15% 82 15% 88 16% 0.720

Risk factors and classification
Cytogenetics affecting risk classification

t(8;21) 166 20% 84 16% 82 15% 0.725
Inv(16), t(16;16) 114 13% 57 11% 57 11% 0.883
-7 21 3% 9 2% 12 2% 0.545
-5/5q- 13 1% 6 1% 7 1% 0.814
Institution mutation results
Low FLT3-ITD allelic ratio (<0.4) 7 % 37 % 40 % 0.805
NPM 80 % 37 % 43 8% 0.558
CEBPa 66 6% 29 5% 37 % 0.364
MRD at end of induction I
Negative 782 75% 386 5% 396 5% 0.929
Positive 261 25% 128 25% 133 25%
MRD positive %, median 2.3 2.8 19 0.247
MRD positive %, range 0.1-93 0.1-93 0.1-92
Unknown 54 28 26
Risk group assignment
Low 836 8% 417 79% 419 8% 0.664
High 230 22% 111 21% 119 22%

AML: acute myeloid leukemia; CNS: central nervous system; ITD high AR: internal tandem duplication with high allelic ratio; MRD: minimum residual disease; WBC: white blood cell count.
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Minimal residual disease (MRD) assessment at the end of  of two courses of induction. For the 1,024 patients who
Induction I was available in 95% of patients, and was neg-  initiated the second course of induction therapy and were
ative in 75%. Thus, approximately 78% of all patients evaluable at the end of Induction II, the remission rate was
were classified as low-risk based on cytogenetic, molecu-  90% and there was no difference between study arms. No
lar, and disease response features, while 22% were classi-  differences in EFS and OS were observed by study arm
fied as high-risk. (Table 2 and Figure 2). Specifically, the 3-year EFS from

Of the 1,097 patients enrolled on AAML1031, approxi-  study entry for the no bortezomib and bortezomib arms
mately 84% survived and achieved a remission at the end ~ were 44.8%=4.5% versus 47.0%=4.5% (P=0.236) and the

Table 2. Event-free survival, overall survival, and treatment-related mortality by study arm.

Overall ArmA Arm B P
N % *2 SE% N % %2 SE% N % *2 SE%
3-year EFS from study entry 1097 459 +3.2 542 448 +45 599 470 £45 0.236
3-year OS from study entry 1097 65.4 + 3.1 542 63.6 4.5 555 67.2 4.3 0.356
3-year CI of relapse from study entry 1097 472 +32 542 48.0 £4.5 599 46.4 £ 44 0.378
1-year TRM from study entry 1097 11.8+52 542 13.3 82 555 10.5 + 6.6 0.577
3-year DFS from end of Induction I 1015 478 +33 506 46.9 + 4.6 509 8.7 +46 0.261
3-year OS from end of Induction I 1015 66.6 + 3.2 506 65.2 £ 4.6 509 68.0 £ 4.5 0451
3-year DFS from end of Induction II 910 524 +35 453 518 £49 457 53.0+£49 0.444
3-year OS from end of Induction II 910 70.5 3.3 453 69.3 £ 4.8 457 T1.7£47 0.453
1-year TRM from end of Induction II 910 9.7£52 453 104 £7.6 457 9.0£172 0331

EFS: event-free survival; OS: overall survival; CI: cumulative incidence; TRM: treatment-related mortality; DFS: disease-free survival; SE: standard error.

AAML1031 enrollment (n=1645)
Excluded (n=548)

" Post amendment 7A (n=414)

* Not meeting eligibility criteria, (n=32)

- FLT3/TD high AR, Arm C enroliment, (n=60)
“ FLT3/TD high AR, Arm A, (n=19)

* FLT3/TD high AR, Arm B, (n=23)

A 4

Eligible patients without
FLT3ATD high AR (n=1097)

Allocated to Arm A: (n=542) l< L =|| Allocated to Arm B: (n=555)
Death (n=9) Death (n=10)
W/D Refractory CNS (n=8) WID Refractory CNS (n=7)
| WID Toxicity (n=2) WD Toxicity (n=7)
Elective W/D (n=15) Elective W/D (n=19)
A Off therapy before treatment (n=2) Off therapy before treatment (n=3) A4
CD"'"I'”: h ‘helra‘i‘g:‘ee"d of Death (n=2) WD Induction Il failure/relapse (n=32) CDT,:E::;;: ,Tifj;;;’ o
nduction I (n=506) WD Induction Il failure/relapse (n=38) WID Toxicity (n=3)
| WiD Toxicity (n=1) Elective WD (n=16) <
"| Elective W/D (n=11) Received SCT on AAMLO5P1 (n=1)
v Received SCT on AAMLOSP1 (n=1) v
Continue on therapy at end of Continue on TX at end of
Induction Il (n=453) Death (n=2) Death (n=3) Induction Il (n=457)
.| Relapse (n=13) Relapse (n=13)
! 7| WID Toxicity (n=8) WD Texicity (n=6) ¢
Elective W/D (n=22) Elective W/D (n=30) N
Continue on therapy at end of Received SCT on AAMLO5P1 (n=1) Received SCT on AAMLOSP1 (n=2) Contlnl:le on TX at end of
Intensification | (n=407) Intensification | (n=403)

v 1 ¢ A

Completed Intensification Il therapy (n=383) Received SCT: Received SCT on 1031 (n=43) Completed Intensification |l therapy (n=355)
Death (n=1) on AAML1031 (n=33) Relapse (n=2)

Relapse (=1) on AAMLO5P1 (n=2) Elective W/D (n=3)

Elective W/D (n=5)

A

Completed Intensification Il and:
received SCT on AAML1031 (n=1)
received SCT on AAMLO5P1 (n=1)

Figure 1. Consort diagram - AAML1031, as of December 31, 2017. High AR: W/D: Elective withdrawal. Reasons include terminating therapy to due to physician's
choice or patient's refusal of further protocol therapy. SCT: stem cell transplantation; TX: therapy; n: number.
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3-year OS from study entry were 63.6%x4.5% versus
67.2%+4.3% (P=0.356). Similar outcomes by randomiza-
tion arm were observed for the cumulative incidence of
relapse, 1-year TRM, and DFS/OS from the end of
Induction II (Table 2).

Subgroup analyses by risk group (Online Supplementary
Table S2) showed similar outcomes between treatment
arms for both low- and high-risk patients. Combining the
two arms, 3-year DES and OS for low-risk patients was
52.9%+3.7% and 74.1%+3.4%, respectively while 3-year
DEFS and OS for high-risk patients was 27.8%+6.6% and
36.9%=+7.6%. Subgroup analyses by NPM, CEBPA, CBE,
and KMT2A molecular subtypes (Online Supplementary
Table S3) and by age category (Online Supplementary Table
S4) did not show any evidence of subtype- or age-specific
bortezomib responses.

Univariable and multivariable Cox analyses from study
entry and end of Induction II are shown in Table 3 and
Online Supplementary Table S5. Initial white blood cell
count (WBC) >100x10°/L was significantly associated
with an increased risk of relapse, treatment-related mor-
tality, and decreased survival from study entry. Age
greater or equal to 11 years old was associated with a
decreased risk of relapse and increased survival. Black
race, a previously observed risk factor,*"” was no longer a
significant risk factor for relapse or death. The magnitude
and significance of these associations remained stable
between univariate and multivariable analyses.

Interim analyses of TRM and acute respiratory distress
syndrome (ARDS) after 100 patients were randomized to
bortezomib did not cross predefined toxicity thresholds.
Overall TRM and targeted toxicity data are shown in
Table 4 and Online Supplementary Table S6. No differences
were observed in overall or course-specific TRM. While
most toxicity rates did not differ by treatment arm,
peripheral neuropathy, dose reductions, and pediatric
Intensive Care Unit (PICU) admissions were consistently
increased in patients receiving bortezomib in combination
with standard chemotherapy. Course-specific increased
rates of ARDS and hypoxia were observed in the patients
treated with bortezomib together with standard
chemotherapy. However, the reported rates of these toxi-

Table 3. Multivariable analyses.

cities was relatively low and did not differ from rates in
patients treated with standard chemotherapy alone. No
differences in infectious complications, renal toxicities, or
decline in shortening fraction/ejection fraction were
observed between treatment arms (Online Supplementary
Table S7). Subgroup toxicity analyses by patient age
demonstrated increased toxicities in Arm B patients with
increasing age (Online Supplementary Table S8) amongst
patients who completed all four courses of chemotherapy.

Discussion

The AAML1031 trial data demonstrate that the addition
of bortezomib to standard chemotherapy does not
improve EES or OS. However, bortezomib caused addi-
tional treatment-related toxicity, specifically peripheral
neuropathy, dose reductions, and PICU admissions. Given
the lack of clinical benefit and increased toxicity observed
in the bortezomib treatment arm, bortezomib was discon-
tinued in all patients who remained on protocol mandated
therapy. While the preliminary data regarding bortezomib
efficacy in adults with AML was promising,"*® and pedi-
atric preclinical models demonstrated a potential biologi-
cal rationale for combining bortezomib with pediatric
AML chemotherapy,”* the results of AAML1031 do not
support the addition of bortezomib to current pediatric
AML chemotherapy. This trial result illustrates the need
for specific pediatric clinical trials in AML, even in the con-
text of a promising efficacy signal in adult AML.

Several important additional conclusions may be drawn
from these data. First, the outcomes seen on the
AAML1031 trial are generally similar to those seen on the
standard arm of the immediately antecedent phase III trial,
AAMLO0531, and are slightly inferior to outcomes reported
in other pediatric co-operative oncology groups.*”** The
observed differences in outcomes between other pediatric
co-operative oncology group clinical trials and AAML1031
are still not completely understood but stem, in part, from
the elimination of chemotherapy cycle 5 (Capizzi AraC)
for low-risk patients with uninformative molecular fea-
tures.” Further investigations will evaluate differences in

0S from study entry EFS from study entry TRM from study entry
N HzR 95% CI P HzR 95% CI P HzR 95% CI P

Treatment arm

Arm A 482 1 1 1

Arm B 487 0.91 0.73-1.13  0.383 0.95 080-1.13  0.567 0.87 049-1.57  0.652
Age at diagnosis, years

2-10 318 1 1 1

0-1 209 1.26 094-1.68  0.118 1.21 0.96-1.53  0.100 0.80 032-1.99  0.638

=11 442 0.86 0.66-1.11  0.231 0.78  0.64-0.96  0.017 1.25 0.65-2.40 0498
WBC at diagnosis, x10/L

<100 805 1 1 1

> 100 164 1.42 1.08-1.86  0.013 1.64 1.32-2.03  <0.001 1.79 0.92-348  0.089
Race

Non-black 832 1 1 1

Black 137 1.30 097-1.75  0.084 1.02 0.79-1.31  0.884 1.86 0.95-3.62  0.068

OS: overall survival; EFS: event-free survival; TRM: treatment-related mortality; HzR: hazard ratio; CI: confidence interval; WBC: white blood cell count.
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Table 4. Targeted toxicity by phase of therapy.

Phase of therapy Induction | Induction Il Intensification | Intensification Il
Treatment arm ArmA ArmB Avs.B | ArmA ArmB Avs.B |/ArmA ArmB Avs.B ArmA ArmB Avs.B
Toxicity N 574 580 518 529 460 469 3713 361
Cardiac Heart failure 4 4 B 6 5 10 10 13
0.7% 0.7% 1.000 0.6% 11% 0506 11% 2.1% 0206 2.7% 3.6% 0474
EF decreased 4 6 1 5 8 19 4 11
0.7% 1.0% 0753  02% 09% 0218 17% 41% 0036 11% 3.0%  0.059
Cardiac LVSD 5 8 4 4 13 15 9 16
09% 14% 0413  08% 08% 1.000 28% 32% 0.740 24% 44%  0.132
Neurologic Peripheral neuropathy/ 6 20 4 17 8 14 5 10
Paresthesia/neuralgia ~ 1.0%  34% 0006  08% 32% 0005 1.7% 3.0% 0212 13% 28% 0171
Seizure 2 1 1 0 0 0 0 3
03% 02% 0623  02% 0.0% 0495  0.0% 0.0% 1000 0.0% 08% 0.119
Pulmonary ARDS 2 12 2 3 6 3 3 1
03% 21% 0008 04% 06% 1.000 13% 0.6% 0337 08% 03% 0.624
Hypoxia 21 35 1 10 7 24 15 17
37%  6.0% 0060 14% 1.9% 0490  15% 51% 0.002 4.0% 47%  0.648
Respiratory failure 10 18 2 3 4 5 8 5
L7% 31% 0133  04% 06% 1.000 09% 1.1% 1000 21% 14% 0435
Renal Acute kidney injury 9 10 0 4 1 6 2 1
16% 1.7% 0835  0.0% 08% 0124 02% 13% 0124  05% 0.3%  1.000
Creatinine increased 0 5 1 2 0 2 0 1
0.0% 09% 0062  02% 04% 1.000 0.0% 04% 0500 0.0% 03% 0492
Microbiologically Viridans group 21 25 59 53 70 78 83 7
documented Streptococcus 37% 43% 0572 10.6% 10.0% 0750 152% 16.6% 0.556 22.3% 20.8%  0.627
sterile site infections
(at least 1 occurrence)
Gram Negative Bacilli 9 16 23 31 4 49 53 43
1.6% 28% 0165 44% 59% 0299 89% 104% 0429 142% 11.9% 0.356
Fungi 16 7 3 7 0 2 6 6
28% 12% 0055  0.6% 1.3% 0342  00% 04% 0500 1.6% 1.7%  0.955
Dose reductions 8 31 8 33 4 37 9 47
14%  53% <0001 15% 62% <0001 09% 7.9% <0001 24% 13.0% <0.001
PICU admissions 121 155 43 66 53 84 72 71
211% 26.7% 0.025  83% 12.5% 0.027  11.5% 17.9% 0.006 19.3% 19.7%  0.901

ARDS: adult respiratory distress syndrome; EF: ejection fraction; LVSD: left ventricular cystolic dysfunction; PICU: pediatric intensive care unit.

study populations, including characteristics such as obesi-
ty, molecularly-defined risk differences between study
populations, efficacy of the backbone treatment regimen,
variations in supportive care practices, and the potential
impact of structural differences in the provision of health
services. Additional analyses including comparisons focus-
ing on the efficacy of dexrazoxane as a cardioprotectant,*
specific cytogenetic abnormalities (IMLL translocation sub-
groups), the use of MRD testing for outcome prediction,
optimizing risk classification, the intensification of
Induction II therapy with cytarabine and mitoxantrone,
and the role of allogeneic donor SCT, are ongoing.
Second, COG, in partnership with the Cancer Therapy
Evaluation Program (CTEP) can conduct complex clinical
trials that contain phase I, phase II, and phase III compo-
nents. The sorafenib study arm, which will be reported
separately, served as a phase [ trial of the feasibility and

initial efficacy assessment of incorporating sorafenib into
pediatric AML. Moreover, at the initiation of AAML1031,
the only published data for bortezomib in pediatric AML
was as a single agent.” While limited safety data were
available during the 2-year planning process prior to the
opening of the AAML1031 trial in June, 2011, full safety
and efficacy data were not available until the subsequent
closure of the AAMLO7P1 trial in December, 2011."®
Given these limited toxicity data, the AAML1031 trial
included a planned targeted toxicity (ARDS and TRM)
analyses after the randomization of 100 patients to the
bortezomib treatment arm. The successful monitoring of
bortezomib-associated toxicities on the AAML1031 trial
highlights the ability of COG, in partnership with the
CTEP, to conduct complex clinical trials that provide
definitive efficacy testing of a novel agent in the setting of
limited preliminary toxicity data.
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Several limitations of this clinical trial require acknowl-
edgment. First, correlative biology data on the unfolded
protein response and other biomarkers of bortezomib effi-
cacy are currently ongoing and thus could not be included
in this report. These ongoing studies may define subgroup
populations who may benefit from bortezomib.” Second,
comprehensive molecular profiling of each individual
AML case is ongoing but is still not complete.” The com-
pletion of this work will likely enable the next generation
of risk prediction and therapy individualization. Finally,
the ongoing analyses of changes in chemotherapy course
sequence and use of allogeneic donor SCT will face the
well documented challenges of limitations in chemothera-
py toxicity reporting,”” and the challenges faced by all co-
operative oncology groups to collect and account for vari-
able supportive care practices and particular factors at the
level of each individual center that may impact treatment
outcomes.

In conclusion, the AAML1031 trial demonstrates that
bortezomib can be combined safely with standard pedi-
atric AML chemotherapy but that this combination does

References

with chemotherapy for newly diagnosed

not improve EES or OS and is associated with increased
toxicity. Thus, these data do not support the use of borte-
zomib in pediatric AML therapy at this time. Despite this,
the successful conduct of this very complex trial highlights
the clinical trial capabilities of COG in partnership with
the CTEP, and may serve as a paradigm for definitive effi-
cacy clinical trials initiated in the setting of limited prelim-
inary data. Finally, the AAML1031 clinical trial data set, in
conjunction with ongoing biology studies, will serve as an
invaluable data platform for future clinical and translation-
al investigations.

Acknowledgments

The AAML1031 study team would like to acknowledge the
patients and families who participated in the AAML1031 clinical
trial.

Funding

This research was supported by NCTN Operations Center
Grant (U10CA180886) and NCTN Statistics & Data Center
Grant (U10CA180899).

al. The effect of the proteasome inhibitor

1. Zwaan CM, Kolb EA, Reinhardt D, et al.
Collaborative Efforts Driving Progress in
Pediatric Acute Myeloid Leukemia. ] Clin
Oncol. 2015;33(27):2949-2962.

. Tarlock K, Meshinchi S. Pediatric acute
myeloid leukemia: biology and therapeutic
implications of genomic variants. Pediatr
Clin North Am. 2015;62(1):75-93.

. Gamis AS, Alonzo TA, Meshinchi S, et al.
Gemtuzumab ozogamicin in children and
adolescents with de novo acute myeloid
leukemia improves event-free survival by
reducing relapse risk: results from the ran-
domized phase III Children's Oncology
Group trial AAML0531. J Clin Oncol. 2014;
32(27):3021-3032.

. Cooper TM, Franklin ], Gerbing RB, et al.
AAMLO3P1, a pilot study of the safety of

gemtuzumab ozogamicin in combination

childhood acute myeloid leukemia: A
report from the children's oncology group.
Cancer. 2011;118(3):761-769.

5. Lange BJ, Smith FO, Feusner ], et al.

Outcomes in CCG-2961, a children's

2008;111(3):1044-1053.

. Gamis AS, Alonzo TA, Perentesis JP,

Meshinchi S

7

Pediat Blood Cancer. 2013;60(6):964-971.

. Matondo M, Bousquet-Dubouch MP,

leukemia: a correlation with the

bortezomib on acute myeloid leukemia
cells and drug resistance associated with
the CD34+ immature phenotype.
Haematologica. 2008;93(1):57-66.

9. Guzman ML, Neering SJ, Upchurch D, et
oncology group phase 3 trial for untreated al. Nuclear factor-kappaB is constitutively
pediatric acute myeloid leukemia: a report activated in primitive human acute myel-
from the children's oncology group. Blood. ogenous leukemia cells. Blood. 2001;

98(8):2301-2307.
10. Guzman ML, Swiderski CF, Howard DS, et
Committee COGAML. al. Preferential induction of apoptosis for
Children's Oncology Group's 2013 blue- primary human leukemic stem cells. Proc
print for research: acute myeloid leukemia. Natl Acad Sci U S A. 2002;99(25):16220-
16225.
11. Jordan CT, Guzman ML, Noble M. Cancer
Gallay N, et al. Proteasome inhibitor- stem cells. N Engl ] Med. 2006;355(12):
induced apoptosis in acute myeloid 1253-1261.
rotea-  12. Horton TM, Gannavarapu A, Blaney SM, et

some status. Leuk Res. 2010;34(4):498-
506.

. Colado E, Alvarez-Fernandez S, Maiso P, et

al.  Bortezomib interactions  with
chemotherapy agents in acute leukemia in
vitro. Cancer Chemother Pharmacol. 2006;

Bortezomib combined with pediatric AML chemotherapy -

haematologica | 2020; 105(7) -



- R. Aplenc et al.

- haematologica | 2020; 105(7) I

16.

58(1):13-23.

Niewerth D, Franke NE, Jansen G, et al.
Higher ratio immune versus constitutive
proteasome level as novel indicator of sen-
sitivity of pediatric acute leukemia cells to
proteasome inhibitors. Haematologica.
2013;98(12):1896-1904.

Attar EC, De Angelo D], Supko JG, et al.
Phase I and pharmacokinetic study of
bortezomib in combination with idarubicin
and cytarabine in patients with acute myel-
ogenous leukemia. Clin Cancer Res. 2008;
14(5):1446-1454.

Blum W, Schwind S, Tarighat SS, et al.
Clinical and pharmacodynamic activity of
bortezomib and decitabine in acute
myeloid leukemia. Blood. 2012;119(25):
6025-6031.

Orlowski RZ, Voorhees PM, Garcia RA, et
al. Phase 1 trial of the proteasome inhibitor
bortezomib and pegylated liposomal dox-
orubicin in patients with advanced hema-
tologic  malignancies. Blood.  2005;
105(8):3058-3065.

Horton TM, Pati D, Plon SE, et al. A phase
1 study of the proteasome inhibitor borte-
zomib in pediatric patients with refractory
leukemia: a Children's Oncology Group
study. Clin Cancer Res. 2007;13(5):1516-
1522.

Horton TM, Perentesis JP, Gamis AS, et al.
A Phase 2 study of bortezomib combined

19.

20.

21.

22.

23.

with either idarubicin/cytarabine or cytara-
bine/etoposide in children with relapsed,
refractory or secondary acute myeloid
leukemia: a report from the Children's
Oncology Group. Pediatric Blood Cancer.
2014;61(10):1754-1760.

Aplenc R, Alonzo TA, Gerbing RB, et al.
Ethnicity and survival in childhood acute
myeloid leukemia: a report from the
Children's Oncology Group. Blood. 2006;
108(1):74-80.

Hasle H, Abrahamsson J, Forestier E, et al.
Gemtuzumab ozogamicin as postconsoli-
dation therapy does not prevent relapse in
children with AML: results from NOPHO-
AML 2004. Blood. 2012;120(5):978-984.
Creutzig U, Zimmermann M, Bourquin JP,
et al. Randomized trial comparing liposo-
mal daunorubicin with idarubicin as induc-
tion for pediatric acute myeloid leukemia:
results from Study AML-BFM 2004. Blood.
2013;122(1):37-48.

Tsukimoto I, Tawa A, Horibe K, et al. Risk-
stratified therapy and the intensive use of
cytarabine improves the outcome in child-
hood acute myeloid leukemia: the AML99
trial from the Japanese Childhood AML
Cooperative Study Group. ] Clin Oncol.
2009;27(24):4007-4013.

Getz KD, Alonzo TA, Sung L, et al. Four
versus five chemotherapy courses in
patients with low risk acute myeloid

24.

25.

26.

27.

28.

leukemia: a Children’s Oncology Group
report. ] Clin Oncol. 2017; 35(15_suppl):
10515-10515.

Getz KD, Sung L, Leger K, et al. Effect of
dexrazoxane on left ventricular function
and treatment outcomes in patients with
acute myeloid leukemia: A Children’s
Oncology Group report. ] Clin Oncol. 2018;
36(15_suppl):10501-10501.

Hoff FW, Qiu Y, Hu W, et al. Abstract 451:
Proteomic profiling of the unfolded protein
response identifies patients benefiting from
bortezomib in pediatric acute myeloid
leukemia. Cancer Res. 2018;78(Suppl
18):451.

Bolouri H, Farrar JE, Triche T Jr, et al. The
molecular landscape of pediatric acute
myeloid leukemia reveals recurrent struc-
tural alterations and age-specific mutation-
al interactions. Nat Med. 2018;24(1):103-
112.

Miller TP, Li Y, Getz KD, et al. Using elec-
tronic medical record data to report labora-
tory adverse events. Br ] Haematol. 2017;
177(2):283-286.

Miller TP, Troxel AB, Li Y, et al
Comparison of administrative/billing data
to expected protocol-mandated chemother-
apy exposure in children with acute
myeloid leukemia: A report from the
Children's Oncology Group. Pediatric
Blood Cancer. 2015;62(7):1184-1189.



Acute Lymphoblastic Leukemia

Relapses and treatment-related events
contributed equally to poor prognosis in
children with ABL-class fusion positive B-cell
acute lymphoblastic leukemia treated
according to AIEOP-BFM protocols

Gunnar Cario,* Veronica Leoni,> Valentino Conter,> Andishe Attarbaschi,®
Marketa Zaliova,* Lucie Sramkova,* Gianni Cazzaniga,? Grazia Fazio,>
Rosemary Sutton,® Sarah Elitzur,® Shai lzraeli,®* Melchior Lauten,”

Franco Locatelli,®? Giuseppe Basso,® Barbara Buldini,” Anke K. Bergmann,*°
Jana Lentes,* Doris Steinemann,*® Gudrun Gohring,*°

Brigitte Schlegelberger,*® Oskar A. Haas,* Denis Schewe,*

Swantje Buchmann,* Anja Moericke,* Deborah White,** Tamas Revesz,*?
Martin Stanulla,*®* Georg Mann,® Nicole Bodmer,** Nira Arad-Cohen,*®

Jan Zuna,* Maria Grazia Valsecchi,> Martin Zimmermann,*

Martin Schrappe** and Andrea Biondi**

*Pediatrics, University Hospital Schleswig-Holstein, Campus Kiel, Kiel, Germany; 2Clinica
Pediatrica and Centro Ricerca Tettamanti, Universita di Milano-Bicocca, Fondazione
MBBM/ S.Gerardo Hospital, Monza, Italy; *St. Anna Kinderspital and Children’s Cancer
Research Institute, Vienna, Austria; “CLIP, Department of Pediatric Hematology and
Oncology, 2™ Faculty of Medicine, Charles University and University Hospital Motol,
Prague, Czech Republic; *Molecular Diagnostics, Children’s Cancer Institute, University
of NSW, Sydney, NSW, Australia; *Pediatric Hematology-Oncology, Schneider Children's
Medical Center, Petah Tikva, and Sackler Faculty of Medicine, Tel Aviv University, Israel;
"Pediatrics, University Hospital Schleswig-Holstein, Campus Lubeck, Libeck, Germany;
®Department of Pediatric Hematology and Oncology, Scientific Institute for Research and
Healthcare (IRCCS) Childrens' Hospital Bambino Gesu, Sapienza, University of Rome,
Rome, Italy; °lIGM Torino and Pediatric Hemato-Oncology, SDB Departiment, University
of Padova, Padova, Italy; **Department of Human Genetics, Medical School Hannover,
Hannover, Germany; **Cancer Theme, South Australian Health and Medical Research
Institute, Adelaide, Australia; **Women’s and Children’s Hospital, SA Pathology,
University of Adelaide, Adelaide, Australia; **Department of Pediatric
Hematology/Oncology, Hannover Medical School, Hannover, Germany; **University
Children’s Hospital Zurich, Zurich, Switzerland and **Pediatric Hematology-Oncology
Department, Ruth Rappaport Children’s Hospital, Rambam Health Care Campus,
Rappaport Faculty of Medicine, Technion-Israel Institute of Technology, Haifa, Israel

*GC, VL and VC contributed equally as co-first authors.

*MS and AB contributed equally as co-senior authors.

ABSTRACT

BL-class fusions other than BCR-ABL1 characterize around 2-3% of

precursor B-cell acute lymphoblastic leukemia. Case series indicated

that patients suffering from these subtypes have a dismal outcome
and may benefit from the introduction of tyrosine kinase inhibitors. We
analyzed clinical characteristics and outcome of 46 ABL-class fusion posi-
tive cases other than BCR-ABL1 treated according to AIEOP-BFM
(Associazione Italiana di Ematologia-Oncologia Pediatrica-Berlin-Frankfurt-
Miinster) ALL 2000 and 2009 protocols; 13 of them received a tyrosine
kinase inhibitor (TKI) during different phases of treatment. ABL-class fusion
positive cases had a poor early treatment response: minimal residual disease
levels of =5x10* were observed in 71.4% of patients after induction treat-
ment and in 51.2% after consolidation phase. For the entire cohort of 46
cases, the 5-year probability of event-free survival was 49.1+8.9% and that
of overall survival 69.6+7.8%; the cumulative incidence of relapse was
25.6+8.2% and treatment-related mortality (TRM) 20.8+6.8%. One out of
13 cases with TKI added to chemotherapy relapsed while eight of 33 cases
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without TKI treatment suffered from relapse, including six in 17 patients who had not received hematopoi-
etic stem cell transplantation. Stem cell transplantation seems to be effective in preventing relapses (only
three relapses in 25 patients), but was associated with a very high TRM (6 patients). These data indicate a
major need for an early identification of ABL-class fusion positive acute lymphoblastic leukemia cases and
to establish a properly designed, controlled study aimed at investigating the use of TKI, the appropriate
chemotherapy backbone and the role of hematopoietic stem cell transplantation. (Registered at:
clinicaltrials.gov identifier: NTC00430118, NCT00613457, NCT01117444).

Introduction

Continuous optimization of risk-adapted multi-agent
treatment has led to excellent curative rates in the majori-
ty of children and adolescents suffering from acute lym-
phoblastic leukemia (ALL)."” However, the progress in
ALL subtype classification according to the nature of spe-
cific sentinel genetic aberrations identified molecular ALL
subgroups like low-hypodiploid, KMT2A-rearranged or
BCR-ABL1 positive precursor-B-ALL (B-ALL) with distinct
biological and clinical characteristics associated with poor
outcome. Intensive chemotherapy, including allogeneic
hematopoietic stem cell transplantation (HSCT) for some
of these patients, is associated with severe toxicity and
long-term sequelae.

In this context, one of the first ALL genetic aberrations
identified was the gene fusion BCR-ABL1 resulting from
the chromosomal translocation t(9;22) (generating the so-
called Philadelphia chromosome), translated into the BCR-
ABL1 fusion protein, a constitutively active tyrosine
kinase, which can be inhibited by tyrosine kinase
inhibitors (TKI). This is an excellent example for a success-
ful molecular treatment target: the addition of the first-
generation TKI imatinib to intensive chemotherapy back-
bone has led, in fact, to a significant improvement of out-
come in children with Philadelphia chromosome positive
ALL (Ph* ALL) with cure rates of 60-70%.""'® The
Children’s Oncology Group (COG) studies showed a clear
advantage in Ph* ALL from continuous protracted expo-
sure to TKI combined with chemotherapy, challenging the
indications to transplant for all patients with Ph* ALL."**
COG results were confirmed by the European intergroup
study group for treatment of Ph* ALL (EsPhALL) in the
EsPhALL2004 and the subsequent EsPhALL2010 studies,
showing that intensive chemotherapy combined with
imatinib given continuously from induction phase allows
a remarkable reduction in the rate of HSCT, without
affecting outcome.”" However, these trials also demon-
strated that the combination of chemotherapy and ima-
tinib is associated with a high rate of treatment-related
toxicity and mortality.

In the last decade, different tyrosine kinase gene fusions
other than BCR-ABL1 have been identified which are sen-
sitive to TKI similar as BCR-ABL1. These so called ABL-
class fusions typically comprise rearrangements of the
ABL1, ABL2, PDGFRB and CSF1R genes, each of which
can have different fusion partner genes. ABL-class fusion
positive B-ALL subtypes other than BCR-ABL1 have been
identified showing a gene expression profile largely simi-
lar to that of Ph* ALL. Therefore, they are included in the
BCR-ABL1-/Ph-like-ALL group recognized as a provisional
entity in the 2016 World Health Organization classifica-
tion of myeloid neoplasms and acute leukemia although
they only make up a minor proportion of patients in this

new category. Whereas BCR-ABL1-/Ph-like-ALL accounts
for 15-20% of all pediatric B-ALL, the frequency of ABL-
class fusion positive B-ALL is estimated to be about 2-3%
which is similar to the frequency of BCR-ABL1 pos. ALL."
' BCR-ABL1-/Ph-like ALL is associated with other high-
risk clinical features, such as older age, elevated white
blood cell (WBC) count at diagnosis, high rates of end-
induction minimal residual disease (MRD), as well as
increased risk of induction failure and of leukemia
relapse.””

Data on the ABL-class fusion positive ALL other than
Ph* ALL are rare and are limited to anecdotal case reports.
In this study, we retrospectively analyzed clinical charac-
teristics and outcome of ABL-class fusion positive cases
treated based on contemporary MRD-based protocols of
the Associazione Italiana di Ematologia-Oncologia
Pediatrica-Berlin-Frankfurt-Miinster (AIEOP-BFM ALL
study group. The aim was to provide a comprehensive
picture of current outcome of these cases without the
addition of a TKI to chemotherapy, and to get first data on
those cases in which a TKI was added to chemotherapy. It
should serve as a basis on which to decide whether the
addition of a TKI to chemotherapy may be beneficial,
when taking into account the risk of a relevant increase of
toxicity and treatment-related mortality (TRM).

Methods

Patients and diagnostics

This retrospective survey of ABL-class fusion positive B-ALL
other than Ph" ALL was performed in patients aged 1-17 years,
treated from October 2000 to August 2018 according to the
AIEOP-BEM ALL 2000 and 2009 protocols in Centers in Austria,
Australia, Czech Republic, Germany, Israel, Italy, and Switzerland.

Routine diagnostics was performed according to national stan-
dards based on protocol requirements.*”**' Diagnosis of ALL was
made when 25% or more lymphoblastic cells were present cyto-
morphologically in the bone marrow. Flow-cytometry
immunophenotyping was performed based on the AIEOP-BFM
consensus guidelines.” Complete remission (CR) was defined as
the absence of physical signs of leukemia or detectable leukemia
cells on blood smears, a bone marrow with active hematopoiesis
and <5% blasts, and morphologically normal cerebrospinal fluid.
Presence of ETV6-RUNX1, BCR-ABL1 and KMT2A-AFF1 fusion
transcripts was screened as previously described.®’

ABL-class fusions screening, not required by protocols, was per-
formed in a minority of patients according to the policy of individ-
ual centers or due to poor response to treatment. Methods used
included fluorescence in situ hybridization (FISH, e.g. using probes
by Cytocell®, Cambridge, UK), multiplex or singleplex reverse-
transcription polymerase chain reaction (PCR),** array compara-
tive genomic hybridization (CGH) (Agilent Technologies,
Waldbronn, Germany) with subsequent confirmation by panel-
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Figure 1. Treatment outcome of patients with pediatric ABL-class fusion positive acute lymphoblastic leukemia (ALL). Kaplan-Meier estimates for the whole cohort
of 46 cases. (A) Event-free survival (pEFS) and overall survival (pOS) at 5 years (y). (B) Cumulative incidence of relapses (CIR) and of treatment-related mortality (Cl-
TRM) at 5 years. According to ABL-class fusion subtype, ABL1, PDGFRB, others (ABL2 n=5, CSFR n=2): (C) EFS. (D) OS.

based RNA-sequencing (e.g. TruSight RNA Pan-Cancer Panel;
[llumina, San Diego, CA, USA), whole transcriptome or direct
panel-based RNA-sequencing.

In both protocols, patient stratification was mainly based on
quantitative assessment of minimal residual disease (MRD) using
clone-specific immunoglobulin- and T-cell receptor-gene
rearrangements by PCR (PCR-MRD) after induction (treatment
day 33) and consolidation (day 78) therapy. In AIEOP-BEM ALL
2009, MRD was additionally measured by flow cytometry on
treatment day 15 (FCM-MRD).” The logistics of the AIEOP-BFM
ALL studies, cell sample isolation, and MRD marker identification,
as well as MRD-based risk stratification of the AIEOP-BEM ALL
2000 study, have been previously reported.”” In the AIEOP-BFEM
ALL 2009 trial, patients were additionally allocated to the high-
risk (HR) group, when PCR-MRD was =5x10 on day 33 and still
measurable on day 78 and/or if FCM-MRD at day 15 was =10%.

Details on chemotherapy regimens and randomized treatment
interventions, as well as HSCT indication, were reported else-
where.>”* The study AIEOP-BFM ALL 2000 is registered at
www.clinicaltrials.gov by BEM as NCT00430118 and by AIEOP as
NCT00613457; the study AIEOP-BFM ALL 2009 is registered as
NCT01117441. The analyses were approved by local Institutional
Review Boards and informed consent was obtained from the
patients and/or guardians in accordance with the Declaration of
Helsinki.

Statistical analysis
Event-free survival (EFS) was calculated from diagnosis to first
failure, which was defined as death during induction therapy,

resistance, relapse, death in CR, or development of a second
malignant neoplasm (SMN). Rates were calculated according to
Kaplan-Meier and compared by log-rank test.**** Kaplan-Meier
plots that compared HSCT with chemotherapy were adjusted to
account for the waiting time to transplantation (with a landmark
at median time to HSCT). Cumulative incidence of relapse and
TRM functions were constructed by the method of Kalbfleisch
and Prentice and compared with Gray test.”*® Proportional differ-
ences between patient groups were analyzed by y’ or Fisher's
exact tests.

Results

We identified 46 ABL-class fusion positive cases diag-
nosed between October 2000 and August 2018 treated
according to AIEOP-BEM ALL 2000 and 2009 protocols.

ABL1 fusions were identified in 15 cases, ABL2 fusions
in five cases, CSF1R fusions in three cases, and PDGFRB
rearrangements in 23 cases (Online Supplementary Table
S1).

Overall, 33 patients received chemotherapy without the
addition of any TKI (no-TKI group); a TKI was added on
an individual basis and not according to protocol during
treatment in 13 cases (TKI group; imatinib in 8 and dasa-
tinib in 5 cases) diagnosed between February 2011 and
April 2018. In eight of these 13 cases, TKI was introduced
at the end of induction or during consolidation therapy, in
four during post-consolidation HR-blocks and in one case
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* after HSCT (for details see Online Supplementary Figure S1).  (54.3%) patients: in 16 of 33 (48.5%) of no-TKI and in 9 of
Altogether, 36 of 46 (78.3%) patients were treated in the 13 (69.3%) of TKI-treated patients (Table 1). Compared to
HR group [(no-TKI 24 of 33 (72.7%)], TKI 12 of 13 the entire group of B-ALL patients of the AIEOP-BFM ALL
(92.8%)), and HSCT in first CR was performed in 25 of 46 2000 study, ABL-class fusion positive cases were older and
Table 1. Patients' and clinical characteristics and response to treatment according to ABL-class fusion and tyrosine kinase inhibitor (TKI) treat-
ment in comparison with the entire AIEOP-BFM 2000 B-ALL cohort.
ABL-class Treatment without additional TKI* Treatment with additional TKI ALL-BFM P
fusion pos 2000 B-ALL
cases
Total All PDGFRB  ABL1  Others’® All PDGFRB  ABL1 Others Total
n (%) n (%) fusion  fusion  n (%) n(% fusion fusion n(%) n (%)
n (%) n (%) n (%) n (%)
N. of patients 46 (100.0) 33 (100.0) 17 (100.0) 10 (100.0) 6 (100.0) 13 (100.0) 6 (100.0) 5 (100.0) 2 (100.0) 3854 (100.0)
Sex n.s.
Male 29 (63.0) 22 (66.7) 12 (70.6) 7(70.0) 3(50.0) 7(53.8) 3(50.0) 3(60.0) 1(50.0) 2062 (53.5)
Female 17 (37.0) 11(333) 5(294) 3(30.0) 3(50.00 6(462) 350.0)0 2(40.0) 1(50.0) 1792 (46.5)
Age at diagnosis (years) <.0001
0-9 22 (47.8) 15(45.5) T(412) 7(70.00 1(167) 6(462) 1(167) 4(80.0) 1(50.0) 2999 (77.8)
>10 24 (52.2) 18 (54.5) 10 (58.8) 3 (30.0) 5(833) 7(53.8)) 5(833) 1(200) 1(50.0) 855 (22.2)
WBC count* (x10%L) <.0001
Lower than 50 16 (34.8) 14 (424) 8@1.1) 4400) 2(333) 2(154) 2(333) 0 0 3288 (85.3)
50-<100 9 (19.6) 7(12) 4235 2200) 1(167) 2(154 1(16.7) 1(20.0) 0 325 (8.4)
100 or higher 19 (41.3) 12 (364) 5(294) 440.0) 3(500) 7(538) 3(50.0) 3(60.0) 1(50.0) 241 (6.3)
No information 2 (4.3) 0 0 0 0 2 (15.4) 0 1(20.0) 1(50.0) 0
NCI Risk group® <.0001
SR 7(152) 712 3(76) 3@300) 1(16.7D 0 0 0 2574 (66.8)
HR 37 (80.4) 26 (788) 14(824) T7(70.0) 5(83.3) 11(84.6) 6(100.0) 4(80.0) 1(50.0) 1280 (33.2)
No information 2 (4.3) 0 0 0 0 2(154) 0 1(20.0) 1(50.0) 0
Pred. response’ <.0001
Good 22 (47.8) 17(515)  5(294) 9(90.0) 3(50.00 5(385) 1(16.7) 3(60.0) 1(50.0) 3619 (93.9)
Poor 23 (50.0) 16 (48.5) 12 (70.6) 1(10.0) 3(50.0) 7(53.8) 5(83.3)) 1(20.0) 1(50.0) 214 (5.6)
No information 1(22) 0 0 0 1(7.7) 0 1 (20.0) 0 21 (0.5)
MRD' at End of induction <.0001
=bx10? 22 (41.8) 17 (51.5) 13 (76.5) 1(10.0) 3(50.0) 5(385) 4(66.6) 1(20.0) 86 (2.2)
5x10"-<5x10* 8 (174) 5(15.2) 2 (11.8)  3(30.0) 0 3230 1(16.7)  1(20.0) 1(50.0) 610 (15.8)
<5x10* 12 (26.1) 9(273) 159 66000 2(333) 323D 0 3 (60.0) 0 2925 (75.9)
No information 4(8.7) 2 (6.1) 1(5.9) 0 1(16.7) 2(154) 1(16.7) 0 1 (50.0) 233 (6.0)
MRD after consolidation <.0001
=bx10? 9 (19.6) 8(242) 5(294) 1(10.0) 20 1(7.7) 0 1(20.0) 0 34 (0.9)
5x10-<5x10? 12 (26.1) 9(273) 834D 0 1(16.7) 3(231) 2(333) 0 1 (50.0) 151 (3.9)
<5x10"* 20 (43.5) 15(45.5) 3(176) 9(90.0) 3(333) 5(385) 2(333) 3(60.0) 3452 (89.6)
No information 5 (10.9) 1(3.0) 1(5.9) 0 0 4(308) 2(333) 1(20.0) 1(50.0) 217 (5.6)
Treatment group <.0001
SR 3 (6.5) 309D 0 22000 1(16.7) 0 0 0 0 1337 (34.7)
IR 5 (10.9) 4 (12.1) 0 3(300) 1767 1(71.D 0 1(20.0) 0 2088 (54.2)
HR 36 (78.3) 24 (72.1)  17.(100.0) 3 (30.0) 4(66.7) 12(92.3) 6(100.0) 4(80.0) 2(100.0) 429 (11.1)
No information 2 (4.3) 2 (6.1) 0 2 (20.0) 0 0 0 0 0
HSCT® <.0001
No 21 (45.7) 17 (51.5)  5(29.9) 10(100.0) 2(33.3) 4(30.7) 1(16.7) 3 (60.0) 0 3684 (95.1)
Yes 25 (54.3) 16 (48.5) 12 (70.1) 0 4(66.7) 9(693) 5(8.3) 2(40.0) 2(100.0) 216 (4.9)
ALL: acute lymphoblastic leukemia. 'TKI: tyrosine kinase inhibitor.*Fisher test comparing all ABL-class positive cases to the B-ALL AIEOP-BFM 2000 cohort, patients with no infor-
mation excluded from test.’Others: ABL2 n=5, CSFR1 n=3."WBC: white blood cell count.’NCI-SR,WBC <50x10°/L and age <10 years; NCI-HR,WBC >50x10°/L and/or age >10 years.
‘Good: <1,000 leukemic blood blasts / uL on treatment day 8, poor: more than 1000 /uL."MRD: minimal residual disease.*HSCT: hematopoietic stem cell transplantation.
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had higher white blood cell counts at diagnosis (WBC),
with a statistically significant difference for NCI-HR fea-
tures (P<0.0001 each) (Table 1). ABL-class fusion positive
cases had a significantly worse response to treatment
compared to the entire B-ALL 2000 cohort: prednisone
poor response (PPR) was observed in 50% versus 5.6% of
patients with data available, high MRD level (25x107)
after induction treatment (Eol) in 71.4% versus 19.2% and
after consolidation (EoC) in 51.2% versus 5.1% of cases
with data available. There are, however, differences by
type of ABL-class fusion: the majority of PDGFRB-fusion
positive cases with data available showed a PPR (17 of 23,
78.9%), high Eol-MRD (20 of 21, 95.2% with data avail-
able) as well as high EoC-MRD (15 of 20, 75% with data
available). In contrast, in ABL1-class positive cases, PPR (2
of 14, 14.3%), high Eol-MRD (6 of 15, 40.0%), and high
EoC-MRD (2 of 14, 14.3%) were observed much less fre-
quently (Table 1). Of note, we observed a favorable MRD
response (MRD negative or low-positive) at EoC in 5 of 6
ABL-class positive cases with MRD data available in
whom a TKI was added to chemotherapy before EoC
(three had an ABL1-fusion and two had a
PDGFRB-fusion).
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For the entire cohort of 46 cases, 5-year EFS was
49.14+8.9% and 5-year OS 69.6+7.8%; CIR was
25.6+8.2% (9 events) and TRM 20.8+6.8% (8 events)
(Figure 1A and B). Six of the nine patients with leukemia
relapse in first CR were successfully treated subsequently
and are in long-term CR. One case was resistant to treat-
ment (resistance defined as blast persistence after three
HR blocks) and two presented with SMN after HSCT (one
thyroid cancer and one lymphoma), both patients with
SMN were treated successfully. Details of the events are
shown in Table 2.

No significant differences in 5-year EFS and 5-year OS
were observed comparing the ABL-class subgroups
ABL1-fusions, PDGFRB-fusions and other fusions (5 ABL2
and 3 CSFR1 fusions) (Figure 1C and D). Interestingly, the
ABL1-fusion positive group, which showed a better treat-
ment sensitivity as compared to the PDGFRB-fusion posi-
tive group, had a higher frequency of relapses (5 of 15
patients vs. 3 of 23); of note HSCT was performed only in
2 of 15 ABLI1-fusion positive cases versus 17 of 23
PDGFRB-fusion positive cases (Online Supplementary Figure
S2A-C).

Patients treated with TKI had worse features (12 of 13
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Figure 2. Treatment outcome of patients with pediatric ABL-class fusion positive acute lymphoblastic leukemia (ALL) according to treatment without or with tyro-
sine kinase inhibitor (TKI). Kaplan-Meier estimates comparing patients treated without TKI (no-TKI) and with TKI (TKI) are shown. (A) Event-free survival (EFS) at 5

years (y). (B) Overall survival (0OS) at 5 years.

Table 2. Distribution of events according to tyrosine kinase inhibitor (TKI) treatment.

Total No TKI* TKI
n (%) n (%) n (%)
All cases 46 (100.0) 33 (100.0) 13 (100.0)
Resistant? 1(22) 1(3.0) 0
Relapses’ 9 (19.6) 8 (24.2)" 1 (7.7
After chemotherapy 6 (13.0) 6 (18.1) 0
After HSCT® 3 (6.5) 2(6.1) 1(1.7)
Death in induction 1(22) 0 1(7.7)
Death in CR" 7(152) 5(15.2) 2 (154)
After chemotherapy 1(22) 0 1(7.7)
After HSCT 6 (13.0) 5(15.2) 1(1.1)
SMINE 2 (44) 2 (6.1) 0

ALL: acute lymphoblastic leukemia. 'TKI: tyrosine kinase inhibitor.’Resistant patients are those who did not achieve complete remission (CR) by end of the third high-risk (HR)
block of chemotherapy. *Relapses: 5 cases ABL1 fusion positive (pos.),3 cases PDGFRB fusion pos., 1 case CSFIR fusion pos. ‘No-TKI relapses: after chemotherapy: 1 very early,
3 early, 2 very late (both RCSD11-ABL1 pos.), after hematopoietic stem cell transplantation (HSCT): 4 months and 17 months after HSCT. “TKI relapse: 1 case 9 months post

HSCT.*HSCT. "CR: complete remission. *SMN: second malignant neoplasms: 1 case with post-transplant lymphoma, 1 case with thyroid cancer after HSCT.
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Figure 3. Treatment outcome of patients with pediatric ABL-class fusion positive acute lymphoblastic leukemia (ALL) according to white blood cell count at diag-
nosis (WBC). Kaplan-Meier estimates comparing patients with WBC <100x10°/L and patients with WBC equal or >100x10°/L are shown. (A) Event-free survival

(PEFS) at 5 years. (B) Overall survival (pOS) at 5 years.

were HR vs. 24 of 33 in no-TKI treated patients) and the
majority of them underwent HSCT (9 of 13 vs. 16 of 33);
their 5-year EFS and 5-year-OS did not differ significantly
compared with the no-TKI group: EFS no-TKI
47.7+10.0%, TKI 62.9+45.4%, P=0.98; OS no-TKI
70.9+49.0%, TKI 75.5+12.3%, P=0.64 (Figure 2A and B).
Whereas TRM was similar in both groups, only one out
of 13 cases of the TKI patients relapsed versus 8 of 33 of
no-TKI cases (Online Supplementary Figure S3A and B). Of
note, there were four late occurring events in the no-TKI
group: two SMN after HSCT and two late relapses in
ZMIZ1-ABL1 positive patients not transplanted.

No significant difference in outcome between patients
treated with or without HSCT were seen: 5-year EFS was
47.9+11.4% versus 55.0+15.5%, P=0.35; 5-year OS
66.7+10.5%  versus 84.0+10.6%, P=0.22) (Ounline
Supplementary Figure S4A and B). However, analyzing the
events in more detail, it is remarkable that the majority of
events in HSCT-treated patients (n=25) were non-relapse
events (TRM=6, SMN=2, relapses=3) whereas in patients
not transplanted (n= 21) relapses predominated (TRM=1,
relapses=6) (Table 2). In those patients who were not
treated with TKI, the CIR and TRM rate in transplanted
versus not transplanted cases were 13.249.3% wversus
43.8+17.8%, P=0.06 (CIR) and 32.3+12.4% versus 0.0%,
P=0.034 (TRM) (Online Supplementary Figure S4C and D).

Analysis by MRD showed a 5-year EFS of 40.4+11.4%
in Eol-MRD=z5x10"* versus 76.2+14.8% in Eol
MRD<5x10%, P=0.11) (Online Supplementary Figure S5A);
CIR was similar in both MRD groups (27.3+11.2% vs.
23.8415.9%, P=0.74), while TRM in patients with
Eol-MRD=5x10" was 25.4+9.4% versus 0.0% in Eol
MRD<5x10* (P=0.1) (Online Supplementary Figure S5B).
By EoC-MRD, 5-year EES in cases with an MRD=5x10"
was 46.2+12.1% versus 56.7+15.4% in those with
MRD<5x10“, P=0.31. However, it should be considered
that 19 of 21 patients with EoC-MRD=5x10" received
HSCT versus only three of 20 patients with MRD<5x10"
(Online Supplementary Figure S6).

We also analyzed the outcome of patients with a WBC
higher or less than 100x10°/L: 5-year EES was 36.8+12.7 %
versus 59.9+11.6%, respectively, P=0.21, while 5-year OS
was significantly lower in patients with a WBC
>100x10°/L (48.8+12.9% vs. 87.4+6.8%, P=0.036). This

difference was more pronounced in the no-TKI group
with a 5-year EFS 27.8+18.6% versus 61.8+12.7 %, P=0.07
and an OS of 36.7+14.6% versus 94.4+5.4%, respectively,
P=0.0015) (Figure 3A and B).

Discussion

The improvement in genetic diagnostics has allowed
the identification of rare ALL subgroups with specific clin-
ical characteristics and target lesions. In this context, ABL-
class fusion positive B-ALL other than Ph* ALL constitutes
a challenging entity, which is estimated to represent about
2-3% of childhood ALL. The frequency is reported in the
context of the BCR-ABL1-/Ph-like ALL, which is higher in
adolescents and associated with higher risk features and a
worse outcome as compared to the non-BCR-ABL1-/Ph-
like ALL patients.”*"** First protocols based on “precision
medicine” have been designed to identify and treat ALL
patients with drugs specific for targetable lesions given in
addition to standard chemotherapy (e.g. St Jude Total XVII
(NCT03117751) and AALL1131(NCT02883049)). Within
the BCR-ABL1-/Ph-like ALL group, it is suggested that
patients with ABL-class fusion positive ALL might benefit
from the addition of TKI to chemotherapy. However,
besides the above mentioned on-going trials, no con-
trolled studies have been conducted in this field so far, and
the published data on the role of TKI for this subgroup is
restricted to case reports.”#*

We report here the largest series of ABL-class fusion
positive cases, treated according to two consecutive
AIEOP-BEM ALL protocols with a stratification mostly
based on MRD response. Screening for ABL-class
rearrangements was not required by the protocols and
was often done retrospectively in the frame of research
projects, thus, no conclusions on incidence can be drawn
from this retrospective study. Likewise, due to the selec-
tion in screening policy, the outcome data need to be inter-
preted with great caution. Nevertheless, the cohort
described here provides interesting information and clear-
ly shows the urgent need for prospective co-operative
clinical studies.

When compared with other B-ALL patients recruited in
the AIEOP-BEM ALL protocols, the ABL-class fusion pos-




itive cases identified in this study included higher propor-
tions of patients aged ten years or older and presenting
with hyperleukocytosis (WBC =100x10%/L). Interestingly,
the distribution by age and WBC counts is similar to that
of patients with Ph* ALL included in the EsPhALL stud-
ies.”” Poor MRD response at the end of consolidation
phase IB (=5x10*) was detected in a high proportion of
patients with available data (21 of 41, 51%); similar to that
of Ph* ALL patients treated without TKI in the AIEOP-
BEM ALL 2000 study, where 22 of 54 (41%) patients had
high  MRD (=25x10*) after consolidation phase.’
Interestingly, in patients who had already been treated
with a TKI during consolidation, the majority (6 of 8) had
either a low positive or negative EoC-MRD, suggesting a
beneficial role of the addition of TKI; however, the low
number of TKI-treated patients with EoC-MRD data
available does not allow any definitive conclusion to be
drawn.

The EES of the entire cohort was poor, particularly for
patients not receiving TKI: <50% at 5 years, very similar
to the outcome of Ph* ALL patients treated in AIEOP-BFM
ALL 2000 without TKL® This poor outcome was observed
even though most patients were treated according to the
high-risk schedule and more than half of them underwent
HSCT in first CR, a strategy similar to that applied for the
cohort of Ph* ALL patients of the AIEOP-BEM ALL 2000
study.® Interestingly, the outcome was dismal in patients
with WBC =100x10°/L, as reported also for Ph* ALL
patients treated in the EsSPhALL studies.""

The impact of HSCT in the cohort reported here is not
clear since transplanted patients had an outcome similar to
that of patients who were not transplanted. However,
patients who received HSCT had worse features, thus, per
protocol, an indication for HSCT (and considering the fact
that HSCT was associated with a very low rate of relaps-
es), one may infer that HSCT might be effective in disease
control. HSCT was, however, also associated with high
TRM: six out of 25 patients died of TRM.

Only a minority of our patients (13 of 46) received a TKI
(either imatinib or dasatinib). It was not given by protocol;
it was used in different schedules, basically decided by
treating physicians, and generally due to poor response to
chemotherapy. Obviously, the identification of the target

lesion had already been achieved during treatment. Of
note, most of these patients (9 of 13) also received HSCT,
two of them not based on an indication provided by the
protocol but on the knowledge of an ABL-class fusion.
Although the rate of relapses was low in this small group,
their overall outcome was similar to those patients not
treated with TKI. Due to the low number of TKI-treated
patients, the potentially confounding influence of HSCT
and the very short follow up, no conclusions on the bene-
fit of the use of TKI can be drawn from this study.
However, given also the biological and clinical similarities
with the Ph*ALL, it is plausible that the early and protract-
ed administration of TKI on top of chemotherapy might
improve treatment response and outcome while reducing
the need for HSCT in CR1, as shown for Ph* ALL.'*'*

This study, despite being the largest in this field, is lim-
ited by its retrospective nature. The complex interaction
of confounding factors, such as case selection bias, strati-
fication criteria, chemotherapy intensity, HSCT, and dif-
ferent timing/modalities of delivering targeted therapies,
do not allow the benefit of a precision medicine approach
to be appropriately assessed. There is, therefore, an urgent
need for a prospective controlled clinical trial.

To this purpose, it will be crucial to include the early
identification of ABL-class fusion ALL cases in the initial
diagnostic work-up of patients and to treat them in a
properly designed study to investigate the role of TKI and
to identify the appropriate chemotherapy backbone.
Given the rarity of this clinical entity, this goal can only be
pursued by an international collaborative network, like in
pediatric Ph* ALL.
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ABSTRACT

ndolent T-cell lymphoproliferative disorders of the gastrointestinal tract
Iare rare clonal T-cell diseases that more commonly occur in the intestines

and have a protracted clinical course. Different immunophenotypic sub-
sets have been described, but the molecular pathogenesis and cell of origin
of these lymphocytic proliferations is poorly understood. Hence, we per-
formed targeted next-generation sequencing and comprehensive
immunophenotypic analysis of ten indolent T-cell [ymphoproliferative dis-
orders of the gastrointestinal tract, which comprised CD4* (n=4), CD8"
(n=4), CD4*/CD8" (n=1) and CD4/CD8 (n=1) cases. Genetic alterations,
including recurrent mutations and novel rearrangements, were identified in
8/10 (80%) of these lymphoproliferative disorders. The CD4*, CD4"/CD§",
and CD4/CD8 cases harbored frequent alterations of JAK-STAT pathway
genes (5/6, 82%); STAT3 mutations (n=3), SOCS1 deletion (n=1) and
STAT3-JAK2 rearrangement (n=1), and 4/6 (67 %) had concomitant muta-
tions in epigenetic modifier genes (TET2, DNMT3A, KMT2D). Conversely,
2/4 (50%) of the CD8" cases exhibited structural alterations involving the 3’
untranslated region of the /L2 gene. Longitudinal genetic analysis revealed
stable mutational profiles in 4/5 (80%) cases and acquisition of mutations
in one case was a harbinger of disease transformation. The CD4* and
CD4'/CD8" lymphoproliferative disorders displayed heterogeneous Thl
(T-bet’), Th2 (GATAS3") or hybrid Th1/Th2 (T-bet/GATAS") profiles, while
the majority of CD8" disorders and the CD4/CD8 disease showed a type-
2 polarized (GATA3") effector T-cell (Tc2) phenotype. Additionally, CD103
expression was noted in 2/4 CD8" cases. Our findings provide insights into
the pathogenetic bases of indolent T-cell lymphoproliferative disorders of
the gastrointestinal tract and confirm the heterogeneous nature of these dis-
eases. Detection of shared and distinct genetic alterations of the JAK-STAT
pathway in certain immunophenotypic subsets warrants further mechanis-
tic studies to determine whether therapeutic targeting of this signaling cas-
cade is efficacious for a proportion of patients with these recalcitrant dis-
eases.

Introduction

Non-Hodgkin lymphomas frequently occur in the gastrointestinal (GI) tract,
with the majority representing B-cell neoplasms.'® T-cell lymphomas account for
10-20% of all primary GI lymphomas."® Aggressive lymphomas, including
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enteropathy-associated T-cell lymphoma (EATL) and
monomorphic epitheliotropic intestinal T-cell lymphoma
(MEITL), are among the more common types of primary
GI T-cell lymphomas, which are associated with high
morbidity and mortality."** In recent years, there has
been a growing awareness of indolent T- and natural
killer (NK)-cell lymphoproliferative disorders, which can
also arise within the GI tract and involve a variety of GI
organs.”” The pathogenesis of indolent NK-cell disorders
is unclear and it is not yet known if they constitute neo-
plastic proliferations of NK cells.” Indolent T-cell lympho-
proliferative disorders (ITLPD) of the GI tract, which con-
stitute an immunophenotypically diverse group of clonal
T-cell diseases, have been better characterized and hence
included as provisional entities in the revised 4* edition of
the World Health Organization (WHO) classification of
lymphoid neoplasms.' The clinical, morphological, and
immunophenotypic features of ITLPD of the GI tract dif-
fer from those of other types of primary GI T-cell lym-
phomas®* and their cellular derivation, although not
well established, is also considered to be distinct.”"
Overlapping genomic and genetic alterations have been
reported in EATL and MEITL.”” Limited data suggest a
different spectrum of genomic aberrations in ITLPD of
the GI tract,"* and until recently, no recurrent genetic
abnormality had been identified in these disorders.”
However, the mutational landscape and molecular path-
ways underlying the initiation and progression of ITLPD
of the GI tract are unknown and the cell of origin of the
different immunophenotypic subsets has not been
defined. To gain further insights into the biology of these
rare diseases, we performed comprehensive immunohis-
tochemical, molecular and targeted next-generation
sequencing analyses of a series of ten cases.

Methods

Case selection

The pathology department databases of multiple institutions
were searched for primary GI T-cell lymphomas, over a 23-year
period (1996-2018), to identify cases fulfilling histopathological
and clinical criteria of ITLPD as defined in the revised WHO clas-
sification.! Clinical data, including therapy and outcomes, were
obtained from the treating physicians or electronic medical
records. The study was performed in accordance with the princi-
ples of the Declaration of Helsinki and protocols approved by the
Institutional Review Boards of the participating institutions.

Morphology and immunophenotypic analysis

Hematoxylin and eosin-stained formalin-fixed, paraffin-embed-
ded (FFPE) biopsy sections were reviewed to assess cyto-architec-
tural features. Immunohistochemical staining was performed
using a comprehensive panel of antibodies, including those direct-
ed against T-cell antigens, lineage-associated transcription factors,
immune checkpoint molecules, histone modifications and
cytokine signaling molecules (Online Supplementary Methods). The
percentage of cells expressing nuclear T-bet and GATA3 was
assessed in areas of dense lymphocytic infiltration determined by
CD4 and CD8 staining. Cases with >50% cellular staining by both
markers were deemed to co-express T-bet and GATAS3. For
pSTAT3S and pSTATS, >10% nuclear staining was considered pos-
itive. Flow cytometry was performed on cell suspensions prepared
from tissue samples (Online Supplementary Methods).

T-cell receptor gene rearrangement analysis

Polymerase chain reaction (PCR) analysis to determine clonal T-
cell receptor beta (TRB) and/or gamma (TRG) gene rearrangement
was performed using the ‘Biomed-2’ primers on DNA extracted
from fresh or FFPE GI biopsies, lymph nodes, peripheral blood,

and bone marrow mononuclear cells, as previously described.”

Next-generation sequencing

Targeted next-generation sequencing of lesional and matched
normal (control) tissue samples was performed using a custom
panel of 465 cancer-associated genes, as previously described.”
Variant calling required a variant allelic fraction of at least 5% and
at least ten variant reads. Variants with an allele prevalence
>0.01% in gnomAD, those reported as benign or likely benign in
ClinVar, and germline variants present in the normal samples or
inferred from variant allelic fractions were excluded from the
analysis. Non-synonymous variants that were not known driver
mutations were analyzed by PolyPhen-2, SIFT, REVEL, and
MetaSVM algorithms. Copy number changes were determined
based on read depths using fragments per kilobase per million
mapped reads* normalized to a pool of sex-matched control sam-
ples. The Fusion and Chromosomal Translocation Enumeration
and Recovery Algorithm (FACTERA)* was used to detect structur-
al chromosomal alterations, which were confirmed by PCR using
breakpoint-specific primers and Sanger sequencing of the PCR
products (Online Supplementary Methods).

Fluorescent in-situ hybridization analysis

Fluorescent in-situ hybridization (FISH) analysis was performed
to assess for SETD2 and JAK2 alterations on FFPE tissue sections
using custom designed hybridization probes and dual-color break-
apart probes (Oxford Gene Technologies Inc, Tarrytown, NY,
USA), respectively, as previously described.”* Hybridization pat-
terns of at least 100 tumor nuclei were reviewed for each probe.
Cases were considered to have SETD2 deletion if the percentage
of nuclei with SETD2 locus deletion exceeded the cut-off value of
11.2%, and JAK2 rearrangement if the frequency of split-signals
exceeded the cut-off value of 5.0%.

Results

Clinical characteristics and patients’ outcomes

Ten patients (male:female = 8:2) with ITLPD of the GI
tract were identified at the contributing centers (cases 1, 2,
and 4 were reported previously)." The clinical features are
summarized in Table 1. The median age at diagnosis was
45 years (range, 37-64 years). The ethnicity of eight
patients for whom this information was available was:
White (n=5), Hispanic (n=2), and Asian (n=1). The most
common signs and symptoms were diarthea (70%),
weight loss (60%), and abdominal pain (50%), with dura-
tions ranging from 2 to 16 years prior to diagnosis. Two
patients lacked GI symptoms, with disease detected inci-
dentally during routine colonoscopy and workup for
inguinal lymphadenopathy. One patient had peptic ulcer
disease, H. pylori infection and was serologically positive
for hepatitis B and C viruses (case 9) and one patient (case
10) had a history of Crohn disease. Eight patients had
been previously misdiagnosed as having celiac disease,
seronegative and refractory to a gluten-free diet, and/or
other types of lymphomas. The endoscopic findings
included mucosal nodularity (70%), scalloping (40%), ery-
thema (40%), decreased duodenal folds (30%), and polyps
(20%). Common radiographic findings included abdomi-
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nal lymphadenopathy (55%), bowel wall thickening had cytogenetic evidence of disease), and inguinal lymph
(33%), and dilated bowel loops (33%). Biopsy-proven nodes (20%). Seven of nine (77 %) patients received ther-
sites of disease included the small intestine (90%), colon apeutic interventions consisting of steroids and/or
(60%), stomach (40%), bone marrow (30%, one case only  chemotherapy; two were monitored expectantly. Six of

Table 1. Clinical characteristics of patients with gastrointestinal indolent T-cell lymphoproliferative disorders.
ase Age Sex [Eth Presenting Duration of Other Prior Endoscopic  Radiographic ~ Sitesof  AnnArbor Treatment Outcome

signs & symptoms  conditions diagnosis  findings findings  involvement’  stage (cause of
symptoms prior to (at diagnosis) death)
diagnosis
(years)

1* 53 M W Diarrhea, 16 None Celiac Mucosal Mild Duodenum, IEB Bud AWD,
weight loss, disease nodularity, mesenteric jejunum, 9 years
night sweats scalloping, LAD, ileum

decreased mild FDG
duodenal folds, activity
erythema
> 50 F W Diarrhea, 3 None Celiac Mucosal SB wall Duodenum, IEB  Pral, Romi, Bud AWD,
weight loss, disease nodularity, thickening ileum, Tyears
abd pain, scalloping and dilation appendix,
fatigue colon,
stomach, BM*
3 64 F NA No GI 0 NA None  Sessile polyp NA Colon NA NA NA
symptoms in colon
4*t 37 M W Diarrhea, 2 None Celiac Mucosal Normal Duodenum, IEB Bud, Pred, D, 11 years
weight loss disease  nodularity, ileum, Aza (Large cell
scalloping colon, trans)
stomach
5 62 M H  Diarrhea, NA NA Celiac Mucosal SBand LB Duodenum, IEB CPDox, D, Iyear
weight loss disease, nodularity, dilation jejunum, VCR, Pred  (SB perf)
EATL scalloping, inguinal LN
mosaic pattern,
increased
vascularity, ulcer
6 4] M NA No GI 0 MG None Polypoid ileal Mesenteric  Ileum, colon, IVE None AWD,
symptoms lesions and iliac LAD  stomach, 1 year
inguinal LN,
BM
7 38 M W Diarrhea, 5 Lyme EATL Mucosal SB wall Duodenum, IE None AWD,
abd pain, disease nodularity, thickening, jejunum, 21 years
vomiting decreased intuss, ileum, colon

duodenal folds,  mesenteric
gastric erythema LAD

8 38 M H  Diarrhea, 5 CHD MEITL Mucosal Mesenteric ~ Duodenum, IEB CP, Dox, VCR,  AWD,
weight loss, nodularity, and ileum, Bud, Pred,  7years
abd pain erythema,  retroperitoneal colon Etop, AGS67E
friability LAD, incr
FDG activity
97 41 M A Abd pain 3 PUD, H. Atyp Mucosal Abd LAD, Duodenum, IE IFN,CP, D, 27 years
pylori,  lymphoid  nodularity, mild stomach, Dox,VCR,  (Large
viral hep infiltrate,  decreased FDG activity, BM Pred, Gem cell trans)
(B&C) favor MZL  duodenal splenomegaly
folds
10 49 M W Diarrhea, 5 Crohn Celiac  Flattened SB Mild SBwall ~ Duodenum, IEB CP, Dox, AWD,
weight loss, disease’  disease, mucosa, thickening jejunum VCR, Pred, 19 years
abd pain EATL gastric and dilation, Mes, Aza
erythema partial SB
obstruction

A: Asian; abd: abdominal; AGS67E: anti-CD37 monoclonal antibody AGS67E; AWD: alive with disease; Aza: azathioprine; BM: bone marrow; Bud: budesonide; CHD: congenital heart disease; CP:
cyclophosphamide; D: dead; Dox: doxorubicin; EATL: enteropathy associated T-cell lymphoma; Eth: ethnicity; Etop: etoposide; F: female; FDG: fluorodeoxyglucose; Gem: gemcitabine; GI: gastroin-
testinal; H: Hispanic; hep: hepatitis; IFN: interferon; incr: increased; intuss: intussusception; LAD: lymphadenopathy; LB: large bowel; LN: lymph node; M: male; MEITL: monomorphic epitheliotropic
intestinal T-cell lymphoma; Mes: mesalamine; MG: monoclonal gammopathy; MZL: marginal zone lymphoma; NA: not available; perf: perforation; PUD: peptic ulcer disease; Pral: pralatrexate; Pred:
prednisone; Romi: romidepsin; SB: small bowel; trans: transformation; VCR; vincristine; W: White. *Previously published cases. 'Findings prior to large cell transformation. ‘Bone marrow involvement
was detected by cytogenetic analysis; there was no morphological or immunophenotypic evidence of disease and TCRf polyclonal chain reaction showed polyclonal products. *Biopsies diag-
nosed as Crohn disease were not reviewed by authors.
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nine (66%) patients are alive with persistent disease and
three (33%) have died; one (case 5) due to septicemia and
multiorgan failure following chemotherapy-induced intes-
tinal perforation 1 year after diagnosis and two (cases 4
and 9) due to disease transformation 11 and 27 years after
diagnosis.

Morphological features

All cases with involvement of the small intestines dis-
played a dense diffuse or nodular infiltrate of small-sized
lymphocytes in the lamina propria (Figures 1A and 2A),
with extension into the submucosa noted in a subset.
Villous atrophy was observed in three of the nine cases of
ITLPD (cases 2, 4, 9) (Figure 1B), however the villi were
expanded (blunted appearance) (Figure 2B) in many cases,
and all except one (case 10) showed crypt hyperplasia.
The lymphocytes had round, ovoid or mildly irregular
nuclei, variable fine or coarse chromatin, indistinct or
small nucleoli, and scant or moderate cytoplasm (Figures
1C and 2C). No significant increase in intraepithelial lym-
phocytes was identified (Figures 1B and 2B), although
focal lymphocytic infiltration of the epithelium was pres-
ent in four of nine cases of ITLPD (cases 1, 2, 4, and 7).
Scattered lymphoid aggregates were seen in all except one

ITLPD (case 5). Sparse, patchy mucosal infiltrates were
noted in the seven cases with gastric and/or colonic
involvement. Mitotic figures and apoptotic cells were
inconspicuous. No angiocentricity, angiodestruction,
ulceration, or necrosis was observed. The histopathologi-
cal findings of the small intestinal biopsy from one patient
with large cell transformation, available for review (case
4), were reported previously."

Immunophenotypic features

The immunophenotypic profiles of all cases are sum-
marized in Table 2. Four of ten (40%) ITLPD were CD4*
(Figure 1D), four (40%) were CD8* (Figure 2D) and one
each (10%) was CD4'/CD8" (“double-positive”) and
CD4/CD8 (“double-negative”). All cases analyzed
expressed CD2 (Figure 1E) and CD3 (Figures 1F and 2E).
Other T-cell antigens were expressed by the majority
(Figure 1G, H); variable downregulation or loss of CD5
and/or CD7 was seen in four of ten cases (2/4 CD4+, 1/4
CDg, and 1/1 double-negative). All except one CD8"
case and the CD4/CD8 case displayed a cytotoxic
immunophenotype, with TIA-1 expression (Figure 2F)
noted in three of four cases and variable granzyme B
expression (Figure 2G) observed in two of four CD8*

Figure 1. Morphological and
immunophenotypic features of
CD4* indolent T-cell lymphopro-
liferative disorders of the gas-
trointestinal tract. (A) A duode-
nal biopsy (case 2) shows a
dense lymphocytic infiltrate
within the lamina propria, as
well as villous atrophy and crypt
hyperplasia. (B) There is no
increase in intraepithelial lym-
phocytes. (C) The lymphocytes
are small and have round to
ovoid nuclei, fine chromatin,
indistinct or small nucleoli, and
moderate pale pink cytoplasm.
The lymphocytes express (D)
CD4, (E) CD2, (F) CD3, (G) CD5,
and (H) CD7. () The neoplastic
cells do not express CD103. (J)
The Ki-67 proliferation index is
low (<5%). The majority of cells
are (K) T-bet’, however, 50%
also express (L) GATA3.




cases and in the CD4/CD8 case. CD103 expression was
detected in two of four CD8" cases (Figure 2H), with one
also showing partial CD56 expression (case 8) (Figure 21I).
The CD4*/CD8" and the CD4/CD8 cases expressed PD-
1. CD20 highlighted mucosal lymphoid follicles, but the
neoplastic cells were CD20 in all ITLPD. Surface TCRaf
expression was observed in all cases evaluated by flow
cytometry and none expressed TCRyd. All analyzed
cases were negative for BCL6, CD10, FoxP3, MATK, PD-
L1 or CD30, however CD30 expression (and acquisition
of cytotoxic proteins) was observed, and previously
reported, upon large cell transformation (case 4)." The
Ki-67 proliferation index was low (<5%) in all ITLPD
evaluated (Figures 1] and 2]J).

Determination of the cell of origin

Since a good correlation between the transcriptional
profiles and immunohistochemistry for T-bet and GATAS3
has been reported in T-cell lymphomas,” we assessed T-
bet and GATAS expression by immunohistochemistry to
determine the cell of origin of ITLPD (Table 2, Online
Supplementary Table S1, Online Supplementary Figure S1).
The CD4* cases showed heterogeneity with regards to T-
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bet and GATAS expression: one case each was T-bet" and
GATAS, suggesting T-helper type 1 (Thl) and type 2
(Th2) lineage, respectively and two cases showed T-bet
and GATAS3 co-expression - hybrid Th1/Th2 profile
(Figure 1K, L). The CD4*/CD8* ITLPD also co-expressed
T-bet and GATAS3. The CD4/CD8 case and three of the
four (75%) CD8" cases were GATAS', implying a type-2-
polarized effector T-cell (Tc2) phenotype and one CD8*
case showed T-bet and GATAS co-expression (Figure 2K,
L). Sequential analysis of one CD4* ITLPD (case 2)
showed a shift from a Th1/Th2 (T-bet and GATAS3 co-
expression) to Th2 (GATAS) phenotype over the course of
disease. Double staining for T-bet and GATAS, performed
in a subset (cases 2, 7, and 8), confirmed distinct T-bet and
GATAS3" as well as T-bet and GATAS co-expressing lym-
phocytes (data not shown).

T-cell receptor gene rearrangement analysis

Clonal TRB and/or TRG rearrangement products were
detected in all ITLPD. In patients in whom longitudinal
testing was performed, similar sized peaks were observed
in all samples, confirming persistence of the same lym-
phocytic clone.

Figure 2. Morphological and
immunophenotypic features of
CD8"* indolent T-cell lymphopro-
liferative disorders of the gas-
trointestinal tract. (A) An ileal
biopsy (case 8) shows a dense
mucosal lymphocytic infiltrate
expanding the lamina propria
and widening the villi; no villous
atrophy is present but the crypts
are hyperplastic. (B) Small clus-
ters of lymphocytes are seen
within the villus epithelium
along the lateral edges. There is
no increase in intraepithelial
lymphocytes. (C) The lympho-
cytes are small and have round
or oval nuclei, condensed chro-
matin, indistinct nucleoli, and
scant to moderate clear or pale
pink cytoplasm. The lympho-
cytes express (D) CD8 and (E)
CD3. Most of the cells express
the cytotoxic marker (F) TIAL
and (G) granzyme B s
expressed by a subset. (H) The
lymphocytes are CD103* and a
subset expresses (I) CD56. (J)
The Ki-67 proliferation index is
low (<5%). The majority of cells
express (K) GATA3, but 60% also
show (L) T-bet expression.
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Next-generation sequencing analysis potentially pathogenic changes were identified in eight of
Targeted sequencing of 20 ITLPD biopsies from ten ten (80%)ITLPD. Three of four (75%) CD4" cases and the
patients and seven matched normal samples (cases 1, 2,4, CD4*/CD8" and CD4/CD8 cases harbored alterations of
7-10) revealed 36 genetic variants, including 29 nonsyn- JAK-STAT signaling pathway genes. STAT3 SH2 domain
onymous single nucleotide variants, one small indel, and hotspot mutations (D661Y and S614R) were noted in
six structural variants. The average on-target coverage was  three cases and one case each had a SOCS7 deletion and
1059x (range 809x - 1639x). Twenty-three of the 36 alter- a STAT3-JAKZ rearrangement. Of note, conventional cyto-
ations were predicted to be pathogenic based on the pub-  genetic analysis had previously revealed a balanced
lished literature or prediction algorithms; the remaining 13 translocation t(9;17)(p24;q21) in the latter case, the break-
mutations were classified as variants of uncertain signifi- points corresponding to the JAK2 and STAT3 loci, and
cance (Online Supplementary Table S2). JAKZ rearrangement was confirmed by FISH analysis.
The genetic alterations and their expected functional ~Concomitant mutations in epigenetic modifier genes
consequences are summarized in Table 3. Pathogenic or  (TET2, DNMT3A, and KMT2D) were observed in four
Table 3. Genetic alterations in gastrointestinal indolent T-cell lymphoproliferative disorders.
Phenotype Time point Genetic alterations Predicted functional consequence
(vears following diagnosis)
1 CD4+ 25 STAT3 (c.1981G>T, p. D661Y) Activation of JAK-STAT pathway
TET2 (c.2457T>G, p. Y819*) Altered DNA methylation
79 STAT3 (c.1981G>T, p. D661Y) Activation of JAK-STAT pathway
TET2 (c.2457T>G, p. Y819%) Altered DNA methylation
2 CD4* 0 STAT3-JAK? rearrangement Activation of JAK-STAT pathway
TNFAIP3 (c.857T>G, p.L286%) Activation of NF-kB pathway
22 STAT3-JAK2 rearrangement Activation of JAK-STAT pathway
TNFAIP3 (c.857T>G, p.L286*) Activation of NF-xB pathway
6.4 STAT3-JAK2 rearrangement Activation of JAK-STAT pathway
TNFAIP3 (c.857T>G, p.L286*) Activation of NF-kB pathway
3 CD4+ 0 SOCS1 deletion Activation of JAK-STAT pathway
4 CDh4* 0.5 KMT2D (c.13105_13108del, p.L4369fs) Altered histone modification
74 KMT2D (c.13105_13108del, p.L4369fs) Altered histone modification
DIS3 (c.1115T>C, p.L372P) Altered RNA processing and decay
115 KMT2D (c.13105_13108del, p.L4369fs) Altered histone modification
DIS3 (c.1115T>C, p.L372P) Altered RNA processing and decay
MAPKT (c.965A>T, p.E322V) Activation of RAS-RAF-MAPK pathway
TP53 (c.743G>A, p.R248Q) DNA repair/cell cycle dysregulation
POLE (c4090C>T, p.R1364C) Altered DNA repair and replication
11.7F KMT2D (c.13105_13108del, p.L4369fs) Altered histone modification
DIS3 (c.1115T>C, p.L372P) Altered RNA processing and decay
MAPKT (c.965A>T, p.E322V) Activation of RAS-RAF-MAPK pathway
TP53 (c.743G>A, p.R248Q) DNA repair/ cell cycle dysregulation
POLE (c.4090C>T, p.R1364C) Altered DNA repair and replication
TET2 (c.2725C>T, p.Q909*) Altered DNA methylation
SMAD4 (c404G>A, p.R135Q) Activation of TGF-f3 pathway
SF3BI (c.2584G>A, p.E862K) Altered RNA splicing
5 CD4+/CD8* 0 STAT3 (¢.1842C>G, p.S614R) Activation of JAK-STAT pathway
DNMT3A (c.2116G>T, p.G706W) Altered DNA methylation
CDKN2A (c.322G>A, p.D108N) Cell cycle checkpoint (G1-to-S)
dysregulation
6 CD4/CD$ 0 STAT3 (c.1840A>C, p.S614R) Activation of JAK-STAT pathway
KMT2D (c.9415C>G, p.P3139A) Altered histone modification
7 CD8* 0 [L2-RHOH rearrangement* Unknown
3.9 [L2-RHOH rearrangement* Unknown
6.1 [[2-RHOH rearrangement* Unknown
8 CD8* 0 L2 3’ UTR deletion’, /L2-TNIP3 rearrangement* Unknown
MCM5 (c.2080A>T, p.1694F) Cell cycle dysregulation
43 L2 3 UTR deletion®, /L2-TNIP3 rearrangement* Unknown
MCM5 (c.2080A>T, p.1694F) Cell cycle dysregulation
6.4 L2 3’ UTR deletion’, /L2-TNIP3 rearrangement* Unknown
MCM5 (c.2080A>T, p.1694F) Cell cycle dysregulation
9 CD8* 14 None identified NA
10 CD8* 10.8 None identified NA
NA: not applicable. 'Large cell transformation. ‘Confirmed by breakpoint-specific polymerase chain reaction and Sanger sequencing.
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cases. A missense mutation in the cell cycle regulatory
gene CDKN2A and a nonsense mutation in TNFAIP3 were
detected in one case each.

Two of the CD8* ITLPD exhibited structural chromo-
some alterations involving the interleukin-2 ([L2) gene.
One case demonstrated an /IL2-RHOH (Ras homolog fam-
ily member H) rearrangement, representing an inversion
of chromosome 4, with breakpoints occurring in the 3’
untranslated region (3" UTR) of both L2 (chr4:123372863,
c.*44) (Figure 3A) and RHOH (chr4:40246032, c.*449)
genes. This rearrangement did not affect the coding
sequence, but resulted in the deletion of a portion of the 8’
UTR of IL2, including five of the six AU-rich regulatory
elements (ARE, AUUUA). The “reciprocal” RHOH-IL2
rearrangement had breakpoints in the 3° UTR of RHOH

(chr4:40246006, c.*424) and intron 3 of IL2
(chr4:123373085, ¢.352-67). Another CD8" case demon-
strated a 1.2 Mb deletion on chromosome 4q, beginning 5
base pairs downstream of the [L2 stop codon
(chr4:123372908, ¢.*5) (Figure 3D) and ending 6 kilobases
upstream of the TNFAIP3 interacting protein 3 (TNIP3)
gene (chr4:122154953), deleting all regulatory elements
from the IL2 3’ UTR. In addition, an inversion, with break-
points in exon 4 of /L2 (chr4:123372912, c¢.457) and intron
2 of TNIP3 (chr4:122128556, c.89+9014) was identified
(Figure 3D). A missense mutation in the minichromosome
maintenance complex component 5 (MCM5) gene was
also identified in this case. The chromosome breakpoints
were confirmed in all ITLPD samples with structural IL2
alterations via PCR amplification and Sanger sequencing

A IL2-RHOH ——
exon 4 -
// 3 UTR 7
—_— [/ / < < < < < < / /
/ ( ( ( intron 3
71/

<---

B C.*449 RHOH 3= IL2 c.*44

3’ AGTTGTCTGAAAGATGAACTCCAC ATTATTGTGATG "GTATACCATTTATCTTCCGGACTATACMAAATTCACCCTTCGTGAATTAATAGTTCAGTCACAACTCTACTACGAAAC 5’ (coding strand)
5’ TCAACAGACTTTCTACTTGAGGTGAAAATAATAACACTACAAACATATGGTAAATAGAAGGCCTGATATGL TTTAAGTGGGAAGCACTTAATTATCAAGTCAGTGTTGAGATGATGCTTTG 37

TAATAACACTACAAACATATGGTAAATAGAAGGCCTGATATG] TTTAAGTGGGAAGCACTTAATTATCAAGTCAGTGTTGAGATGATGCTTTGACAAAAGGTAATCCATCTGTTCAGAAATTCTAC
GAAAATAATAACACTACAAACATATGGTAAATAGAAGGCCTGATATGE TTTAAGTGGGAAGCACTTAATTATCAAGTCAGTGTTGAGATGATGCTTTGACAAAAGGTAATCCATCTGTACAGGAA
‘GGTGAAAATAMTAACACTACAAACATATGGTAAATAGAAGGCCTGATATG] TTTAAGTGGGAAGCACTTAATTATCAAGTCAGTGTTGAGATGATGCTTTGACAAAAGGTAATCCATCTGTTCAG
ACTTGAGGTGAAAATAATAACACTACAAACATATGGTAAATAGAAGGCCTGATATG] TTTAAGTGGGAAGCACTTAATTATCAAGTCAGTGTTGAGATGATGCTTTGACAAAAGGTAATCCATCTG
GGTTTCAACAGACTTTCTACTTGAGGTGAAAATAATAACACTACAAACATATGGTAAATAGAAGGCCTGATATG TTTAAGTGGGAAGCACT TAATTATCAAGTCAGTGTTGAGATGATGCTTTG
GCCAAGTGGTTTCAACAGACTTTCTACTTGAGGTGAAAATAATAACACTACAAACATATGGTAAATAGAAGGCCTGATATGL TTTAAGTGGGAAGCACT TAATTATCAAGTCAGTGTTGAGATGAT
CAGCAGCCAAGTGGTTTCAACAGACTTTCTACTTGAGGTGAAAATAMTAACACTACAAACATATGG TAAATAGAAGGCCTGATATGL TTTAAGTGGGAAGCACTTAATTATCAAGTCAGTGTTGAG
ATCCAGCAGCCAAGTGGTTTCAACAGACTTTCTACTTGAGGTGAAAATANTAACACTACAAACATATGGTAAATAGAAGGCCTGATATG) TTTAAGTGGGAAGCACTTAATTATCAAGTCAGTGTT

D IL2 3’ UTR del
/) SUTR exon 4 //
K < < < < / /
/ ] ( ( ( ( intron 3
: t 17
1
: IL2-TNIP3
v
E chr4:122154953' ¢3g= IL2 c.*5

3’ AGGTTAAAGAGAGACGGGTAAGTTGAAGACGTAAGTGAAGGTAAAAAAGACGAAATGAAGAGAACTTATATAGG T TAATAGT TCAGTCACAACTCFACTACGAAACTGTTTTCCATTAGGTAGACAAGTCTTTAAGATG 5° (coding strand)

5’ TCCAATTTCTCTCTGCCCATTCAACTTCTGCATTCACTTCCA' CTGCTTT|

TTCCATTTTTTCTGCTTT]

CATTCACTTCCATTTTTTCTACTT |

CAACTTCTGCATTCACTTCCA CTGCTTT|
TGCCCATTCAACTTCTGCATTCACTTCCATTTTTTCTGCTTT]
CTCTGCCCATTCAACTTCTGCATTCACTTCCATTTTTTCTGCTTT)
TTCCAATTTCTCTCTGCCCATTCAACTTCTGCATTCACTTCCATTTTTTCTGCTT |
TCATTGTTTCCAATTTCTCTCTGCCCATTCAACTTCTGCATTCACTTCCATTTTTTCTGCTTT

ACTTCTCTTGAATATATCCAATTATCAAGTCAGTGTTGAG

JACTTCTCTTGAATATATCCAATTATCAAGTCAGTGTTGAG
ACTTCTCTTGAATATATCCAATTATCAAGTCAGTGTTGAG
JACTTCTCTTGAATATATCCAATTATCAAGTCAGTGTTGAG
JACTTCTCTTGAATATATCCAATTATCAAGTCAGTGTTGAG
JACTTCTCTTGAATATATCCAAT TATCAAGTCAGTGTTGAG
ACTTCTCTTGAATATATCCAATTATCAAGTCAGTGTTGAG
JACTTCTCTTGAATATATCCAATTATCAAGTCAGTGTTGAG

AAGA CATTG ‘CCAA CTCTCTGCCCATTCAACTTCTGCATTCACTTCCA CTGCTTT|

ACTTCTCTTGAATATATCCAATTATCAAGTCAGTGTTGAG

TGATGCTTTGACAAAAGGTAATCCATCTGTTCAGAAATTCTAC 3’

TGATGCTTTGACAAAAGGTAATCCATCTGTTCAGAAATTCTACAATGGTAGCTGTCTCATCAGCAT
TGATGCTTTGACAAAAGGTAATCCATCTGTTCAGAAATTCTACAATGGTTGCTGTCTCAT
TGATGCTTTGACAAAAGGTAATCCATCTGTTCAGAAATTCTACAATGGTTG
TGATGCTTTGACAAAAGGTAATCCATCTGTTCAGAAATTCTAC
TGATGCTTTGACAAAAGGTAATCCATCTGTTCAGAAATTC
TGATGCTTTGACAAAAGGTAATCCATCT

TGATGCTTTGACAAAAGGTAAT

TGATGCTTTGACA

Figure 3. Structural chromosome alterations of the IL2 gene in CD8* indolent T-cell lymphoproliferative disorders. In case 7, (A) two chromosome breaks were
detected as a consequence of a rearrangement involving the 3’ untranslated region (UTR) of /L2 and 3’ UTR of RHOH (“IL2-RHOH") and a reciprocal rearrangement
involving intron 3 of IL2 and the 3’ UTR of RHOH (“RHOH-IL2"). (B) Pile-up of a subset of reads mapping to the IL2-RHOH rearrangement. (C) Sanger sequencing val-
idation of the fusion breakpoints. In case 8, (D) two chromosome breaks were observed due to a 1.2 Mb deletion spanning the majority of the 3' UTR of /L2 and a
portion of the intergenic region between IL2 and TNIP3 (“IL2 3’ UTR del”) and an inversion involving exon 4 of IL2 and intron 2 of TNIP3 (“IL2-TNIP3"). (E) Pile-up of
a subset of reads mapping to the IL2 3’ UTR deletion. (F) Sanger sequencing validation of the deletion breakpoints. ‘Chromosome position based on assembly
GRCh37.p13.
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(Figure 3B, C, E, F). No pathogenic mutations or structural
abnormalities were observed in two CD8* ITLPD (cases 9
and 10), although a variant of uncertain significance was
observed in one case (Online Supplementary Table S2).

Longitudinal analysis of five ITLPD (cases 1, 2, 4, 7, 8)
revealed stable mutational profiles in four ITLPD. Accrual
of mutations over time was noted in one CD4" ITLPD
(case 4). Only a KMT2D frameshift mutation was detect-
ed in the first biopsy, obtained shortly after diagnosis.
Additional mutations were identified at later time points,
including a missense TP53 mutation prior to disease trans-
formation. Of interest, biopsies at the first, second, and
fourth time-points had shown different chromosome
copy number changes (reported previously)," but none of
the altered regions corresponded to the loci of mutated
genes.

Evaluation of the SETD2-H3K36me3 axis

No SETD2 mutations were observed by next-generation
sequencing analysis and FISH did not detect any SETD2
deletions in the cases analyzed. Additionally, no loss of
SETD?2 protein or H3K36me3 was detected by immuno-
histochemistry and H3K36me?2 expression was observed
in all analyzed cases (Figure 4A-C, Online Supplementary
Table S3).

Evaluation of JAK-STAT pathway activation

Due to the presence of frequent and recurrent genetic
alterations targeting the JAK-STAT pathway and IL2
genes, we evaluated pSTAT3-Y705 and pSTAT5-Y694
expression by immunohistochemistry to assess activation
of the JAK-STAT signaling pathway. All nine tested cases
only showed single scattered or small clusters of nuclear
pSTAT3-Y705 and pSTATS-Y694 positive cells (<10%) in
all biopsies (Figure 4E, E Online Supplementary Table S3).

Discussion

Despite an increasing awareness of ITLPD of the GI
tract, deciphering their molecular pathogenesis and cellu-
lar origins has been challenging, in part due to the rarity of
these disorders. In this study, comprising one of the largest
series of cases evaluated, we delineate novel genetic alter-
ations, including recurrent mutations and rearrangements,
suggest cellular origins, and expand the immunopheno-
typic spectrum of these diseases.

The clinical presentations and disease course of our
patients were largely congruent with previous descrip-
tions.**'* Of interest, the ITLPD were detected incidentally
in two asymptomatic patients, which has rarely been doc-
umented.” A history of Crohn disease has been reported
in some patients with CD8* ITLPD,"* which was also the
case for one patient in our series. Prior erroneous diag-
noses of seronegative, refractory celiac disease in a high
proportion (50%) of patients were deemed to be the con-
sequence of misinterpretation of the histopathological
changes and incomplete laboratory testing. Due to the rel-
atively recent recognition of these disorders, it is not sur-
prising that 40% of the ITLPD in the current study had
been previously misdiagnosed as aggressive intestinal T-
cell lymphomas (EATL and MEITL). Extra-GI disease was
observed more frequently (40%) in our series than in pre-
viously reported series, and transformation to aggressive
lymphoma, which is considered rare,®"*** occurred in
two patients, including one with a CD8" ITLPD. These
findings emphasize the need for comprehensive clinical
and laboratory evaluation and long-term follow-up of
individuals with these disorders.

Next-generation sequencing of the ITLPD revealed
genetic alterations in 80% of the cases, including muta-
tions in JAK-STAT signaling pathway genes, observed in
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Figure 4. Analysis of the SETD2-H3K36me3 axis and JAK-STAT pathway activation. Immunohistochemical analysis of a CD4"* indolent T-cell lymphoproliferative dis-
order with STAT3-JAK2 rearrangement (case 2) shows preserved (A) SETD2, (B) H3K36me2, and (C) H3K36me3 protein expression. The lymphocytes express (D)
CD4. Only a few scattered (E) pSTAT3-Y705" and (F) pSTAT5-Y694" cells are noted (comprising <10% of the neoplastic lymphocytes).
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75% of the CD4" cases and in the CD4*/CD8" and CD4
/CD8 cases. The STAT3 D661Y and S614R mutations are
well-characterized hotspot mutations that impart greater
hydrophobicity to the SH2 dimerization surface and pro-
mote STAT3 nuclear localization and activation.” These
mutations have been described in a myriad of lymphoid
neoplasms and are quite frequent in T-large granular
lymphocytic leukemia.” Perry et al. did not detect STAT3
SH2 domain hotspot mutations in five cases analyzed by
Sanger sequencing, although all tested cases were
CD8"."” Deletion of SOCS1, a negative regulator of the
JAK family proteins,” which was seen in a colonic CD4*
ITLPD, is a recurrent abnormality in a variety of T-cell
lymphomas and more commonly reported in mycosis
fungoides.” We confirm that STAT3-JAK2 rearrangement
is a recurrent event in CD4* ITLPD although this alter-
ation was only observed in one (25%) of our cases com-
pared to four of five (80%) cases in the series reported
by Sharma er al.”®

Loss-of-function mutations in epigenetic modifier genes
(TET2, DNMT3A, KMT2D) represented the next most
commonly altered gene class, identified in 40% of cases
and restricted to CD4*, CD4*/CD8*, and CD4/CD8§ cases.
Mutations in epigenetic modifiers, which are believed to
be early events in lymphomagenesis™* and known to
cooperate with other mutations in fostering neoplastic
transformation,®** have also been reported in diverse T-
cell malignancies.** However, in contrast to other T-cell
lymphomas,* IDH1/2 mutations were not observed in any
ITLPD. Although not recurrent, mutations in CDKN2A
and TNFAIP3 suggest roles of cell cycle deregulation” and
NF-«B activation® in the pathogenesis of at least some
ITLPD.

Structural chromosome alterations recurrently targeting
the 3’ UTR of the /L2 gene, which were identified in 50%
of the CD8* ITLPD, have not been described before. The
rearrangements and deletions led to the loss of most or all
of the regulatory ARE involved in mRNA stability. Studies
in mitogen-stimulated Jurkat cells have shown that dele-
tion of these regulatory elements, which act as binding
sites for components of the mRNA degradation machin-
ery,” results in a longer half-life of /L2 mRNA.” Whether
these alterations lead to changes in the cellular localization
of the JL2 transcript or affect the assembly or composition
of protein complexes that modulate activities beyond its
8" UTR-independent functions has not been investigated.
An IL2-TNFRSF17 rearrangement,” resulting from
t(4;16)(q26;p13)," was previously reported in a CD4*
ITLPD.” However, in contrast to our cases, the breakpoints
in that case mapped to intron 3 of /L2 and exon 1 of the B-
cell maturation antigen (BCMA) gene, also known as
tumor necrosis factor receptor superfamily member 17
(TNFRSF17).* The authors detected chimeric IL2-
TNFRSF17 mRNA, but no fusion protein was identified.
The functional significance of the prior and current [L2
genetic alterations remains unknown.

Despite the frequent JAK-STAT pathway gene muta-
tions and structural alteration of the [L2 gene, which
encodes a key T-cell cytokine that signals via the JAK-
STAT pathway,” none of the ITLPD analyzed showed
high-level pSTATS or pSTATS expression. Our findings
are similar to those of Perry et al. who also did not observe
significant pSTAT3 expression,” but contrast with those
of Sharma et al. who reported pSTAT5 expression in three
of four cases with STAT3-JAK2 rearrangements.” The rea-

sons for these discrepant findings are unclear. It is plausi-
ble that the mutations simply augment the sensitivity of
ITLPD to cytokine stimulation, enhancing ligand-mediat-
ed signaling as described in other T-cell lymphomas,* and
aberrant proliferations of intraepithelial lymphocytes in
refractory celiac disease type 2* that harbor STAT3 muta-
tions.

On analysis of serial samples, acquisition of additional
mutations, including those targeting genes involved in the
DNA damage response (TP53, POLE) were only identified
in an ITLPD that transformed to aggressive lymphoma. It
is possible that ineffective DNA repair mechanisms fueled
acquisition of additional mutations and complex chromo-
some changes in this case." It is unclear if prolonged aza-
thioprine therapy played a role in genomic evolution.
Nonetheless, this and other cases in our series as well as
those published previously highlight the futility of geno-
toxic chemotherapeutic agents for treating ITLPD of the
GI tract. The prognostic relevance of periodic genetic
analysis needs to be assessed in future larger studies.

Our findings indicate that ITLPD of the GI tract share
certain pathogenic mechanisms with other intestinal T-
cell lymphomas. As in our cohort, mutations in JAK-STAT
pathway genes represent the most frequent alterations in
EATL, MEITL, and intestinal T-cell lymphoma, not other-
wise specified.””" Similarly, loss-of-function mutations in
epigenetic modifier genes and DNA damage repair genes
have also been reported in aggressive intestinal T-cell Iym-
phomas.”"*® In contrast to EATL and MEITL, however,
SETD2 mutations or deletions were not seen in any
ITLPD and the burden of pathogenic alterations in ITLPD
appears lower.”"

ITLPD of the GI tract are immunophenotypically het-
erogeneous diseases. Our study revealed a few unique
features that are worth highlighting. In addition to CD4,
CD8, and CD4/CD8 ITLPD, we describe a CD4"/CD8*
(double-positive) case. Two ITLPD with a similar pheno-
type were recently reported from the USA and China."*
Two of our CD8" ITLPD expressed CD103, which has
not been documented before. Prior sporadic cases of
CD103* ITLPD have all been of CD4 T-cell lineage."*
These ITLPD could arise from aF integrin-expressing
lamina propria T cells,” but the possibility of activation-
induced upregulation of CD103 cannot be excluded.”*
Of note, one CD103* CD8* ITLPD also showed focal
CD56 expression. Distinguishing such cases from MEITL
can be challenging; however, in addition to the clinical
presentation and course, the presence of small lympho-
cytes with bland cytomorphology confined to the lamina
propria, absent MATK expression, and a low Ki-67 index,
can help establish a diagnosis of ITLPD. Evaluation of
SETD2 and H3K36me3 expression can also aid in differ-
entiating ITLPD from MEITL, which frequently show
loss of SETD2 and H3K36 trimethylation."”

ITLPD of the GI tract are thought to originate from
mucosal T cells, but the cell of origin of different disease
subsets has not been clarified. Absence of FoxP3 and T-
follicular helper (TFH) cell markers in the current and pre-
viously reported CD4* ITLPD"* argues against their der-
ivation from regulatory T cells or TFH cells. Based on
expression of T-bet and GATAS3, which are transcription
factors regulating CD4* Th1 vs. Th2 cell fate decisions,
the CD4* and CD47/CD8* ITLPD in our series displayed
Th1, Th2, or hybrid Th1/2 profiles. It is not known
whether ITLPD with the latter profile develop directly



from naive T cells into bifunctional mucosal Th1/2 cells,
similar to those described in primary immune responses
against parasites, which help dampen inflammation,” or
derive from Thl or Th2 cells that have undergone
cytokine-mediated reprogramming to acquire a Th1/Th2
phenotype, with concomitant production of Th1 and Th2
cytokines.” The phenotypic shift from a Th1/Th2 to Th2
profile over time, observed in one CD4" case, suggests lin-
eage (and possibly functional) plasticity of at least a sub-
set of ITLPD. The majority of the CD8" cases and the
CD4/CD8 ITLPD displayed a Tc2 phenotype.” Besides
orchestrating diverse functions in CD4* T-helper cells,
GATAS also regulates the activation, homeostasis, and
cytolytic activity of CD8" T cells.” The significance of T-
bet/GATAS co-expression in CD8* ITLPD is unknown. It
must be pointed out that despite the reported concor-
dance between the transcriptional and protein expression
profiles of T-bet and GATAS3 in certain T-cell
lymphomas,” the definitive lineage (and function) of neo-
plastic T cells cannot be ascertained based on the expres-
sion of single lineage-associated transcription factors.
Cytokine profiling and in vitro functional studies are
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awaited for confirmation of our observations. Contrary
to observations in peripheral T-cell lymphoma, not other-
wise specified,”** however, an inferior prognostic
impact of GATAS expression was not apparent in our
series of ITLPD.

In conclusion, our study reveals considerable
immunophenotypic and genetic heterogeneity of GI
ITLPD. We describe recurrent and novel genetic abnor-
malities in different immunophenotypic subtypes of GI
ITLPD which implicate deregulated cytokine signaling
and epigenetic alterations in disease pathogenesis. It is
hoped that future unbiased interrogation of ITLPD
genomes and transcriptomes as well as mechanistic stud-
ies will help to clarify the cell of origin and the functional
consequences of the underlying genetic aberrations in
these rare disorders, opening the door for targeted, less
toxic and more effective therapies.
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ABSTRACT

e impact of pre-treatment maximum standardized uptake value
(SUV.,...) on the outcome of follicular lymphoma (FL) following specif-

ic frontline regimens has not been explored. We performed a retro-
spective analysis of 346 patients with advanced stage follicular [ymphoma
(FL) without histological evidence of transformation, and analyzed the
impact of SUV,,. on outcome after frontline therapy. Fifty-two (15%)
patients had a SUV,,,, >18, and a large [ymph node =6 cm was the only factor
associating with SUV,,, >18 on multivariate analysis (odds ratio 2.7, 95%
confidence interval [CI]: 1.3-5.3, P=0.006). The complete response rate was
significantly lower among patients treated with non-anthracycline-based
regimens if SUV,,,, was >18 (45% vs. 92%, P<0.001), but not among patients
treated with R-CHOP (P=1). SUV,,, >18 was associated with significantly
shorter progression-free survival among patients treated with non-anthracy-
cline-based regimens (/7 months vs. not reached, P=0.02), but not among
patients treated with R-CHOP (P=0.73). SUV,,, >18 associated with shorter
overall survival (OS) both in patients treated with R-CHOP (8-year OS 70%
vs. 90%, P=0.02) and non-anthracycline-based frontline regimens (8-year OS
50% vs. 85%, P=0.001). In conclusion, pre-treatment PET scan has prognos-
tic and predictive value in patients with advanced stage FL receiving frontline
treatment.

Introduction

Despite its indolent biology, follicular [ymphoma (FL) can be fluorodeoxyglucose
(FDG) avid on positron emission tomography (PET). A wide range of inter- and
intra-patient degree of FDG avidity has been reported, with a maximum standard-
ized uptake (SUV,,,) value ranging between 3 and 40."* PET scan is more sensitive
and specific than standard computed tomography (CT) scan in identifying nodal
and extra-nodal disease, altering stage assignation in 10-31% of patients with FL,
and determining a treatment plan revision based on upstaging (I-II to III-IV) in 34-
45% of cases.”™ PET-based imaging is also an effective tool for early detection of
FL transformation, incremental threshold of SUV,,, values associating with increas-
ing test specificity."** False positivity is still possible, though, and histological con-
firmation through tissue biopsy is recommended.”>"

Despite its beneficial effect on staging reassignment and histological classifica-
tion, the prognostic role of PET-based imaging at time of diagnosis remains unclear,
with conflicting data published in the literature with regards to its impact on the
Follicular Lymphoma International Prognostic Index (FLIPI) determination.®*" In
addition, while multiple studies have investigated the association between a post-
treatment PET scan and the risk of relapse, limited data are available regarding the
predictive role of pre-treatment PET data in the frontline setting."** We provide a
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retrospective analysis of 346 patients with advanced stage
FL, in whom a PET-CT scan was performed prior to initi-
ation of therapy, and analyze the impact of SUV,,, on the
quality of response and outcomes after frontline therapy.

Methods

Patient selection

This is a retrospective analysis of patients with stage IIT or IV FL,
grades I, I, or IIIA, receiving frontline treatment at the MD
Anderson Cancer Center (MDACC) between August, 2001 and
April, 2014, and who had a pre-treatment PET-CT scan performed.
Patients with histological diagnosis of FL grade IIIB or concurrent
diffuse large B-cell lymphoma (DLBCL) were excluded.

The clinical and laboratory features were confirmed by
review of the medical records. Frontline therapy was adminis-
tered according to the previously described schedule.”* The
FLIPT and FLIPI-2 scores were calculated as previously
described.”®” Lugano classification was used to define complete
response.*”® The study was approved by the Institutional
Review Board of the MDACC and conducted in accordance
with our institutional guidelines and the principles of the
Declaration of Helsinki.

PET scan and SUV,, threshold selection

Baseline PET-CT scans were obtained at MDACC before ini-
tiation of frontline therapy. After patients had fasted for at least
4-6 hours, blood glucose was measured and confirmed to be
<140 mg/dL (<200 mg/dL for patients with diabetes) before
injection of 333-407 MBq (9-11 mCi) of [**FJFDG. Emission scans
were acquired at 2-3 minutes per field of view in the three-
dimensional mode after a 60-minute uptake time (+10 minutes).
CT non-contrast images were acquired in helical mode with
3.75-mm slices from the skull base through the midthigh.
Commercially available iterative algorithms were used for
image reconstruction. PET images were collected and transferred
to commercially available software (MIMVista version 6.4.9;
MIMVista Corporation, Cleveland, OH). SUV,,, was calculated
as previously described.”” All reports of pre-treatment scans and
of scans performed to assess response to frontline therapy were
reviewed by an oncologist with expertise in lymphoma.

Analyzing multiple single unit increments of SUV,,,, among all
346 patients included in the study, 18 showed the strongest
association with progression-free survival (PES) (hazard ratio
[HR] 1.5, 95% confidence interval [CI]: 0.95-2.3, P=0.08), and
was selected as cut-off for further analysis (Online Supplementary
Table S1).

Statistical methods

Association with categorical variables was evaluated using
or Fisher exact tests, or the Mann-Whitney test, as appropriate,
and logistic regression was used for multivariate analysis. Only
factors significant (P-value <0.05) on univariate analysis were
included in multivariate models. PFS was defined as the time
from the start of therapy to progression of disease, death, or last
follow-up (whichever occurred first). Overall survival (OS) was
defined as the time from the start of therapy to death or last fol-
low-up. PFS and OS were calculated for all patients in the study
and for subgroups of patients using Kaplan-Meier estimates and
were compared between subgroups using the log-rank test.
Multivariable Cox regression analysis was performed to assess
the associations between patient characteristics and PFS or OS.
A P-value of <0.05 (two-tailed) was considered statistically sig-
nificant. Statistical analyses were completed using SPSS 21.

I P. Strati et al.

Results

Patient baseline characteristics

Three-hundred and forty-six patients were included in
the study, median SUV,,., was 11 (range: 1.5-42), and 52
(15%) patients had a SUV,,, >18. All 52 patients with
SUV.... >18 had a biopsy of the most FDG-avid lymph
node, and no histological evidence of transformation was
observed. Baseline characteristics are shown in Table 1.
On univariate analysis, factors associated with SUV,,, >18
were male sex (67% vs. 52%, P=0.05), elevated
B2-microglobulin (65% vs. 47 %, P=0.02), elevated lactate
dehydrogenase (LDH)(37 % vs. 13%, P<0.001), presence of
B symptoms (35% vs. 14%, P=0.01), and a large lymph
node >6 cm (64% vs. 30%, P<0.001)(Table 1). On multi-
variate analysis, a large lymph node =6 cm was the only
factor maintaining its association with SUV,,, >18 (odds
ratio [OR] 2.7, 95% CI: 1.3-5.3, P=0.006)(Table 2).

Response to frontline therapy: complete response (CR)

One-hundred and fifty-one (44%) patients were treated
with frontline rituximab, cyclophosphamide, doxorubicin,
vincristine and prednisone (R-CHOP), and 195 (56 %) with
other therapies, including rituximab and bendamustine
(BR) in 55 (16%) patients, rituximab and lenalidomide (R)
in 63 (18%), rituximab, fludarabine, mitoxantrone, and
dexamethasone (R-END) in 24 (7%), and single agent rit-
uximab in 53 (15%) patients. Two-hundred and thirty-
two (65%) patients received maintenance rituximab and
114 (33%) were observed after completion of frontline
therapy. While no differences in the use of maintenance
therapy were observed between the two groups (75% vs.
67 %, P=0.20), a significantly higher proportion of patients
with baseline pre-treatment SUV,,, >18 were treated with
R-CHOP versus non-anthracycline-based regimens (75%
vs. 38%, P<0.001), so subsequent results were stratified by
treatment arm.

Among 342 patients evaluable for response, 305 (89%)
achieved CR; the CR rate was 91% for patients with
SUV.... <18 and 80% for patients with SUV,, >18
(P=0.03). No association between SUV,,., and CR rate was
observed among patients treated with R-CHOP (89% for
SUV,ae > 18 vs. 88% for SUV,., < 18, P=1). However,
SUV.... >18 significantly associated with a lower CR rate
among patients treated with other frontline regimens
(45% for SUV,.,, >18 vs. 92% for SUV,,, <18) (P<0.001)
(Figure 1). After excluding patients treated with single
agent rituximab a trend for a lower CR rate among
patients treated with other frontline regimens and SUV,,,
>18 was observed (80% vs. 94%, P=0.17); of interest, in
this group, only five patients with SUV,,., >18 were evalu-
able for response, likely limiting achievement of statistical
significance.

Progression-free survival (PFS) and PFS24

After a median follow-up of 94 months (95% CI: 88-100
months), median PES was not reached, and a trend for
decreased PFS was observed in patients with baseline
SUV.... >18 compared to patients with baseline <18 (114
months vs. not reached, P=0.08). Baseline =18 did not
associate with shorter median PES among patients treated
with frontline R-CHOP (114 months vs. 144 months,
P=0.73), but it did associate with significantly shorter PFS
among patients treated with other frontline regimens (77
months vs. not reached, P=0.02)(Figure 2). After excluding
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patients treated with single agent rituximab, a trend for able for survival, likely limiting achievement of statistical
shorter PES among patients treated with other frontline  significance.
regimens and baseline SUV,, >18 was observed (77 Use of maintenance rituximab associated with a signifi-
months vs. not reached, P=0.17); of interest, in this group, cantly longer PES (not reached vs. 84 months, P<0.001);
only seven patients with baseline SUV,,,>18 were evalu- the association between use of maintenance rituximab
Table 1. Patient baseline characteristics and association with pre-treatment maximum standardized uptake value (SUV,,,) >18.
Number (percentage)
All patients Su,,< 18
(N=346) (N=294)
Age
< 60 years 199 (57) 168 (57) 31 (60) 0.76
= 60 years 147 (43) 126 (43) 21 (40)
Female 157 (45) 140 (48) 17 (33) 0.05
Male 189 (55) 154 (52) 35 (67)
Hemoglobin
=12 g/dL 286 (83) 245 (83) 41 (19) 043
<12 g/dL 60 (17) 49 (17) 11Q1)
2-microglobulin
<ULN 165 (51) 148 (53) 17 (35) 0.02
> ULN 161 (49) 129 (47) 32 (65)
LDH
<ULN 288 (84) 255 (87) 33 (63) <0001
> ULN 56 (16) 37(13) 19 (37)
Grade
12 339 (99.5) 288 (99) 51 (100) 1
3A 3(05) 3(D) 0(0)
Ki-67
<40% 173 (86) 147 (87) 2 (19) 0.28
= 40% 29 (14) 22 (13) 7(21)
Bone marrow
not imvolved 159 (47) 134 (46) 25 (50) 0.65
involved 182 (53) 157 (54) 25 (50)
B-symptoms
absent 286 (83) 952 (86) 34 (65) 0.001
present 60 (17) 42 (14) 18 (35)
Ann Arbor Stage
it 102 (29) 87 (30) 15 (29) 1
I\ 244 (71) 207 (70) 37 (71)
Involved nodal areas
<5 139 (42) 114 (40) 25 (50) 022
=5 193 (58) 168 (60) 25 (50)
Largest lymph node
<6em 179 (64) 163 (70) 16 (36) <0.001
=6cm 99 (36) 71 (30) 28 (64)
Extra-nodal disease
absent 203 (59) 175 (60) 28 (54) 0.27
present 143 (41) 119 (40) 24 (46)
FLIPI score
low 67 (19) 56 (19) 1@ 0.1
Intermediate 137 (40) 123 (42) 14 (27)
high 142 (41) 115 (39) 97 (52)
FLIPI-2 score
low 29 (8) 26 (9) 3 (6) 0.16
Intermediate 186 (54) 163 (55) 23 (44)
high 131 (38) 105 (36) 26 (50)
LDH: lactate dehydrogenase; ULN: upper limit of normal; FLIPI: follicular lymphoma international prognostic index; SUV,,,. maximum standardized uptake value.
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(P<0.001)

CR (%)

RCHOP

and prolonged PES was maintained also after adjusting for
pre-treatment SUV,. >18 (HR 2, 95% CI: 1.3-2.9,
P<0.001). Further subgroup analysis, to assess the effect of
maintenance rituximab after specific regimens according
to pre-treatment SUV,., >18 could not be performed,
because of small population samples.

Excluding 11 patients who did not progress and were
lost to follow-up within 24 months, 67 (20%) patients had
a PES of less than 24 months: PES <24 months was
observed in 51 (18%) patients with baseline SUV,,, <18,
and 16 (34%) of patients with baseline SUV,. >18
(P=0.02). SUV,,, >18 did not associate with a significantly
higher rate of PFS <24 months among patients treated
with R-CHOP (32% vs. 24%, P=0.39), but it did associate
with a higher rate of PFS <24 months among patients
treated with other regimens (40% vs. 14%, P=0.05). After
excluding patients treated with single agent rituximab, a
trend for higher PES24 rate among patients treated with
other frontline regimens and SUV,,, >18 was observed
(20% vs. 11%, P=0.45); of interest, only five patients with
SUV.,... >18 were evaluable for PFS24, likely limiting
achievement of statistical significance.

Overall survival (0S) and risk of transformation

After a median follow-up of 94 months (95% CI: 88-100
months), median OS has not been reached, and it was sig-
nificantly shorter among patients with SUV,,, >18 (8-year
OS 65% vs. 89%), P=0.001). SUV,,,, >18 associated with
shorter OS both in patients treated with frontline R-
CHOP (8-year OS 70% vs. 90%, P=0.02) and in patients
treated with other frontline regimens (8-year OS 50% vs.
85%, P=0.001)(Figure 3). A trend for longer OS was
observed among patients with SUV,,., >18 when compar-
ing treatment with frontline R-CHOP to other frontline
treatments (8-year OS 70% vs. 50%, P=0.15). The associ-
ation between SUV,,., >18 and OS was maintained also on
multivariate analysis including either FLIPI score (HR 2.6,
95% CI: 1.5-4.6, P=0.001) or FLIPI-2 score (HR 2.2, 95%
CI: 1.8-8.9, P=0.006).

At the most recent follow-up, 18 (5%) patients have
progressed with histological evidence of transformation to
large B-cell lymphoma, after a median time of 23 months
(range: 5-139 months). Twelve transformations (4%)
occurred among patients with baseline SUV,,, <18, and

*
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Figure 1. Complete response (CR)
rates by maximum standardized
uptake (SUV,.) values according to
frontline regimen.

six (11%) among patients with baseline SUV,. >18
(P=0.04). Of these 18 patients, 11 had received frontline R-
CHOP (of whom six had baseline SUV,,, >18) and seven
other frontline regimens (none of whom had baseline
SUV.... >18). After excluding patients treated with single
agent rituximab, a statistically significant shorter OS
among patients treated with other frontline regimens and
SUV,... >18 was observed (86 months vs. not reached,
P=0.05).

Discussion

Recent guidelines recommend the use of PET-CT in FL
for initial staging, evaluation of potential transformation,
and at time of response assessment.”* However, the
impact of baseline PET-based imaging on the outcome fol-
lowing specific frontline treatment has not been previous-
ly explored.

In our analysis, an SUV,,, cut-off of 18 was identified as
clinically significant, showing the strongest association
with PFS. SUV,,, cut-offs of 10, 14 and 17 have been pro-
posed in previous retrospective studies to identify patients
with FL at higher risk of transformation to DLBCL,""*
with OR for transformation of 1.25 for each increase in
unit of SUV,,,."" To this regard, patients with histological
evidence of FL grade IIIB or DLBCL were excluded from
this study. Although tumor heterogeneity may have
caused a false-negative result, elevated SUV,. in the
absence of histological evidence of transformation may
reflect a more aggressive biology, associating with a worse
outcome, as already shown in other forms of low grade
B-cell lymphomas.* It is interesting to note that in our
study the only factor significantly associated with SUV,,,
>18 was the lymph node size =6 cm and that more trans-
formations occurred in patients with pre-treatment SUV,,,
>18 (11% vs. 4%, P=0.04). While a core needle biopsy of
a large lymph node may miss a diagnosis of DLBCL, the
large tumor size may also simply be a surrogate marker of
accelerated biology in the absence of transformation.
Prospective studies, employing excisional biopsy, as
opposed to core biopsy, may shed light on this question.

In our study, patients with SUV,,, >18 were more fre-
quently treated with R-CHOE, compared to other thera-
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Table 2. Multivariate analysis of baseline characteristics associated with pre-treatment maximum standardized uptake value (SUV,,) >18

Number (percentage)
Total (N=263) OR [95% CI] P-multi

Female 123 1.9[0.9-3.8] 0.08
Male 140
(32-microglobulin

<ULN 135 1.3 [0.6-2.7] 0.56

> ULN 128
LDH

<ULN 218 210941 0.08

> ULN 45
B-symptoms

absent 214

present 49 1.5[0.7-3.1] 0.26
Largest lymph node

<6cm 169 2.7[1.3-5.3] 0.006

=6cm 94

Overall, 263 of 346 patients had no missing values for all five variables,and were included in the model: 42 with SUV,,,, >18 and 221 with SUVmax <18.LDH: lactate dehydro-

genase; ULN: upper limit of normal; SUV,,,.: maximum standardized uptake value.

pies (including BR, R-END, R* and single agent rituximab).
Abou-Nassar et al. had previously reported similar find-
ings, likely reflecting the treating physician’s concern for
occult transformation, and subsequent need for anthracy-
cline-based therapy.” We acknowledge as a potential bias
of our study that patients with SUV,,., >18 treated with
other therapies may have not been fit for R-CHOE, based
on variables not analyzed in this study, such as comorbidi-
ties, reflecting a clinician’s therapeutic bias, and therefore
more likely to experience a dismal outcome.

Of interest, in our study, the association between SUV,,,
>18 and lower CR rate, observed for the whole popula-

haematologica | 2020; 105(7)

tion, was lost among patients treated with R-CHOP. In the
rituximab era, the use of anthracycline-based regimens,
such as R-CHOP, has significantly improved the outcome
of patients with previously untreated transformed FL,
resulting in response rates and survival similar to what has
been observed in de novo DLBCL.** Our results indicate
that patients with more aggressive forms of FL, as suggest-
ed by pre-treatment SUV,,., >18, may benefit from anthra-
cycline-based therapies as the CR rates were significantly
lower with alternative regimens. This is further supported
by the fact that in our analysis the lower PES associated
with SUV,.. >18 (including high rates of progressions
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0S (months)

within 24 months from treatment initiation) was over-
come by the use of frontline R-CHOP. These novel and
clinically relevant findings highlight the need to examine
the impact of pre-treatment SUV,,.. on outcomes in recent-
ly completed randomized phase 3 trials in FL comparing
different frontline regimens such as R-CHOE, BR, and/or
R*#%% It is important to note that, as only three patients
with FL grade IIIA were included in this study, these
results can apply only to patients with grades I-II FL.
Finally, despite the beneficial effect of R-CHOP on CR
rate and PES of patients with SUV,. >18, subsequent
transformations were still observed among patients treat-
ed with this regimen. However, this was not unexpected
as not all patients with occult or histologically proven
transformed FL achieve durable remissions with R-CHOP.
Recurrent disease with transformation after R-CHOP can
be salvaged with high-dose chemotherapy with autolo-
gous stem cell transplantation and/or chimeric antigen
receptor T-cell therapy.** While patients with transfor-
mation at the time of relapse who are anthracycline-naive
can be salvaged with R-CHOP, the superior OS observed
in patients treated with frontline R-CHOP compared with
other regimens within the sub-group of patients with
SUV,... >18 (8- year OS 70% vs. 50%, P=0.15) raises the
possibility that upfront treatment with anthracycline-
based regimen may lead to better outcomes in such
patients. On the other hand, relapses occurring in patients
with high SUV,.. after frontline R-CHOP may have a
more aggressive biology, including transformation,

frontline treatment arm.

explaining the difference in OS according to SUV,,,
observed in patients treated with this regimen.

We acknowledge that there are some limitations due to
the retrospective nature of this study and the well-known
variability and limited reproducibility of SUV measure-
ments.” For example, consistent criteria may not have
been used to select patients in whom to perform a tissue
biopsy for exclusion of transformation, and therefore
patients with concurrent undiagnosed FL grade IIIB and/or
DLBCL may have been included in the study. There was
also likely variability in dose-intensity of the chemothera-
py between patients. The total metabolic tumor volume
(TMTV) was not calculated in this analysis, and the latter
has been shown to predict the outcome after frontline
therapy in patients with high-burden FL.* Upon further
validation, TMTV and other PET-based functional param-
eters, such as total lesion glycolysis, may in the future pro-
vide a more standardized approach to assess the prognos-
tic value of pre-treatment PET in patients with FL.

Nevertheless, the significant decrease in the CR rate,
PES, and OS observed in patients with SUV,,., >18 in our
study suggest that a pre-treatment PET scan has a prog-
nostic and predictive value in patients with advanced
stage FL receiving frontline treatment and prospective ran-
domized trials are warranted to investigate this further.

Funding
This research is supported in part by the MD Anderson
Cancer Center Support Grant P30 CA016672.

References

1. Jerusalem G, Beguin Y, Najjar F Hustinx R,
Fassotte MF, Rigo P, et al. Positron emission
tomography ~ (PET) with  18F-fluo-
rodeoxyglucose (18F-FDG) for the staging of
low-grade  non-Hodgkin's  lymphoma
(NHL). Ann Oncol. 2001;12(6):825-830.

2. Karam M, Novak L, Cyriac ], Ali A, Nazeer
T, Nugent E Role of fluorine-18 fluoro-
deoxyglucose positron emission tomogra-
phy scan in the evaluation and follow-up of
patients with low-grade lymphomas.
Cancer. 2006;107(1):175-183.

3. Wobhrer S, Jaeger U, Kletter K, et al. 18F-flu-

oro-deoxy-glucose  positron  emission

tomography (18F-FDG-PET) visualizes fol-
licular lymphoma irrespective of grading.
Ann Oncol. 2006;17(5):780-784.

4. Elstrom R, Guan L, Baker G, et al. Utility of
FDG-PET scanning in lymphoma by WHO
classification. Blood. 2003;101(10):3875-
3876.

5. Wirth A, Foo M, Seymour JE Macmanus MP,



Pre-treatment PET in advanced FL -

10.

11.
12.
13.
14.
15.
16.

17.

18.

19.

haematologica | 2020; 105(7) -

Hicks RJ. Impact of [18f] fluorodeoxyglucose
positron emission tomography on staging
and management of early-stage follicular
non-hodgkin lymphoma. Int ] Radiat Oncol
Biol Phys. 2008;71(1):213-219.

. Luminari S, Biasoli I, Arcaini L, et al. The use

of FDG-PET in the initial staging of 142
patients with follicular lymphoma: a retro-
spective study from the FOLLOS random-
ized trial of the Fondazione Italiana Linfomi.

Ann Oncol. 2013;24(8):2108-2112.

. Janikova A, Bolcak K, Pavlik T, Mayer J, Kral

Z. Value of [18F]fluorodeoxyglucose
positron emission tomography in the man-
agement of follicular lymphoma: the end of
a dilemma¢ Clin Lymphoma Myeloma.
2008;8(5):287-293.

. Le Dortz L, De Guibert S, Bayat S, et al.

Diagnostic and prognostic impact of 18F-
FDG PET/CT in follicular lymphoma. Eur J
Nucl Med Mol Imaging. 2010;37(12):2307-
2314.

. Chen YK, Yeh CL, Tsui CC, Liang JA, Chen

JH, Kao CH. F-18 FDG PET for evaluation of
bone marrow involvement in non-Hodgkin
lymphoma: a meta-analysis. Clin Nucl Med.
2011 Jul;36(7):553-559.

Smith SD, Redman M, Dunleavy K. FDG
PET-CT in follicular lymphoma: a case-
based evidence review. Blood. 2015;
125(7):1078-1082.

Schoder H, Noy A, Gonen M, et al. Intensity
of 18fluorodeoxyglucose uptake in positron
emission  tomography  distinguishes
between indolent and aggressive non-
Hodgkin's lymphoma. ] Clin Oncol.
2005:23(21):4643-4651.

Bodet-Milin C, Kraeber-Bodere E Moreau P,
Campion L, Dupas B, Le Gouill S.
Investigation of FDG-PET/CT imaging to
guide biopsies in the detection of histologi-
cal transformation of indolent lymphoma.
Haematologica. 2008;93(3):471-472.

Noy A, Schoder H, Gonen M, et al. The
majority of transformed lymphomas have
high standardized uptake values (SUVs) on
positron emission tomography (PET) scan-
ning similar to diffuse large B-cell lym-
phoma (DLBCL). Ann Oncol. 2009;
20(8):508-512.

Karam M, Feustel PJ, Vera CD, Nazeer T.
Features of large cell transformation of indo-
lent lymphomas as observed on sequential
PET/CT. Nucl Med Commun. 2011;32(3):
177-185.

Cook GJ, Fogelman I, Maisey MN. Normal
physiological and benign pathological vari-
ants of 18-fluoro-2-deoxyglucose positron-
emission tomography scanning: potential
for error in interpretation. Semin Nucl Med.
1996;26(4):308-314.

Hofman MS, Hicks R]. Imaging in follicular
NHL. Best Pract Res Clin Haematol.
2011;24(2):165-177.

Abou-Nassar KE, Vanderplas A, Friedberg
JW, et al. Patterns of use of 18-fluoro-2-
deoxy-D-glucose positron emission tomog-
raphy for initial staging of grade 1-2 follicu-
lar lymphoma and its impact on initial treat-
ment  strategy in  the  National
Comprehensive Cancer Network Non-
Hodgkin Lymphoma Outcomes database.
Leuk Lymphoma. 2013;54(10):2155-2162.
Salles G, Seymour JE Offner E et al.
Rituximab maintenance for 2 years in
patients with high tumour burden follicular
lymphoma responding to rituximab plus
chemotherapy (PRIMA): a phase 3, ran-
domised controlled trial. Lancet. 2011;
877(9759):42-51.

Luminari S, Biasoli I, Versari A, et al. The

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

prognostic role of post-induction FDG-PET
in patients with follicular lymphoma: a sub-
set analysis from the FOLLOS trial of the
Fondazione Italiana Linfomi (FIL). Ann
Oncol. 2014;25(2):442-447.

Trotman J, Fournier M, Lamy T, et al
Positron emission tomography-computed
tomography (PET-CT) after induction thera-
py is highly predictive of patient outcome in
follicular lymphoma: analysis of PET-CT in
a subset of PRIMA trial participants. ] Clin
Oncol. 2011;29(23):3194-3200.

Dupuis ], Berriolo-Riedinger A, Julian A, et
al. Impact of [(18)F]fluorodeoxyglucose
positron emission tomography response
evaluation in patients with high-tumor bur-
den follicular lymphoma treated with
immunochemotherapy: a prospective study
from the Groupe d'Etudes des Lymphomes
de I'Adulte and GOELAMS. J Clin Oncol.
2012;30(35):4317-4322.

Trotman ], Barrington SE Belada D, et al.
Prognostic value of end-of-induction PET
response after first-line immunochemother-
apy for follicular lymphoma (GALLIUM):
secondary analysis of a randomised, phase 3
trial. Lancet Oncol. 2018;19(11):1530-1542.
Flinn IW, van der Jagt R, Kahl BS, et al.
Randomized trial of bendamustine-ritux-
imab or R-CHOP/R-CVP in first-line treat-
ment of indolent NHL or MCL: the
BRIGHT study. Blood. 2014;123(19):2944-
2952.

Rummel MJ, Niederle N, Maschmeyer G, et
al. Bendamustine plus rituximab versus
CHOP plus rituximab as first-line treatment
for patients with indolent and mantle-cell
lymphomas: an open-label, multicentre, ran-
domised, phase 3 non-inferiority trial.
Lancet. 2013;381(9878):1203-1210.
Morschhauser F, Fowler NH, Feugier P, et al.
Rituximab plus Lenalidomide in Advanced
Untreated Follicular Lymphoma. N Engl J
Med. 2018;379(10):934-947.

Nastoupil L], McLaughlin P, Feng L, et al.
High ten-year remission rates following rit-
uximab, fludarabine, mitoxantrone and dex-
amethasone (R-FND) with interferon main-
tenance in indolent lymphoma: Results of a
randomized Study. Br ] Haematol. 2017;177
(2):263-270.

Martinelli G, Schmitz SF Utiger U, t al.
Long-term follow-up of patients with follic-
ular lymphoma receiving single-agent ritux-
imab at two different schedules in trial
SAKK 35/98. ] Clin Oncol. 2010;28(29):
4480-4484.

Solal-Celigny P, Roy P, Colombat P, et al.
Follicular lymphoma international prognos-
tic index. Blood. 2004;104(5):1258-1265.
Federico M, Bellei M, Marcheselli L, et al.
Follicular lymphoma international prognos-
tic index 2: a new prognostic index for follic-
ular lymphoma developed by the interna-
tional follicular lymphoma prognostic factor
project. J Clin Oncol. 2009; 27(27):4555-
4562.

Brice P, Bastion Y, Lepage E, et al
Comparison in low-tumor-burden follicular
lymphomas between an initial no-treatment
policy, prednimustine, or interferon alfa: a
randomized study from the Groupe d'Etude
des Lymphomes Folliculaires. Groupe
d'Etude des Lymphomes de I'Adulte. ] Clin
Oncol. 1997;15(3):1110-1117.

Cheson BD, Fisher RI, Barrington SE et al.
Recommendations for initial evaluation,
staging, and response assessment of
Hodgkin and non-Hodgkin lymphoma: the
Lugano classification. J Clin Oncol. 2014;
32(27):3059-3068.

32. Pinnix CC, Ng AK, Dabaja BS, et al. Positron
emission tomography-computed tomogra-
phy predictors of progression after DA-R-
EPOCH for PMBCL. Blood Adv. 2018;2(11):
1334-1343.

33. Barrington SE Mikhaeel NG, Kostakoglu L,
et al. Role of imaging in the staging and
response assessment of lymphoma: consen-
sus of the International Conference on
Malignant Lymphomas Imaging Working
Group. ] Clin Oncol. 2014;32(27):3048-3058.

34. Falchi L, Keating MJ, Marom EM, et al.
Correlation between FDG/PET, histology,
characteristics, and survival in 332 patients
with chronic lymphoid leukemia. Blood.
2014;123(18):2783-2790.

35. Link BK, Maurer MJ, Nowakowski GS, et al.
Rates and outcomes of follicular lymphoma
transformation in the immunochemothera-
py era: a report from the University of
lowa/MayoClinic Specialized Program of
Research Excellence Molecular
Epidemiology Resource. J Clin Oncol.
2013;31(26):3272-3278.

36. Wagner-Johnston ND, Link BK, Byrtek M, et
al. Outcomes of transformed follicular lym-
phoma in the modern era: a report from the
National LymphoCare Study (NLCS). Blood.
2015;126(7):851-857.

37. Alonso-Alvarez S, Magnano L, Alcoceba M,
et al. Risk of, and survival following, histo-
logical transformation in follicular lym-
phoma in the rituximab era. A retrospective
multicentre study by the Spanish GELTA-
MO group. Br ] Haematol. 2017; 178(5):699-
708.

38. Gleeson M, Hawkes EA, Peckitt C, et al.
Outcomes for transformed follicular lym-
phoma in the rituximab era: the Royal
Marsden experience 2003-2013. Leuk
Lymphoma. 2017;58(8):1805-1813.

39. Flinn IW, van der Jagt R, Kahl B, et al. First-
line treatment of patients with indolent non-
Hodgkin lymphoma or mantle-cell lym-
phoma with bendamustine plus rituximab
versus R-CHOP or R-CVP: results of the
BRIGHT 5-Year follow-up Study. ] Clin
Oncol. 2019;37(12):984-991.

40. Casulo C, Burack WR, Friedberg JW.
Transformed follicular non-Hodgkin lym-
phoma. Blood. 2015;125(1):40-47.

41. Nair R, Neelapu SS. The promise of CAR T-
cell therapy in aggressive B-cell lymphoma.
Best Pract Res Clin Haematol. 2018;
31(3):293-298.

42. Locke FL, Ghobadi A, Jacobson CA, et al.
Long-term safety and activity of axicabta-
gene ciloleucel in refractory large B-cell lym-
phoma (ZUMA-1): a single-arm, multicen-
tre, phase 1-2 trial. Lancet Oncol.
2019:20(1):31-42.

43. Neelapu SS, Locke FL, Bartlett NL, et al.
Axicabtagene ciloleucel CAR T-Cell therapy
in refractory large B-cell lymphoma. N Engl
J Med. 2017;377(26):2531-2544.

44. Schuster S], Bishop MR, Tam CS, et al.
Tisagenlecleucel in adult relapsed or refrac-
tory diffuse large B-Cell lymphoma. N Engl ]
Med. 2019;380(1):45-56.

45. Kinahan PE, Fletcher JW. Positron emis-
sion tomography-computed tomography
standardized uptake values in clinical
practice and assessing response to therapy.
Semin Ultrasound CT MR. 2010;31(6):
496-505.

46. Meignan M, Cottereau AS, Versari A, et al.
Baseline metabolic tumor volume predicts
outcome in high-tumor-burden follicular
lymphoma: a pooled analysis of three multi-
center studies. ] Clin Oncol. 2016; 34(30):
3618-3626.




Non-Hodgkin Lymphoma

® Ferrata Storti Foundation

Haematologica 2020
Volume 105(7):1914-1924

Correspondence:

TOBY A. EYRE
toby.eyre@ouh.nhs.uk

Received: June 20, 2019.
Accepted: September 2, 2019.
Pre-published: September 5, 2019.

doi:10.3324/haematol.2019.229948

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:

www.haematologica.org/content/105/7/1914

©2020 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode.
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

5

Efficacy of central nervous system prophylaxis
with stand-alone intrathecal chemotherapy in
diffuse large B-cell ymphoma patients treated
with anthracycline-based chemotherapy in

the rituximab era: a systematic review

Toby A. Eyre,* Faouzi Djebbari,> Amy A. Kirkwood® and Graham P. Collins*

*Department of Clinical Haematology, Oxford University Hospitals NHS Foundation Trust,
Oxford; 2Department of Pharmacy, Oxford University Hospitals NHS Foundation Trust,
Oxford and *Cancer Research UK & UCL Cancer Trials Centre, UCL Cancer Institute,
London, UK

ABSTRACT

phoma remains uncommon but catastrophic. The benefit of stand-

alone intrathecal prophylaxis in reducing CNS recurrence is unclear
and remains controversial. No systematic review analysing the evidence for
stand-alone intrathecal prophylaxis has been performed in the era of anti-
CD20 monoclonal antibody therapy. A comprehensive search (01/2002-
01/2019) was systematically performed using Ovid MEDLINE®, Ovid
EMBASE® and Cochrane. Studies were selected from a total of 804,
screened based on predefined inclusion/exclusion criteria, and were critical-
ly appraised. Three post hoc analyses (RICOVER-60, RCHOP-14/21,
GOYA), one prospective database and 10 retrospective series were includ-
ed. 7,357 rituximab/obinutuzumab-exposed patients were analysed. The
median percentage receiving intrathecal prophylaxis was 11.9%.
Cumulative CNS relapse incidence ranged from 1.9% at 6.5 years to 8.4%
at 5 years. Median time (of medians) to CNS relapse was 10 months. 73%
developed isolated CNS relapses, 24% concurrent CNS/systemic relapse,
and 3% post-systemic relapse. Reported CNS relapse sites were: parenchy-
mal (58%), leptomeningeal (27 %), and both (12%). Event rates were low
resulting in limited power within each study to provide robust univari-
able/multivariable analysis. Intrathecal prophylaxis was not a univariable or
multivariable factor associated with a reduction in CNS relapse in any
study. We found no strong evidence for the benefit, or indeed genuine lack
of benefit, of stand-alone intrathecal prophylaxis in preventing CNS relapse
in diffuse large B-cell lymphoma-treated patients using anthracycline-based
immunochemotherapy. Current published study designs limit the strength
of such conclusions.

Central nervous system (CNS) relapse of diffuse large B-cell lym-

Introduction

Relapse of diffuse large B-cell lymphoma (DLBCL) within the central nervous
system (CNS) following front line anthracycline-based immunochemotherapy is
relatively uncommon (typically 2-5%)."* It typically occurs within the first year of
follow up post-treatment and has devastating consequences. The median overall
survival following recurrence within the CNS is approximately 2-5 months® with
few patients achieving long term survival. As a result, attempts over many years
have been made to reduce the risk of this complication of DLBCL. Although risk
factors" for CNS relapse have been clearly described over recent years and the CNS
international prognostic index (CNS-IPI) has been established and validated, the
optimal and widely applicable CNS prophylactic strategy remains somewhat con-
troversial.

High dose, systemic anti-metabolite therapy, typically in the form of high dose
methotrexate (HDMTX), is the most commonly employed systemic prophylactic
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therapy. The evidence base for the efficacy of HDMTX in
the rituximab era is relatively weak but has been demon-
strated in retrospective single or multicentre series.”” No
randomised prospective studies have been performed.
HDMTX is given either following" or in an intercalated
fashion alongside rituximab-based immunochemotherapy.
HDMTX prophylaxis is widely administered for this pur-
pose; however its toxicity profile typically limits its use to
patients under 70 years of age, without serous effusions and
with adequate renal function.

Intrathecal (IT) anti-metabolites, typically methotrexate
(MTX) and/or cytarabine (ara-c), have also been employed
either as stand-alone therapy in patients deemed at high
risk of CNS relapse, or as adjunctive therapy to high dose
intravenous anti-metabolites. The theoretical basis for IT
prophylaxis has historically been extrapolated from the
management of other lymphoid cancers such as Burkitt
lymphoma' and acute lymphoblastic leukemia.” Although
not a universally applied practice, many centres continue to
employ stand-alone IT prophylaxis in DLBCL patients at
higher risk of CNS relapse who are otherwise being treated
with curative intent but who are considered unsuitable can-
didates for HDMTX due to, for example, age, inadequate
renal function, or patient/physician preference. Historical
studies have demonstrated that IT methotrexate does not
achieve therapeutic concentrations within the brain
parenchyma® and IT chemotherapy administration has the
potential for well described morbidity' as well as resource
and administrative burden.

Although it is clear that rituximab reduces systemic
relapse and improves survival in DLBCL,” summarised data
within a systematic review published in 2015 are conflict-
ing as to whether rituximab reduces CNS relapse.” There is
some evidence that leptomeningeal recurrence may have
become less common since the introduction of rituximab,
with the majority of CNS relapses being parenchymal in
origin."""* There are few data suggesting that [T prophylaxis
may reduce CNS relapse, although this is based on relative-
ly small single or multicentre retrospective studies in het-
erogenous cohorts primarily from the pre-rituximab era.'””

To date, there is no international consensus regarding
which patients should receive stand-alone IT prophylaxis
alongside rituximab and anthracycline-based frontline
immunochemotherapy and no systematic reviews have
been specifically performed to help answer this important
question. An initial scoping review found a relatively small
number of publications directly related to this question, and
as such a comprehensive systematic review was deemed
necessary. The purpose of this systematic review was,
therefore, to identify evidence of effectiveness of stand-
alone IT prophylaxis in patients treated in the front-line
setting for DLBCL with anthracycline-based curative
chemotherapy in the anti-CD20 monoclonal antibody era.
Our systematic review was not designed to assess the rela-
tive value of combined IT and high dose intravenous anti-
metabolite prophylaxis or high dose intravenous anti-
metabolite prophylaxis alone as strategies to reduce CNS
relapse risk.

Method

Search strategy
The review was conducted systematically in accordance with
the Preferred Reporting Items for Systematic Review and Meta-

Analysis Protocols (PRISMA-P) guidelines”” and was regis-
tered on the PROSPERO database (CRD42019121174). A com-
prehensive search was conducted following a systematic search
strategy using the electronic databases: Ovid MEDLINE®, Ovid
EMBASE® and Cochrane Central Register of Controlled Trials.
Boolean operators ‘AND’ and ‘OR’ were employed, as well as
truncation (*).

Searches included the title and abstract where possible and
were restricted to English language only. The search strategy
was date restricted from 2002 until January 2019 as the pivotal
trial establishing the benefit of rituximab in combination with
CHOP was published in January of the year 2002. Search
strategy comprised three main components, using relevant
Medical Subject Headings (MESH) terms where possible.
Disease component(s) were searched for using the following
search terms: diffuse large B-cell lymphoma, DLBCL, central
nervous system relapse, CNS relapse, central nervous system
recurrence, CNS recurrence, central nervous system progres-
sion, CNS progression. Prior therapies component(s) were
searched for using the following search terms: rituximab, dox-
orubicin, anthracycline, R-CHOP, EPOCH and R-CHOEP.
Intervention component(s) were searched for using the follow-
ing search terms: central nervous system prophylaxis, CNS pro-
phylaxis, intrathecal, intrathecal prophylaxis, intrathecal
chemotherapy, intrathecal methotrexate, intrathecal cytarabine.

Full search strategies are summarised in the Ounline
Supplementary Tables S1-3. The search was expanded using ret-
rospective snowballing from the reference lists of initial studies
included to ensure a sensitive and comprehensive search.

Screening search results

Search results were independently double-screened by the
research team both at abstract and full text screening stages
using eligibility criteria displayed in Table 1. Disagreements
between any two researchers were referred to a third researcher
to reach a consensus.

Quality appraisal and data extraction

Standardised Critical Appraisal Skills Programme (CASP)
tools (hittps://casp-uk.net/casp-tools-checklists) were utilised to
appraise the quality of study design, methodology and data
reporting. CASP tools used were specific to each study type
reviewed (e.g. clinical trial, cohort study). Studies were assigned
a quality rating score as follows: 5 (high), 4 (moderate to high),
3 (moderate), 2 (moderate to low), or 1 (low). Limitations iden-
tified from reported data in individual studies were reported
including low quality rating papers, which were also transpar-
ently reported in the review.

Data extraction and analysis

Extracted data were reviewed by all the research team (FD,
TAE, GPC) and tabulated to summarise key findings. Key data
extracted from each study were: author and year of publication,
design, sample characteristics (type of rituximab-containing
immunochemotherapy, key inclusion criteria), and reported
outcomes (cumulative incidence of CNS relapse, site of CNS
relapse, concurrence of systemic relapse and a documented
analysis of the effectiveness of IT prophylaxis in preventing
CNS relapse). For studies including patients treated both with
and without rituximab, presented data for rituximab-exposed
patients where available (superscript ‘R, Table 2). The research
design(s) and study characteristics, clarity of reporting, and sta-
tistical significance of reported data were assessed to determine
the strengths and limitations of the evidence. All included stud-
ies underwent full statistical analysis (AAK).

Role of CNS intrathecal prophylaxis in DLBCL -
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Table 1. Key eligibility criteria.

Inclusion

oStudies of DLBCL as the dominant lymphoma subtype

assessing the risk of CNS relapse

oStudies of DLBCL in the rituximab era: rituximab or obinutuzumab
exposed patients represented =100 patients and the majority

of the patients within the individual study.

oStudies of DLBCL treated with anthracycline-based chemotherapy

oStudies analysing the relative influence of stand-alone IT prophylaxis on outcome

e)Meta-analysis

e[ate phase clinical trials
eCohort studies
o(ross-sectional studies
eRetrospective studies
e(bservational studies
e(ase-control studies

Exclusion

e Case series with <100 patients treated with rituximab-
chemotherapy

oCNS involvement at diagnosis

eNon-rituximab or non-obinutuzumab exposed cohorts
*Cohorts where no patients received CNS prophylaxis
eEarly phase clinical trials

ePharmacokinetic studies

eNarrative reviews

e(Opinion papers

eEducation papers

eCommentaries

eEditorials

eConference abstracts

e(ase-reports

eAnimal studies

DLBCL: diffuse large B cell lymphoma; CNS: central nervous system; IT. intrathecal.

Results

Search results

Of 804 search results, 12 studies were eligible for inclu-
sion. One study was later excluded because of the authors
concerns over quality of the reported study.” Following
the search expansion phase, three additional studies were
included.*”** In total, 14 studies met eligibility criteria for
this review. Full details of the PRISMA inclusion/exclusion
process are presented in Figure 1. Three studies were
post hoc analyses from prospective randomised controlled
clinical trials, one was an analysis of a multicentre, nation-
al, prospective database and all others were retrospective
data series (seven single centre; three multicentre). Three
studies were conducted in Japan, two in the USA and
Canada, and one each in Germany, the UK, China,
Singapore, South Korea and Thailand respectively.

A cumulative total of 7,357 (74.7%) anti-CD20 mono-
clonal antibody-exposed patients were assessed across the
14 series which included a cumulative total of 9,842
patients overall. All studies used rituximab or obinu-
tuzumab” plus CHOP (cyclophosphamide, doxorubicin,
vincristine and prednisolone) or CHOP-like regimens as
the chemotherapy backbone given at between 14-28 day
intervals apart from a single study which analysed a
cohort treated with DA-EPOCH (dose adjusted etoposide,
prednisolone, vincristine, cyclophosphamide and doxoru-
bicin).” Five studies included patients =18 years, two stud-
ies included patients =16 years, one study included
patients =15 years and one included patients 60-80 years.
Five studies did not define age criteria. Three studies
included patients with transformed indolent B-cell non-
Hodgkin lymphoma (iNHL), and four studies included a
relatively small number of patients with primary mediasti-
nal B-cell lymphoma (PMBCL). The median percentage of
patients receiving some form of IT prophylaxis across
each individual study was 11.9% (range: 4.0-38.9%). The
dosing frequency, total number of IT injections adminis-
tered and chemotherapy agent used varied (Table 2). The

IT chemotherapy agent was not defined in all studies,
although methotrexate and ara-C were the only employed
agents used when described.

CNS relapse outcomes

The cumulative incidence rate of CNS relapse was
reported in 10 studies and a crude rate of CNS relapse
(number of CNS events/total number of patients) was
reported in four studies. The cumulative incidence CNS
relapse rate from eight studies reporting rates in anti-
CD20 monoclonal antibody-specific cohorts ranged
between 1.9% at a median of 6.5 years follow-up” and
8.4% at 5 years.” Across the nine studies specifically
reporting a median time to CNS relapse in anti-CD20
monoclonal antibody-exposed (sub)populations, the
median of those median times reported was 10 months.

In 10 studies reporting details regarding the nature of
the CNS relapses in rituximab or obinutuzumab exposed
patients, there were 73% (128 of 175) isolated CNS relaps-
es, 24% (42 of 175) CNS relapses concurrent at the time of
systemic relapse, and 3% (5 of 175) cases of CNS relapse
occurring at a later time point following documented sys-
temic relapse.

Ten studies provided a detailed breakdown of the
anatomical site of CNS relapse in rituximab or obinu-
tuzumab-exposed patients. In total there were 191 CNS
relapses, of which 111 (58%) were parenchymal, 52 (27 %)
were leptomeningeal, 23 (12%) were both parenchymal
and leptomeningeal, one was intraocular (1%) and four
(2%) were either not known or not specifically defined.
Therefore, a total of 70% (134 of 191) of patients had
demonstrable parenchymal involvement at CNS relapse.

Intrathecal prophylaxis efficacy

Efficacy analyses were performed in all 14 studies and
these are presented Tables 3A-C. Patients receiving IT pro-
phylaxis typically had demonstrable risk factors for CNS
relapse, although the recommendations for IT prophylaxis
varied considerably across studies (Table 4). As such, these
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Figure 1. PRISMA Flow diagram of search strategy and inclusion/exclusion.

patients often were at higher risk of relapse than patients
not receiving 1T prophylaxis. Univariable analysis was
performed in all studies and no study demonstrated clear
evidence of a reduction in the risk of CNS relapse when IT
prophylaxis was used. Multivariable analyses were per-
formed and described in nine studies (Tables 3A-C). IT
prophylaxis was not found to be a univariable or multi-
variable factor associated with a statistically significant
reduction in the risk of CNS relapse in any of the studies
examined.

No adjusted analyses were described in one study.”
Adjusted analyses were reported in the remaining four
studies in a variety of forms 1. Adjustment for CNS-IPI
(n=2);"*” 2. Propensity matching to analyse survival (pro-
gression-free and overall survival) but not CNS relapse
(n=1);” 3. Proportional hazard ratio to assess interaction
between rituximab and IT prophylaxis with a univari-
able/multivariable analysis looking at clinical risk factors

associated with CNS relapse and not IT prophylaxis
(n=1)." None of these adjusted analyses showed that IT
prophylaxis provided any benefit in reducing the risk of
CNS relapse in the anti-CD20 antibody era.

Of note, no individual analysis reported the morbidity
associated with 1T prophylaxis in terms of the risk of
adverse events, for example, risk of systemic infection,
post lumbar puncture headache or dural leak.

Quality and statistical appraisal

We identified a range of study types including post hoc
analyses of randomised clinical trials, prospective and ret-
rospective cohort studies. None of the studies prospective-
ly asked whether CNS IT stand-alone prophylaxis reduces
the rate of CNS relapse. Although the absolute number of
patients included within each study was relatively large,
the absolute event number across studies was low. As a
result, the statistical power within each study to provide

Role of CNS intrathecal prophylaxis in DLBCL -
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® Table 2. Data extraction table.

Data to be extracted Item
Publication ID e Author
e Publication date
Study aim e Title/Purpose/Aim
Study design e Study type and design: meta-analysis, late phase clinical trial,

post hoc analysis of late phase clinical trials, cohort study, cross-sectional study, retrospective
study, observational study, case-control study

e Key study inclusion criteria for cohort studied if specified in manuscript

e Number of participants

e Years of data collection

e DLBCL subtypes

e Proportion and total number of cohort receiving rituximab-containing
anthracycline-based regimen

e Rituximab or obinutuzumab-containing immunochemotherapy regimen(s) used
for DLBCL treatment

e Proportion of patients (total +/~ rituximab or obinutuzumab exposed patients
depending on what is reported) receiving IT prophylaxis

e Type of IT prophylaxis received

e Number of CNS relapses and whether concurrent with systemic relapse or isolated CNS
relapse: either of total population or rituximab population. This will be specified in analysis.

e Cumulative incidence of CNS relapse at time point described in manuscript: either of
total population or rituximab population. This will be specified in analysis.

o Site of CNS relapse: parenchymal, leptomeningeal, both, unknown: either of total
population or rituximab population. This will be specified in analysis.

e Documentation of the analysis of the effectiveness of IT prophylaxis in assessing

the CNS relapse risk.

e CASP tool scores and comment on the nature and quality of the statistician analysis
performed

DLBCL: diffuse large B cell lymphoma; CNS: central nervous system; IT: intrathecal; CASP: Critical Appraisal Skills Programme.

Sample characteristics

Findings

Strengths and limitations

clear, robust univariable and multivariable analysis was
limited. A number of studies™* within the analysis simply

Multivariable analyses could help to reduce the effects
of (known) confounding factors but, in this case, there are

- haematologica | 2020; 105(7)

report the hazard ratio or absolute percentage relapse rate
comparison between patients receiving IT prophylaxis ver-
sus those not in receipt of prophylaxis.

The studies included often show that the rate of CNS
relapse is increased in patients receiving prophylaxis. This
finding primarily relates to the confounding effects of
patient selection .e. those at higher risk of CNS relapse are
those who receive prophylaxis, however, no attempt was
made to adjust for these risk factors in a number of the
studies. As such, it is difficult to formally discern the value
of IT prophylaxis from univariable, unadjusted analysis. A
negative or null result i.e. hazard ratio = 1 (or more events
in the IT-prophylaxis group) as seen in 8 of 11 studies, or
small, non-significant protective effect as seen in 3 of 11
studies does not imply that CNS prophylaxis is harmful or
ineffective, but may show that it is simply not enough to
overcome the increased baseline risk in the population
which were treated.

A single study® was excluded from the analysis because
of concerns regarding the integrity of the data and the
quality of the analysis performed. A comparison across
the 14 studies was also limited by the variable indications
for IT prophylaxis and the different histologies and regi-
mens included.

multiple factors of interest (median 16, range: 11-26) in the
13 papers which quote univariable analysis results) and,
given the small number of events (median 20, range: 8-61),
all of the cohorts studied would fail the ten-events-per-
factor rule,* which is generally suggested to ensure the
stability of a statistical model.

A number of papers®”***%% (Villa er al., Tai et al,
Guirguis et al., Tomita et al., Cai et al., Wudhikarm et al. and
possibly Song et al.). reduced the number of factors in mul-
tivariable analyses by only including those factors with
P>/=0.1 in the univariable analysis. In some cases this
meant CNS IT prophylaxis was not included in multivari-
able models at all”** (Villa et al., Guirguis et al., possibly
Song et al.), and in others it may have excluded factors
which were not significant but did have a confounding
effect on the benefit of CNS prophylaxis. Two studies
(post hoc analysis of the R-CHOP 14 vs. 21 and GOYA ran-
domised controlled trials) presented results adjusted for
the CNS-IPI only” (Gleeson et al.) or within the different
CNS-IPT risk levels* (Klanova et al.), neither found any
benefit to IT prophylaxis but, as with reduced the models
mentioned above, both could also have suffered from the
exclusion of confounders. Kumar and colleagues used a
propensity score to match patients with and without CNS
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Table 3A. Studies reporting an efficacy analysis of stand-alone intrathecal prophylaxis in front line diffuse large B-cell lymphoma in rituximab era

N Data set: Study 1st line CNS % receiving IT  Median time Cumulative Site of CNS Evidence
type and years inclusion R-chemotherapy Relapse prophylaxis to CNS incidence of relapse of ITCNS
relapse CNS relapse prophylaxis
(range/95% Cl  (95% CI provided effectiveness?
given as available) where reported)
Boehme et al., 1217 Post hoc 60-80 years R-CHOP-14:  Total: 58/22* 22.4% All patients: 2-year: 11* parenchymal, Overall 3
Blood analysis of with 608 Isolated: 34/16*  (273/1222) 8 months 4.1% 2% both; 9* percentage
2009+ RICOVER-60 untreated CHOP-14:  Concurrent: 24/6* =1 ITMTX.  (range 1-39) (95% CI 2.3-5.9%)" leptomeningeal of CNS events:
trial ‘aggressive 609.%* 16.6% ITMTX 2.5% vs. nil
B-cell lymphoma’. (202/1222) 4.4%; whole cohort.
944 (81.6%) DLBCL. 41T MTX A subgroup analysis of high risk
1% PMBCL. patients adjusted for IPI
found a significant interaction
between IT MTX exposure and
Rituximab exposure (RR = 6.1),
with the risk of CNS relapse
significantlyreduced if IT MTX
was given in CHOP group but
no difference in R-CHOP group.
Effect of rituximab significant
regardless of IT MTX.
Shimazu et al., 403 Retrospective  No age limit CHOP/ Total: 42228 4.7% (18/385)  21.5 months® All patients: 32 Overall % of CNS 2
Int J of Hematol single center; defined; CHOP-like: 165 Isolated: 28/14*  IT prophylaxis 1-year: 6.5% parenchymal;  events 1/18 (5.6%)
2009 1996-2007 untreated R-CHOP/  Concurrent: 14/8 (95% CI: 6.0-7.14) 10 IT prophylaxis vs. 40/367
de novo DLBCL R-CHOP-like: 338 leptomeningeal (10.9%) for nil.
or transformed Use of IT prophylaxis did
indolent NHL not appear significantly
decrease CNS relapse
in logistic regression UVA
(P=0.478) or MVA (P=0.571).
Villa et al. 435 Retrospective, =16 years CHOP: 126 Total: 31/19 * 4% (12) IT 6.7 months® J-year:6.4%" 12" parenchymal;  Overall % of CNS 2
Ann Oncol single with advanced ~ R-CHOP: 309 Isolated: 18/15¢  prophylaxis* 4 both; events: CHOP cohort,
20095%+* center; stage or any Concurrent: 13/4* alternating IT 3" leptomeningeal 3/8 (37.5%)
1999-2005 stage DLBCL or (including 43*) MTX and ara-C IT prophylaxis vs.
PMBCL with post- systemic 9/118 (7.6%) for nil.
testicular involvement R-CHOP cohort,
0712 (0%) IT prophylaxis
vs. 19/297 (6.5%) (7.6%) for nil.
Use of IT prophylaxis did not appear
to decrease CNS relapse on UVA
(P=0.364, R-CHOP cohort) not
included in MVA (P>0.1 in UVA)
Tai et al., 499 Retrospective,  No age limit CHOP: 179 Total: 3020%  18% (59/320)  All patients: NR Overall % of CNS events 2
Ann Hematol single center; defined; R-CHOP: 320  Isolated: N/R  IT prophylaxis® 6.7 months (all patients): 9/82 (11.0%) IT prophylaxis
2011* 2000-2008 untreated Concurrent: NR (range 1.9-45.2) vs. 21/417(5.0%) for nil. Use of IT
DLBCL 2-year: 6.0% prophylaxis did not appear to decrease
(95% CI: 3.8-9.4)" CNS relapse on UVA (P=0.032; higher in
those receiving IT prophylaxis, or P=0.98,
high risk only). For all patients,
MVA non-significant (P-value not
reported), unclear if IT prophylaxis
was included in R-CHOP only MVA.
Only factors with P<(.1 in UVA included
in MVA. No IPl-adjusted analysis.
*two patients received high dose methotrexate. **five CNS involvement at diagnosis excluded. R = in RCHOP subgroup. ***studies added after initial and post-systematic review scoping. NCCN: National
Comprehensive Cancer Network; CNS: central nervous system; R-CHOP: rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone; RDA-EPOCH: rituximab plus dose adjusted etoposide, prednisolone,
vincristine, cyclophosphamide, doxorubicin; O-CHOP: obinutuzumab, cyclophosphamide, doxorubicin, vincristine, prednisolone DLBCL: diffuse large B-cell lymphoma; NHL: non-Hodgkin lymphoma; ASCT: autol-
ogous stem cell transplantation; HGT: high grade transformation; CLL: chronic lymphocytic leukaemia; FL: follicular lymphoma; GZ: gray zone; CR1: first complete remission; PMBCL: primary mediastinal B-cell lym-
phoma; IPI: international prognostic index; IT. intrathecal; MTX: methotrexate; HD: high dose; ara-C: cytarabine; HC: hydrocortisone; HR: hazard ratio; CI: confidence interval; UVA: univariable analysis; MVA: multivari-
able; N/R: not reported; IQR: interquartile range; RR: risk ratio; OS: overall survival; PFS: progression-free survival.
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prophylaxis allowing for a univariable analysis comparing included in multivariable analyses, were often poorly
these groups. They also found no difference in CNS described with some papers using inappropriate methods
relapse risk, but again this would rely on how well which did not allow for time* (Shimazu et al.) when com-
matched the groups were and whether this was enough to  paring risk factors, and with a lack of consistency in deal-
overcome the issues with confounding. ing with competing risks (systemic only relapse or death

Analyses, including which factors were or were not from other causes). This means the cumulative incidences

Table 3B. Studies reporting an efficacy analysis of stand-alone intrathecal prophylaxis in front line diffuse large B-cell lymphoma in rituximab era

N Data set: Study 1st line CNS % receiving IT  Median time Cumulative Site of CNS Evidence
type and years inclusion  R-chemotherapy Relapse prophylaxis to CNS incidence relapse of IT CNS
relapse of CNS prophylaxis
(range/95% CI relapse effectiveness?
given as available) (95% Cl provided
where reported)
Guirguisetal. 214  Retrospective, =16yearswith R-CHOP Total: 8  4.7%ITMTX 17 months Not reported; 5 parenchymal; Use of IT 2
Br J Haematol single center;  DLBCL =1 (100%)  Isolated:6  prophylaxis (range 6-35) Overall rate: 3.7% 1 both; prophylaxis
2012" 1999-2005  cycle of R-CHOP; Concurrent: 2 2 leptomeningeal  did not appear
including (post systemic) to decrease CNS
transformed relapse on UVA
indolent NHL (P=0-994). Only factors
with P<0.1 in UVA
included in MVA.
Kumaretal. 989  Prospective No age R-CHOP-21  Total: 20 11.8% 12.8 months Not reported; 13 parenchymal  Overall rates: 2
Cancer NCCN NHL limit (100%)  Isolated: 14 (117/989 CNS overall rate: 2.5year  only. 7 ‘not  prophylaxis (10.9%)
2012 database, defined; Concurrent: 6 prophylaxis), 2% (95 CI: 1.1-2.9%)  parenchymal vs. nil (2.1%), P=0.007.
multi- center;  untreated most IT only’. In =2 predefined
2001-2008 DLBCL (71.8%) high-risk features,
CNS relapse not differ

significantly: prophylaxis
(5.4%) vs. nil (1.4%; P=0.08).
Propensity matched population (n=230)
“No difference in OS or PFS” according
to receipt of CNS
prophylaxis. Discussion says
“not associated with a reduction

in CNS relapse or OS”.
Song et al. 180  Retrospective, No age R-CHOP  Total: 12 25.6% Not Not 6 IT prophylaxis 2
Medicine (Baltimore) single center; limit defined; (100%)  Isolated: 12 (46/180) reported reported; parenchymal; showed no
2015 20092015  untreated DLBCL Concurrent: 0 IT MTX overall rate: 6.7% 6 protective effect on

leptomeningeal UVA (HR 2.31, range 0.73-7.25)

P=0.15: higher in those
receiving IT CNS prophylaxis).

Unclear if IT prophylaxis was included
in MVA analyses but not reported

to be significant in MVA.
Tomitaetal 322 Retrospective, 18-80 years R-CHOP  Total: 11  12% (40/322): 8.2 months 3-year: 7 parenchymal; 3-year risk 8.7% in IT 3
Leuk Lymphoma multi-center; with untreated ~ (100%)  Isolated: 11 4 IT MTX and (range 3.5-34.0) 3.6% 3 both; prophylaxis s. 2.9%
2015% 2003-2009  DLBCL achieving Concurrent: 0 HC after CR 1 leptomeningeal  nil (P=0.14).
CR1 was achieved IT MTX not associated
with CNS relapse on MVA

(HR 0.78, 95% CI: 0.18-3.42;
P=0.74) Subgroup
analysis for high risk patients only

showed “no significant difference”

*two patients received high dose methotrexate. **five CNS involvement at diagnosis excluded. R = in RCHOP subgroup. ***studies added after initial and post-systematic review scoping. NCCN:
National Comprehensive Cancer Network; CNS: central nervous system; R-CHOP: rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone; RDA-EPOCH: rituximab plus dose adjusted etopo-
side, prednisolone, vincristine, cyclophosphamide, doxorubicin; O-CHOP: obinutuzumab, cyclophosphamide, doxorubicin, vincristine, prednisolone DLBCL: diffuse large B-cell lymphoma; NHL: non-
Hodgkin lymphoma; ASCT: autologous stem cell transplantation; HGT: high grade transformation; CLL: chronic lymphocytic leukaemia; FL: follicular lymphoma; GZ: gray zone; CR1: first complete remis-
sion; PMBCL: primary mediastinal B-cell lymphoma; IPI: international prognostic index; IT: intrathecal; MTX: methotrexate; HD: high dose; ara-C: cytarabine; HC: hydrocortisone; HR: hazard ratio; CI: con-
fidence interval; UVA: univariable analysis; MVA: multivariable; N/R: not reported; IQR: interquartile range; RR: risk ratio; OS: overall survival; PFS: progression-free survival.
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Table 3C. Studies reporting an efficacy analysis of stand-alone intrathecal prophylaxis in front line diffuse large B-cell lymphoma in rituximab era

Data set: Study 1st line CNS % receiving  Median time Cumulative Site Evidence
type and years inclusion R-chemotherapy  Relapse IT prophylaxis to CNS incidence of CNS of IT
journal, year relapse of CNS relapse CNS
(range/95% Cl relapse prophylaxis
given as (95% CI provided effectiveness?
available) where reported)
Cai et al 511 Retrospective, =18 years CHOP: 135 Total: 25/14% 11.8%R 6.5 monthsR  3-year: 4.9%. Not 3-year risk in IT 2
Chin j Cancer single center; withnewly ~ R-CHOP:376 Isolated: NR (44/373 J-year: 2.7%"  reported prophylaxis vs. nil:
2016* 2003-2012  diagnosed Concurrent: N/R (3 unknown)): 6.5% ovs. 1.8% (P=0.083)".
DLBCL IT MTX and ara-C IT prophylaxis not
for each cycle associated with CNS
of R-CHOP relapse on MVA
(P-value not reported).
Kanemasa et al. 413 Retrospective, No age limit =1 cycle R-CHOP  Total: 27 15.0%=11T 15 months 5-year:  9parenchymal; IT prophylaxis no 2
Ann Hematol single center;  defined; R-CHOP-like  Isolated: 16 ~ MTX +/-ara-C 8.4% (95% 2 both; protective effect
2016* 2004-2015  untreated or Concurrent: 11 prophylaxis Cl: 5.6-12.4%) 16 on UVA (HR 0.85, range
de novo DLBCL ~ (100%) leptomeningeal (0.29-2.45) P=0.76).
No [Pl-adiusted analysis
or MVA performed.
Gleesonetal. 984  Post hoc =18 R-CHOP-14 Total: 21 175 (17.8%) 8.1 months 6.5year: 17 parenchymal; Adjusting for CNS-IPI, 2
Ann Oncol analysis of ~ yearswith ~ or21 (100%) Isolated: 11 overall: *163 IT (95% CI: 1.0-15.1) 1.9%  4leptomeningeal no demonstrated
20177 R-CHOP-14 vs.  untreated Concurrent: 10 MTX (16.6%); benefit
21 trial; 2005-2008  bulky 11 unknown; (HR=1.12; 95% ClI,
stage [ or stage 11T ara-C and MTX 0.40-3.14; p=0.83)
[I-IV DLBCL
Maleceketal 223 Retrospective, =18 years, =) cycles Total: 13 38.6% (86/223) 10 months Not reported; 4 parenchymal;  In all patients; 2
Am J Hematol multi-center; untreated  R-DA-EPOCH.  Isolated: 13 (IT MTX 83; (range overall rate: 5.8% 1 both; 5.8% rate of CNS
2017% 2004-2014 de novo DLBCL ~ NoASCT ~ Concurrent:0 [T ara-C2; 2.1-27.0) 5 leptomeningeal; relapse in both
or transformed consolidation IT MTX and 3 unknown IT prophylaxis
(CLL or FL), (100%) ara-C1) and no prophylaxis
GZ NHL, PMBCL. groups (P>0.99).

Subgroup (n=139) non-HIV DLBCL:
7 (5%) CNS relapse; no difference
in risk for prophylaxis vs. nil
(P=0.699), no factors significant in
MVA (assuming this included IT

prophylaxis).
Wudhikarn et a2034 Retrospective, =15 years R-CHOP Total: 61 10.9%IT 8.4 months 2-year: 23 IT prophylaxis no 2
Ann Hematol nationwide with or RCHOP-like: Isolated:47  prophylaxis. (IQR 5.9-12.2) 2.1% parenchymal; protective effect on
2017 multi-center; untreated 663 Concurrent: 14 11.8%~ (95% CI12.0-3.5%) 7 both; UVA (HR 3.5, range
2006-2013 DLBCL; =1 cycle CHOP-like: 8 HDMTX or 25 1.98-6.06, P<0.001)
of CHOP-like 1371 ara-C overall. leptomeningeal;  higher in those
unknown; 6 receiving IT
prophylaxis).

This remained the case in MVA
(P<0.001, no effect size given).

Klanovaetal 1418  Posthoc ~ =l8years,  O-CHOP: 706 Total: 38 9.9% 8.5 months 2-year: 2.8% 27 2-year CNS relapse 3
Blood analysis untreated R-CHOP: 712 Isolated: NR  (140/1418) IT (range 0.9-43.5) parenchymal;  rate no different
2019 of GOYA trial ~ de novo Concurrent: NR  prophylaxis 3 both; between IT vs. no
DLBCL; IPI =2 (either MTX, 6 leptomeningeal; T prophylaxis:
or IPI 1if <60 years ara-C or both) 1 intraocular; overall
or IPI 0 if bulk unknown; 1 (2.8%vs. 2.6%)

and according to CNS-IPI.
No formal MVA including
IT prophylaxis performed.

*two patients received high dose methotrexate. **five CNS involvement at diagnosis excluded. R = in RCHOP subgroup. ***studies added after initial and post-systematic review scoping. NCCN: National

Comprehensive Cancer Network; CNS: central nervous system; R-CHOP: rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone; RDA-EPOCH: rituximab plus dose adjusted etoposide, pred-
nisolone, vincristine, cyclophosphamide, doxorubicin; O-CHOP: obinutuzumab, cyclophosphamide, doxorubicin, vincristine, prednisolone DLBCL: diffuse large B-cell lymphoma; NHL: non-Hodgkin lym-
phoma;ASCT: autologous stem cell transplantation; HGT: high grade transformation; CLL: chronic lymphocytic leukaemia; FL: follicular lymphoma; GZ: gray zone; CR1: first complete remission; PMBCL: primary
mediastinal B-cell lymphoma; IPI: international prognostic index; IT: intrathecal; MTX: methotrexate; HD: high dose; ara-C: cytarabine; HC: hydrocortisone; HR: hazard ratio; Cl: confidence interval; UVA: uni-
variable analysis; MVA: multivariable; N/R: not reported; IQR: interquartile range; RR: risk ratio; OS: overall survival; PFS: progression-free survival.
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Table 4. Recommendations for central nervous system prophylaxis within individual studies.
Reference: author, year, journal

Boehme et al., Blood, 2009

Shimazu et al., Int J Hematol 2009*

Recommendations for CNS
intrathecal prophylaxis

Mandatory for ‘high risk’ sites

Discretion of treating physician,
but recommendations provided

High risk disease sites or clinical features
for which CNS prophylaxis recommended
Bone marrow, testes, upper neck or head including

nasal sinuses, orbital, oral cavity, tongue, and salivary
glands.

Nasal sinuses, testis or vertebra

Villa et al., Ann Oncol 2009*

Tai et al., Ann Oncol 2011°

Discretion of treating physician,
but recommendations provided

Discretion of treating physician.

Pre-2002: bone marrow or peripheral blood involvement,
epidural, advanced-stage testicular lymphoma, or sinus
involvement. After 2002, only sinus involvement.

Not defined

Guirguis et al., Br ] Haematol 2012"

Kumar et al., Cancer, 2012%

Per *high-risk’ DLBCL according

to our locally published haematology
site group

Discretion of treating physician.

Unavailable

Not defined

Song et al., Medicine (Baltimore), 2015*

Tomita et al., Leuk Lymphoma, 2015%

Discretion of treating physician,

but recommendations provided
Awritten strategy prior to the study,
even if it not necessarily followed.

Given to patients with high intermediate/high IPI

or involvement of testis, breast, nasal cavity or orbit.
In general, =1 risk factor: LDH =2 ULN; bulk =10 cm;
ECOG PS 2; or involvement of the bone marrow, skin,
testis, nasal/ paranasal tissue, bone or breast.

Cai et al., Chin J Cancer, 2016*

Kanemasa et al., Ann Oncol 2016

Discretion of the local investigator
but recommendations provided
Discretion of treating physician,
but recommendations provided

High level of Ki-67; and involvement
of the testis, breast, or kidney.
Testis, breast, paranasal sinuses, or bone marrow.

Gleeson et al., Ann Oncol2017%

Discretion of the local investigator
but recommendations provided

Bone marrow, peripheral blood,
nasal/paranasal sinuses, orbit and testis.

Malecek et al., Am J Hematol 2017* Discretion of treating physician. Not defined
Wudhikarn et a/., Ann Hematol 2017% Not reported Not defined
Klanova et al., Blood, 2019* Discretion of treating physician. Not defined

CNS: central nervous system; ECOG: Eastern co-operative oncology group; PS: performance status, LDH: lactate dehydrogenase; DLBCL: diffuse large B cell lymphoma.

may not be comparable between studies, with just two
making it clear that they treated deaths as a competing
risk®* (Shimazu et al. and Wudhikarn et al.) and none of
the studies appearing to consider systemic only relapse as
a competing risk, even those that did not include CNS
relapse post systemic relapse as an event.

Perhaps the most convincing evidence of the lack of
efficacy of IT CNS prophylaxis in the rituximab era
comes from the RICOVER-60 trial.®* All patients
considered high-risk (infiltration of bone marrow and
testes or sites in the upper neck or head), should have
been treated with IT MTX. There was significant non-
compliance to this rule with only 57.1% receiving CNS
prophylaxis. This allowed Boehme and colleagues to per-
form as subgroup analysis. They found that, in a multi-
variable Cox model including IPI factors, there was a sig-
nificant interaction between IT MTX exposure and ritux-
imab exposure (RR=6.1), with risk of CNS relapse signif-
icantly reduced with IT MTX in the CHOP group but
with no difference seen in the R-CHOP group. The effect
of rituximab was significant regardless of IT MTX. This is
a non-randomised comparison in a small subset of
patients (47-67 per group and only six events in the R-
treated cohort) who were all aged over 60 years and not
all had DLBCL. However, it is the only paper to provide

any evidence of a differential effect of IT MTX in ritux-
imab-treated versus non-rituximab treated patients, which
is not simply based on lower rates of CNS relapse when
compared to data from the pre-rituximab era.

Although none of these papers show any evidence of a
benefit in giving CNS IT prophylaxis in either univariable
analyses or multivariable analyses, they are also all
unable to convincingly rule one out due to small numbers
of events and the confounding caused by the indications
for CNS prophylaxis.

Subsequent to the completion of the systematic review,
we have recently published outcomes of 690 elderly
patients (=70 years) treated with R-CHOP (full or dose
attenuated).” Our results are consistent with those present-
ed within the systematic review but suffer from similar
issues of small event number and the risk of confounding
factors. We also showed no clear benefit for stand-alone IT
prophylaxis although we found that IT prophylaxis was
associated with an increased risk of infection-related hos-
pital admission during R-CHOP (odds ratio vs. no prophy-
laxis) 2.20 (95% CI: 1.31-3.67; P=0.01).

The only real method to formally answer this question
is with a randomised clinical trial of IT CNS prophylaxis
vs no IT CNS prophylaxis in patients deemed unsuitable
for high dose MTX. Unfortunately, due to the low event



rate this would need to be a very large study. Even if we
assume a relatively high risk patient group (e.g. CNS-IPI
4-6) with a 4-6% risk of CNS relapse and aim to detect a
large effect size (i.e. a halving of this rate), to achieve 80%
power we would require 1,432 (6-3%), 1,722 (5-2.5%) or
2,368 (4-2%) patients. Despite the lack of conclusive evi-
dence of its benefit, it may be difficult to persuade many
clinicians to randomise patients with multiple baseline
risk factors to potentially receive no CNS directed thera-
py. A trial performed in patients considered unsuitable for
high dose methotrexate due to age, renal impairment,
performance status or comorbidities would prove partic-
ularly challenging to perform.

CASP analysis

For the 14 studies included within the systematic
review, a CASP analysis was performed. Cohort studies
were scored as moderate in three studies.”**” These
included 2 of the 3 post hoc analyses performed from large
prospective randomised clinical trials*** and scored mod-
erate to low in the remaining 11 studies. The key reasons
for the low quality rating scores included: a) retrospec-
tive, single centre data; b) low event numbers with unad-
justed analyses; c) variable indications and IT prophylaxis
regimens used; d) variable histologies included.

Strengths and limitations

No previous systematic review has explored the poten-
tial benefit of stand-alone IT prophylaxis in rituximab or
obinutuzumab exposed DLBCL patients. To ensure trans-
parency and to facilitate scrutiny of this review, a system-
atic protocol was registered and published prior to con-
ducting the review, which was undertaken according to
best practice and reporting guidelines. Each stage of the
review process was independently double-screened, and
any discrepancies discussed among the research team
until consensus was reached. One limitation of the search
strategy was restricting the search to publications in
English; however the search expansion strategy ensured a
comprehensive and sensitive review. The quality of evi-
dence reviewed was limited by the small number of CNS
relapse events in many of the studies. A number of the
studies highlighted were initially powered for other
means ie. the primary end point of the specific clinical
trial. As such, within trial GOYA and R-CHOP 14 versus
21 populations, for example, there was a heterogenous
approach to the use of IT prophylaxis with variable crite-
ria for delivery, dosing schedules and chemotherapy used.

Recommendations

On the basis of the evidence analysed within this sys-
tematic review, there are no convincing published data,
adjusted for well described confounding variables, that
clearly suggest that stand-alone IT chemotherapy CNS
prophylaxis reduces the risk of CNS relapse in patients
treated with anthracycline-based front-line
immunochemotherapy using an anti-CD20 antibody. It
must also be recognised however that no individual study

Role of CNS intrathecal prophylaxis in DLBCL -

provides strong evidence for lack of benefit of stand-alone
IT prophylaxis. The nature of the evidence analysed is
limited by the individual study designs, the low event
rate, variable prophylaxis protocols used, the retrospec-
tive nature of studies, some evidence for lack of compli-
ance and the absence of control groups. Although the
quality of evidence precludes firm recommendations, the
authors suggest that the available evidence should lead to
judicious use of stand-alone IT chemoprophylaxis. Our
conclusions relate primarily to patients receiving R-
CHOP immunochemotherapy and intentionally do not
reference the evidence for high dose anti-metabolites.
There was only a single study that studied DA-EPOCH-R
and as such conclusions related to IT usage in that setting
are more limited. The focus of this systematic review was
DLBCL histology, and as such we intentionally have
made no conclusions regarding the role of IT prophylaxis
in other histologies such as Burkitt lymphoma or indeed
specific subgroups of DLBCL such as double hit lym-
phoma or HIV-associated DLBCL.

Conclusions

There is no strong evidence to support the use of stand-
alone 1T chemotherapy prophylaxis for patients treated
with anthracycline-based chemotherapy in the rituximab
era. Conversely, the strength of evidence suggesting a
genuine lack of evidence is also weak. The majority
(70%) of CNS relapses occurring in anti-CD20 antibody
exposed patients treated in our systematic review
involved parenchymal tissue. No study within the sys-
tematic review reported a toxicity analysis of intrathecal
chemotherapy and as such few meaningful conclusions
can be made regarding the morbidity of IT prophylaxis
from these series. The quality of the data is relatively
weak to poor. Although some of the studies included rel-
atively large numbers of patients, the absolute number of
CNS relapse events limits the power to perform high
quality multivariable analysis or adjusted analysis. As
such, we conclude that there is little evidence for the ben-
efit of stand-alone IT CNS prophylaxis in preventing CNS
relapse in DLBCL-treated patients using anthracycline-
based immunochemotherapy.
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ABSTRACT

ultiple myeloma is still incurable due to an intrinsic aggressiveness

or, more frequently, to the interactions of malignant plasma cells

with the bone marrow (BM) microenvironment. Myeloma cells
educate BM cells to support neoplastic cell growth, survival, acquisition of
drug resistance resulting in disease relapse. Myeloma microenvironment is
characterized by Notch signaling hyperactivation due to the increased
expression of Notchl and 2 and the ligands Jagged1 and 2 in tumor cells.
Notch activation influences myeloma cell biology and promotes the repro-
gramming of BM stromal cells. In this work we demonstrate, i vitro, ex vivo
and by using a zebrafish multiple myeloma model, that Jagged inhibition
causes a decrease in both myeloma-intrinsic and stromal cell-induced resist-
ance to currently used drugs, i.e. bortezomib, lenalidomide and melphalan.
The molecular mechanism of drug resistance involves the chemokine sys-
tem CXCR4/SDFla. Myeloma cell-derived Jagged ligands trigger Notch
activity in BM stromal cells. These, in turn, secrete higher levels of SDFla
in the BM microenvironment increasing CXCR4 activation in myeloma
cells, which is further potentiated by the concomitant increased expression
of this receptor induced by Notch activation. Consistently with the aug-
mented pharmacological resistance, SDF1la boosts the expression of BCL2,
Survivin and ABCC1. These results indicate that a Jagged-tailored approach
may contribute to disrupting the pharmacological resistance due to intrinsic
myeloma cell features or to the pathological interplay with BM  stromal
cells and, conceivably, improve patients’ response to standard-of-care ther-
apies.

Introduction

Multiple myeloma (MM) is the second most common hematologic malignancy.
It is still incurable, with a median overall survival that has not been substantially
extended since the introduction of anti-myeloma agents such as melphalan,
lenalidomide, and bortezomib.! The typical clinical course of MM displays a
remission-relapse pattern due to the appearance of drug-resistant malignant cells,
reducing the numbers of effective salvage regimens.” Therefore, a more stable
response requires the development of a therapeutic approach that prevents drug
resistance.

Multiple myeloma cells accumulate in the bone marrow (BM), where they
establish anomalous signaling loops with BM-residing non-tumor cells, resulting
in the exchange of anti-apoptotic factors which critically induce drug resistance.’

The Notch pathway includes four transmembrane receptors (Notch1-4) activat-
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ed by the interaction with five ligands (Jagged1-2 and
DII1-3-4) on adjacent cells.** Notch receptors and ligands
have been found to be aberrantly expressed in MM cells.”
' We recently demonstrated that Jagged1 and the Notch
transcriptional target HESS are increasingly expressed in
MM and in primary plasma cell leukemia." Moreover,
Jaggedl and Notchl are over-expressed during progres-
sion from the benign monoclonal gammopathy of uncer-
tain significance (MGUS) to MM, while Jagged2 overex-
pression is already detected at the MGUS stage® and can
be ascribed to aberrant acetylation of its promoter'* or to
altered post-translational processing due to aberrant
expression of the ubiquitin ligase Skeletrophin.” Finally,
Notch2 hyperexpression is associated with the high-risk
translocations t(14;16)(q32;q23) and t(14;20)(q32;q11)."

Recently, we and other groups pointed out the impor-
tance of Jagged ligands in providing MM cells with the
ability to shape the surrounding microenvironment, inter-
acting with osteoclast progenitors,” and promoting a
release of BM stromal cell (BMSC) key factors, including
IL6, IGF1 and VEGE"*

Aberrant levels of Notch signaling are associated with
pharmacological resistance in different tumor settings’
and correlate with the expression of anti-apoptotic genes,
such as BCL2" and Survivin/BIRC5,” or regulates the
expression of ABCC1,* which contributes to multidrug
resistance in MM.”

Given this, we hypothesized that the aberrant expres-
sion of Notch receptors and ligands in MM cells may
foresee the development of drug resistance by inducing
autonomous activation of Notch in MM cells, and by trig-
gering Notch signaling in the surrounding BMSC and
boosting their ability to support MM cell drug resist-
ance.””

Previous studies investigated how BMSC support the
development of drug resistance in MM cells by activating
Notch signaling.®* Vice versa, here we show that also the
overexpression of MM cell-derived Jagged ligands triggers
Notch signaling dysregulation in the BM niche and pro-
motes MM cell intrinsic pharmacological resistance as
well as BMSC-dependent drug resistance.

Methods

Cell lines and primary cells

The human MM cell lines (HMCL), OPM2 (ACC-50) and
U266 (ATCC® TIB-196) were purchased from the DSMZ and
ATCC, respectively. Primary cells were isolated from patient BM
aspirates and MM cells were purified using the Human Whole
Blood CD138" Selection Kit EasySep (StemCell Technologies).
Detailed information is available in Online Supplementary Table
S1. Primary BMSC were isolated as previously reported." The
Ethical Committee of the Universita degli Studi di Milano, Italy,
approved this study (approval n. 8/15).

Details of all cell treatments are available in the Ounline
Supplementary Appendix.

Luciferase reporter assay

HS5 cells were transiently transfected with a Notch reporter
plasmid pNL2.1 carrying a 6xCSL Notch responsive element’™
and with the vector constitutively expressing the firefly
luciferase  upon  the thymidine kinase promoter
(pGL4.54[luc2/TK]). After 24 hours (h), HS5 cells were cultured
alone or placed in co-culture with scrambled (Scr) or Jagged1 and
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Jagged2 knockdown (J1/2KD) HMCL and incubated for 24 h.
Luciferase activity was measured using Nano-Glo® Dual-
Luciferase® Reporter assay kit (Promega) on the Glowmax
instrument (Promega).

In vivo experiments on xenografted zebrafish embryos

Zebrafish AB strains obtained from the Wilson lab, University
College London, UK, were maintained according to the national
guidelines (Italian Ministerial Decree of 4/03/2014 2014, n. 26).
All experiments were conducted within five days post fertiliza-
tion.

Dechorionated zebrafish embryos were injected with Scr or
J1/2KD U266 cells stained with the CM-Dil dye into the yolk
(200 cells in 10 nl, 5-20 nl injection volume/embryo) with a man-
ual microinjector (Eppendorf, Germany) using glass microinjec-
tion needles.

Xenograft-positive embryos divided randomly into the follow-
ing groups: Scr-injected embryos treated with DMSO, Scr-inject-
ed embryos treated with 10 nM bortezomib, J1/2KD-injected
embryos treated with DMSO, and J1/2KD-injected embryos
treated with 10 nM bortezomib. Tumor growth was evaluated
48 h post injection (hpi) by fluorescence microscopy. Further
details are available in the Online Supplementary Appendix.

Further details and information concerning cell cultures, RNA
isolation and quantitative real-time polymerase chain reaction
(gRT-PCR), RNAi assay, apoptosis assays, flow cytometry,
ELISA, western blot and statistical analysis can be found in the
Online Supplementary Appendix: experimental procedures.

Results

Jagged1/2 inhibition improves multiple myeloma cell
response to standard-of-care drugs by increasing the
anti-apoptotic background

To assess if Jaggedl and Jagged2 contribute to MM
intrinsic drug resistance, we took advantage of an estab-
lished knockdown (KD) approach using specific siRNAs
for Jagged ligands" and analyzed MM cell response to
three standard-of-care drugs: bortezomib (Bor), melphalan
(Melph), and lenalidomide (Len). Two HMCL, OPM2 and
U266 cells, were transfected with Jaggedl and Jagged2
(J1/2KD) or the scrambled control (Scr) siRNAs and then
were treated with 6 nM Bor or 30 uM Melph or with 15
or 30 uM Len (respectively for U266 and OPM2 cells)
(Figure 1A). The efficacy of J1/2KD was assessed by eval-
uating the expression of Jagged ligands and the active
forms of the two Notch receptors expressed in MM cells,
Notch intracellular domains 1 and 2 (NICD1 and NICD?2),
by western blot (Figure 1B).

The apoptosis rate of J1/2KD HMCL treated or not with
Bor, Melph and Len was analyzed by flow cytometry.
Figure 1C shows the effect of Bor, Melph and Len on
HMCL normalized on DMSO-treated cells compared to
J1/2KD HMCL treated with the drugs and normalized on
untreated J1/2KD HMCL. J1/2KD induced an appreciable
increase in HMCL sensitivity to standard-of-care drugs,
with statistical significance reached in all cases, with the
exception of U266 cells treated with Bor and Melph
(P=0.06), that in any case confirmed the trend (Figure 1C).
The basal apoptotic effect of J1/2KD is shown in Online
Supplementary Figure S1. Concerning Len treatment, it is
worth mentioning that, although Scr HMCL are resistant
to this drug, J1/2KD cells acquire drug sensitivity. The
selective inhibition of Jaggedl or Jagged2 is clearly less
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effective in comparison with the simultaneous J1/2KD,
that maximizes the biological outcome (Online
Supplementary Figure S2).

These results indicate that the expression of Jaggedl
and 2 stimulates autonomous Notch activity in MM cells
that, consequently, may be inhibited by Jagged silencing.
This evidence prompted us to verify whether the
increased pharmacological sensitivity of MM cells
induced by J1/2KD was associated to variations in the
expression of recognized anti-apoptotic Notch targets,
such as BCL2" and Survivin/BIRC5," or with the levels of
ABCC1 reported to have a significant impact in MM."***%
J1/2KD, validated by the decrease in Jaggedl, 2 and HES1
and 6 gene expression, significantly inhibited the expres-
sion of the studied anti-apoptotic genes analyzed by qRT-
PCR (Figure 2A and B). The effect of J1/2KD on gene
expression was seen not to be due to an increased apop-
tosis rate in HMCL (approx. 15%) (Online Supplementary
Figure S1). J1/2KD effect on anti-apoptotic effectors was
assessed at protein levels by flow cytometry (Figure 2C
and D and Online Supplementary Figure S3) and western
blot (Online Supplementary Figure S4). By contrast, the
selective inhibition of Jaggedl or Jagged2 was not suffi-
cient to significantly down-regulate the expression of
these genes (Online Supplementary Figure S5).

A Experiment timeline

2nd Len
administration

1st 2nd 1st Len Bor and Melph
silencing silencing administration administration

! v '

Jagged1 and Jagged2 silencing contributes to multiple
myeloma cell ability to promote bone marrow stromal
cell-mediated drug resistance

Multiple myeloma cells localize within the BM and
interact with several cell types, hijacking their functions to
promote tumor progression. BMSC are a crucial target in
this process that sustains malignant cell proliferation and
survival.” Since Jagged-mediated activation of Notch
pathway is involved in cell-cell communication,® we
hypothesized that MM cell-derived Jagged ligands could
activate Notch in BMSC, possibly determining BMSC-
mediated drug resistance.

To explore this hypothesis, we first verified that HMCL-
derived Jaggedl and Jagged2 were able to trigger the acti-
vation of Notch signaling in a BMSC line, HS5, using a
Notch reporter assay. Scr HMCL are able to activate Notch
signaling in co-cultured HS5 cells (Figure 3A), while this
ability is lost by J1/2KD HMCL, indicating that MM-
derived Jagged may activate Notch signaling in BMSC.

To verify if Jagged-mediated activation of Notch in
BMSC affected the ability of these cells to promote drug
resistance in MM cells, we used flow cytometry to analyze
the apoptotic rate of Scr or J1/2KD HMCL cultured alone
or co-cultured with HS5 cells after treatment with stan-
dard-of-care drugs. As expected, HS5 cells show a clear
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trend of protection of HMCL from apoptosis induced by
Bor (15% in OPM2 and 26% in U266), Melph (20% in
OPM2 and 11% in U266), and Len (14% in OPM2) (Figure
3B and C), although the statistical significance was reached
only in the case of OPM2 treated with Bor. Conversely and
more importantly, J1/2KD induced a statistically significant
increase in apoptosis, re-establishing HMCL drug sensitiv-
ity by hampering BMSC-mediated protection (HSS cells do
not display any significant increase in apoptosis; data not
shown). Notably, although U266 cells were resistant to Len
treatment in culture alone or in the presence of HS5 cells,
apoptotic rate increased up to approximately 20% upon
J1/2KD. The basal apoptotic effect of J1/2 KD on MM cells
cultured with HS5 cells is reported in Online Supplementary
Figure S6. As before, the selective Jagged1 or Jagged2 silenc-
ing was less effective than the simultaneous J1/2KD
(Online Supplementary Figure S7).

Since HS5 cells could act as a source of
paracrine/autocrine Jagged ligands, we wondered why
they cannot rescue J1/2KD in MM cells. Western blot
analysis indicates that the expression levels of Jagged1 and

Jagged2 in HSS cells are significantly lower than those
expressed by OPM2 and U266 cells (Online Supplementary
Figure S8). This can reasonably explain why, in our co-cul-
ture system, Notch signaling activated in HMCL by BMSC
is not sufficient to rescue the loss of Jaggedl and Jagged2
in MM cells.

We further explored whether Jagged-mediated Notch
activation in BMSC could promote the pharmacological
resistance of MM cells by up-regulating the anti-apoptotic
effectors previously analyzed, Survivin, BCL2, and
ABCCI. To evaluate gene expression changes, we took
advantage of a co-culture system including OPM2 or U266
cells with a non-human mimic model of BMSC, the
murine cell line of NIH3T3 fibroblasts. This approach
enabled us to precisely assess the expression levels of
human (HMCL-derived) anti-apoptotic genes in co-culture
by using species-specific primers. Results showed that
BMSC were able to promote the expression of the anti-
apoptotic effectors Survivin, BCL2, and ABCC1 in Scr
HMCL, while BMSC co-cultured with J1/2KD HMCL lost
this ability (Figure 4A and B). Importantly, using an entire-
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Figure 2. J1/2 withdrawal affects multiple myeloma (MM) cells anti-apoptotic background. We analyzed how J1/2KD affects Notch activation and the expression

of anti-apoptotic genes in human multiple myeloma cell lines (HMCL). (A and B)

Confirmation of J1/2KD efficacy in OPM2 (A) and U266 (B) cells was obtained by

quantitative polymerase chain reaction (QPCR) assay assessing the relative gene expression variation of Jagged1 and Jagged2 and Notch target genes HES1 and
HESG (normalized to GAPDH) in cells transfected with J1/2 siRNA compared to cells transfected with Scr siRNA, calculated by the 2-**“formula. The expression levels

of the anti-apoptotic effectors BCL2, Survivin, and ABCC1 were also analyzed. Da
iments. Two-tailed t-test confirmed statistically significant downregulation of the
levels of BCL2, Survivin and ABCC1 protein (black lines) analyzed by flow cytom

ta are expressed as meant standard deviation of at least three independent exper-
tested genes; *P<0.05; **P<0.01; ***P<0.001. (C and D) Histograms display the
etry in J1/2KD OPM2 or Scr OPM2 (C) and J1/2KD U266 or Scr U266 (D) and an

isotype-matched control (gray line). Histograms are representative of at least three independent experiments.




ly human co-culture system, we observed the same effects
when we used flow cytometry to measure the protein
expression of Survivin, BCL2, and ABCCI in Scr or
J1/2KD HMCL co-cultured with human GFP* HS5 (Figure
4C-E and Online Supplementary Figure S9).

The CXCR4/SDF1a axis is a mediator of Notch
pathway ability to determine drug resistance in multi-
ple myeloma

To further study the molecular mechanisms underlying
BMSC-induced drug resistance generated by Notch activa-
tion in the MM microenvironment, we explored the pos-
sible involvement of the chemokine system
CXCR4/SDFla, a key player in MM development and
progression, and a downstream regulator of Notch signal-
ing.**” We hypothesized that Notch ability to promote
pharmacological resistance in MM cells might be mediat-
ed by SDF1a. We reasoned that the main source of SDFla
in the BM was the stromal cell population. Therefore we
explored if Jagged ligands, expressed by MM cells, could
trigger the BMSC-mediated production of SDFla and if
J1/2KD might inhibit this effect.

The analysis was performed by taking advantage of co-
culture systems of Scr or J1/2KD HMCL grown on a layer
murine (NIH3T3) or human (HS5) stromal cells to measure
the variations in SDFla gene or protein expression. Results
obtained by qRT-PCR with murine-specific primers (Figure
5A) indicate that HMCL promoted the activation of Notch
signaling (HESS) and SDFla gene expression in NIH3T3
cells, which could be reverted by J1/2KD.

Similar results were observed at protein level as assessed
by flow cytometry analysis (Figure 5B and Online
Supplementary Figure S10) on co-cultures composed of
HMCL and the human GFP* HS5 cells. Of note, the selec-
tive inhibition of Jagged1 or Jagged?2 is clearly less effec-
tive if compared with the simultaneous J1/2KD, that max-
imizes the outcome on SDFla inhibition (Ounline
Supplementary Figure S11). Flow cytometric results were
validated by ELISA on conditioned media (Figure 5C) indi-
cating that MM cell-derived Jagged can increase SDFla
production by BMSC. We further confirmed that the vari-
ation in SDFla expression was the consequence of
Jagged-activated Notch signaling in BMSC by an assess-
ment that showed that the stimulation with Jaggedl
and/or Jagged?2 peptides can increase HS5 cell-mediated
secretion of SDFla, measured by ELISA (Figure 5D).
Additionally, we knocked down Notchl expression in
HS5 cells (N1KD HS5) by using a specific siRNA, as previ-
ously reported," and observed that SDFla expression sig-
nificantly decreased in comparison to control HS5 cells
(Figure 5E). Since Notchl1 silencing does not significantly
affect HS5 cell viability (Online Supplementary Figure S12),
we could exclude the possibility that reduction of SDFla
expression might be due to HS5 cell apoptosis.

On the other hand, we verified that J1/2KD was associ-
ated to a reduced CXCR4 expression in HMCL used in co-
culture experiments. J1/2KD HMCL significantly
decreased CXCR4 expression in comparison to Scr HMCL
(Figure 5F and Online Supplementary Figure S13).

We assessed the outcome of SDFla stimulation on the
anti-apoptotic background of HMCL by analyzing the lev-
els of Survivin, BCL2, and ABCC1 in U266 cells treated
with 500 ng/mL SDFla for 48 h. We observed an increase
in Survivin, BCL2, and ABCC1 gene expression by qRT-
PCR analysis (Figure 5G) confirmed at protein level by

western blot (Figure 5H). These results suggest that SDFla
can promote MM cell ability to survive to drug adminis-
tration, at least in part, by stimulating tumor cell anti-
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Figure 3. Effect of J1/2 inhibition on multiple myeloma (MM) cells ability to
promote bone marrow (BM)-induced drug resistance. (A) A Notch-responsive
dual luciferase assay was carried out in HS5 cells cultured alone or in the pres-
ence of Scr or J1/2KD human multiple myeloma cell lines (HMCL) for 24 hours
(h). Data were normalized on luciferase activity in HS5 cells cultured alone
(=100). Meantstandard deviation of three independent experiments are
shown. Statistical analysis was performed using one-way ANOVA and Tukey
post-test (*P<0.05; **P<0.01; ***P<0.001). (B and C) Co-cultures of J1/2KD
or Scr HMCL with the BM stromal cell (BMSC) line HS5 were established to
evaluate the effect of J1/2KD on BMSC-induced drug resistance. The experi-
mental timeline is reported. Graphs show the percentage of apoptotic OPM2
(B) or U266 (C) cells (Annexin V*/GFP-). Values of apoptosis of each type of cul-
ture (Scr alone, Scr + HS5 and J1/2KD + HS5) treated with drugs are normal-
ized to the corresponding controls treated with DMSO. Results are shown as
meantstandard error of at least three independent experiments. Statistical
analysis was performed using Kruskal-Wallis and Dunn post-test (*P<0.05;
**P<0.01).
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apoptotic defenses (Survivin, BCL2) and detoxification
ability (ABCC1). Consistently, the treatment of U266-HS5
co-culture system with 50 uM AMD3100 (an antagonist
of SDF! binding to CXCR4), abrogated BMSC-induced
resistance to the analyzed drugs (Figure 5I).

Translational potential of approaches inhibiting
Jagged-mediated Notch activation in a multiple
myeloma microenvironment

We further verified whether the ability of MM cells to
promote BMSC-induced drug resistance was dependent
on Jaggedl and Jagged2 expression by using primary co-
culture systems of highly purified CD138" MM cells and
BMSC isolated from BM aspirates of patients at MM onset
(Online Supplementary Table S1).
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Primary CD138" cells were transduced with the lentivi-
ral vector pLL3.7 carrying Jagged1/2 shRNAs or Scr
shRNAs and the efficiency was assessed by flow cytome-
try (Online Supplementary Figure S14). In order to maintain
CD138" cell viability during ex vivo drug administration,
after lentiviral transduction, they were co-cultured with
primary BMSC stained with PKH26. Co-cultures were
maintained for 72 h and treated for the last 24 h with 6 nM
Bor (8 patients) or 30 uM Melph (10 patients), or for the
last 48 h with 15 uM Len (9 patients) or the corresponding
vehicle. The apoptotic rate of MM cells (expressing the
GFP codified by the pLL3.7 vector) was detected by flow
cytometry analyzing the GFP*/Annexin-V-APC* subpopu-
lation (Figure 6A). Results showed that J1/2KD significant-
ly increased apoptosis of primary MM cells treated with
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Figure 4.J1/2KD is crucial to determine bone marrow (BM)-induced drug resistance. We investigated how J1/2KD affects the molecular outcome of multiple myelo-
ma (MM) cells crosstalk with BM stromal cells (BMSC). Quantitative real-time polymerase chain reaction (qRT-PCR) for BCL2, Survivin and ABCC1 gene expression
in Scr or J1/2KD OPM2 cells (A) and Scr or J1/2KD U266 cells (B) cultured in the presence of the NIH3T3 cell line. Graphs show the relative expression levels nor-
malized to GAPDH and compared with Scr cells cultured alone (=1), calculated by the 2-4** formula. Meantstandard deviation are shown. Statistical analysis was
performed using two-tailed t-test (*P<0.05; **P<0.01). Histograms show the levels of intracellular BCL2 (C), Survivin (D), and ABCC1 (E) (black lines) analyzed by
flow cytometry in Scr or J1/2KD OPM2 cells (left panels) and Scr or J1/2KD (right panels) in single culture or co-cultured with GFP* HS5 cells. The isotype-matched
control is shown in gray. Histograms are representative of at least three independent experiments.
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‘ Figure 5. Multiple myeloma (MM) cell-derived Jagged ligands promote resistance to apoptosis through the modulation of the CXCR4/SDF10. axis in the bone mar-
row (BM) niche. We evaluated the effect of J1/2KD in human multiple myeloma cell lines (HMCL) on the CXCR4/SDF1a axis in the BM and the consequence on the
pharmacological resistance. (A) qRT-PCR for SDF1a and HES5 gene expression in NIH3T3 cells co-cultured with J1/2KD or Scr OPM2 cells (left panel) or J1/2KD or
Scr U266 cells (right panel) compared to NIH3T3 cultured alone (=1), calculated by the 2 formula. HES5 was used as a control for Notch pathway activity.
Meanztstandard deviation of four experiments are shown. Statistical analysis was performed using two-tailed t-test (*P<0.05; ***P<0.001). (B) Intracellular SDF1a
level in HS5 cells co-cultured with J1/2KD HMCL. Histograms show the levels of intracellular SDF1a (black lines) analyzed by flow cytometry in GFP*HS5 cells cul-
tured alone or co-cultured with J1/2KD or Scr OPM2 cells (left panel) and J1/2KD or Scr U266 cells (right panel), and the isotype-matched control (dotted line).
Histograms are representative of at least three independent experiments. Due to a high percentage of SDF1la expressing HS5 cells cultured with OPM2, we also
show AGeoMFI. The apparent discrepancy between the two different basal levels of SDF1a produced by HS5 cells used as control in the co-culture systems with
OPM2 or U266 cells is due to the effect of the different HS5 cell concentrations (see Online Supplementary Methods). (C) SDF1a levels in conditioned media of Scr
or J1/2KD HMCL, HS5 cells or co-culture systems have been assessed by ELISA. Statistical analysis was performed using one-way ANOVA and Tukey post-test
(*P<0.05; **P<0.01). (D) Effect of stimulation with Jagged1 and Jagged?2 peptides on the secretion of SDF1a by HS5 cells. Statistical analysis was performed using
one-way ANOVA and Tukey post-test (*P<0.05; **P<0.01; ***P<0.001). (E) Contribution of the Notch pathway to the ability of stromal cells to produce SDFla.
SDF1a levels were measured in Scr or N1KD HS5 cells. Flow cytometry histograms (left) and graphs (right) display the levels of intracellular SDF1a (AGeoMFI) ana-
lyzed in HS5 Scr (green) or HS5 N1KD cells (blue) and an isotype-matched control (gray); the graph shows meanztstandard error of mean (SEM) of SDF1a. expression
levels. Statistical analysis was performed by t-test (*P<0.05). (F) Status of CXCR4 expression in Scr or J1/2KD HMCL used in co-culture experiments with HS5 cells.
Values in the graph represent mean+SEM of CXCR4 expression levels (AGeoMFI) measured by flow cytometry. Statistical analysis was performed by t-test (*P<0.05;
**P<0.01). (G) To evaluate if SDF1a contributes to BCL2, Survivin and ABCC1 expression, U266 cells were cultured in the presence of 500 ng/mL recombinant
SDF1a for 48 h and analyzed by qRT-PCR. Graphs show the relative expression levels of the indicated genes compared with the corresponding values in BSA-treated
cells (=1), calculated by the 2% formula. Mean values +/- standard deviations of three independent experiments are shown. Statistical analysis was performed
using two-tailed t-test (*P<0.05). (H) Results were further confirmed by western blot analysis. Images were acquired using the UV-tech Alliance system and are rep-
resentative of three independent experiments. (I) To assess if the SDF1a/CXCR4 axis affects MM cell drug resistance, U266 cells cultured alone or with GFP*HS5
cells were treated with 6 nM bortezomib (Bor), 30 uM melphalan (Melph), 15 uM lenalidomide (Len) or DMSO in the presence or absence of 50 yM AMD3100.
Apoptotic MM cells were measured by flow cytometry as Annexin-V*/GFP- cells. Graph shows mean+SEM of at least three independent experiments. Statistical analy-
sis was performed using one-way ANOVA and Tukey’s post-test: *P<0.05; **P<0.01; ****P<0.0001.
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Figure 6. Translational potential of Jagged1/2 inhibition: outcome on ex vivo cultures of multiple myeloma (MM) patients’ cells and treatment with small molecule
affecting Notch-Jagged interaction. (A) Outcome of J1/2KD on primary CD138"* MM cells response to standard-of-care drugs in a primary co-culture system with bone
marrow stromal cells (BMSC). Levels of apoptosis were analyzed by flow cytometry on primary MM cells transduced with the lentiviral vector pLL3.7 codifying for the
Jaggedl1 and 2 shRNAs (J1/2) or the corresponding control (Ctrl), and then co-cultured with BMSC from MM patients. Co-cultures were maintained for 72 hours (h)
and treated for the last 24 h with 6 nM bortezomib (Bor) (left panel; 8 patients) or 30 uM melphalan (Melph) (central panel; 10 patients) and for 48 h with 15 uM
lenalidomide (Len) (right panel; 9 patients) or DMSO. The percentage of infected MM cells that underwent apoptosis (GFP*/AnnexinV*) was detected by flow cytom-
etry. Statistical analysis was performed using one-way ANOVA and Tukey post-test (*P<0.05; **P<0.01; ***P<0.001). (B and C) Effect of the inhibitory small mole-
cule, IGOR1, on MM drug resistance. OPM2 cells treated with 30 uM IGOR1 were cultured on a monolayer of HS5 GFP* cells in the presence or the absence of dif-
ferent drugs as described in the Methods. (B) Quantitative polymerase chain reaction assay shows that IGOR1 inhibits Notch pathway in OPM2 cells, as demonstrated
by the downregulation of Notch target genes, HES1 and HES6. Relative gene expression variation was normalized to GAPDH and calculated by the 2**“formula. Mean
values +/- standard deviations of three experiments are shown. Statistical analysis was performed using two-tailed t-test (*P<0.05). (C) The levels of apoptosis of
OPM2 cells treated with IGOR1 and the indicated drugs were measured by staining with Annexin-V-APC (C). Graph shows mean values +/- standard deviations of at
least three independent experiments. Statistical analysis was performed using one-way ANOVA and Tukey’s post test (*P<0.05; **P<0.01; ****P<0.0001).
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all the analyzed drugs, in agreement with the findings
obtained in vitro.

To verify if the inhibitory approach based on J1/2KD
had a translational potential, we recapitulated the experi-
ments of MM-BMSC interplay by using IGOR1, a novel
small molecule recently developed in our laboratory® to
uncouple Notch-Jagged interaction. IGOR1 is able to
inhibit Notch activation in OPM2 cells and significantly
increases the efficacy of the administered drugs, with a
higher efficiency for Mel and Len (Figure 6B and C).

Jaggedl and Jagged2 blockade promotes sensitivity to
bortezomib in a zebrafish xenograft myeloma model
Bortezomib is one of the most commonly used drugs for
the treatment of newly-diagnosed and refractory MM
patients.” In recent years, several studies have supported
the hypothesis that the development of resistance to such
treatment is strongly dependent upon the BM microenvi-
ronment, with a significant contribution of the
CXCR4/SDFla axis.”® Due to the results obtained i vitro
concerning the role of this chemokine axis in the develop-
ment of pharmacological resistance to Bor, we validated
the effect of J1/2KD on MM cell resistance to Bor by tak-
ing advantage of a novel zebrafish xenograft MM model.
Zebrafish embryos were recently validated as a comple-
mentary i vivo model for MM that allows the rapid
screening of MM cells response to chemotherapeutic
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drugs.®® Moreover, this model fully recapitulates the
cytokine milieu present in the human BM, since zebrafish-
secreted growth factors, such as IL6 and SDFla, support
MM cells growth in vivo.** To validate our in vitro and ex
vivo findings, Scr or J1/2KD U266 cells vitally labeled with
the fluorescent dye CM-Dil were injected in the yolk area
of 48 hpf zebrafish embryos. Xenotransplanted embryos
were visualized by fluorescent microscopy to verify the
presence of MM cells at the injection site at 2 hpi (Figure
7A-D), treated or not with 10 nM Bor and, visualized at 48
hpi for tumor cell growth (Figure 7A-D’). Representative
images of whole embryos are shown in Online
Supplementary Figure S15.

As shown, the addition of 10 nM Bor to the embryo
medium inhibited tumor growth of approximately 57 %
compared to controls (Figure 7A’ and B’), without affecting
embryo viability. A similar effect was induced by J1/2KD
(Figure 7A’-C’), while the combination of J1/2KD and Bor
significantly reduced tumor growth in comparison to all
other experimental groups (-82% in comparison to the
control) (Figure 7A’-D’).

Discussion

Multiple myeloma progression is characterized by
development of drug resistance causing patient relapse
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Figure 7. Evaluation of tumor growth inhibition of myeloma cells xenotransplanted in zebrafish embryos. Fluorescent microscopy images of CM-Dil stained multiple
myeloma (MM) xenografts at 2 hours (h) post injection (hpi) (A-D) and 48 h post injection (hpi) (A-D’) into the yolk of zebrafish embryos. (A-D’) Tumor growth analyses
indicates that MM xenografts are responsive to treatment with bortezomib (Bor) (compare A’ and B’). Xenotransplanted J1/2KD cells also show reduced tumor
growth (compare A" and C’). These effects are increased combining the injection of J1/2KD cells with Bor treatment (compare A’, B’, C’ and D’). (E) Dot-plot shows
the increase in tumor burden at 48 hpi, normalized to tumor area at 2 hpi (Scr+DMSO= 20 embryos; Scr+ Bor= 26 embryos; J1/2KD+ DMSO= 35 embryos; J1/2KD+
Bor=31 embryos). Statistical analysis was performed using one-way ANOVA and Tukey post-test (***P<0.001; ****P<0.0001).
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and contributing to the fatal outcome of this disease. The
close interaction of MM cells with healthy BM cells repre-
sents an important source of factors able to promote
malignant cell growth and survival.

The Notch pathway is capable of mediating the cell-cell
communication. Current evidence provided by different
groups, including ours, highlighted the importance of
Jagged ligands in the pathological communication
between tumor and healthy cells within the myeloma
BM. MM-derived Jagged ligands activate Notch receptors
in the nearby BM cells inducing osteoclastogenesis, oste-
olysis,” angiogenesis,”® and BMSC-mediated release of
key cytokines including IL6, IGF1 and VEGE""* Moreover,
the activation of Notch signaling in MM cells, induced by
tumor cell-derived”*® or BMSC-derived Jagged'” stimu-
lates MM cell proliferation,® resistance to apoptosis,” and
a decrease in drug sensitivity.”

This work is specifically focused on the pathological
communication of MM cells and BMSC mediated by
Notch signaling and on its outcome on MM drug resist-
ance. Notably, the Notch pathway is known to be a key
player in BM-induced drug resistance in other hematolog-
ic malignancies. Indeed, Krampera’s group provided evi-
dence of how the BM-driven activation of Notch3 and
Notch4 in B-ALL¥* and Notch1, Notch2 and Notch4 in
chronic lymphocytic leukemia,” results in chemoresis-
tance, while Notchl-Jaggedl crosstalk supports BM-
induced drug resistance in AML.*

As far as MM is concerned, in spite of the recent
advances in the field, we still do not have a complete pic-
ture of the bidirectional crosstalk between BMSC and
MM cells, which is indicated by the expression of Notch
receptors and ligands on both cell types.'"'*'%*%# Thig
work aims to fill some of those gaps by providing novel
information about the effects of the aberrant expression of
MM-derived Jagged ligands on the intrinsic tumor cell
drug resistance and by investigating a key aspect that has
never been previously explored, i.e. the outcome of MM-
derived Jagged ligands on BMSC-induced drug resistance.

To address these issues, we interfered with the mRNA
expression of MM-derived Jagged ligands and investigated
J1/2KD outcomes in tumor cells and in surrounding
BMSC. We observed in vitro that MM cell-derived Jagged
ligands could trigger Notch signaling in the nearby MM
cells by homotypic interaction. Notch activation resulted
in the increased expression of anti-apoptotic effectors
including BCL2, Survivin, and the multidrug resistance
transporter ABCC1, along with the increase in MM cell
survival to standard-of-care drugs, such as Bor, Len, and
Melph. Notably, besides observing homotypic activation
of Notch signaling among MM cells, we found that
HMCL can trigger Notch signaling in the neighboring
BMSC and, in turn, Notch activation boosts the ability of
BMSC to increase the pharmacological resistance of MM
cells. This effect was clearly dependent on MM-derived
Jagged ligands, since J1/2KD completely abrogated BMSC
support. At least in part, the pro-tumor effect of Notch-
“educated” BMSC was due to their ability to increase
SDFla levels in the BM microenvironment. Indeed, solu-
ble or MM cell-derived Jagged ligands may induce a
Notch-dependent increase in SDFla secretion by BMSC;
on the contrary, J1/2KD HMCL lose this ability and N1KD
interferes with BMSC to release SDF1a.

The Notch-dependent activation of SDFla secretion by
BMSC is potentially more important than the previously

observed secretion induced by Notch activation in MM
cells,” since BMSC are the most effective producers of this
cytokine in the BM.

To complete the picture of a Notch signaling effect on
the SDF1o/CXCR4 axis in myeloma BM, we also demon-
strated that MM cell-derived Jagged ligands may further
enhance the anti-apoptotic signaling of SDFla by stimu-
lating the expression of its receptor CXCR4 on the MM
cell surface.

The contribution of the SDF1o/CXCR4 axis to MM
pharmacological resistance was confirmed by the ability
of the antagonist molecule AMD3100 to abrogate U266
cell resistance to (Bor), (Melph) and (Len) induced by
BMSC, consistent with the findings of Azab er al.”

Although the downstream molecular mechanisms of
Notch-associated drug resistance in MM still need to be
fully elucidated, we showed that the secreted SDFla can
stimulate general mechanisms, including tumor cell anti-
apoptotic background, by up-regulating BCL2 and
Survivin, or drug extrusion mediated by ABCC1. These
antiapoptotic proteins are particularly relevant to MM.
Indeed, BCL2 and Survivin are over-expressed in MM
cells, where they play an important role in cell survival,
and significantly correlate with disease stage;*”* on the
other hand, xenobiotic transporters, such as ABCC1, are
well known mediators of MM multidrug resistance,”
modulated by Notch in different cancer settings.*

The general validity of these novel findings stems from
the observed improvement in drug-response promoted by
J1/2KD in ex vivo co-culture systems of CD138" MM cells
and BMSC from BM aspirates of newly-diagnosed MM
patients.

Additionally, i vivo validation of these findings in a
zebrafish xenograft MM model engrafted with U266 cells
confirmed that J1/2KD promoted an increased sensitivity
to Bor in vivo, showing a wider decrease in tumor burden
compared to the control.

The present results provide novel and important infor-
mation to help improve the current picture on the effect of
Notch-mediated communication in myeloma BM. Indeed,
since both BMSC and MM cells carry Notch receptors and
ligands, their bidirectional crosstalk needs to be taken into
consideration. We sought to fill the gap in the available
information on the role of MM cells, such as Notch signal-
ing sending cells in the BM. Here we discuss our findings
according to the previous literature data in order to sum-
marize the overall picture (Figure 8). Previous work report-
ed the consequences of Notch activity in MM cells (main-
ly using y-secretase inhibitors), identifying the following
molecular mechanisms: i) upregulation of p21 induced
MM cell growth inhibition and increased survival;®*® ii)
Notch/HES1 mediated downregulation of the pro-apop-
totic protein Noxa;* iii) Notch up-regulated expression of
integrin avp5 resulting in increased adhesion to vit-
ronectin and consequent protection from pro-apoptotic
drugs;"iv) upregulation of the enzyme cytochrome P450,*
implicated in drug metabolism and in the onset of several
malignancies.”” Concerning the contribution of Notch in
BMSC-dependent drug resistance, previous investigations
were focused on the autonomous contribution of BMSC-
derived Notch ligands in MM cell behavior (Figure 8).%*

In this work, we found that the alteration induced in the
BM by the presence of MM cells aberrantly expressing
Jagged ligands is a key step in “educating” the tumor
microenvironment to a pro-tumor type of behavior.
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Figure 8. Mechanism underlying Notch ability to promote drug resistance in multiple myeloma (MM) microenvironment. Jagged1/2 overexpression in MM cells
causes hyperactivation of Notch signaling in the bone marrow (BM) milieu, which, in turn, promotes drug resistance by modifying both MM cell and BM stromal cell
(BMSC) behavior. Indeed, (1) Notch activation in MM cell triggered by Jagged1/2 through homotypic interactions sustains resistance to drug-induced apoptosis in
different ways. Notch can (2) promote the expression of the pro-survival factors BCL2, Survivin, and ABCC1 and the chemokine receptor CXCR4; (3) up-regulates
HES1, which in turn inhibits the expression of the pro-apoptotic protein Noxa; (4) promotes the expression of integrin avp5, thus enhancing MM cell adhesion to vit-
ronectin. (5) MM-derived Jagged1/2 may also activate Notch in BMSC, (6) boosting its ability to produce SDF1a, which in turn, by activating CXCR4 signaling in MM
cell, promotes the expression of the anti-apoptotic factors BCL2, Survivin, and ABCC1, improving MM cell pharmacological resistance. On the other hand, (7) BMSC
activate the Notch pathway in MM cells through their basal expression of Jagged1 and DIl4, (8) promoting the expression of cytochrome P450 and p21, thereby sup-

porting MM cell resistance to therapy.

Indeed, MM cell-derived Jaggedl and 2 may switch on
Notch signaling in tumor and non-tumor BMSC by trig-
gering Notch signaling, activating MM cell anti-apoptotic
background, increasing SDFla level in the BM, and, final-
ly, resulting in supporting MM cell resistance to standard-
of-care drugs (Figure 8).

Overall, our findings provide the proof-of-principle that
selective targeting of Jagged ligands in MM cells can
restore tumor cell sensitivity to therapy, laying the foun-
dation for the development of combined low-toxic thera-
peutic options to restore drug sensitivity and overcome
fatal drug resistance of relapsing MM patients. Recently,
inhibitory small molecules® or neutralizing antibodies®
directed to inhibit the activation of Notch signaling medi-
ated by Jagged ligands have been developed. This prompt-
ed us to confirm the translational potential of our results
by testing the anti-tumor effect of an inhibitory small mol-
ecule developed in our laboratory, IGOR1, which was
directed to uncouple Notch-Jagged interaction.® In vitro
results showed that IGOR1 had the ability to increase
MM cell pharmacological response, with higher efficacy if
combined with Melph and Len.
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ABSTRACT

n the EMNO1 trial, the addition of an alkylator (melphalan or

cyclophosphamide) to lenalidomide-steroid induction therapy was

prospectively evaluated in transplant-ineligible patients with multiple
myeloma. After induction, patients were randomly assigned to mainte-
nance treatment with lenalidomide alone or with prednisone continu-
ously. The analysis presented here (median follow-up of 71 months) is
focused on maintenance treatment and on subgroup analyses defined
according to the International Myeloma Working Group Frailty Score.
Of the 654 evaluable patients, 217 were in the lenalidomide-dexametha-
sone arm, 217 in the melphalan-prednisone-lenalidomide arm and 220 in
the cyclophosphamide-prednisone-lenalidomide arm. With regards to
the Frailty Score, 284 (43%) patients were fit, 205 (31%) were interme-
diate-fit and 165 (25%) were frail. After induction, 402 patients were eli-
gible for maintenance therapy (lenalidomide arm, n=204; lenalidomide-
prednisone arm, n=198). After a median duration of maintenance of 22.0
months, progression-free survival from the start of maintenance was 22.2
months with lenalidomide-prednisone vs. 18.6 months with lenalido-
mide (hazard ratio 0.85, P=0.14), with no differences across frailty sub-
groups. The most frequent grade =3 toxicity was neutropenia (10% of
lenalidomide-prednisone and 21% of lenalidomide patients; P=0.001).
Grade =3 non-hematologic adverse events were rare (<15%). In fit
patients, melphalan-prednisone-lenalidomide significantly prolonged
progression-free survival compared to cyclophosphamide-prednisone-
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lenalidomide (hazard ratio 0.72, P=0.05) and lenalidomide-dexamethasone (hazard ratio 0.72, P=0.04).
Likewise, a trend towards a better overall survival was noted for patients treated with melphalan-pred-
nisone-lenalidomide or cyclophosphamide-prednisone-lenalidomide, as compared to lenalidomide-dex-
amethasone. No differences were observed in intermediate-fit and frail patients. This analysis showed
positive outcomes of maintenance with lenalidomide-based regimens, with a good safety profile. For the
first time, we showed that fit patients benefit from a full-dose triplet regimen, while intermediate-fit and
frail patients benefit from gentler regimens. ClinicalTrials.gov registration number: NCT01093196.

Introduction

In the last decade, the increased use of novel agents as ini-
tial therapy for multiple myeloma (MM) significantly
improved overall survival (OS) in patients ineligible for
autologous stem-cell transplantation (ASCT)." In Europe,
two triplet regimens — bortezomib-melphalan-prednisone
and melphalan-prednisone-thalidomide — are considered
standards of care for elderly patients ineligible for ASCT.**
Recently, based on the results of the MMO020 trial, a new
doublet regimen with no alkylating agent was introduced
as a new standard for the treatment of transplant-ineligible
patients with newly diagnosed MM. That study prospec-
tively compared outcomes of patients treated with melpha-
lan-prednisone-thalidomide vs. lenalidomide and low-dose
dexamethasone (Rd), and found that Rd until disease pro-
gression improved progression-free survival (PES) and OS,
as compared with melphalan-prednisone-thalidomide. The
phase III trial MM-015 showed that melphalan-prednisone-
lenalidomide (MPR) followed by maintenance with
lenalidomide significantly prolonged PES, as compared with
melphalan-prednisone or MPR without maintenance.’

Maintenance therapy with lenalidomide improves out-
come and its role has been extensively investigated both
in ASCT-eligible and -ineligible patients. A recent meta-
analysis of three randomized phase Il trials confirmed PFS
and OS advantages for lenalidomide maintenance after
ASCT vs. placebo or observation. In the MM-015 trial, eld-
erly patients were treated with lenalidomide as induction
and maintenance, which reduced the risk of progression
by 51% compared to lenalidomide as induction without
maintenance.” In the Myeloma XI trial, lenalidomide
maintenance reduced the risk of progression by 56% in
comparison with observation.® Moreover, in this trial both
ASCT-eligible and -ineligible patients benefited from
lenalidomide maintenance.

The advantage of adding steroids to immunomodulato-
ry drugs during maintenance therapy is unclear. In young
patients eligible for ASCT, after a median follow-up of 41
months, median PES and OS did not differ significantly
between patients treated with lenalidomide plus pred-
nisone or lenalidomide alone. No data are available from
elderly patients ineligible for ASCT.

The choice of best treatment for each patient is trouble-
some, especially in elderly patients, since they represent a
heterogeneous population in terms of both physical and
psycho-social functioning. Furthermore, it is now accept-
ed that chronological and biological ages may not corre-
spond, and that the presence of frailty, comorbidities and
disabilities can affect therapy endurance. The OS of frail
patients is impaired due to toxic side effects from first-line
treatment which may preclude second-line treatment,
with third-line therapies in >80-year old MM patients
being extremely rare. The “one size fits all” is no longer a

suitable approach, and many recommendations suggested
that fit patients may benefit from triplet regimens, while
intermediate-fit and frail patients may benefit from dou-
blet regimens.*” There are no data from prospective trials
supporting these recommendations and a formal compar-
ison between an alkylator-containing triplet regimen vs. an
alkylator-free doublet regimen, both including lenalido-
mide, has not yet been performed.

The EMNO1 study was designed to compare the PES of
patients treated with triplet vs. doublet induction regimens
and the PFS following maintenance treatment with
lenalidomide-prednisone  vs. lenalidomide alone.
Furthermore, before treatment, a geriatric assessment to
assess patients’ frailty status according to the International
Myeloma Working Group IMWG) Frailty Score was per-
formed. With this analysis, after more than 5 years of fol-
low-up, we would like to report the safety and efficacy of
maintenance treatment in our patients and to perform a
post-hoc analysis according to frailty status in both induc-
tion and maintenance treatment arms.

Methods

Study design

The study was conducted in 58 Italian and nine Czech centers
between August 2009 and September 2012. The details of this
multicenter randomized (1:1:1) phase III trial have already been
reported and are updated here after a median follow-up of 71
months for survivors.” Briefly, 662 newly diagnosed (ND)MM
patients ineligible for high-dose therapy plus ASCT because of age
(265 years) or coexisting comorbidities were enrolled. The study
was approved by the institutional review boards at each of the
participating centers and registered at ClinicalTrials.gov
(NCT01093196). All patients gave written informed consent
before entering the study, which was performed in accordance
with the Declaration of Helsinki.

Per protocol, patients were stratified by age (<75 vs. >75 years).
Based on the recent IMWG geriatric score that stratifies patients
according to their frailty status (fit, intermediate-fit, and frail)," a
post-hoc analysis including age (<75 vs. 76-80 vs. >80 years),
comorbidities (according to the Charlson score) and
cognitive/physical status (according to the Activities of Daily
Living and the Instrumental Activities of Daily Living scores) was
conducted (Online Supplementary Table S1).

Procedures

Six hundred fifty-four patients were randomly assigned to
receive induction (Online Supplementary Figure S1) with nine 28-
day cycles of Rd (n=217) or MPR (n=217) or cyclophosphamide-
prednisone-lenalidomide (CPR) (n=220). Rd patients received
lenalidomide 25 mg/day for 21 days; dexamethasone 40 mg on
days 1, 8, 15, 22 in patients 65-75 years old and 20 mg in those >75
years of age. MPR patients received lenalidomide 10 mg/day for



21 days; oral melphalan 0.18 mg/kg for 4 days in patients 65-75
years old and 0.13 mg/kg in those >75 years of age; prednisone 1.5
mg/kg for 4 days. CPR patients received lenalidomide 10 mg/day
for 21 days; oral cyclophosphamide 50 mg every other day for 28
days in patients 65-75 years old and 50 mg every other day for 21
days in those >75 years of age; prednisone 25 mg every other day.
After induction, patients were randomized to receive maintenance
treatment with lenalidomide alone (R) 10 mg on days 1-21 every
28 days, or in combination with prednisone (RP) 25 mg every
other day continuously. After the inclusion of the first 120
patients, the protocol was amended to increment the doses of
lenalidomide and cyclophosphamide in patients 65-75 years old in
the CPR group, due to negligible toxicities in comparison with
those in the two other treatment arms. Therefore, the CPR induc-
tion schedule was changed to lenalidomide 25 mg/day for 21 days
and oral cyclophosphamide 50 mg/day for 21 days.

Statistical analysis

Updated analyses were performed using data collected on
October 31, 2017. All the results were evaluated on an intention-
to-treat basis. For univariate analyses, the time-to-event curves
were estimated using the Kaplan-Meier method and compared
using the log-rank test. Time to event was expressed as median or
as 5-year Kaplan-Meier estimate. The Cox proportional hazards
model was used to estimate the hazard ratio (HR) values and the
95% confidence intervals (95% CI). Data were analyzed as of
May 2018 using R (v3.1.1).

Results

A total of 654 patients were randomly assigned to
receive induction with Rd (n=217) or MPR (n=217) or CPR
(n=220) (Online Supplementary Figure S1). Baseline demo-
graphics and disease characteristics were previously
reported” and were well balanced among the three
groups. The median age was 73 years in the Rd and CPR
arms, and 74 years in the MPR arm. Twenty-five percent
of patients were classified as frail and these patients were
evenly distributed among the treatment arms. A total of
402 patients completed the assigned induction treatment
and were randomly allocated to receive maintenance with
RP (n=198) or R (n=204) (Online Supplementary Figure S1,
Table 1 for baseline characteristics).

The median follow-up for survivors was 71 months
from enrollment. Progression or death occurred in 177
patients (82%) in the Rd arm, 166 (76%) in the MPR arm,
and 194 (88%) in the CPR arm. The median PFS was 18.6
months with the doublet and 20.8 months with the triplet
combinations (HR 1.05, 95% CI: 0.87-1.25, P=0.62)
(Online Supplementary Figure S2). The median OS was 61.5
months with doublet and 65.7 months with triplet regi-
mens (HR 1.09, 95% CI: 0.87-1.37, P=0.47). Comparing
the three arms separately, the median PFS was 18.6
months in the Rd arm, 22.2 months in the MPR arm and
18.9 months in the CPR arm (MPR vs. CPR: HR 0.78, 95%
CI: 0.63-0.96, P=0.02; MPR vs. Rd: HR 0.84, 95% CI: 0.68-
1.04, P=0.11) (Figure 1A). The median time to next treat-
ment (TNT) was 23.8 months in the Rd arm, 28.7 months
in the MPR arm and 23.8 months in the CPR arm (MPR vs.
CPR: HR 0.79, 95% CI: 0.64-0.98, P=0.03; MPR vs. Rd: HR
0.82, 95% CI: 0.66-1.02, P=0.07) (Figure 1B). The median
progression-free survival 2 (PFS-2) was 41.2 months in the
Rd arm, 40.2 months in the MPR arm and 40.8 months in
the CPR arm (MPR vs. CPR: HR 0.90, 95% CI: 0.72-1.14,

P=0.40; MPR vs. Rd: HR 0.94, 95% CI: 0.74-1.19, P=0.63)
(Figure 1C). Death occurred in 115 patients (53%) in the
Rd arm, 108 (50%) in the MPR arm and 107 (49%) in the
CPR arm. The median OS was 61.5 months with Rd, 65.2
months with MPR and 66.4 months with CPR (MPR vs.
CPR: HR 1.03, 95% CI: 0.79-1.35, P=0.83; MPR vs. Rd: HR
0.93, 95% CI: 0.72-1.22, P=0.61) (Figure 1D). The sub-
group analysis of induction treatment in patients with
standard- and high-risk cytogenetics showed the same
trends observed in the overall population (Online
Supplementary Figure S3).

A post-hoc analysis according to patients’ frailty was
performed (Figure 2). In fit patients, an advantage with the
triplet regimen MPR was detected: the median PFS was
21.2 months in patients treated with Rd, 25.6 months in
the MPR arm and 21.7 months in patients given CPR
(MPR vs. CPR: HR 0.72, 95% CI: 0.52-1.00, P=0.05; MPR
vs. Rd: HR 0.72, 95% CI: 0.52-0.99, P=0.04) (Figure 2A).
The median OS was 50.2 months in the Rd group, shorter
than in both the MPR (79.9 months) and CPR groups (82.9
months) (MPR vs. CPR: HR 1.11, 95% CI: 0.72-1.71,
P=0.65; MPR vs. Rd: HR 0.75, 95% CI: 0.50-1.12, P=0.16)
(Figure 2B). In intermediate-fit patients, no advantage of
one regimen over the others was found: the median PES
was 16.6 months in the Rd arm, 20 months in the MPR
arm and 20.9 months in the CPR arm (Figure 2C). The
median OS was not reached in the Rd arm, was 60.8
months in the MPR arm and was 66.7 months in the CPR
arm (Figure 2D). Not even in frail patients was one regi-
men found to be superior to another: the median PES was
18.2 months in the Rd arm, 21.5 months in the MPR arm
and 13.8 months in the CPR arm (Figure 2E). The median
OS was 48.2 months with Rd, 44.7 months with MPR and
40.5 months with CPR (Figure 2F).

Table 1. Demographics and baseline characteristics of the patients
receiving maintenance treatment.

Patients’ Lenalidomide (R) Lenalidomide-
characteristics (n=204) prednisone (RP) (n=198)
Age range, years 50-89 65-87
Median, years 73 73
>T75 years, n (%) 61 (30%) 64 (32%)
Sex (male), n (%) 86 (42%) 105 (53%)
Karnofsky score 60-100 60-100
Median 90 90
<80,n (%) 37 (18%) 43 (22%)
Fitness
Fit, n (%) 101 (50%) 91 (46%)
Intermediate-fit, n (%) 63 (31%) 58 (29%)
Frail, n (%) 40 (20%) 49 (25%)
Creatinine clearance,
mL/min 30-168.9 30-150
Median, mL/min 72 70
International Staging System score
I,n (%) 65 (32%) 65 (33%)
I, n (%) 92 (45%) 88 (44%)
11, n (%) 47 (23%) 45 (23%)
Cytogenetic abnormalities by FISH
Data available, n (%) 163 (80%) 162 (82%)
Data missing, n (%) 41 (20%) 36 (18%)
High risk*, n (%) 36 (18%) 37 (19%)

* At least one among deletion 17p [del(17p)],translocation (4;14) [t(4;14)] or translo-
cation (14;16) [t(14;16)].FISH: fluorescence in situ hybridization.
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During maintenance, 31% of patients in the RP group
and 20% of patients in the R group had an improvement
in their quality of response. In the RP group, the partial
response (PR) rate increased from 87% to 95%, the very
good PR (VGPR) rate from 33% to 58%, and the complete
response (CR) rate from 5% to 9%. In the R group, the PR
rate increased from 83% to 88%, the VGPR rate from
33% to 47 %, and the CR rate from 2% to 7%.

After a median follow-up of 62 months from the ran-
dom assignment to maintenance treatment arms, progres-
sion or death occurred in 153 patients (77%) in the RP
group and in 164 (80%) in the R group. The median PFS
was 22.2 months with RP and 18.6 months with R (HR
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0.85, 95% CI: 0.68-1.06, P=0.14) (Figure 3A). The median
TNT was 32.4 months with RP and 29.8 months with R
(HR 0.95, 95% CI: 0.75-1.20, P=0.67) (Figure 3B). In both
groups, maintenance therapy delayed the median time to
next therapy (clinical progression) by approximately 10
months in comparison with the median PFS (biochemical
progression). The median PFS-2 was 53.3 months with RP
and 42.3 months with R (HR 1.04, 95% CI: 0.80-1.35,
P=0.79) (Figure 3C). Death occurred in 92 patients (46%)
in the RP group and 78 (38%) in the R group. The median
OS was 72.3 months with RP and not reached with R ther-
apy (HR 1.21, 95% CI: 0.89-1.64, P=0.22) (Figure 3D).
Subgroup analysis of maintenance treatment in patients
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Figure 1. Survival outcomes according to induction treatment arm. (A) Progression-free survival, (B) time to next treatment, (C) progression-free survival 2 and (D)
overall survival are shown. All time to events were calculated from the time of random assignment to induction treatment arms. MPR: melphalan-prednisone-lenalido-
mide; CPR: cyclophosphamide-prednisone-lenalidomide; Rd: lenalidomide-dexamethasone; PFS: progression-free survival; PFS-2: progression-free survival 2; TNT:
time to next treatment; OS: overall survival; HR: hazard ratio; Cl: confidence interval; P: P value.
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Figure 2. Post-hoc analysis according to frailty status in patients treated with different induction treatments. (A, B) Progression-free survival (PFS) (A) and overall
survival (0S) (B) in fit patients according to treatment arm. (C, D) PFS (C) and OS (D) in intermediate-fit patients according to treatment arm. (E; F) PFS (E) and OS
(F) in frail patients according to treatment arm. All time to events were calculated from the time of random assignment to induction treatment arms. MPR: melpha-
lan-prednisone-lenalidomide; CPR: cyclophosphamide-prednisone-lenalidomide; Rd: lenalidomide-dexamethasone; HR: hazard ratio; Cl: confidence interval; P: P

value.
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Figure 3. Survival outcomes according to maintenance treatment arm. (A) Progression-free survival, (B) time to next treatment, (C) progression-free survival 2 and
(D) overall survival. All time to events were calculated from the time of random assignment to maintenance treatment arms (_m). R: lenalidomide; RP: lenalidomide-
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maintenance treatment arms; HR: hazard ratio; Cl: confidence interval; P: P value.

with standard- or high-risk cytogenetics showed the same
trends observed in the overall population (Online
Supplementary Figure S4).

A post-hoc analysis according to patients’ frailty was
also performed for the maintenance phase (Figure 4) and
no significant advantage of one regimen over the other
was found. In fit patients, the median PES from start of
maintenance was 24.4 months with RP and 19.6 months
with R (HR 0.84, 95% CI: 0.60-1.16, P=0.29) (Figure 4A).
Not even in intermediate-fit and frail patients was one reg-
imen found to be superior to the other (Figure 4C, E). No
difference in OS was detected (Figure 4B, D, F).

Safety profiles of induction were reported in the initial
analysis.” Briefly, the most frequent grade =3 toxicities
were hematologic. At least one grade =3 hematologic
adverse event was reported in 29% of patients treated

with Rd, 68% of those treated with MPR and 32% of
patients treated with CPR (P<0.001). The rate of at least
one grade =3 non-hematologic adverse event did not
exceed 31% in any of the three arms. The most frequent
grade =3 non-hematologic toxicities were infections (9%
with Rd, 11% with MPR and 6.5% with CPR), constitu-
tional adverse events (5% with Rd, 9.5% with MPR and
3.5% with CPR) and cardiac toxicities (6% with Rd, 4.5%
with MPR and 6% with CPR); no significant differences
were detected among the three arms. The rate of discon-
tinuation due to adverse events was similar in the three
arms: 14% in the Rd arm, 18% in the MPR arm and 15%
in the CPR arm. Lenalidomide was reduced in 16% of
patients treated with Rd, 21% of those treated with MPR
and 18% of CPR-treated patients, without significant dif-
ferences among the three arms.
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Figure 4. Post-hoc analysis according to frailty status in patients treated with different maintenance treatments. (A, B) Progression-free survival (PFS) (A) and over-
all survival (0S) (B) in fit patients according to treatment arm. (C, D) PFS (C) and OS (D) in intermediate-fit patients according to treatment arm. (E, F) PFS (E) and
OS (F) in frail patients according to treatment arm. All time to events were calculated from the time of random assignment to maintenance treatment arms (_m). R:
lenalidomide; RP: lenalidomide-prednisone; PFS_m: progression-free survival from the random assignment to maintenance treatment arms; OS_m: overall survival

from the random assignment to maintenance treatment arms; HR: hazard ratio; Cl: confidence interval; P: P value.
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The incidence of at least one hematologic adverse event
was similar in fit, intermediate-fit and frail patients. The
rate of non-hematologic adverse events as well as the rate
of discontinuation due to adverse events increased with
worsening of fitness status (Online Supplementary Table
S2). Data from each induction treatment group are pre-
sented in Table 3. Frail patients receiving the alkylating-
containing regimens had the highest rate of discontinua-
tion due to adverse events.

During maintenance, the most frequent grade =3 toxi-
city was neutropenia, which occurred in 10% of RP and
21% of R patients (P=0.001) (Table 2). Grade =3 non-
hematologic adverse events were rare and occurred in
<15% of patients. The proportion of patients requiring
dose discontinuation due to adverse events during main-
tenance was 18% in the R arm and 21% in the RP arm.
The proportion of patients requiring dose reduction dur-
ing maintenance was 9% in the RP arm and 16% in the
R arm (P=0.05). Fifteen cases of second primary malig-
nancies were recorded: six (3%) in the RP group and nine
(4%) in the R group. All second primary malignancies
were solid tumors.

In the RP group, 133 patients required a second line of
therapy: 94 (71%) received bortezomib, 3 (2%) thalido-
mide or lenalidomide, 17 (13%) other chemotherapy, 16
(12%) died before starting treatment and 3 (2%) were lost
to follow-up. In the R group, 138 patients required a sec-
ond line of therapy: 102 (74%) received bortezomib, 3
(2%) thalidomide or lenalidomide, 21 (15%) other
chemotherapy, 7 (5%) died before starting treatment and
5 (4%) were lost to follow-up.

The incidences of at least one hematologic and non-
hematologic grade =3 adverse events were similar in fit,
intermediate-fit and frail patients. Frail patients had the
highest rate of discontinuation due to adverse events; a
trend towards a higher discontinuation due to adverse
events was found in frail vs. fit patients (Online
Supplementary Table S2). Data in each maintenance treat-
ment group are presented in Table 4.

Discussion

One of the aims of this analysis was to compare RP vs.
R alone as maintenance treatment after induction therapy.

While the use of maintenance therapy is a standard
approach in young ASCT-eligible patients with newly
diagnosed MM, its use in elderly MM patients after induc-
tion treatment is more debated.

In our trial, both maintenance regimens improved the
quality of response and produced a time from biochemical
to clinical relapse of approximately 10 months. Indeed, as
recently described, even when neoplastic plasma cells
become lenalidomide-refractory, the immunomodulatory
effect of lenalidomide on immune cells may help prolong
disease control.” A trend toward a slight improvement of
PES in the RP arm was noted as compared to R alone,
while OS data were still immature after only 170 deaths
(42% of patients).

Regarding safety, maintenance treatment with both reg-
imens was feasible with grade =3 non-hematologic
adverse event rates of less than 15%. The only difference

Table 2. Grade =3 adverse events during maintenance treatment.
Grade =3 adverse events Lenalidomide (R) Lenalidomide-prednisone

(n=204) (RP) (n=198)
Hematologic
At least one event 46 (23%) 26 (13%)
Anemia 4 (2%) 4 (2%)
Neutropenia 43 (21%) 19 (10%)
Thrombocytopenia 4 (2%) 5 (3%)
Non-hematologic
At least one event 22 (11%) 28 (14%)
Cardiological 2 (1%) 1
Acute myocardial infarction 1 1
Other 1 0
Vascular 5 (2%) 4 (2%)
Deep vein thrombosis/ 2 (1%) 3 (2%)
thromboembolism
Renal 1 2 (1%)
Dermatological 2 (1%) 3 (2%)
Infectious 2 (1%) 4 (2%)
Pneumonia 0 1
Bronchitis 1 1
Sepsis 0 1
Other/not specified 1 1
Nervous 2 (1%) 7 (4%)
Second primary malignancies 9 (4%) 6 (3%)
Hematologic 0 0
Solid 9 (4%) 6 (3%)
Other 9 (4%) 5 (3%)
Discontinuation due 36 (18%) 41 21%)

to adverse events

Table 3. Grade =3 hematologic adverse events, non-hematologic adverse events, treatment discontinuation due to adverse events and toxic

deaths during induction treatment according to patients’ frailty status.

Treatment arm (n) CPR MPR Rd
(n=220) (n=211) (n=212)

Frailty Score class (n) Fit  Intermediate  Frail Fit  Intermediate-  Frail Fit Intermediate- Frail

(98) -fit (69) (53) (89) fit (76) 4n 9% fit (57) (61)
Hematologic AE G =3, n (%) 31 (32) 23 (33) 17 (32) 62 (70) 46 (61) 35 (74) 26 (28) 13(23) 22 (36)
Non-hematologic AE G =3, n (%) 22 (22) 22 (32) 22 (42) 22 (25) 22 (29) 22 (45) 24(26) 15(26) 24 (39)
Discontinuation due to AE, n (%) 8(8) 9(13) 16 (30) 10 (11) 17 (22) 10 21) 9 (10) 9 (16) 12 (20)
Death due to AE, n (%) 1 (D) 0 7(13) 1 (D) 2(3) 2(4) 1 (D) 1(2) 4(7

CPR: cyclophosphamide-prednisone-lenalidomide; MPR: melphalan-prednisone-lenalidomide; Rd: lenalidomide-dexamethasone; AE: adverse events; G: grade; n: number; %: per-

centage.



between treatment arms was the most frequent grade =3
neutropenia in the R arm compared to RP, which did not
translate into a higher infection rate. One of the possible
explanations of this finding is based on the effect of pred-
nisone on neutrophils.”® Glucocorticoid therapy inhibits L-
selectin expression on neutrophils that are more prone to
enter the bloodstream, delays the migration of circulating
neutrophils into tissues, produces a direct antiapoptotic
effect on these cells and prompts the release of young neu-
trophils from the bone marrow leading to an increased
peripheral blood neutrophil count.

While dose discontinuation was not different in the RP
and R arms, patients treated with R alone more often
required dose reductions, which slightly impaired the effi-
cacy of maintenance treatment.

The treatment goal in elderly MM patients is not a trivial
issue and international guidelines suggesting personalized
treatment according to patients’ frailty status are currently
based on expert opinions, without the availability of high-
quality evidence.*” With all the limitations of a post-hoc
analysis, this is the first analysis to show that fit patients
benefit from a full-dose triplet regimen while intermediate-
fit and frail patients benefit from gentler regimens.

Indeed, fit patients treated with MPR induction showed
a statistically significant PFS advantage over those treated
with CPR or Rd. Intermediate-fit and frail patients did not
show any PFS benefit from one regimen over the others.

A higher hematologic adverse event rate was noted
with MPR induction compared to induction with the
other regimens.

After the protocol amendment, introduced because of
negligible adverse events, the dose of cyclophosphamide
was increased. Nevertheless, despite the amendment,
cyclophosphamide could still have been underdosed as
compared to the dose delivered in other cyclophos-
phamide-containing regimens used in younger patients."*"
This issue could have mitigated the impact on PFS of the
addition of cyclophosphamide to lenalidomide-steroid
doublets even in fit patients.

Hematologic adverse events were not dependent on
patients’ frailty status, while the rate of non-hematologic
adverse events was correlated to the fitness status but not
to the type of induction regimen. Indeed, physicians’ lim-
itations to treat frail patients effectively are based on the
patients’ reduced organ function reserve leading to a high-
er rate of non-hematologic toxicity, rather than on the
hematologic toxicity that is mainly dependent on the
treatment itself, as observed with the melphalan-contain-
ing regimen in this study.

Lenalidomide-based regimens in elderly MM -

As expected, frail patients experienced the highest dis-
continuation rate due to toxicity, and discontinuation was
more frequent among patients receiving the alkylator-con-
taining regimens than among those treated with the Rd
doublet. It is, therefore, reasonable to support the choice
of a full-dose alkylator-containing triplet regimen in fit
patients, in order to prioritize the efficacy. Conversely,
intermediate-fit and frail patients could benefit from a
gentler regimen, since a better safety profile should be pur-
sued in the absence of an advantage in PFS or OS.

In the FIRST trial, a retrospective proxy algorithm
(which calculated data from questionnaires on medical
history and quality of life) was used to estimate the
IMWG Frailty Score. In that post-hoc analysis, continu-
ous Rd was compared to an alkylator-containing triplet
regimen; however, differently from our analysis, the novel
agent used in the control arm was the first-generation
immunomodulatory drug thalidomide. Indeed, in that
analysis continuous Rd produced longer PFS and OS com-
pared to melphalan-prednisone-thalidomide across all
frailty subgroups, with the greatest benefits observed in fit
patients. No lenalidomide-containing triplet regimens
were included in that trial.

Despite the limitations of inter-trial comparisons, Rd
induction produced a shorter PFS in our study than in the
FIRST study (26 months with continuous Rd and 21
months with Rd given for 18 months).” Of note, in that
trial Rd was given for a fixed duration of 18 months or
continuously, while in our trial Rd was given only for 9
months as induction treatment and then both mainte-
nance regimens included lenalidomide given at a lower
dose (10 mg instead of 25 mg) and lower steroid doses or
no steroids at all, depending on the treatment arm. The
same observation, with the same limitations of inter-trial
comparisons, can also be applied to the control arm of the
more recent MAIA study, in which a median PES of 31.9
months was obtained with continuous Rd (even longer
than the PFS obtained in the FIRST study with an identical
regimen).”

However, the role of continuous, full-dose treatment vs.
full-dose induction followed by low-dose maintenance in
frailty-defined populations of elderly patients remains an
open issue.

Recently, initial results from a randomized phase III trial
comparing continuous Rd vs. Rd induction followed by
lenalidomide maintenance (Rd-R) in intermediate-fit
patients were reported.” Notably, in this population of
patients, continuous Rd did not produce an advantage in PES
compared to Rd-R (15.5 months vs. 18.3 months). On the

Table 4. Grade =3 hematologic adverse events, non-hematologic adverse events, treatment discontinuation and toxic deaths during maintenance

treatment according to patients’ frailty status.

Lenalidomide (R)

Lenalidomide-prednisone (RP)

(n=204) (n=198)
Frailty Score class (n) Fit Intermediate-fit Frail Fit Intermediate-fit Frail
(10n (63) (40) 9D (58) (49)
Hematologic AE G =3, n (%) 24 (24) 13 (21) 9(22) 10 (11) 6 (10) 10 (20)
Non-hematologic AE G =3, n (%) 12 (12) 5(@) 5(12) 12 (13) 9 (16) 7(14)
Discontinuation due to AE, n (%) 16 (16) 9 (14) 11 (28) 14 (15) 16 (28) 11 (22)
Death due to AE, n (%) 2(2) 1(2) 2(5) 2(2) 2(3) 4(8)

AE: adverse events; G: grade; n: number; %: percentage.
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other hand, event-free survival (progression or death from
any cause/lenalidomide discontinuation/hematologic grade
4 or non-hematologic grade 3-4 adverse events) was signifi-
cantly better in the Rd-R arm than in the continuous Rd arm.

These results suggest that at least in intermediate-fit eld-
erly patients with NDMM, treatment intensity during the
maintenance phase can be de-escalated with no negative
impact on outcome.

The EMNO1 trial enrolled patients from 2009 to 2012;
thereafter, less toxic and more effective combinations
began to be available. For instance, the addition of borte-
zomib to Rd led to a clinically meaningful improvement in
PES and OS in NDMM patients without intent for imme-
diate ASCT, irrespective of the patients’ age.”” In NDMM
patients, the addition of the anti-CD38 monoclonal anti-
body daratumumab to bortezomib-melphalan-prednisone
or Rd doubled PES, with mild and manageable toxicity."**
Besides, studies exploring the addition of a monoclonal
antibody to the bortezomib-Rd combination are ongoing
with very promising early results.”

Contextualizing our data, quadruplet or triplet regimens
containing monoclonal antibodies, immunomodulatory
drugs and/or proteasome inhibitors may be the best choic-
es for fit, elderly patients. However, there is still the need
for safety and efficacy data on selected intermediate-fit
and frail populations receiving new combinations at full or
reduced doses. As an example, in the MAIA trial, continu-
ous daratumumab-Rd significantly prolonged PES com-
pared to continuous Rd, but a higher incidence of infec-
tions and a lower lenalidomide cumulative dose due to
dose reduction/discontinuation were noted in the daratu-
mumab-Rd arm.” Regarding maintenance, data about
combinations of monoclonal antibodies  plus
immunomodulatory drugs outside of the context of con-
tinuous therapy are not currently available in elderly
patients. In the experimental arm of the ALCYONE trial,
daratumumab monotherapy after induction therapy with
the daratumumab-bortezomib-melphalan-prednisone
quadruplet was well tolerated and improved the duration
and depth of response.” A longer follow-up of these two
studies will inform us about the safety of monoclonal anti-
body maintenance and the feasibility of long-term treat-
ment with monoclonal antibodies plus immunomodulato-
ry drugs in elderly patients.

Our analysis has some limitations. The trial was

designed to show superiority of a three-drug induction
regimen over a two-drug induction regimen in the overall
population, and thus the study power was not enough to
detect a statistically significant difference in the frailty
subgroups. However, the outcome differences between
treatment arms in fit patients were high enough to reach
significant levels.

Moreover, our analysis based on the frailty status was
not pre-specified, but the geriatric assessment adopted to
calculate the IMWG Frailty Score was obtained from the
enrolled patients before the start of therapy. Although
patients’ allocation to treatment arms was not stratified by
IMWG Frailty Score, the stratification by age led to a uni-
form distribution of fit, intermediate-fit, and frail patients
across treatment arms.

In conclusion, this trial showed that the triplet MPR pro-
longed PFS compared to gentler regimens in elderly fit but
not in intermediate-fit and frail MM patients. In interme-
diate-fit and frail patients, in the absence of differences in
terms of efficacy, safety must be prioritized. Maintenance
with lenalidomide-based regimens led to good outcomes
with a good safety profile.

These data provide the basis for personalized treatment
according to a patients’ frailty status. Different combina-
tions of new-generation immunomodulatory drugs, protea-
some inhibitors and monoclonal antibodies should be eval-
uated in fit, intermediate-fit and frail patients to confirm
these observations. Novel compounds with a good safety
profile in combination with a lenalidomide-based mainte-
nance treatment should also be explored in elderly patients.
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ABSTRACT

ajor surgery is associated with an increased risk of venous throm-
boembolism (VTE), thus the application of mechanical or pharma-

ologic prophylaxis is recommended. The incidence of VTE in

patients with inherited platelet disorders (IPD) undergoing surgical proce-
dures is unknown and no information on the current use and safety of
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VTE and thromboprophylaxis in patients with IPD - the SPATA-DVT Study

thromboprophylaxis, particularly of low-molecular-weight-heparin in these patients is available. Here we
explored the approach to thromboprophylaxis and thrombotic outcomes in IPD patients undergoing surgery
at VTE-risk participating in the multicenter SPATA study. We evaluated 210 surgical procedures carried out in
155 patients with well-defined forms of IPD (VTE-risk: 31% high, 28.6% intermediate, 25.2% low, 15.2%
very low). The use of thromboprophylaxis was low (23.83% of procedures), with higher prevalence in ortho-
pedic and gynecological surgeries, and was related to VIE-risk. The most frequently employed thrombopro-
phylaxis was mechanical and appeared to be effective, as no patients developed thrombosis, including patients
belonging to the highest VTE-risk classes. Low-molecular-weight-heparin use was low (10.5%) and it did not
influence the incidence of post-surgical bleeding or of antithemorrhagic prohemostatic interventions use. Two
thromboembolic events were registered, both occurring after high VTE-risk procedures in patients who did
not receive thromboprophylaxis (4.7 %). Our findings suggest that VIE incidence is low in patients with IPD
undergoing surgery at VIE-risk and that it is predicted by the Caprini score. Mechanical thromboprophylaxis
may be of benefit in patients with IPD undergoing invasive procedures at VIE-risk and low-molecular-weight-

heparin should be considered for major surgery.

Introduction

Venous thromboembolism (VTE) is a severe and some-
times lethal complication of major surgery triggered by
the release of pro-thrombotic substances from injured tis-
sues, immobilization, medical comorbidities and favored
by thrombophilia. It occurs in 20-25% of patients under-
going general surgery and in up to 60% of patients under-
going orthopedic surgery not receiving antithrombotic
prophylaxis."

VTE can be largely prevented by the use of mechanical
and/or pharmacologic antithrombotic prophylaxis.
Mechanical thromboprophylaxis with compressive stock-
ings or intermittent pneumatic compression devices
reduces the risk of VTE by 64% and 60%, respectively,”
while pharmacologic thromboprophylaxis with low
molecular weight-heparin (LMWH) reduces VTE risk by
75%, although it doubles the risk of major bleeding.”” A
meta-analysis of clinical trials comparing mechanical ver-
sus pharmacologic thromboprophylaxis in general and
orthopedic surgery found a 80% higher risk of deep vein
thrombosis (DVT) (including asymptomatic and distal
DVT) among patients treated with mechanical thrombo-
prophylaxis but a 57% lower risk of major bleeding.’
Moreover, a systematic review comparing intermittent
pneumatic compression with elastic compressive stock-
ings in surgical patients found a prevalence of DVT of
2.9% in the first group and of 5.9% in the second.’
Recently, it has been observed that the addition of
mechanical to pharmacologic thromboprophylaxis does
not provide further benefit.”

The risk of VTE associated with surgery changes
according to a series of variables. The American College of
Chest Physicians (ACCP) evidence-based clinical practice
guidelines classify surgical interventions into three VTE-
risk categories depending on the type of procedure.’
Moreover, individual VTE-risk can be estimated more
accurately based on patient characteristics and risk factors
using appropriate scores, one of the most widely used of
which is the “Caprini score” which subdivides patients
into four risk categories."

The incidence of VTE in patients with inherited platelet
disorders (IPD) undergoing surgical procedures at VTE-
risk is unknown, and no clinical trials or large case series
have ever been reported, although several reports suggest
that these patients may not be protected from
thrombosis,”" especially when considering that some

prophylactic antihemorrhagic treatments currently used in
these patients for the preparation to surgery, like platelet
transfusions or recombinant factor VII a (rFVIla),'*"”
increase VTE-risk.”>'®"

Moreover, no systematic studies on the use of thrombo-
prophylaxis in patients with IPD undergoing surgery have
been carried out, and no information on the safety of the
prophylactic administration of LMWH to IPD patients is
available, although isolated reports on the safe administra-
tion of anticoagulants to IPD patients have been pub-
lished.**

Recently, the large retrospective, multicenter SPATA
study evaluated bleeding complications and management
of surgery in patients with IPD " In the present study we
evaluated the approach to thromboprophylaxis adopted
for the IPD patients undergoing surgery at VTE-risk partic-
ipating in the SPATA study. In particular, we aimed to
assess current clinical decisions on VTE prevention, to
estimate postoperative VIE-risk and to evaluate the asso-
ciation between the use of mechanical or pharmacologic
thromboprophylaxis and clinical VTE incidence and surgi-
cal bleeding in IPD.

Methods

Study population

In the current sub-study we included all the surgical procedures
performed in patients enrolled in the SPATA study according to
well-defined laboratory and/or molecular genetic criteria'**? for
whom thromboprophylaxis should have been considered accord-
ing to current guidelines, including major and minor invasive inter-
ventions.*""*® The decision to apply thromboprophylaxis was
made by the attending physicians on an individual basis. Patients
under 16 years of age were excluded due to the lower intrinsic
VTE-risk in younger age.”* Surgery definitions were previously
reported.”” Given the significant in situ thrombotic risk of central
venous catheter insertion interventions,” these were also consid-
ered in the analysis as minor procedures with high local thrombot-
ic risk.

A 48-item structured questionnaire on VTE-risk, thrombotic
and bleeding events and antithrombotic prophylaxis had to be
filled in for each at-risk procedure. The individual bleeding risk
was estimated according to the type of IPD and previous individ-
ual bleeding history as assessed by the World Health Organisation
(WHO)-bleeding score."”

The Institutional Review Board of the coordinating center
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approved this sub-study (CEAS Umbria, Italy, Approval n.
13138/18).

For further details see the Online Supplementary Materials and
Methods.

Thromboembolic risk

VTE-risk of surgical patients was estimated using the Caprini
Score.**® The enrolled procedures were subdivided into four
classes of risk depending on the Caprini score. Surgical procedures
were also classified according to procedure-related VTE-risk in
three groups as suggested by the 2008 ACCP? Both the Caprini
and the procedure-related VTE-risk scores were centrally calculat-
ed based on the replies given by the participating investigators to
the 48-item questionnaires. Further details are provided in the
Online Supplementary Matetials and Methods.

Thrombotic outcomes

Thrombotic outcomes were defined as any symptomatic
thrombosis (deep venous, including distal, and superficial) and/or
pulmonary embolism occurring within one month after surgery.
For details see the Online Supplementary Materials and Methods.

Bleeding outcomes

Previous bleeding history was assessed using the WHO bleed-
ing assessment scale (WHO-BS),* while excessive bleeding occur-
ring after surgery and the rate of success of emergency treatment
of post-surgical bleeding were classified as previously described.”
Additionally, data about the need of blood transfusion after sur-
gery were collected. Participating investigators were asked to pro-
vide informations about bleeding outcomes occurred both during
and immediately after hospitalization for surgery.

The outcome of emergency treatment of excessive post-surgi-
cal bleeding was classified as successfully controlled, not respon-
sive to treatment or re-bleeding.”

Statistical analysis

As this was a pilot, exploratory study without any a priori test
hypothesis, we did not perform a formal sample size analysis.
Variables not normally distributed were reported as medians and
interquartile ranges (IQR), and differences were tested using the
Mann-Whitney U test or the Kruskal-Wallis analysis of variance
(ANOVA) test. Data are shown as medians and IQR. Categorical
variables were analysed using the %’ test. A Cochrane-Armitage
test of trend was used to evaluate the correlation between
dichotomous and ordinal variables. Logistic regression analysis
was performed to identify predictors of excessive post-surgical
bleeding, of heparin use, of the need for anti-hemorrhagic inter-
ventions and of the success of post-surgical bleeding management.
All analyses were performed using SPSS version 22.0 (IBM
Corporation, Armonk, NY, USA).

Results

Patient characteristics

Out of the 829 surgical procedures included in the
SPATA study, 210 carried out in 133 patients met the inclu-
sion criteria, 132 of which were performed in females
(63.8%), with 31 patients undergoing more than one pro-
cedure. Of these interventions, 110 (52.4%) were carried
out in 66 patients with 14 different forms of inherited dis-
order of platelet function (IPFD), and 100 (47.6%) in 67
patients with seven different forms of inherited disorders
of platelet number (IPND) (Online Supplementary Table S1).
The median age at surgery was 45 years (IQR: 29-56; min
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17, max 88). Two patients (0.9%), aged 19 and 26 years
undergoing one procedure each, were heterozygous carri-
ers of the FV Leiden mutation, although it should be con-
sidered that no systematic search for thrombophilic genet-
ic mutations was made in the enrolled population;" proce-
dures (5.2%) were performed in patients with a history of
malignancy (median age 55 years; IQR: 52-79), and four
(1.9%) in patients with chronic obstructive pulmonary
disease (COPD) (median age 51 years; IQR: 42-59). 65
interventions (31%) were performed in patients with a
Caprini score =5, 60 (28.6%) in patients with a score of 3-
4, 53 (25.2%) in patients with a score between 1 and 2,
and 32 (15.2%) in patients with a score of 0. The median
age was 32 years (IQR: 20-49) for patients with a score of
0, 35 years (IQR: 27-46) for patients with a score of 1-2, 46
(IQR: 32-60) for patients with a score of 3-4, and 52 years
(IQR: 41-61) for patients with a score =5. Sixty-one inter-
ventions (29%) (32 in patients with IPFD and 29 in
patients with IPND) were low-risk, 114 (54%) (55 in
patients with IPFD and 59 in patients with IPND) were
intermediate-risk, and 35 (17 %) (23 in patients with IPFD,
12 in patients with IPND) were high-risk.® In low-risk pro-
cedures, the median age was 49 years (IQR: 33-58), in
intermediate-risk 37 years (IQR: 28-53), and in high-risk
53 years (IQR: 33-62).

Type of surgery and antithrombotic prophylaxis

72 procedures were abdominal (34.3%), 55 gynecologi-
cal (26.2%), 41 orthopedic (19.5%), 14 urological (6.7 %),
10 cardiovascular (4.8%), nine thoracic (4.3%), six neuro-
surgical (2.9%), and three spine surgeries (1.3%). 90 inter-
ventions were major surgery (43%) while the other 120
procedures (57 %) were minor invasive interventions fol-
lowed by immobilization for 224 hours. The oldest group
of patients were those undergoing urological interventions
(median age 58 years), while the youngest patients under-
went gynecological surgery (median age 36 years).
Malignancy was most frequent in patients undergoing
thoracic surgery (Table 1). Of the overall 210 surgical pro-
cedures, 89% were elective and 11% urgent.

The Caprini score was higher in patients undergoing
cardiovascular interventions and lower for abdominal
interventions (Table 1).

Out of 210 surgical procedures, 49 (23.3%) were man-
aged with thromboprophylaxis; of these 27 (55.1%) were
managed with mechanical thromboprophylaxis alone,
using either compression stockings (26 procedures) or
intermittent pneumatic compression (one procedure), 19
(38.8%) with LMWH alone, and three (6.1%) with both
methods (mechanical and pharmacologic).

Of the 49 interventions managed with thromboprophy-
laxis, 13 were orthopedic (26.0%), 12 gynecological
(24.5%), seven abdominal (14.3%), seven thoracic (14.3
%), seven urological (14.3%) and three neuro-spinal (6%).
LMWH prophylaxis was adopted in 22% of the orthope-
dic procedures, 12.7% of gynecological, 11% of thoracic,
11% of neuro-spinal surgery, 7.1% of urological and 4.2 %
of abdominal (Table 1 and Figure 1). The two patients car-
riers of factor V Leiden mutation were both at intermedi-
ate VTE-risk and had a low WHO-BS (0 and 2, respective-
ly). They both underwent gynecological surgery without
thromboprophylaxis and did not develop VTE. Patients
with a history of malignancy were all classified at an inter-
mediate VTE-risk, and their median WHO-BS was 2. In
these patients heparin was used in four procedures,
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Table 1. Inherited platelet disorders patient characteristics according to type of surgery.

Abdominal Gynecological Orthopedic Urological Cardiovascular Thoracic Neuro/spinal

surgery surgery surgery  surgery surgery  surgery surgery

(N72) (N 55) (N 41) (N 14) (N 10) (N9) (N9)
Age in years, median (IQR) 47 (29-57) 36 (29-45) 42 (24-58) 58 (45-70) 54 (52-65)  37(28-58) 40 (16-76)
Females, N (%) 38 (54.2) 55 (100) 22.(537)  3(214) 6 (60) 2 (22) 3 (30)
Platelet count before surgery (x10°/L), 120 56 139 75 60 NA NA
median (IQR) (65-175) (34-162.5)  (103-191.5)  (5-90) (425-94)
Malignancy, N (%) 1(14) 2 (3.6) 124 1(7.D) 2 (20) 3(33) 1(11)
WHO bleeding score, median (IQR) 2 (14) 2(1-2) 2(1-3) 2(1-3) 3(1-3) 2(1-3) 3(24)
Caprini score, median (IQR) 2 (14 3(2-5) 421 324 7(3-8) 2(1-5) 2 (0-8)
Caprini class risk, median (IQR) 1(1-2) 2(1-3) 2(1-2) 2(1-2) 4 (3-4) 2 (14) 2 (1-4)
Use of thromboprophylaxis, N (%) 709 12 (21.8) 13 (31.7) 7 (50) 0 7(T7) 3(30)
Mechanical thromboprophylaxis, N (%) *5 (6.9) *T(12.7) 4090 6 (42.9) 0 6 (66) 2(22)
LMWH thromboprophylaxis, N (%) 3 (4.2) 7(12.7) 9 (22) 1(7.1) 0 1(11) 1(11)
Preoperative antihemorrhagic prophylaxis, N (%) 34 (62.5) 27 (49.1) 25 (62) 9 (64.3) 7(70) 5 (55) 7 (1)
Any excessive post-surgical bleeding, N (%) 22 (30) 42 (76.5) 5 (12.5) 2 (14.3) 6 (60) 3(33) 4 (44)

IPD: inherited platelet disorders; IQR: interquartile range; LMWH: low molecular weight heparin; NA: not available; *: in some procedures both mechanical and LMWH throm-

boprophylaxis was employed.

mechanical thromboprophylaxis in five and no prophylax-
is in two. No VTE was recorded in this population (Online
Supplementary Table S2).

Of the procedures at high VTE-risk according to the
Caprini risk stratification (n=65),* thromboprophylaxis
was adopted in 22 (33.8%) (LWMH in 14, mechanical in
six, and both in two) with no VTE events, while in 43 it
was not adopted. Regarding procedures at intermediate
VTE-risk (n=60), thromboprophylaxis was used in 15
(25%) (mechanical in 11 and pharmacologic in four), while
of the procedures at low VTE-risk (n=53) thromboprophy-
laxis was used in 10 (18.9%) (nine mechanical, one both
mechanical and pharmacologic), and of the procedures at
very low VTE-risk (n=32), thromboprophylaxis was used
in only two patients (6.2%) (one mechanical, one pharma-
cologic). According to the procedure-related VTE-risk
stratification®® high-risk procedures, 114 intermediate-
risk and 61  low-risk, were  performed.
Thromboprophylaxis was adopted in 42% (nine pharma-
cologic and six mechanical) of the high-risk procedures, in
21% (six pharmacologic, 15 mechanical and three both) of
the intermediate-risk and in 16.4% (four pharmacologic
and six mechanical) of the low risk procedures. The choice
of using LMWH, was significantly associated with the
Caprini risk class (P<0.001 and P=0.002 respectively)
(Online Supplementary Table S3) and with the procedure-
related VTE-risk class (P=0.007 and P=0.009, respectively)
(Figure 2A). The use of thromboprophylaxis with LMWH
was similar between elective and urgent procedures:
10.2% versus 13% respectively (P=not significant [n.s.]).

Older age also independently predicted the use of phar-
macologic thromboprophylaxis. In fact, LMWH-treated
patients were significantly older (median age 67 vs. 42
years; P<0.01) and had a higher median Caprini score (8
vs. 4; P<0.01) than non-treated patients (Table 2).
Additionally, history of cancer was more frequent in
heparin users than in non-users (18% vs. 3.2%; P=0.018).

On the contrary, neither the WHO-BS nor sex distribu-
tion (both in IPFD and IPND) were significantly associated
with LMWH use.

Mechanical prophylaxis was applied with graduated
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compression stockings in 30 procedures (14%) and with
intermittent pneumatic compression in one (0.47%),
while pharmacologic prophylaxis was undertaken with
enoxaparin in 18 procedures (8%), tinzaparin in one
(0.47%), dalteparin in one (0.47%), and in two cases
(0.95%) type was not specified. Enoxaparin was adminis-
tered at a median dose of 4,000 IU/day (IQR: 2,000-5,000
[U/day) for a median duration of 15 days (IQR:7-18),
starting on the day of surgery. The use of LMWH, as well
as the use of any thromboprophylaxis, increased over
time during the observation period covered by the study
(LMWH: overall rate [OR] 2.5; 95% confidence interval
[CI]: 1.31-4.96; any thromboprophylaxis: OR 1.4; 95% CI:
0.98-2.08) (Figure 3).

Thromboprophylaxis (pharmacologic and/or mechani-
cal) was more common in patients with IPFD compared
with those with IPND (34.5% vs. 11%; P<0.01) due to the
greater use of mechanical thromboprophylaxis in the for-
mer (24% vs. 3%; P<0.01), even if there was no difference
in VTE-risk between the two groups. LMWH was admin-
istered in 10% of procedures carried out in patients with
IPND (10 procedures), and in 10.9% of those carried out
in patients with IPFD (12 procedures).

None of the patients affected by biallelic Bernard Soulier
syndrome (bBSS) (n=11) and Glanzmann thrombasthenia
(GT) (n=5) received pharmacologic thromboprophylaxis.
This finding probably reflects the perception that the
VTE-risk of these patients is low, as suggested by previous
reports' and the fear of bleeding. In IPND, LMWH was
neither administered in patients with ACTN1-related
thrombocytopenia (n=5) nor in the only patient with X-
linked thrombocytopenia (Online Supplementary Table S1).
Median platelet count of the overall IPD population before
surgery was 158x10°/L (IQR: 120-287) in procedures fol-
lowed by LMWH versus 120x10°/L (IQR: 8-163) in those
where LMWH was not administered (P=n.s.).

Thrombotic outcomes

Two thromboembolic events were recorded (0.95% of
all interventions), both occurring in patients who did not
receive thromboprophylaxis (3.5% of non-prophylaxed
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Table 2. Differences between surgical procedures carried out with or without low molecular weight heparin thromboprophylaxis.

LMWH use LMWH non use P
(N=22) (N=188)
Age, median (IQR) 67 42 0.01
(79-55) (25-54)

Females, N (%) 14 (63.6) 120 (63.8) n.S.
Platelet count before surgery x10%/L, 158 120

median (IQR) (120-287) (8-163) n.s.
IPFD, N (%) 12 (54.5) 98 (52.1) n.s.
COPD, N (%) 209.D 2 (LD n.s.
Malignancy, N (%) 4 (184) 7(32) 0.018
WHO bleeding score, 2(0.75-3) 2(1-3) n.s.
median (IQR)

Caprini score, median (IQR) 8 (5-12) 4 (2-6) 0.02
Caprini class, median (IQR) 4 (3-4) 3(2-4) 0.01
Preoperative antihemorrhagic prophylaxis, N (%) 12 (54.5) 113 (60.1) n.S.
Any excessive post-surgical bleeding, N (%) 4 (18.2) 46 (25.8) n.s.
Treatment of post-surgical bleeding, N (%) 6 (28.6) 49 (27.2) n.s.
Post-surgical bleeding duration, hours, median (IQR) 6 (4-8) 6 (1-6) n.s.
Failure of post-surgical bleeding control, N (%) 4(19) 13 (7) n.s.
Thrombosis, N (%) 0 2 (1) n.s.

IQR:interquartile range; COPD: chronic obstructive pulmonary disease; IPFD: inherited platelet function disorders; IPND:inherited platelet number disorders; LMWH:low molec-

ular weight heparin; n.s.: not significant.

procedures). One was a pulmonary embolism (PE) in a
bBSS patient who underwent mitral valve surgery, the
other a femoral DVT in a GT patient occurring after the
placement of a central venous femoral catheter for blood
transfusions. Both patients were at high VTE-risk®
(Caprini score 12 and 8, respectively), had received pro-
phylactic platelet transfusions before the invasive proce-
dure, and had suffered excessive post-procedural bleeding
prompting red blood cell transfusions. The patient suffer-
ing from PE was a 56-year-old obese woman affected by
chronic obstructive pulmonary disease. She was then
treated with therapeutic dose enoxaparin, but died in hos-
pital from septic shock, disseminated intravascular coagu-
lation and acute respiratory distress syndrome. The
patient suffering from DVT was a 60-year-old woman and
she was then treated with therapeutic dose enoxaparin for
three months, without bleeding complications and with
complete resolution of the femoral thrombosis. Both
patients had previously undergone major elective surgery
without thromboprophylaxis and without thrombotic
complications. When dividing the included surgeries
according to procedure-related VTE risk, in two of 35
high-risk procedures (0.7%, both IPFD) a VTE event
occurred, while in 114 intermediate-risk procedures and
61 low-risk procedures no VTE occurred.

Bleeding outcomes

The percentage of patients who suffered from excessive
bleeding after surgery was not significantly different in
LMWH users compared with non-users (4 of 22: 18.2% vs.
46 of 188: 25.8%; P=0.5) and no significant difference in
bleeding duration after surgery was found between
heparin users and non-users (Table 2). The rate of exces-
sive bleeding was instead significantly higher in urgent
(45.5%) than in elective (22.5%) procedures (P<0.05).

Also the need of post-surgical blood transfusions did not
differ between heparin users and non users (18% vs. 19%;
P=0.51) as well as the use of post-surgical anti-hemorrhag-
ic interventions. In 57 cases emergency treatment of post-
surgical bleeding was required (27.1%), with platelet
transfusions administered in 38 procedures, anti-fibri-
nolytic agents in nine, Desmopressin (DDAVP) in one,
rFVILin one, other not specified treatment in six, and com-
bination therapy with anti-fybrinolytic and DDAVP in
two.

Thromboprophylaxis did not predict the need of post
surgical anti-hemorrhagic intervention while the bleeding
history did (Online Supplementary Table S4). Finally,
heparin use was not significantly associated with the rate
of success of emergency treatment of excessive post-surgi-
cal bleeding, although percentages of cases with treatment
failures were numerically higher in LMWH users than in
non-users (19% vs. 7%; OR 2.05, 95% CI: 0.496-8.536;
P=0.321) (Table 2 and Ounline Supplementary Table S5).
Preoperatory prophylactic prohemostatic treatment was
adopted in 125 procedures (69%), in 78 with platelet
transfusions, in nine with anti-fibrinolytic agents, in six
with DDAVP, in three with activated rFVII and in three
with a not-specified agent, in 12 with anti-fibrinolytic
agents and DDAVE, in six with platelet transfusions, anti-
fibrinolytic and DDAVP in combination, in four with
platelet transfusions and anti-fibrinolytics in combination,
in two with platelet transfusions and DDAVP in combina-
tion, in one with antifibrinolytic agents and a not-speci-
fied agent combination, in one with platelet transfusions
and not-specified agent combination.
Thromboprophylaxis with LMWH was adopted in 10
procedures (11.8%) not managed with preoperatory pro-
hemostatic prophylaxis and in 12 (9.6%) of those man-
aged with preoperatory thromboprohylaxis (P=0.651).
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Figure 1. Use of thromboprophylaxis in different types of surgery in the inherited platelet disorder population.

Discussion

Our data show that the current use of thromboprophy-
laxis in patients with IPD undergoing surgery at VTE-risk
is low, probably due to fear of bleeding complications
and to the belief that these patients are protected from
VTE. In the general population the prevalence of phar-
macologic thromboprophylaxis use has been estimated
to be 17.7% in neurosurgery, 27 % in abdominal surgery,
50% in gynecological surgery, 52% in cardiovascular sur-
gery, 67% in urological surgery, 91% in orthopedic sur-
gery, and 98% in thoracic surgery,**® while in our IPD
population it was 0% in cardiovascular surgery, 9% in
abdominal surgery, 11% in neuro and spinal surgery,
21.8% in gynecological surgery, 31.7 % in orthopedic sur-
gery, 50% in urological surgery, and 77 % in thoracic sur-
gery. In IPD patients, as expected, the most frequently
employed thromboprophylaxis was mechanical, princi-
pally with elastic compression stockings. In otherwise
healthy subjects undergoing general and orthopedic sur-
gery the use of compression stockings was shown to
exert a significant protective effect against VIE com-
pared with no stockings (9% vs. 21%; OR 0.35, 95% CI:
0.28-0.43).” In our IPD population this approach seemed
to be effective, as no patients using post-surgery elastic
compression stockings developed thrombosis, including
patients at high risk based on the Caprini score.

In the general population, the risk of surgery-associat-
ed VTE in patients not undergoing thromboprophylaxis
is strongly dependent on the Caprini score, with an inci-
dence lower than 0.5% when the score is 0, 3% when
the score is 1-2, 5% when the score is 3-4, and = 6%
when the score is 25."%* In our IPD population not
receiving thromboprophylaxis, no VTE was observed in
patients with a Caprini score <5 while in patients with a
Caprini score =5 symptomatic VIE occurred in 4.7% of
the procedures. These data could suggest that the inci-
dence of surgery-associated symptomatic VIE is indeed

lower in patients with IPD that in healthy controls, at
least when the Caprini score is not high. The ACCP
guidelines classify surgical interventions in three groups
depending on the risk of developing VTE: low risk
(<10%), including minor surgery and interventions not
requiring patient immobilization, moderate risk (10-
40%), including gynecological and urological open sur-
gery, and high risk (risk up to 80%), including hip or knee
arthroplasty, hip fracture surgery, spinal cord injury and
procedures associated with high bleeding risk.* In our
IPD patients, in the high-risk group® 58% of the proce-
dures (21 interventions) were performed without pro-
phylaxis and 9.5% of these were followed by VTE, while
no VTE events were observed in moderate or low-risk
procedures carried out without thromboprophylaxis. Of
the two thromboembolic events recorded, one was
observed in a GT patient undergoing a femoral vein
catheter insertion and the other in a bBSS patient under-
going mitral valve surgery, both with a high individual
VTE-risk (Caprini score of 8 and 12, respectively) and not
receiving any thromboprophylaxis. Interestingly, the lat-
ter is, to our knowledge, the first case of VTE described
in a bBSS patient. Pharmacologic thromboprophylaxis
with LMWH was adopted in only 10% of all surgical
procedures at VIE-risk in our IPD population. The use of
thromboprophylaxis with LMWH increased over the
observation period covered by the study, reflecting the
increased awareness of the thrombotic risk of surgical
procedures and of the efficacy of pharmacologic throm-
boprophylaxis. When heparin thromboprophylaxis was
applied, its use did not seem to be guided by the assess-
ment of the individual bleeding risk, but rather by the
thromboembolic risk. Indeed, the Caprini score was
strongly and independently associated with heparin use
in our case series. No VIE was observed in patients
undergoing LMWH prophylaxis, including in those
belonging to the highest VTE-risk categories according to
both the Caprini and procedure-related VTE scores.
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LMWH use was neither associated with an increased
rate of excessive post-surgical bleeding nor with enhanced
need for post-surgical antihemorrhagic intervention. Also
the use of preoperative anti-hemorragic prophylaxis was
similar in patients treated or not with LMWH. Thus, our
results suggest that thromboprophylaxis with LMWH
may be safer than anticipated in IPD patients. On the
other hand, it should be pointed out that although LMWH
did not significantly affect the success rate of emergency
treatment of post-surgical bleeding, a numerically higher
number of insuccess was observed in patients treated with
LMWH. Thus, caution should be used when deciding
about LMWH prophylaxis for IPD patients, especially for
those at higher bleeding risk (e.g more severe forms
and/or patients with higher WHO bleeding scores). The
use of post-surgical thromboprophylaxis with LMWH and
the rate of VTE were similar between elective and urgent
procedures, while the rate of excessive post-surgical
bleeding was higher in urgent than in elective procedures,
as expected.

Our study has several limitations. First, we only looked
for symptomatic VIE, thus the incidence of total VIE
may have been significantly underestimated due to the
lack of a systematic instrumental diagnostics search of
these events during post-surgical follow-up. Indeed, no
calf or distal vein thrombosis was reported and the latter
could have been overlooked, due to the low clinical
expressivity and difficulty of diagnosis. However, the pos-
sible underestimation of distal DVT may not significantly
diminish the clinical relevance of our observations
because untreated distal DVT is associated with a low risk
of proximal propagation and PE.” Second, the retrospec-
tive nature of our study does not allow for definitive con-
clusions about the impact of heparin use on bleeding in
patients with IPD. However, the collection of hemorrhag-
ic post-surgical events was the main aim of our study and
great emphasis was given to the careful evaluation of their
occurrence. Moreover, the observational multicenter
nature of our study, as already observed for other reg-
istries of populations with VTE, allowed us to gather a
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large patient series in an area difficult to explore with clin-
ical trials, like subjects at high bleeding risk.” Indeed,
interventional clinical trials generally exclude patients at
bleeding risk, limiting the generalizability of the evidence.
Registries have been helpful for improving our under-
standing of the epidemiology, pattern of care and out-
comes in such patient subgroups.”

Third, our study has a relatively small sample size and it
involves a rather heterogeneous population undergoing a
wide range of interventions performed over a fairly broad
time period, thus limiting the strength of our results com-
pared with studies carried out in the general population,
especially when subgroup analyses are concerned.
Although this is true, a case series of over 200 procedures
carried out in rare-disease patients is not negligible in this
clinical context, if one considers that phase 3 studies on
LMWH prophylaxis in high-risk surgery and trauma have
included between 100 and 440 patients.”*

Despite the above limitations, to the best of our knowl-
edge this is the first study which explored VTE-risk of sur-
gical procedures in a large series of patients with IPD, and
our results may represent the starting point for an evi-
dence-based approach to the antithrombotic management
of these subjects.

Conclusions

Our findings suggest that VIE incidence is low in
patients with IPD undergoing at risk surgery. Moreover,
among IPD subjects as well as in the general population,
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ABSTRACT

eurological symptoms related to microthrombosis are the hallmark

of acute manifestations of acquired thrombotic thrombocytopenic

purpura (I'TP). Despite the achievement of hematological remission,
patients may report persisting neurological impairment that affects their
quality of life. To assess the long-term neuropsychological consequences of
acute TTP, we recruited 35 acquired TTP patients (/7 % females, median age
at onset 41 years, interquartile range: 35-48) regularly followed at our out-
patient clinic of thrombotic microangiopathies in Milan (Italy) from
December 2015 to October 2016. Patients underwent a psychological eval-
uation of memory and attentional functions, emotional wellbeing and
health-related quality of life at least three months after their last acute TTP
event (median 36 months, interquartile range: 17-54). During the psycholog-
ical consultation, 17 patients (49 %) referred persisting subjective neurologi-
cal impairment in the frame of a remission phase, with at least one symptom
as disorientation, loss of concentration, dizziness, lack of balance, headache
and diplopia. Neuropsychological assessment revealed lower scores than the
Italian general population pertaining to direct, indirect and deferred memory.
A higher degree of impairment of memory domains was found in patients
with neurological involvement at the time of presentation of the first acute
TTP episode. Anxiety and depression were detected in seven (20%) and 15
(43%) patients, respectively. Health-related quality of life was lower than
the Italian general population, with mental domains more impacted than
physical domains (mean difference 58.43, 95% confidence interval: 71.49-
45.37). Our study demonstrates compromised memory and attention func-
tions, persisting anxiety/depression symptoms and a generally reduced qual-
ity of life in patients recovering from acute acquired TTP. New clinical strate-
gies should be considered to improve these symptoms.

Introduction

Thrombotic thrombocytopenic purpura (TTP) is a rare multisystem microan-
giopathy with fluctuating signs and symptoms. Its mortality rate can reach 90%
when patients are left untreated, but it is reduced to 10% if patients are properly
treated in the first 24 hours after diagnosis. Recovery is usually complete, but with
a risk of relapse and the uncommon occurrence of persistent neurologic, cardiac
and renal abnormalities.! After recovery, despite normal physical examination and
laboratory data, many patients complain of difficulties with memory, headache,
loss of concentration and endurance, as expressed at patient support group meet-
ings. Some attempts to quantify those neurological deficits in acquired TTP
patients have been made in the context of small observational studies, but without
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taking into account a whole assessment of cognitive, emo-
tional and health-related quality of life (HrQoL) dimen-
sions.”® Cognitive domains required for complex atten-
tion, concentration skills and high level memory functions
may be involved in patients with TTP due to diffuse
microvascular subcortical lesions, similarly to neurologi-
cally normal individuals with untreated hypertension,
sickle cell disease and multi-infarct dementia. Two widely
accepted measures to evaluate HrQoL are the Short-Form
36 (SF-36)* and the EuroQol 5D (EQ-5D).” They are self-
reported scales providing a numerical score to identify the
level of perceived health status. For their generic nature,
the SF-36 and the EQ-5D are frequently used in chronic
conditions (e.g. hemophilia) and are applicable to many
diseases.

With this background and gaps of knowledge, we set up
a study in order to investigate persistent cognitive abnor-
malities, emotional wellbeing and quality of life in
patients who had recovered from an acute episode of
acquired TTP. We also analyzed whether or not the pres-
ence of neurological involvement during the acute phase
of TTP or severe ADAMTS13 deficiency during disease
remission were related to persistent neurocognitive
defects. Finally, we investigated whether there was an
association between the emotional status of the patients
and their quality of life.

Methods

Patients

We performed a cross-sectional study of 35 patients with
acquired TTP regularly followed at our out-patient clinic of throm-
botic microangiopathies in Milan (Italy). Patients were enrolled at
least three months after their last acute TTP event (median time of
36 months, interquartile range [IQR]: 17-54) from December 2015
to October 2016, when they underwent a comprehensive neu-
ropsychological evaluation including memory and attentional
functions, emotional wellbeing and HrQoL. Demographic and
clinical variables were recorded, including age, sex, ethnicity, job
status, level of education, clinical and biochemical data at the time
of acute TTP (neurological involvement, platelet count and
haemoglobin level at presentation, number of plasma exchange
procedures required to attain remission), and plasma ADAMTS13
activity levels at the time of the neuropsychological assessment (=
three months). Enrolment criteria are described in the Online
Supplementary Table S1.

Written informed consent was obtained from all subjects with
approval of the Ethics Committee of Fondazione IRCCS Ca’
Granda Ospedale Maggiore Policlinico, in accordance with the
Declaration of Helsinki.

Neurocognitive, emotional and HrQoL assessments

Neurocognitive and psychological assessments were adminis-
tered by a board-certified psychologist in the standardized fashion
in the frame of a single assessment session, which required
approximately 1 hour to be completed, and included a test battery
measuring two major cognitive domains, memory and attention,”
® the Hamilton Depression (HAM-D)’ and Anxiety (HAM-A)" rat-
ing scales for emotional wellbeing, and the Short-Form (SF) 364
form for HrQoL (Online Supplementary Matetial and Methods and
Online Supplementary Table S2).

Statistical analysis
Descriptive statistics were used for demographic, clinical and

I S. Riva et al.

laboratory characteristics. Categorical variables were expressed
as counts and percentages, continuous variables as means or
medians with standard deviation (SD) or IQR. With regards to
neuropsychological and HrQoL analyses, each subject’s raw
score on each test was converted to a standardized score based
on normative data generated from the value of the normal pop-
ulation according to the subject’s age and education level, as
appropriate.'"* Standardized scores of TTP patients were then
compared with norm-referenced data from the Italian popula-
tion'"" by calculating the difference of means with 95% confi-
dence intervals (CI) using unpaired and paired t-tests. Similarly,
difference of means with 95% CI from unpaired and paired t-
tests were used to compare neurocognitive assessment results in
acquired TTP patients with and without neurological manifesta-
tions during the first acute episode of TTP, and with and with-
out reduced ADAMTS13 activity during disease remission, close
to the neuropsychological evaluation. For this analysis, an
ADAMTS13 activity cut-off of 45% was used (i.e. the lower
limit of the normality range in our ADAMTS13 activity assays).
With regards to HrQol, a standardized score of 50 was consid-
ered the cut-off for an acceptable quality of life."”"° Finally, non-
parametric correlation analyses were performed to evaluate the
relationship between the results of emotional wellbeing tests
and those of neurocognitive assessments or aggregated HrQoL
scales.

Statistical analyses were performed by SPSS, release 25.0 (IBM
Corp., Armonk, NY, USA), and GraphPad Prism, version 7.03
(GraphPad Software, La Jolla, CA, USA).

Results

Between December 2015 and October 2016, 41
acquired TTP patients were approached for participating
in the study during a follow-up visit at our out-patient
clinic of thrombotic microangiopathy. Of them, one
patient refused to participate and one patient was exclud-
ed owing to a pre-existing psychiatric disease. Four were
not constantly attended at our center, and therefore they
were excluded from the study. Thus, 35 patients were
included in the study and underwent psychological tests
and neurocognitive examinations (see the Online
Supplementary Material and Methods). Patient characteris-
tics are reported in Table 1. All but one patient were
Caucasian, with a female to male ratio of about 3:1 and a
median age at TTP onset of 41 years (IQR: 35-48). At the
time of neuropsychological evaluation, 10 (29%) of 35
patients had suffered from recurrent TTP bouts. 22
patients (63%) presented with neurological signs and
symptoms at presentation of the first acute TTP episode
(including coma [n=2], focal neurological signs [n=12],
personality changes [n=2], transient ischemic attack
[n=4], seizures [n=1], stroke [n=3]). During the psycho-
logical consultation, 17 (49%) patients reported persisting
subjective neurological impairment in the remission
phase, with at least one symptom as disorientation, loss
of concentration, dizziness, lack of balance (unable to
control and maintain the body position all the time)
headache, and diplopia.

Results of neurocognitive assessment

At the digit span test, 25 (71%) and 23 (66%) patients
had a scoring lower than the mean of the general popula-
tion in direct (mean difference -1.26; 95% CI: -1.64--
0.87]) and backward (mean difference -1.49; 95% CI: -
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2.02--0.96) memory, respectively (Table 2). Similarly,
lower scores in TTP patients were observed in the Rey
List tests for both direct (mean difference -5.87; 95% CI:
8.57--83.17) and deferred memory (mean difference -1.67;
95% CI: -2.32--1.02).

With regards to the attention domain, TTP patients
were slower in performing the trail making B test (sus-
tained and divided attention) in comparison with the gen-
eral population (mean difference 65.09 seconds; 95% ClI:
47 23-82.94). Conversely, patients were slightly faster in
performing the trail making A test, which measures
focused attention (mean difference -10.63 seconds; 95%
Cl: 15.81--5.44).

When we analyzed scores of neurocognitive assess-
ments in patients with and without neurological signs
and symptoms at presentation of the first acute TTP
episode, we observed a higher degree of impairment in
the memory domains of the first group of patients in 3 of
4 memory tests (digit span [direct]: mean difference -0.78;
95% CI: -1.54--0.02; digit span [backward]: mean differ-
ence 0.90; 95% CI: -1.96--0.17]; Rey word list [deferred]:
mean difference -1.39; 95% CI: -2.65--0.13) (Table 3).

No differences in neuropsychological assessments were
found between patients with ADAMTS13 activity levels
during remission below and above 45% (Table 4).

Results of emotional assessment

TTP patients presented a mean level of anxiety with
the HAM-A of 9.6 (SD=8.1) and a mean level of depres-
sion with the HAM-D of 7.4 (SD=5.7). The presence of
clinical anxiety (HAM-A score >13) was detected in seven
(20%) of interviewed patients, while the presence of clin-
ical depression (HAM-D score >7) was present in 15
(43%) of them. All seven patients with clinical anxiety
presented concomitant clinical depression. Five (14%)
patients showed a severe anxiety (HAM-A score >24) and
five (14%) a medium level of depression (HAM-D score
>18). No patients presented severe levels of depression
(HAM-D score >24).

Among the type of disturbances, we found that the
most impaired domains in HAM-D were “work activi-
ties” (n=10, 77%), “depressed mood” (n=8, 60%) and
“early insomnia” (n=4, 27 %) while in HAM-A there were
“intellectual symptoms” (i.e. difficulty in concentration
and poor memory) (n=6 82%) and “tension” (n=4, 54%).

At correlation analysis, better wellbeing was associated
with better memory function (the sign of the correlation
coefficient is negative because of the opposite interpreta-
tion scale of the two measurements): HAM-A test versus:
digit span direct Spearman rho -0.472, P=0.004; digit span
backward Spearman rho -0.597, P<0.001; Rey list direct
Spearman rho 0.310, P=0.075; Rey list recall: Spearman
tho -0.432, P=0.011; HAM-D test versus: digit span direct
Spearman rho -0.474, P=0.004; digit span backward
Spearman rho -0.594, P<0.001; Rey list direct Spearman
tho 0.8357, P=0.038; Rey list recall: Spearman rho -0.499,
P=0.003.

Results of HrQoL assessment

Table 5 displays the mean scores of the SF-36 assess-
ments for each of the eight domains by physical and men-
tal components: physical activity (PA), role physically
(RP), bodily pain (BP), general health (GH), vitality (VI),
social functioning (SF), role emotional (ER) and mental
health (MH). Acquired TTP patients showed lower nor-

Long-term neuropsychological sequelae in TTP -

Table 1. Demographic and clinical characteristics of 35 thrombotic
thrombocytopenic purpura patients included in the study. Clinical and
laboratory data pertain the first acute thrombotic thrombocytopenic
purpura episode.

haracteristics TIP patients
(n=35)
Demographic data

Male, n (%) 8 (23)
Caucasian, n (%) 34 (97
Age at TTP onset, years, median (IQR) 41 (35-48)
Age at neuropsychological evaluation,

years, median (IQR)* 45 (39-55)

Mean school level, years 13

Job status —workers, n (%) 30 (77)
Clinical characteristics at the first acute TTP episode

Neurological involvement, n (%) 22 (63)

Platelet count, x 10L, median (IQR)* 13 (8-27)

Hemoglobin, g/dL, median (IQR)* 7.8 (6.8-10.0)

Number of PEX to attain remission, median (IQR) 11 (6-20)

Laboratory parameters close to the
neuropsychological evaluation®
Platelet count, x 10%L, median (IQR)
Hemoglobin, g/dL, median (IQR)
ADAMTS13 activity close to neuropsychological evaluation®

251 (212-297)
134 (12.8-143)

Normal (45-138%), n (%) 16 (47)
Moderately reduced (10-45%), n (%) 12 (35)
Severely reduced (<10%), n (%) 6 (18)

At the time of neuropsychological evaluation, 10 (29%) of 35 patients had suffered
from recurrent TTP bouts.*Neuropsychological evaluation was performed at a medi-
an time of 36 months (IQR: 17-54) from the last acute TTP event.'Available in 33
(platelet count, hemoglobin and number of PEX to remission at first acute TTP
episode), 34 (ADAMTS13 activity close to neuropsychological evaluation) and 31 sub-
jects (platelet count and hemoglobin close to the neuropsychological evaluation).
IQR: interquartile range; PEX: plasma exchange; TTP: thrombotic thrombocytopenic
purpura

malized scores than the Italian reference sample' in all
scales but physical activity. With regard to the physical
components, the most impacted area was the physical
role, with a mean score of 57 (median 55; range: 40-85)
and 11 patients (31 %) with scores below 50. With regard
to the mental components, emotional role was the most
compromised, with a mean score of 43 (median 43; range:
30-56) and 22 patients (63%) with scores below 50.
Overall, the mental dimension was more affected than
the physical dimension, with the mental component
score MCS-36 (equivalent to the sum of MH, ER, SF and
VI scores) lower than the physical component score PCS-
36 (equivalent to the sum of PA, RP, BP and GH scores) by
almost 60 points (mean difference -58.43; 95% CI: -71.49-
-45.37) and 15 (43% of patients pertaining to the MCS-
36) versus four (11% of patients pertaining to the PCS-36)
patients with scores below 50, the commonly accepted
cut-off for an acceptable quality of life."*°

Finally, at correlation analysis, the better the mental
component score of the HrQoL survey was, the better
were the results of emotional wellbeing assessments,
especially the anxiety evaluation (MCS-36 vs. HAM-A
test: Spearman rho -0.358, P=0.035; MCS-36 vs. HAM-D
test: Spearman rho -0.316, P=0.064).
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Table 2. Descriptive statistics of neuropsychological tests in acquired thrombotic thrombocytopenic purpura patients and mean values of the

Italian general population.

[ TIP patients
Mean (SD)
Memory
Digit span (direct) 5.74 (1.12)
Digit span (backword) 451 (1.54)
Rey word list (direct)* 26.37 (7.74)
Rey word list (deferred)* 4.03 (1.86)
Attention
Trail making A, seconds 34.37 (15.1)
Trail making B, seconds 214.09 (51.99)

General population Mean difference

Mean (95% CI)
7.00 1126 (-1.64, -087)
6.00 149 (2,02, -096)
32.20 5.87 (:857,-3.17)
5.70 167 (232, -1.02)
45.00 1063 (-15.81, -5.44)
149.00 65.00 (47.23, 82.94)

In memory tests a higher score indicates a better performance, in attention tests a lower score indicates a better performance.At the time of neuropsychological evaluation, 10
(29%) of 35 patients had suffered from recurrent TTP bouts. *: Available in 34 TTP patients; CI: confidence interval; SD: standard deviation; TTP: thrombotic thrombocytopenic

purpura.

Table 3. Descriptive statistics of neuropsychological tests in acquired thrombotic thrombocytopenic purpura (TTP) patients with and without neu-

rological manifestations at onset of the first acute TTP event.

est Neurological involvement at first acute TTP event

Present (n=22)
Memory, mean (SD)

Digit span (direct) 545 (1.14)

Digit span (backword) 4.18 (1.59)

Rey word list (direct)* 25.36 (7.73)

Rey word list (deferred)* 3.50 (1.92)
Attention, mean (SD)

Trail making A, seconds 37.18 (16.26)

Trail making B, seconds 207.82 (49.91)

Mean difference (95% Cl)
Absent (n=13)
6.23 (0.93) -0.78 (-1.54,-0.02)
5.08 (1.32) -0.90 (-1.96, 0.17)
27.89 (7.80) -2.54 (-8.11,3.04)
489 (1.44) -1.39 (-2.65,-0.13)

29.62 (12.00)
224,69 (55.71)

757 (3301, 18.14)
16,87 (-53.95, 20.20)

In memory tests a lower score indicates a worse performance, in attention tests a higher score indicates a better performance. At the time of neuropsychological evaluation, 9
of 22 (41%) and 1 of 13 (8%) patients with and without neurological involvement at the first acute TTP event had suffered from recurrent TTP bouts, respectively. *: Available in
34 TTP patients; Cl: confidence interval; SD: standard deviation; TTP: thrombotic thrombocytopenic purpura.

Discussion

Neurological signs and symptoms of acute TTP are
mainly transient, brief and resolve with remission of the
acute phase. Our study demonstrates persisting neurolog-
ical, neuropsychological, emotional and HrQoL impair-
ments in TTP patients even years after the acute phase.

During the remission phase, TTP patients showed a sig-
nificant impairment in memory domains (direct, back-
ward and deferred memory) when compared with the
general population. This memory impairment was posi-
tively associated with the presence of neurological symp-
toms during the acute phase of the disease, as shown by
the comparison between patients with and without neu-
rological involvement during the first acute TTP event.
Attention domains were also affected, but they were
unrelated to neurological involvement during the acute
phase. Our results are in line with previous findings by
Kennedy et al. in 24 acquired TTP patients from the
Oklahoma Registry, who performed significantly worse
than the US reference population in both attention and
memory functions.*” Conversely, at variance with our
results, previous studies did not report an association of
neurocognitive impairment with the occurrence of neuro-
logical manifestations at the time of the acute TTP
event,”'® although a trend towards a worse mental per-
formance was detected in German patients with neurolog-

ical symptoms compared with patients with no neurolog-
ical symptoms (median of FLei mental performance score:
45 [IQR: 15-65] vs. 31 [IQR: 13-40], Mann-Whitney U test
P=0.193).” It is worth-noticing that the prevalence of
relapsing TTP cases were higher in patients with than
without neurological symptoms during the first acute
event (41% vs. 8%). Unfortunately, the low sample size
did not allow us to discriminate the effects of these two
factors.

Beside cognitive problems, we detected clinical anxiety
and depression in 20% and 43% of interviewed patients.
An even higher prevalence of depression symptoms in
acquired TTP patients was reported in two US and one
German cohorts (59%," 81%,19 and 73%,'® respectively),
which included also cases of major depression (29%,18
37%," and 14%).”* However, a pre-existing diagnosis of
depressive disorder was not an exclusion criterion in these
studies, which may partly explain the differences in the
observed prevalence. In our study, the results of anxiety
and depression tests were negatively correlated with
scores of neurocognitive assessments, indicating that
patients with symptoms of psychologic distress also had
more pronounced cognitive defects. This is consistent
with the findings of Falter and colleagues,'® who reported
a strong correlation between an impaired mental perform-
ance and the severity of depression in 84 TTP patients.

It is interesting to compare our results with other cardio-
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Table 4. Descriptive statistics of neuropsychological tests in acquired thrombotic thrombocytopenic purpura patients with and without ADAMTS13
deficiency next to the psychological evaluation.

ADAMTS13 activity during remission

Mean difference (95% Cl)

<45% (n=18) =45% (n=16)

Memory, mean (SD)
Digit span (direct) 6.06 (1.00) 5.50 (1.16) 0.56 (-0.20, 1.31)
Digit span (backward) 461 (1.79) 4.50 (1.27) 0.11 (-0.98, 1.21)
Rey word list (direct)* 2722 (1.12) 26.09 (7.65) 1.13 (-4.33, 6.59)
Rey word list (deferred)* 444 (1.67) 3.73 (2.02) 0.72 (-0.59, 2.02)
Attention, mean (SD)
Trail making A, seconds 32.06 (13.39) 36.94 (17.32) -4.88 (-15.62, 5.87)
Trail making B, seconds 209.89 (58.93) 220.94 (45.19) -11.05 (-48.09, 26.00)

In memory tests a lower score indicates a worse performance, in attention tests a higher score indicates a better performance. At the time of neuropsychological evaluation, 5
of 18 (28%) and 5 of 16 (31%) patients with and without ADAMTS13 deficiency next to the visit had suffered from recurrent TTP bouts, respectively. *: Available in 34 TTP patients;
CI: confidence interval; SD: standard deviation.

Table 5. Descriptive statistics of health-related quality of life components in acquired thrombotic thrombocytopenic purpura patients and in Italian
reference individuals.

Mean difference
(95%Cl)

TIP patients (n=35)

General population
(n=2031)
mean (SD)

mean (SD) N with score<50 (%)

Physical domain

Physical activity 81.40 (15.37) 2 (6) 84.46 (23.18) -3.06 (-843 to 2.31)
Limitation physical role 56.77 (13.04) 11 31) 78.21 (35.93) -21.44 (-26.17 to -16.72)
Pain 62.20 (13.92) 5(14) 73.67 (27.65) -11.47 (-16.39 to -6.55)
General health 59.91 (11.54) 5(14) 65.22 (22.18) -5.31 (-9.38 to -1.24)
PCS-36 260.29 (44.63) 4 (11)* NA NA
Mental domain

Vitality 52.46 (12.85) 13 37) 61.89 (20.69) -9.43 (-13.93 to -4.93)
Social activity 54.26 (8.60) 7(20) 1743 (23.34) -23.17 (-26.28 to -20.06)
Limitation emotional role 42.69 (8.76) 22 (63) 76.16 (37.25) -33.47 (-36.86 to -30.08)
Mental health 5246 (5.45) 4 (11) 66.59 (20.89) -14.13 (-16.20 to -12.06)
MCS-36 201.86 (23.84) 15 (43)* NA NA

At the time of neuropsychological evaluation, 10 (29%) of 35 patients had suffered from recurrent TTP bouts. *Being PCS-36 and MCS-36 the weighted sum of the original scales
of the SF-36,this number indicates patients with a score below 200.CI: confidence interval; NA: not available; SD: standard deviation; MCS-36: mental component summary (MCS)
of the Short Form (36) Health Status Questionnaire (SF36); PCS-36: physical component summary (PCS) of the Short Form (36) Health Status Questionnaire (SF36); TTP: throm-

botic thrombocytopenic purpura.

vascular and neurovascular diseases. High percentage of
cognitive impairment were also found in patients after
acute coronary syndrome (16% of patients),” stroke (one-
third of the sample examined),” and after a transient
ischemic attack (TIA) (more than a third of patients).”
After TIA, also depressive symptoms were found as
prevalent as 34%.” However, there are important differ-
ences between these studies and ours. First, the evaluation
of cognitive decline and depression were generally made
during the acute phase and in patients older than ours.”
Second, the literature mainly highlights a major deteriora-
tion at the level of functional abilities in daily life activi-
ties, especially in stroke patients. Finally, different tests
were performed and different cognitive domains (e.g. lan-
guage) evaluated, making any comparison difficult. We
also found an overall impaired quality of life compared
with the general population. In the HrQoL domains, men-
tal components were more impaired than physical com-
ponents, suggesting that the condition determines a con-
siderable emotional burden, probably related to its course
of intermittent relapse and remission phases. Indeed, the
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HrQoL mental domain was negatively affected by the
presence of clinical anxiety and depression in our patients.
Our findings are consistent with those of Lewis et al.” and
Cataland et al* although they reported a greater impact of
acquired TTP on the physical component of the HrQoL,2
and on both the mental and the physical component.*

We believe that our findings have clinical relevance for
the management of TTP patients. Clinicians should be
aware of the association between neurological manifesta-
tions during the acute TTP episodes and long-term
impaired neuropsychological abilities. They should put
attention on signs and symptoms of neurological impair-
ment during the remission phase and consider early signs
of anxiety and depression in order to improve the quality
of life of TTP patients.

Our study has limitations. First, the neurocognitive and
emotional status of the patients and their quality of life
before their first episode of TTP was not objectively eval-
uated. However, patients did perceive and referred at the
time of the psychological consultation a worsening of
their conditions after TTP diagnosis. Second, the evalua-
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tion of neurological and cognitive functions abnormalities
observed in TTP patients in the remission phase and far
from the clinical manifestations of acute TTP were not
supported by instrumental neuro-functional analysis such
as functional magnetic resonance imaging, which might
be needed to assess the aforementioned alterations at the
organic level. Third, we included patients with a history of
a single acute TTP event but also patients with relapsing
TTP, rendering our study population heterogeneous (in
order to exclude potential comorbidities only primary
TTP patients should be evaluated). However, the occur-
rence of multiple TTP episodes was never found to be
associated with neurocognitive, emotional or HrQoL
assessments in any previous study.*”'** Fourth, the tests
performed to evaluate clinical anxiety and depression,
despite being well-validated tools, can only be suggestive
of a psychiatric diagnosis, which indeed can only be con-
firmed by a proper psychiatric interview. Fifth, despite the
relatively large sample size for a rare disease, numbers in
some analyses are small, leading to statistical uncertainty

and wide CI. This is a problem of any study in the field of
rare diseases, and stimulate more efforts to promote col-
laboration between centers. Finally, the design of our
study is cross-sectional and, thus cannot provide risk esti-
mates and data about predictive factors. On the other
hand, as far as we know, our study is the most compre-
hensive investigation on TTP patients, including clinical,
cognitive, emotional and HrQoL assessment.

In conclusion, we demonstrated that, despite successful
treatment with plasma exchange and immunosuppressive
therapy in the acute stage of the disease, patients with
TTP suffer from long term neurological sequelae even
years after the acute phase. TTP patients with neurologi-
cal involvement at the first acute episode seem to be at
higher risk of developing memory dysfunction.
Furthermore, TTP patients have increased levels of anxi-
ety and depression, which negatively affect their quality
of life. A faster improvement of the acute state of the dis-
ease by novel drugs might have a role in this process and
further studies are required to solve this question.
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ABSTRACT

enous thromboembolism (VTE) is a frequent complication in patients

with cancer. Homozygous carriers of the fibrinogen gamma gene

(FGG) 152066865 have a moderately increased risk of VTE, but the
effect of the FGG variant in cancer is unknown. We aimed to investigate the
effect of the FGG variant and active cancer on the risk of VTE. Cases with
incident VIE (n=640) and a randomly selected age-weighted sub-cohort
(n=3,734) were derived from a population-based cohort (the Tromsg study).
Cox-regression was used to estimate hazard ratios (HR) with 95% confi-
dence intervals (CI) for VTE according to categories of cancer and FGG. In
those without cancer, homozygosity at the FGG variant was associated
with a 70% (HR 1.7, 95% CI: 1.2-2.3) increased risk of VIE compared to
non-carriers. Cancer patients homozygous for the FGG variant had a two-
fold (HR 2.0, 95% CI: 1.1-8.6) higher risk of VTE than cancer patients with-
out the variant. Moreover, the six-months cumulative incidence of VTE
among cancer patients was 6.4% (95% CI: 8.5-11.6) in homozygous carriers
of FGG and 3.1% (95% CI: 2.3-4.7) in those without risk alleles. A synergis-
tic effect was observed between 152066865 and active cancer on the risk of
VTE (synergy index: 1.81, 95% CI: 1.02-3.21, attributable proportion: 0.43,
95% CI: 0.11-0.74). In conclusion, homozygosity at the FGG variant and
active cancer yielded a synergistic effect on the risk of VTE.

Introduction

Venous thromboembolism (VTE), a collective term for deep vein thrombosis
(DVT) and pulmonary embolism (PE), is a common disease associated with sub-
stantial short- and long-term morbidity and mortality."* The incidence of VTE is
1-2 in 1,000 people/ year, and it increases steeply with age.® Malignant disease is
associated with a four- to seven-fold increased risk of VTE, and 20-25% of all first
lifetime VTE-events are cancer-related.*” VTE, particularly in cancer, leads to pro-
longed and more frequent hospitalizations, and has a substantial impact on quality
of life.*” Complications of VTE, such as recurrence, post-thrombotic syndrome and
treatment-related bleeding, occur more frequently in cancer patients,”®’ and the risk
of death is higher in cancer patients with than without VTE."*"

Family and twin studies suggest that VTE is highly heritable, and likely results
from an interplay between inherited and environmental factors.”* Fibrinogen, the
precursor of fibrin, is an essential component in the final stage of the coagulation
cascade. The fibrinogen molecule has three subunits called Aa, Bf and y, which
occur in pairs for a total number of six subunits. The y chain, transcribed from the
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fibrinogen gamma gene (FGG) located on chromosome 4,
has two isoforms, YA and Y. In the Leiden
Thrombophilia Study, the FGG rs2066865 single
nucleotide polymorphism (SNP) was first proposed as a
risk factor for VIE by reducing fibrinogen y’ levels."
Several later genotyping'®'® and genome-wide association
studies (GWAS)"" confirmed an association between
152066865 and VTE risk, whereas two cohort studies
found no significant association.”” In a recent meta-
analysis including seven studies, rs2066865 was associated
with an increased risk of VIE (OR 1.61, 95% CI: 1.34-
1.93)."

The majority of the genetic studies have excluded indi-
viduals with cancer-related thrombosis. However, as pro-
thrombotic genotypes are fixed, and not influenced by dis-
ease, interventions and complications, they may be attrac-
tive candidates as biomarkers of VTE risk in cancer
patients. Recent studies have suggested that interactions
between cancer and other prothrombotic genotypes (fac-
tor V variants rs6025 and rs4524 and prothrombin
G20210A) have synergistic effects on the risk of VITE*®
To the best of our knowledge, no study has investigated
the impact of rs2066865 on the risk of VIE in cancer
patients. Therefore, we aimed to investigate the joint
effect of 152066865 and active cancer on the absolute and
relative risks of VTE in a population-based case-cohort.

Methods

Study population

The Tromse Study is a single-center population-based cohort,
following residents of the municipality of Tromse, Norway, with
repeated health surveys. The case-cohort was derived from the
fourth survey (Tromse 4), which included 27,158 participants aged
25-97 years. A detailed cohort profile of the Tromse study has
been published previously.”® The study was approved by the
Regional Committee for Medical and Health Research Ethics in
Northern Norway, and all participants provided informed written
consent to participation. From enrolment in Tromse 4 (1994/95),
subjects were followed until December 31, 2012. Detailed infor-
mation regarding identification and validation of VTE-events are
described in the Online Supplementary Material and Methods.

In total, 710 participants developed VIE during follow-up. Of
these, 26 did not have blood samples available or of sufficient
quality for DNA analyses. The remaining 684 subjects were
included as the cases in our study. A subcohort (n=3,931) was
composed by randomly sampling individuals from Tromse 4
weighted for the age distribution of the cases in 5-year age-groups.
Due to the nature of the case-cohort design, where each partici-
pant has the same probability of sampling, 72 of the cases were
also in the subcohort. Subjects with a history of cancer prior to
inclusion (n=232) and subjects with missing information on
152066865 (n=9) were excluded from the analysis. The final case-
cohort consisted of 4,374 subjects, with 640 cases and 3,734 in the
subcohort. A flow chart of the case-cohort is displayed in Figure 1.

Baseline measurements and genotyping
Baseline measurements and genotyping methods are described
in the Ownline Supplementary Matetials and Methods.

Cancer exposure

Cancer assessment is described in the Ounline Supplementary
Materials and Methods. Previous studies have shown a strong tem-
poral relation between cancer diagnosis and incident VIE, and up

to 50 % of cancer-related VTE events presents within a 2.5-year
interval (from six months preceding the cancer diagnosis until 2
years following the cancer diagnosis).”*® Therefore, a VIE was
defined as related to active cancer if it occurred within this time
period.

Subjects who survived the active cancer period without a VTE
were censored at the end of the active cancer period (i.e. 2 years
after cancer was diagnosed). The censoring was performed
because information regarding remission and relapse of cancer
was unavailable, and extension of the observation period of cancer
could result in the dilution of the estimates due to inclusion of
VTE cases not necessarily caused by cancer. This approach result-
ed in censoring of 14 VTE cases that occurred after the active can-
cer period. Thus, 626 VTE cases were included in the final analy-

Ses.

Statistical analysis

Statistical analyses were performed using STATA version 15.0
(Stata Corporation LP, College Station, TX, USA). Cox proportion-
al hazards regression models were used to obtain age- and sex-
adjusted HR with 95% CI for VTE across categories of cancer sta-
tus (no cancer/active cancer) and FGG risk alleles. Cancer was
assessed as a time-dependent covariate in the model. Subjects
who developed cancer contributed person-time as unexposed
from the inclusion date until six months prior a cancer diagnosis,
and thereafter contributed person-time in the active cancer group
as exposed. Absolute incidence rates (IR) were calculated based on
person-time from the original cohort (n=27,128). To calculate joint
effects conferred by active cancer and FGG risk alleles, subjects
with no cancer and no risk alleles were used as the reference group
in the Cox model. Based on the total active cancer person-time at
risk derived from the source cohort, 1-Kaplan-Meier curves were
used to estimate the cumulative incidence of VTE in subjects with
active cancer according to the presence of FGG risk alleles.
Methods for assessing synergism between FGG and active cancer
on the risk of VTE are described in detail in the Omnline
Supplementary Materials and Methods.

Results

The mean follow-up of the case-cohort was 12.6 years.
In total, 854 subjects had active cancer, of which 167 expe-
rienced an incident VIE. The baseline characteristics of

Table 1. Baseline characteristics in the entire case-cohort and in the
active cancer group.

Entire case-cohort Active cancer

Subjects (n) 4374 854
Age (years) 58 + 13 62 +10
Sex (males) 47.0 (2,048) 53.0 (456)
BMI (kg/m?) 26.0 + 4 26.0 + 4
Daily smoking 34.5 (1,464) 43.5 (364)
WBC count (10L) 71+18 72+18
Platelet count (10*/L) 251 £ 60 250 £ 58
152066865 0.26 0.26

1 risk allele 1,723 334

2 risk alleles 289 51

Values are numbers or percentages with numbers in parenthesis or means + standard
deviation (SD). Active cancer: period from six months before a cancer diagnosis until
two years after; BMI: body mass index; Daily smoking indicates smoking at the time
of enrollment; WBC: white blood cell; *: allele frequency.



the entire case-cohort and in those with active cancer dur-
ing follow-up are presented in Table 1. Subjects who
developed active cancer were slightly older (61+10 years
vs. 58+183 years) and reported a higher frequency of daily
smoking (46% vs. 35%) compared to the entire case-
cohort. The minor allele frequency of 152066865 was 0.26,
which is comparable to reference populations.”” The
homozygous variant of the FGG was present in 289
(6.6%) subjects, the heterozygous variant in 1,723 (39.4%)
subjects, while 2,362 (54.0%) subjects were non-carriers
of the FGG variant. The allele frequency was essentially
similar in subjects who developed cancer. Expected versus
observed proportions of hetero- and homozygous individ-
uals in the subcohort according to the Hardy-Weinberg
equilibrium are presented in Online Supplementary Table
S1.

The clinical characteristics of the VIE events stratified
by the presence of active cancer are shown in Table 2.
Compared to the non-cancer-related VIE, cancer-related
VTE were more often a DVT (59.2% vs. 55.5%) than a PE
(40.7% vs. 44.4%). The prevalence of provoking factors
such as acute medical conditions, immobilization and sur-
gery were essentially similar between the two groups, as
were the total proportion of VITE with one or more con-
current provoking factors (44.3% vs. 44.7%). Non-cancer
related VTE were more likely to be associated with trau-
mas (9.6% vs. 2.4%) while other provoking factors (i.e.
venous catheters) were more frequent in cancer-related
VTE (8.4% vs. 3.7 %).

In participants without cancer, the IR of VTE increased
from 1.2 (95% CI: 1.1-1.4) per 1,000 people/year among
non-carriers of FGG rs2066865 to 2.0 (95% CI: 1.5-2.7) per
1,000 people/year among those with two risk alleles.
Accordingly, the risk of VTE was 70% (HR 1.7, 95% CI:
1.2-2.3) higher in those with two risk alleles at FGG com-
pared to non-carriers (Table 3). In subjects with active can-
cer, the risk was 12-fold higher (HR 11.9, 95% CI: 9.3-
15.2) in those with no FGG risk alleles, and 22-fold higher
(HR 22.2, 95% CI: 12.9-38.1) in those with two FGG risk
alleles, compared to cancer-free subject without risk alle-
les. Cancer patients with two risk alleles at FGG had a
two-fold higher (HR 2.0, 95% CI 1.1-3.6) risk of VTE com-
pared to cancer patients without risk alleles. In sub-analy-
ses, the effect of active cancer and homozygosity at FGG
yielded higher risk estimates for PE (HR 2.9, 95% CI: 1.3-
6.6) than for DVT (HR 1.6, 95% CI: 0.7-3.5).

The cumulative incidence of VTE during the active can-

FGG rs2066865 and the risk of cancer-related VTE e

cer period is shown in Figure 2. The cumulative incidence
of VTE increased particularly during the first six months
following a cancer diagnosis, where we found a substan-
tially steeper incline in the incidence curve for subjects
with two risk alleles at FGG rs2066865. The cumulative
incidence of VIE among homozygous carriers was 5.0%
(95% CI: 2.4-9.6), 6.4% (95% CI: 3.5-11.6), and 8.0%
(95% CI: 4.6-13.9) at three months, six months and 24
months after cancer diagnosis, respectively. The corre-
sponding figures for cancer patients who were non-carri-
ers were 2.1% (95% CI: 1.5-3.0), 3.1% (95% CI: 2.3-4.7),
and 4.8% (95% CI: 3.8-6.2), respectively.

A supra-additive effect on the risk of VTE was observed
for the combination of homozygosity at the FGG variant
and active cancer (Table 4). The Relative excess risk by

Table 2. Characteristics of subjects with cancer-related and non-can-
cer-related first venous thromboembolism.

Cancer-related VTE
Yes (167) No (459)
Age at VTE diagnosis (years) 69 +11 68+14
Sex (Males) 44.9 (75) 47.3217)
VTE type
Deep vein thrombosis 59.2 (99) 55.5 (255)
Proximal upper limb 5.1(5) 2.0 (5)
Distal upper limb 1.0 (D) 0 (0)
Proximal lower limb 62.6 (62) 65.9 (168)
Distal lower limb 12.1 (12) 282 (72)
Other localizations 19.1 (19) 3.9 (10)
Pulmonary embolism 40.7 (68) 444 (204)
Unprovoked event NA 54.9 (252)
Provoking factors
Surgery* 12.6 (21) 15.3 (70)
Trauma® 24 (4) 9.6 (44)
Acute medical condition® 15.0 (25) 14.2 (65)
Immobilization® 204 (34 20.0 (92)
Other provoking factor* 84 (14) 3.7 (17
Total provoked® 4.3 (714) 44.7 (205)

Values are numbers or percentages with numbers in parenthesis or means + standard
deviation (SD); VTE: venous thromboembolism; NA: not applicable; *within eight
weeks before the VTE-event; "myocardial infarction, ischemic stroke of major infec-
tious disease; “bedrest >3 days, wheelchair, long haul travel >4 hours in the past 14
days; “presence of other provoking factors noted by the physician (e.g. intravenous
catheters); “one or more provoking factor above

Table 3. Age and sex adjusted hazard ratios for venous thromboembolism according to categories of fibrinogen gamma (FGG) risk alleles and

cancer status.

VIE PE DVT
Risk Alleles Events HR HR Events HR HR Events HR HR
(95% ClI) (95% Cl) (95% CI) (95% CI) (95% Cl) (95% Cl)
0 242 Ref. - 112 Ref. - 130 Ref. -
No cancer 1 170 1.0 (0.8-1.2) - 70 0.9 (0.6-1.2) - 100 1.1(08-14) -
2 47 1.7(12-2.3) - 22 1.7(1.1-2.1) - 25  1.6(11-2.5) -
0 89 11.9 (9.3-15.2) Ref. 32 83 (5.6-12.5) Ref. 57 153 (11.2-21.1) Ref.
Active cancer 1 64 122 (9.2-16.1) 1.1 (0.8-1.5) 29 106(7.1-163) 13(08-22) 35 134 (92-19.6) 1.0 (0.6-1.5)
2 14 222 (12.9-38.1) 2.0 (1.1-3.6) 7 228 (10.649.1) 29(1.3-66) 7 216 (10.0-46.4) 1.6 (0.7-3.5)

Active cancer: period from six months before a cancer diagnosis until two years after; Cl: confidence interval; DVT: deep vein thrombosis; HR: hazard ratio; PE: pulmonary

embolism; VTE: venous thromboembolism.
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interaction (RERI) was 9.61 (95% CI: -2.38-21.61) and the
Rothmans synergy index (RSI) was 1.81 (95% CI: 1.02-
3.21). The proportion attributable to interaction (AP) was
0.43 (95% CI: 0.11-0.74). In sub-group analysis, the esti-
mates of biological interaction were stronger for PE
(RSI=2.37, 95% CI: 1.05-5.39) than for DVT (RSI=1.46,
95% CI: 0.65-3.27).

Discussion

In the present study, we aimed to investigate the joint
effect of the 52066865 SNP at FGG and active cancer on
the risk of VTE in a case-cohort recruited from the general
population. Homozygosity at rs2066865, occurring in
6.6% of the study population, was associated with an
increased risk of VTE. The combination of an 152066865
homozygous risk genotype and active cancer showed a
synergistic effect on VTE risk (on an additive scale). The
effect was particularly strong for PE. The cumulative inci-
dence of VTE increased substantially during the first six
months following a cancer diagnosis, especially among
patients with two risk alleles at FGG rs2066865. Our find-
ings suggest that homozygosity at FGG rs2066865 may
aid to differentiate patients at high and low risk of cancer-
related VTE.

Several observational studies have reported an associa-
tion between homozygous genotype of rs2066865 and
increased risk of VTE in Caucasians.””’*”" In a recent meta-
analysis including seven observational studies, the odds
ratio of VIE was 1.61 for homozygosity at 152066865
Accordingly, in cancer-free subjects, we found that those
with two rs2066865 risk alleles had a 1.7-fold higher VTE
risk than those with 0 risk alleles. The risk estimates for
DVT and PE were essentially similar in cancer-free sub-
jects.

Even though the role of prothrombotic genotypes in
cancer-related VTE have been scarcely studied, previous
studies have found that some prothrombotic genotypes
(e.g. factor V Leiden and prothrombin G20210A) are asso-
ciated with increased risk of cancer-related VTE.?>*%%
Further, the combined effect of cancer and factor V vari-
ants (factor V Leiden and rs4524) exceeded the sum of the
individual effects, implicating a biological interaction on
VTE risk.”** Accordingly, we found that the combination
of FGG and active cancer yielded a synergistic effect on
VTE risk.

In cancer patients, the cumulative incidence curve of
VTE was substantially steeper in individuals homozygous
for FGG during the first six months following the cancer
diagnosis. According to the thrombosis potential model,”
several risk factors need to be present concurrently to
exceed the thrombosis potential and facilitate develop-
ment of a VTE. In the period following a cancer diagnosis,
treatment with surgery and/or chemotherapy is typically
initiated, and treatment-related complications such as
acute infection and immobilization frequently occur.
Thus, the accumulation of several treatment-related risk
factors, which adds to the background risk in patients
with cancer and risk alleles at FGG, may partly explain the
substantial increase in VTE incidence the first half year fol-
lowing a cancer diagnosis.

In contrast to cancer-free subjects, we found that the
effect of rs2066865 was stronger for PE than for DVT in
cancer patients. This suggests that the FGG variant may

[
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VTE-cases n=640
Sub-cohort n=3,734

Figure 1. Flow chart for the case-cohort.

play a more essential role in the pathogenesis of PE than
DVT in cancer patients. The underlying mechanism(s) for
the latter observation is unknown, but may imply that
152066865 is associated with fragile thrombi, which are
prone to embolization and manifest clinically as PE rather
than DVT in cancer patients.

The mechanism by which the rs2066865 affects suscep-
tibility to VTE is not fully elucidated. However, the cur-
rent hypothesis is that it acts through a phenotype with
altered fibrinogen composition and formation. The
152066865 SNP tags the FGG-H2 haplotype. Previous
studies have shown that homozygous carriers of the FGG-
H2 haplotype had lower levels of y’ fibrinogen and y’ fib-
rinogen/total fibrinogen concentration* without alter-
ations in the total fibrinogen level.® The suggested mech-
anism is that the FGG variant favors formation of the
abundant y-chain isoform (yA) above the minor y-chain
(v') through alternative splicing of the mRNA of the FGG-
gene.**® Fibrinogen v’ exhibits an inhibitory activity
towards thrombin, due to a high affinity binding site on
they’ chain for thrombin exosite II,** which inhibits
thrombin-mediated activation of factor VII[,** factor V*
and platelets.” Moreover, fibrinogen y’ has been shown to
increase the activated protein C (APC) sensitivity.”
However, studies on the association between low plasma
levels of fibrinogen Yy and VTE risk have shown some-
what inconsistent results."**

Current anticoagulant prophylaxis regimens efficiently
prevent first VTE in cancer patients, but at the expense of
a substantial risk of major and life-threatening bleedings.”
Therefore, current international guidelines do not recom-
mend prophylactic anticoagulation to all ambulatory can-
cer patients.”" Thus, it is vital to recognize patients that
are at high risk of cancer associated VTE, in order to iden-
tify those who would benefit most from thromboprophy-
laxis. Prothrombotic genotypes are attractive biomarker
candidates, which could be used to distinguish between
high and low risk of VTE in cancer patients, since they are
fixed and not affected by the clinical status or treatment-
related factors. In the present study, 6.4% of cancer
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Figure 2. Cumulative incidence of
venous thromboembolism in the pres-
ence of FGG rs2066865 risk alleles
during the active cancer period. VTE:
venous thromboembolism; m: months.

Table 4. Measures of interaction between the homozygous fibrinogen gamma (FGG) variant and active cancer on venous thromboembolism.

Rothmans synergy index (RSI)

Relative excess risk by interaction (RERI)

Proportion due to interaction (AP)

(95% CI) (95% CI) (95% CI)
FGG 152066865
VTE 1.81 (1.02-321) 9.6 (:24216) 043 (0.11:0.74)
PE 2.37 (1.05-5.39) 134 (48317 0.56 (0.21-0.90)
DVT 1.46 (0.65-3.27) 6.3 (-9.6-22.1) 0.30 (-0.24-0.83)

Rothmans synergy index (RSI) >1 indicates a positive interaction or more than additivity; Relative excess risk by interaction (RERI) >0 indicates a positive interaction or more
than additivity; Proportion due to interaction (AP) >0 indicates a positive interaction or more than additivity. VTE: venous thromboembolism; PE: pulmonary embolism; DVT:

deep vein thrombosis; C: confidence interval.

patients with two risk alleles at FGG rs2066865 developed
VTE during the first six months after cancer diagnosis
compared to 3.1% of cancer patients without risk alleles.
Our findings suggest that FGG may be an attractive gene
candidate to pursue in future research on prediction mod-
els of VTE risk in cancer patients. We and others have pre-
viously reported similar discriminative power of two vari-
ants in the F5 gene (rs6025 and rs4524),”* and a genetic
model including nine SNP reported promising predictive
capacity on VTE risk in breast cancer.” Recently, a new
risk prediction model for cancer-related VTE, including
clinical characteristics and genetic variants, reported a
strong predictive capacity with an area under the curve
(AUC) of 0.78 and performed better that the Khorana
score (AUC 0.58).%

The main strengths of present study are the prospective
design, high participation rate and long-term follow-up,
making it possible to capture a large quantity of both inci-
dent cancer- and VTE-events in the study population.
Since all participants live within a single hospital catch-
ment area, the probability of missing outcomes is low.

Moreover, both incident VTE-events and cancer diagnoses
were systematically validated and objectively confirmed.
The study was limited by the lack of statistical power in
sub-group analysis (i.e. DVT/PE), illustrated by wide CI
for our risk estimates. In addition, we did not have access
to information on treatment regimens or medical compli-
cations among cancer patients. Although there is no rea-
son to believe that the type or intensity of treatment
would be influenced by the genetic makeup, such data
could have provided further insights into the possible
interplay between genes and treatment-related risk fac-
tors.

In conclusion, we found that homozygosity at FGG
152066865 was associated with an increased risk of VTE,
and yielded a synergistic effect on the VTE risk in combi-
nation with active cancer, particularly on the risk of PE.
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ABSTRACT

eavy menstrual bleeding is common in adolescents. The frequency

and predictors of bleeding disorders in adolescents, especially with

anovulatory bleeding, are unknown. Adolescents referred for heavy
menstrual bleeding underwent an evaluation of menstrual bleeding pat-
terns, and bleeding disorders determined a priori. The primary outcome was
the diagnosis of a bleeding disorder. Two groups were compared: anovula-
tory and ovulatory bleeding. Multivariable logistic regression analysis of
baseline characteristics and predictors was performed. Kaplan Meier curves
were constructed for the time from the first bleed to bleeding disorder diag-
nosis. In 200 adolescents, a bleeding disorder was diagnosed in 33% (n=67):
low von Willebrand factor levels in 16%, von Willebrand disease in 11%,
and qualitative platelet dysfunction in 4.5%. The prevalence of bleeding
disorder was similar between ovulatory and anovulatory groups (31% vs.
36%; P=0.45). Predictors of bleeding disorder included: younger age at first
bleed (OR: 0.83; 95%CI: 0.73, 0.96), Hispanic ethnicity (OR: 2.48; 95%CI:
1.13, 5.05), non-presentation to emergency department for heavy bleeding
(OR: 0.14; 95%CI: 0.05, 0.38), and International Society on Thrombosis and
Haemostasis (ISTH) Bleeding Assessment Tool score =4 (OR: 8.27; 95%CI:
2.60, 26.44). Time from onset of the first bleed to diagnosis was two years
in the anovulatory, and six years in the ovulatory cohort (log-rank test,
P<0.001). There is a high prevalence of bleeding disorders in adolescents
with heavy periods, irrespective of the bleeding pattern. Among bleeding
disorders, the prevalence of qualitative platelet dysfunction is lower than
previously reported.

Introduction

Heavy menstrual bleeding (HMB) is common in adolescents after menarche.!
Anovulation is the most common etiology of HMB and is expected to persist for up
to five years.” Underlying bleeding disorders (BD) are another important etiology of
HMB affecting up to 20% of adults and 13-60% of adolescents.® A large body of
research has focused on the prevalence of BD in adult women and its predictors. In
contrast, pediatric literature on BD frequency has only been recently accrued. Most
data are retrospective and prevalence studies by and large excluded women with
anovulatory bleeding.*® Data on predictors of BD in adolescents with HMB, when
anovulation is most prevalent, are scant and it is difficult to determine whom to
screen for BD.?
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Our study aimed to describe the frequency, predictors,
and time from bleeding onset to BD diagnosis in a
prospective cohort of adolescents with HMB, using a well-
defined and rigorous protocol of hemostasis testing and
platelet function analysis. We hypothesized that the fre-
quency of undiagnosed BD in adolescents with HMB
would be similar to adults, and that the menstrual bleed-
ing pattern will not predict a BD.

Methods

Postmenarchal adolescents up to 18 years of age referred for
HMB without a diagnosis of BD were eligible to participate
(Figure 1). Participants were enrolled prospectively from the
Young Women’s Blood Disorders Program at The University of
Texas Southwestern (UTSW), Dallas, TX (primary site), USA, and
the Children’s Hospital of Buffalo (CHOB), NY, USA (external site)
between July 2014 and December 2017, after informed consent
and/or assent.” The institutional review board at both UTSW and
CHORB (Institutional Review Board numbers: STU 102014-001
and 00003126, respectively) approved the study. Participants were
excluded if they did not complete: 1) a minimum of two visits and
2) the minimum BD evaluation, decided a priori.

Definitions

Heavy menstrual bleeding was defined by menstrual duration
=7 days with a sensation of “gushing” or “flooding” or bleeding
through a pad or tampon for <2 hours.?” Based on the pattern of
HMB in the entire cohort, participants were classified and com-
pared among two groups: the anovulatory HMB group was
defined as having menstrual duration <21 or >45 days; the ovula-
tory HMB group was defined when this menstrual pattern was
not present."’

Laboratory testing

All participants underwent testing that included complete blood
count, serum ferritin, prothrombin time (PT), activated partial
thromboplastin time (aPTT), fibrinogen, von Willebrand Factor
(vWEF) analysis (repeated at least twice for every participant),
platelet aggregation (repeated if abnormal), Factor (F) XI, EXIII fac-
tor assays and systemic hyperfibrinolysis assessment using rota-
tional thromboelastometry (ROTEM)." This comprised the mini-
mum BD evaluation for retention into the final analysis.

Iron deficiency/iron deficiency anemia
We defined anemia as hemoglobin <110 g/L and iron deficiency
as serum ferritin levels < 20 ug/L.

Bleeding assessment tools
Pictorial Blood Assessment Chart (PBAC) - a PBAC score was com-

puted for all participants, and an average score of three cycles was
taken as the final score."” Standardized pads and tampons were
not provided.

Outcomes

The primary outcome of the study was the diagnosis of BD
defined as low von Willebrand disease (vWD), qualitative platelet
dysfunction (QPD), clotting factor deficiencies or hyperfibrinoly-
sis.

Statistical analysis

Sample size - based on adult data,*” we assumed that 20% of
adolescents with HMB, irrespective of menstrual bleeding pattern,
will be diagnosed with BD within six months from study entry;
with a total of 180 patients, we estimated the rate of BD in this
group with such precision that the 95% confidence interval has a

half-length smaller than 8%.1*

Main outcome

The frequency of BD was compared among groups using %’
test.

A multivariable logistic regression model was built following
the technique described by Hosmer, Lemeshow, and Sturdivant.”
Variable selection was performed using the stepwise procedure.

Kaplan-Meier curves were constructed from the first bleed to
BD diagnosis for the entire cohort and the main two groups and
compared using the log-rank test.

Further information on the methods used is available in the
Online Supplementary Appendix.

Results

Demographic and clinical characteristics

Two hundred and thirty-five consecutive adolescents
were enrolled during the study period, of which 200 par-
ticipants met eligibility criteria, and had complete out-
come data: 185 from UTSW and 15 from CHOB. The
median age of participants was 15 years (y) (Table 1), and
28% were Hispanic. Fifty-five percent had normal body
mass index (BMI) as determined by Center for Disease
Control (CDC) growth charts. The median age at menar-
che was 12 years, and BD evaluation occurred at a median
of three years from menarche. Thirty-three percent pre-
sented to the Emergency Department (ED) for evaluation
and management of HMB; 25% needed to be hospital-
ized, of which 19% received packed red blood cells
(pRBC). The mean PBAC score was 386 [standard devia-
tion (SD), 243] and the ISTH score was 3.5 (SD 1.3). A

Referral by
PCP
Referral by TO 3 months 6 months
ED Presentation s | Bleeding
to Young i Disorder
Referral by Women’s I ] ] established
Hospitalists Clinics or
Bleeding Bleeding Bleeding Discharge
Referral by Disorder Disorder Disorder
community work-up work-up work-up
OB/GYNs

Figure 1. Study design. Prospective, multicenter, observational study of adolescents presenting with heavy menstrual bleeding.
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family history of bleeding symptoms or established BD  istration for HMB compared to those with ovulatory pat-
was present in 21% and 6.5%, respectively. Family histo-  tern bleeding.
of gynecologic or obstetric bleeding was present in
60%: 57% (n=114) with HMB alone; 1.5% (n=3) with Frequency and types of bleeding disorders and
HMB and post-partum hemorrhage (PPH) (n=3), and 1.5%  additional bleeding symptoms
(n=3) had only PPH. Of the first-degree relatives with Overall, 33% (n=67) of adolescents were diagnosed
HMB, 38% underwent hysterectomy for HMB (n=44) and ~ with a BD. Among those with BD, there were no differ-
2% underwent endometrial ablation (n=2) to control ences in the frequency of BD in the anovulatory and the
HMB. Thirty-six percent (n=72) had iron deficiency ane- ovulatory HMB groups (31% vs. 36%; P=0.45). Low vWF
mia, 29% (n=57) had iron deficiency alone, and overall levels were detected in 57% (n=38 of 67); 25% (n=17 of
iron deficiency was documented in 65% (n=129). 67) were diagnosed with vWD (type 1=13, type 2=4),
Participants with anovulatory HMB had a higher BMI  18.5% (n=9 of 67) with QPD, and two participants were
(66.7% vs. 36%) and increased frequency of refractory found to have coagulation factor deficiencies (one with
HMB (34% vs. 19%), ED visits (42 % vs. 25%), hospital-  mild FVIII deficiency (FVIII:C= 29%) and mild FXIII defi-
izations (28% vs. 17 %), and pRBC (24% vs. 14%) admin-  ciency (FXIII: 40%). One participant, referred for HMB
Table 1. Baseline characteristics of the entire study cohort and according to menstrual bleeding pattern.
All patients Anovulatory HMB Ovulatory HMB
(N=200) (N=100) (N=100)
n (%) ) n (%)

Age, y 15 (10-19) 14 (10-18) 15 (11-19)
Ethnicity

Hispanic 56 (28) 33(33) 23 (23)
Non-Hispanic 144 (72) 67 (67) )
Race

White 131 (65) 70 (70) 61(61)

Black 41 (205) 13 (13) 28 (28)

Other 28 (14) 17 (I7) e
BMI, kg/m? 23-3 (14:5-55) 244 (17-55) 229 (14:5-44)

Normal weight 110 (55) 45 (45) 65 (65)
Overweight/Obese 90 (45) 55 (55) 35 (35)
Age at menarche, y 12 (9-15) 12 (9-15) 12 (9-15)
Years since menarche 3 (1-4) 3 (1-4) 3 (1-4)
Time to HMB, y 05 (0-5) 05 (0-5) 04 (0-5)
Age at first bleed 12 (2-17) 12 (2-16) 12 2-17)
Refractory HMB® 53 (265) 34 (34) 19 (19)
Presentation to ED for HMB® 67 (33.5) 42 (42) 25 (25)

<1 visit 47 (235) 26 (26) 21 21)

> 2 visits 19 (95) 15 (15) 4(4)
Hospitalizations for HMB 45 (22-5) 28 (28) 17 (17)
pRBC 38 (84) 24 (36) 14 (82)
Parenteral Iron 76 (38) 36 (36) 40 (40)
PBAC at study entry** 386 (243) 497 (274) 345 (201)
ISTH-BAT* 35(13) 34(13) 35 (13)
FMH of bleeding or BD 55 (275) 28 (28) 97 (1)
FMH of gynecologic or obstetric bleeding 120 (60) 55 (55) 65 (65)
Hypermobility 20(20) 9(23) 1(17)
Hemoglobin, g/L 118 (34-164) 117 (39-15) 118 (34-164)
Ferritin, ng/mL § (09-78) 102 (09— 170) 72 (198)
TSH, mIU/L 1-5 (1:2-8:4) 1.7 (0-5-8-4) 14 (12-5-1)
BD diagnosis 67(33) 31(31) 36(36)
Values are medians with interquartile ranges except normally distributed variables marked with an asterisk; mean and standard deviations are reported. BMI: body mass index;
ED: emergency department; HVB: heavy menstrual bleeding; ISTH-BAT: International Society of Thrombosis Haemostasis-Bleeding Assessment Tool; pRBC: packed red blood
cells; PBAC: pictorial blood assessment chart; TSH: thyroid-stimulating hormone;y: years. Statistically significant differences between the anovulatory and ovulatory groups were
found for refractory HMB, presentation to ED and PBAC @ # $P=0.01.
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Time in years from first bleed to bleeding disorder diagnosis

® Table 2. Types of bleeding disorders in the whole group and according to menstrual bleeding pattern.
All patients Anovulatory HMB Ovulatory HMB
(N=200) (N=100) (N=100)
n (%) n (%) n (%)
Low 38 (19) 14 (14) 24 (24)
vWF 17 (8.5) 12 (12) 5(5)
Type 1 13 (6.5) 5(5) 8(8)
Type 2 4(2) 3(3) 1(1)
Qualitative platelet dysfunction 9(2) 5(5) 4(4)
Clotting factor deficiencies 2 (15) 2(2) -
Symptomatic hemophilia carrier 1(0.5) 1(1) -
vWF: von Willebrand factor; vWD: von Willebrand disease.
A B
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Time in years from first bleed to bleeding disorder diagnosis according to group

Figure 2. Kaplan-Meier curves showing time from the first bleeding event to bleeding disorder diagnosis. (A) Time until diagnosis for the entire group. (B) Time
according to the menstrual bleeding group. The number of patients diagnosed according to the group is shown at the bottom of the graphic, on the x-axis.

four years after menarche because of a brother with FVIII
deficiency, was diagnosed to be a symptomatic hemophil-
ia carrier (FVIIL: 124%; positive for a pathogenic type 1
intron 22 inversion mutation (F8 c.6429+¢_6430-¢ inv.).
None of the participants showed evidence of systemic
hyperfibrinolysis based on our testing protocol, though
specific testing for plasminogen activator inhibitor or
antiplasmin deficiency were not performed (Table 2 and
Ounline Supplementary Tables S3 and S4). Of those diag-
nosed with BD, 29 (43%) had HMB as the sole complaint,
21 (31%) had one additional, 12 (18%) had two, four (6%)
had three, and one participant had five additional bleeding
symptoms. Of those without BD, 118 (88%) had HMB as
the sole complaint; 12 (9%) had one, and 3 (2%) had two
additional bleeding symptoms in addition to HMB (Online
Supplementary Table S5).

Predictors of bleeding disorders

The results of the univariable logistic regression of
potential predictors of BD are shown in Table 3. The final
model (multivariable, stepwise logistic regression) includ-
ed four predictors: younger age at first bleeding event,
Hispanic ethnicity, non-presentation to ED, and ISTH BAT
score of =4.

- haematologica | 2020; 105(7)

Time to diagnosis

Kaplan-Meier curves showed that the median time from
the first bleed to BD diagnosis was four years (range 2-5)
in the entire cohort, two years (range 1-3) in the anovula-
tory group, and six years (range 4-9) in the ovulatory
group. There was a significant difference in time to diag-
nosis across groups (log-rank test, P<0.0001) (Figure 2).

Concomitant non-hemostatic disorders

Twenty-three participants with BD were diagnosed
with additional disorders: three (1.5%) with polycystic
ovarian syndrome, and four with uterine structural abnor-
malities (three with endometriosis and one with uterine
polyps). Four participants without BD were diagnosed
with vWEF exon 28 polymorphism p.D1472H (suspected
based on isolated decreased vWF:RCo) (Table 4). Only 100
participants underwent a joint exam for benign joint
hypermobility (BJH); of those, 20 met criteria for BJH.

Discussion

Our study systematically investigated adolescents with
HMB and showed that 33% had a BD. Almost 80% of
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Tatr)llert3. Univariate and multivariate analyses of the association between baseline patient characteristics and bleeding disorder in the entire ®
cohort.
Parameter OR for BD 95% CI P
UNIVARIATE ANALYSIS
Intercept
Age,y 0-98 0.84,1.14 0.802
Ethnicity
Hispanic 1.95 1.03,3.70 0.038
Non-Hispanic
Race
White 1.74 045, 6.65 0.416
Black 1-38 0.32,5.90 0.665
Other
Age at menarche, y 1.02 0.84,1.25 0.789
Time to HMB, y 0-84 0.65, 1.09 0.199
Age at first bleed, y 0-74 0.66, 0.84 <0.0001
Refractory HMB
Yes 1.72 0.90, 3.30 0.099
No
Surgical bleeding
Yes 4.57 1.28,16.31 0.019
No
Dental bleeding
Yes 542 1.02, 28.78 0.047
No
Presentation to ED for HMB
Yes 0-50 0.26,0.97 0.042
No
Hospitalization for HMB
No 2.03 0.93,4.42 0.072
Yes
pRBC
Yes 0-55 0.24,1.24 0.151
No
Need for IV iron
Yes 1-39 0.76, 2.54 0.275
No
PBAC 1001 1.0001, 1.002 0.036
ISTH BAT score
=3 1-83 0.70,4.7 0.217
=4 451 1.91, 10.64 0.0006
<
FMH of bleeding or BD
Positive 3.09 1.61, 6.42 0.0007
Negative
FMH of GYN/OB bleeding
Positive 2:23 1.16, 4.29 0.015
Negative
Hemoglobin, g/L 0.99 0.97,1.01 0.752
Ferritin, pmol/L 1.00 0.97,1.02 0.980
MULTIVARIATE ANALYSIS
Intercept
Age at first bleed, y 0-83 0.73, 0.96 0.011
Ethnicity

haematologica | 2020; 105(7) -
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Hispanic 248 1.13,5.05 0.021
Non-Hispanic
ED evaluation for HMB
Yes 0-14 0.05, 0.38 <0.0001
No
ISTH BAT score
=3 157 0.54,4.13 0.435
>4 8.27 2.60,26.44 0.0004
<)
C-statistic: 0.78

BMI: body mass index; ED: emergency department; HMB: heavy menstrual bleeding; ISTH-BAT: International Society of Thrombosis Haemostasis-Bleeding Assessment Tool; pRBC:
packed red blood cells; PBAC: pictorial blood assessment chart; TSH: thyroid-stimulating hormone; y: years.

those with BD had a diagnosis of either low vWF or vWD.
Our findings suggest that BD are equally prevalent in the
anovulatory or ovulatory pattern of menstrual bleeding.
Identification of adolescents with BD is the first step in
preventing delays in diagnosis and, by extension, long-
term untoward complications of BD. HMB soon after
menarche is traditionally deemed as “hormonal,” and
anovulation is the default etiology. These findings have
implications for clinicians who routinely manage adoles-
cents with HMB: screening or referral for screening for BD
is appropriate, irrespective of the pattern of menstrual
bleeding.

Seravalli et al. investigated the frequency of BD in ado-
lescents, dividing participants into two groups based on
whether abnormal uterine bleeding started in the first two
years from menarche or later. Overall, 48% of adolescents
were diagnosed with a hemostatic defect (18% with QPD,
14% with vWD, 13% with clotting factor deficiencies,
and 7% with an increase in bleeding time), but there were
no differences in the prevalence of BD between the groups
(44% vs. 59%; P=0.17). Philipp et al. also reported that
adolescents and peri-menopausal women were just as
likely to have hemostatic defects as were women aged 20-
44 years;" the former age brackets representing periods of
anovulatory menstrual bleeding. Furthermore, Vo et al.
reported that adolescents with BD were more likely to
perceive and report their menstrual cycles as irregular.’®
These studies had certain limitations, such as retrospec-
tive data collection, and a lack of uniform and comprehen-
sive laboratory investigation.

In our cohort, younger age at first bleeding event,
Hispanic ethnicity, non-presentation to the ED for HMB,
and ISTH BAT score of =4 were identified as predictors of
BD. Younger age at first bleeding event is known to be
associated with hemostatic evaluation and BD diagnosis,
representing those with an earlier phenotypic expression
or more severe bleeding phenotype. Hispanic girls in our
cohort were more likely to have a BD, even though non-
Hispanics made up the majority. Previous studies have
included mostly non-Hispanics; more specifically, women
of eastern European ancestry and a lower prevalence of
vWD and higher levels of VWEF antigen, vWF activity, and
EVIII have been reported in black women,””* which can
explain these findings. Adolescents who presented to ED
for evaluation and management of HMB in our cohort
were less likely to have a BD, which is similar to results
from another multicenter analysis.” This may be further
explained by: a) negative family history of HMB (60% of
adolescents did not have a first-degree relative with HMB

and the caregivers of these adolescents were likely unpre-
pared to manage HMB at home); and b) 55% presenting to
the ED had anovulatory bleeding (generally deemed diffi-
cult to manage with conventional route and doses of hor-
mones).” Moreover, 67% of those with anovulatory
bleeding were overweight or obese, the latter being asso-
ciated with gonadal steroid hormone changes that result
in disruption of ovulation and menstrual irregularities
including HMB.** Previous studies show that adolescents
who present acute symptoms and require hospitalization
are more likely to have an underlying BD that was report-
ed only in descriptive analyses, showing 19% and 33% of
patients with abnormal uterine bleeding and coagulation
disorders when compared with 74% and 67 % without,
respectively.””

When objectively assessing bleeding in patients with
BD, consensus guidelines recommend the use of BAT.”
The ISTH BAT has been shown to optimally identify BD
in both adults and children; the pediatric cut-off able to
optimally discriminate between no BD and a possible BD
is a score of =23.” Instead, we identified a score of =4 to be
predictive of BD. Recently, using identical data, ISTH-BAT
was shown to be more sensitive for assessment of HMB
in women with low vWF levels compared with other BAT,
supporting a need to investigate and validate a higher
“adolescent” specific cut-off.” The ISTH BAT score of =4
in those with BD was driven mostly by the presence of
additional bleeding symptoms with HMB; 57% of adoles-
cents with BD had other bleeding symptoms compared to
12% in those without BD. Previous data clearly show that
the number of hemorrhagic symptoms is higher in the
young when a more severe bleeding phenotype or disor-
der is present.”** The presence of at least three bleeding
symptoms, irrespective of severity, result in 99.5% speci-
ficity for the most common bleeding disorder, vWD, a
finding that has been confirmed in the pediatric age
group.”

The median time from onset of the first bleeding symp-
tom to BD diagnosis was four years in the entire cohort,
two years in the anovulatory, and six years in the ovulato-
ry group. Adolescents with anovulatory HMB had heavier
(mean PBAC score 427 vs. 345) or difficult to manage
menses, resulting in an earlier referral and diagnosis,
accounting for an earlier diagnosis. Lavin et al., on the
other hand, have reported no differences in age at diagno-
sis for women with low vWF levels who reported HMB to
physicians compared to those who did not go to the doc-
tor (age 34.2 vs. 33.4 years; P=0.7).” Even though the time
to diagnosis in our cohort is a significant improvement
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Table 4. Prevalence of non-hemostatic disorders and concomitant disorders.

Anovulatory HMB Ovulatory HMB
BD
(n=36)
PCOS 3 3 0 0
BJH** 3 1 6 4
Uterine structural ab. 1¢ 1" 3ee 0
Systemic disorders 6* 10! 1* 4
Exon 28 polym. 0 1 0 3

ab: abnormalities; BD: bleeding disorder; PCOS: polycystic ovarian syndrome; BJH: benign joint hypermobility; polym: polymorphism. **BJH assessment was performed only
on 100 participants. Systemic or medical disorders: *depression (n=4),remote history of cancer (n=1),and hypothyroidism (n=1); 'depression (n=3),asthma requiring medica-
tions (n=3), remote history of cancer (n=3), hypothyroidism (n=1); #one had juvenile rheumatoid arthritis; *depression (n=1), diabetes mellitus (n=2); celiac disease (n=1).
Uterine structural abnormalities; “one had endometriosis; “one had erosive vaginitis from tampon use; ““two were diagnosed with endometriosis,and one was diagnosed with

uterine polyps.

from the average delay of 16 years previously reported in
women with BD,* it highlights the importance of hema-
tologists in the care of adolescents with HMB. For primary
care practitioners, the relatively high prevalence of vWD
in adolescent HMB is a reminder to test for vWD. A recent
retrospective analysis of a large national claims database
of 23,888 post-pubertal girls and adolescents with HMB
observed a very low rate of screening for vWD of only 8%
in those with HMB and 16% in those with severe HMB.*

The strengths of our study include the largest powered
adolescent cohort ever prospectively examined.
Participants underwent a uniform, protocolized evalua-
tion for BD compared to “tiered” testing based on suspi-
cion of a BD. Another finding of interest is an overall
lower prevalence of QPD than that previously reported in
the literature, where initial abnormal platelet aggregation
was not repeated for confirmation. We diagnosed QPD
based on reproducible findings, an approach that had been
not undertaken in previous studies, leading to the overes-
timation of QPD (Online Supplementary Table S4 and Online
Supplementary Figure S1).

Our study has some limitations. Although we consecu-
tively enrolled unselected adolescents with HMB, they
had, in effect, already been selected by their referring
providers. This referral bias probably led to a higher fre-
quency of BD in our center compared to primary care set-
tings. This bias, however, is inherent to all studies carried
out in tertiary care centers. The overall frequency of BD in
our cohort is lower than that in previously reported data
from other multidisciplinary clinics (33% vs. <60%) and is
reflective of the stringent criteria used to diagnose BD. We
also excluded patients referred for abnormal coagulation
profiles, including initial abnormal vWF analysis, which
may have under-estimated the prevalence of BD in our
cohort.
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ABSTRACT

ric acid is a danger signal contributing to inflammation. Its relevance

to allogeneic stem cell transplantation (alloSCT) derives from preclin-

ical models where the depletion of uric acid led to improved survival
and reduced graft-versus-host disease (GvHD). In a clinical pilot trial, peri-
transplant uric acid depletion reduced acute GvHD incidence. This prospec-
tive international multicenter study aimed to investigate the association of
uric acid serum levels before start of conditioning with alloSCT outcome.
We included patients with acute leukemia, lymphoma or myelodysplastic
syndrome receiving a first matched sibling alloSCT from peripheral blood,
regardless of conditioning. We compared outcomes between patients with
high and low uric acid levels with univariate- and multivariate analysis using
a cause-specific Cox model. Twenty centers from 10 countries reported data
on 366 alloSCT recipients. There were no significant differences in terms of
baseline co-morbidity and disease stage between the high- and low uric acid
group. Patients with uric acid levels above median measured before start of
conditioning did not significantly differ from the remaining in terms of acute
GvHD grades II-IV incidence (Hazard ratio [HR] 1.5, 95% Confidence inter-
val [CI]: 1.0-2.4, P=0.08). However, they had significantly shorter overall sur-
vival (HR 2.8, 95% CI: 1.7-4.7, P<0.0001) and progression free survival (HR
1.6, 95% CI: 1.1-2.4, P=0.025). Non-relapse mortality was significantly
increased in alloSCT recipients with high uric acid levels (HR 2.7, 95% CI:
1.4-5.0, P=0.003). Finally, the incidence of relapse after alloSCT was
increased in patients with higher uric acid levels (HR 1.6, 95% CI: 1.0-2.5,
P=0.04). We conclude that high uric acid levels before the start of condition-
ing correlate with increased mortality after alloSCT.
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Introduction

High treatment-associated complication rates remain an
important challenge to the success of allogeneic
hematopoietic stem cell transplantation (alloSCT). A com-
mon mechanism of the major infectious- and non-infec-
tious complications after alloSCT, such as graft-versus-host
disease (GvHD) and sepsis, is severe inflammation.
Critical to excess inflammation after alloSCT are host bio-
molecules termed ‘endogenous danger signals’, which can
initiate and maintain non-infectious inflammatory
responses by acting as pro-inflammatory mediators."” One
such molecule is uric acid. During conditioning for
alloSCT, wuric acid is released from injured cells and
reduced renal clearance may contribute to high uric acid
serum levels.** Uric acid acts as a danger signal by enhanc-
ing T-cell responses via activation of the NOD-like recep-
tor protein (NLRP) 3 inflammasome.>® A pre-clinical study
has provided basic evidence on the regulation of GvHD by
uric acid via Nlrp3 inflammasome-mediated IL-1 produc-
tion.” The significance of uric acid for alloSCT outcome
has been underlined by results from a pilot study reporting
reduced incidence of acute GVHD in patients undergoing
alloSCT after depletion of uric acid using urate oxidase.®

Based on these results, and because uric acid is a routine
laboratory parameter assessed in patients undergoing
alloSCT, there is a strong rationale to investigate the use
of uric acid as a biomarker and possibly as a therapeutic
target during alloSCT. To study the role of uric acid levels
in alloSCT, the Transplant Complications Working Party
(TCWP) of the European Society for Blood and Marrow
Transplantation (EBMT) performed a prospective, multi-
center, non-interventional study. We hypothesized that a
high uric acid level prior to alloSCT is an independent risk
factor for increased mortality and for the development of
severe acute GvHD.

Methods

Data source, study design and data collection

We asked EBMT centers performing more than 50 alloSCT per
year if they were willing to participate in this prospective study.
Twenty centers in ten countries agreed to participate. Data collec-
tion for the EBMT registry was approved by the institutional
review board and/or Ethics Committee in all centers. Data were
prospectively collected between August, 2014 and February,
2018. Consecutive alloSCT recipients with acute leukemia, lym-
phoma or myelodysplastic syndrome (MDS) receiving a first
matched sibling alloSCT from peripheral blood, regardless of con-
ditioning, were eligible, provided they had signed an informed
consent document that permitted sharing of clinical data accord-
ing to national rules. Basic data on patient and disease characteris-
tics as well as longer term follow-up was taken from minimal
essential data (MED-A) forms, which are submitted from all con-
secutive patients to the central EBMT registry. In addition, we
designed registration and MED-B/C forms that were prospectively
collected and specific to this study (see the Online Supplementary
Materials and Methods). The MED-B/C form contained detailed
information on uric acid serum levels prior to alloSCT, patient
characteristics, infectious- as well as non-infectious complications,
GvHD staging, morbidity and mortality. Uric acid levels were
determined at the time of hospital admission for alloSCT directly
before the start of conditioning therapy. Treatment teams com-
pleted the specific forms at the time of registration and at day
+100 after alloSCT.

Endpoints and statistical analyses

Patient, disease, and transplant-related characteristics for the
two cohorts (uric acid levels prior to alloSCT above median / uric
acid levels below median) were compared by using 2 statistics for
categorical variables and the Mann-Whitney test for continuous
variables. The primary endpoint was the incidence of acute
GvHD. Secondary endpoints were relapse incidence (RI), non-
relapse mortality (NRM), overall survival (OS), progression free
survival (PES) and the incidence of chronic GvHD. PES was
defined as survival with no evidence of relapse or progression. RI
was defined as the probability of having had a relapse during fol-
low-up time. Death without experiencing a relapse was a compet-
ing event. NRM was defined as death without evidence of relapse
or progression. OS was defined as the time from alloSCT to death,
regardless of the cause. Acute GvHD was graded according to the
modified Seattle-Glucksberg criteria’ and chronic GvHD accord-
ing to the revised Seattle criteria.” Cumulative incidence was used
to estimate the endpoints of NRM, RI, acute and chronic GvHD to
accommodate for competing risks. To study acute and chronic
GvHD, we considered relapse and death to be competing events.
Probabilities of OS and PFS were calculated using the Kaplan—
Meier method. Univariate analyses were done using the Gray test
for cumulative incidence functions and the log rank test for OS
and PFS. A Cox proportional hazards model was used for multi-
variate regression. All variables differing significantly between the
two groups or factors associated with one outcome in univariate
analysis were included in the Cox model. The following variables
entered the multivariate models as possible confounders: age, sex
mismatch between recipient and donor, diagnosis, disease status,
Karnofsky score, number of CD34 cells given, intensity of condi-
tioning (EBMT definition: myeloablative conditioning (MAC) was
defined as total body irradiation (TBI) >6 Grey or oral busulfan >8
mg/kg or intravenous busulfan >6.4 mg/kg), type of GvHD pro-
phylaxis, ATG use, time from diagnosis to transplant, year of
transplant and CMV status. As the number of variables was too
high regarding the number of events, a stepwise selection using
Akaike information criterion (AIC) was run for all the confound-
ing factors. The difference between the two cohorts was then
assessed in the final selected model.

Results were expressed as the hazard ratio (HR) with the 95%
confidence interval (95% CI). Proportional hazards assumptions
were checked systematically for all proposed models using the
Grambsch-Therneau residual-based test. All tests were two-sided.
The type [ error rate was fixed at 0.05 for the determination of fac-
tors associated with time-to-event outcomes. Statistical analyses
were performed in November 2018 with R 3.4.2 (R Core Team
(2017). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL
hps://www.R-project.org/.)

Results

Patients, transplant characteristics and uric acid
measurement

The entry criteria for analysis of primary and secondary
endpoints were fulfilled in 386 patients. We used the last
uric acid serum level that was masured in the individual
patients before start of conditioning. The median time
point of measurement was three days before start of con-
ditioning. The range was between 0 days (morning before
start of conditioning) to 22 days before conditioning. The
main patients and transplant characteristics that were
included in the analysis of OS are described in Table 1.
Most parameters were balanced between the two cohorts.
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Table 1. Patient characteristics. ¢
Uric acid <4.3 mg/dL (n=186) Uric acid >4.3 mg/dL (n=180)
Year of transplant median (range) [IQR] 2015 (2014-2018) [2015-2017] 2015 (2014-2018) [2014-2016] 0.10
Patient age (years) median(range) 52 (17-71) 55 (20-71) 0.11
Time from diagnosis to transplant 4 (1-61) 5 (1-71) 0.09
(months) median (range)
Sex mismatch
Female to male 30 (17%) 52 (29%) 0.005
Other combination 148 (83%) 125 (71%)
Missing 8 3
Diagnosis
Acute leukemia 130 (70%) 118 (66%) 0.7
Lymphoma 17 (9%) 19 (10%)
MDS 39 (21%) 43 (24%)
Disease status
CR 120 (66%) 125 (72%) 0.2
Not in CR 61 (34%) 48 (28%)
Missing 5 7
DRI 0.7
Low 8 (4%) 7(4%)
Intermediate 107 (60%) 105 (63% )
High S1(30%) 49 (30%)
Very high 10 (6%) 5(3%)
Missing 10 14
ATG
No 100 (54%) 106 (59%) 0.3
Yes 86 (46%) 74 (41%)
Conditioning intensity
MAC/Chemo 46 (25%) 37 (21%) 0.2
MAC/TBI 36 (20%) 26 (15%)
RIC 102 (55%) 115 (64%)
Missing 2 2
GvHD prophylaxis
Calcineurin inhibitor + MMF 85 (48%) 84 (47%) 0.6
Calcineurin inhibitor + MTX 64 (36%) 71 (40%)
Calcineurin inhibitor mono 27 (15%) 22 (12%)
Missing 10 3
Donor/patient CMV 0.2
- 28 (16%) 38 (21%)
Other 146 (83%) 136 (78%)
Missing 12 6
Karnofsky score 0.14
10-80 38 (21%) 27 (15%)
90-100 140 (78%) 149 (84%)
Missing 8 4
HT-Cl = 0 64 (50%) 56 (40%) 0.19
HT-CI =1 or 2 20 (15%) 32 (23%)
HT-CI =3 45 (35% ) 51 (37%)
Missing 57 41
MDS: myelodysplastic syndrome; IQR: interquartile range; CR: complete remission; DRI: disease risk index; ATG: anti-thymocyte globulin; MAC: myeloablative conditioning; RIC:
reduced intensity conditioning; TBI: total body irradiation; GvHD: graft-versus-host disease; MMF: Mycophenolate mofetil; MTX: Methotrexate; CMV: cytomegalovirus; HT-CI:
hematopoietic cell transplantation cumulative incidence.
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Figure 1. Survival at one year after allogeneic stem cell transplantation. Overall survival (OS) (A) and progression free survival (PFS) (B) after allogeneic stem cell
transplantation (alloSCT) in cohorts according to uric acid serum levels prior to alloSCT: with high uric acid serum levels (blue line), patients with low uric acid levels

(red line).

However, a higher percentage of sex mismatch transplants
in the direction of female donor to male recipient was
observed in the group of patients with uric acid above
median before alloSCT. The frequency of patients with
reduced-intensity conditioning (RIC) versus myeloablative
conditioning (MAC) did not differ significantly between
the high uric acid group and the low uric acid group
(P=0.077). When looking exclusively at TBI (P=0.59) or by
mixing conditioning intensity and TBI (MAC/Chemo vs.
MAC/TBI vs. RIC: P=0.20), no statistically significant dif-
ference could be observed.

Incidence of acute and chronic GvHD

In the present study, the incidence of acute GvHD
grades II-IV and grades III-IV in the whole population at
100 days were 25% and 11%, respectively. We observed
no significant differences in the frequency of clinically sig-
nificant acute GvHD grades II-IV in univariate (HR 1.2,
95% CI: 0.8-1.9, P=0.4) and multivariate (HR 1.5, 95% CI:
1.0-2.4, P=0.08) analysis comparing the high- versus the
low uric acid cohorts. (Table 2 and Table 3). We found no
significant differences in the frequency of acute GvHD
grades III-IV in univariate (HR=1.8, 95% CI: 0.9-3.4,
P=0.08) and multivariate (HR 1.7, 95% CI: 0.9-3.2, P=0.11)
analysis in alloSCT recipients with uric acid levels above
cut-off before transplantation versus those with low uric
acid levels (Table 2 and Table 3).

In the whole population, the incidence of chronic
GvHD at one year and two years was 27% and 40%,
respectively. The incidence of severe chronic GvHD at 1
year and 2 years was 18% and 24%, respectively. We
observed no differences in incidence and severity of
chronic GvHD between the two cohorts (Table 3 and
Table 4). The chronic GvHD incidence was significantly
lower in alloSCT recipients receiving anti-T-cell globulin
(ATG) as part of the conditioning regimen (ATG, HR 0.25
95% CI: 0.18-0.5, P<0.0001).

Survival endpoints
The median follow-up time was 15.2 months (95% CI:
13.1-17.0) and OS in the whole population at 1 year was

Table 2. Univariate global comparison of acute graft-versus-host dis-
ease shown at day +100 after allogeneic stem cell transplantation.

roup Acute GvHD Acute GvHD
1I-IV (95% CI) -1V (95% CI)
Uric acid </=4.3 mg/dL 22% (17-29) 8% (5-13)
Uric acid >4.3 mg/dL 26% (20-33) 14% (9-19)
P-value 0.39 0.08

GvHD: graft-versus-host disease; Cl: confidence interval.

74%. We found, that OS and PFS of alloSCT recipients
with uric acid levels above cut-off, measured before start
of conditioning, were significantly shorter compared with
the low uric acid cohort (Figure 1A, OS univariate HR 2.4,
95% CI: 1.6-3.7, P<0.001; multivariate HR 2.8, 95% CIL:
1.7-4.7, P<0.0001) (Figure 1B, PFS univariate HR 2.0, 95%
CIL: 1.1-8.7, P=0.02; multivariate HR 2.7, 95% CI: 1.4-5.0,
P=0.003). Non-relapse mortality was significantly
increased in alloSCT recipients with high uric acid levels
prior to start of conditioning (Figure 2A, univariate HR 2.0,
95% CI: 1.1-3.7, P=0.02; multivariate HR 2.7, 95% CI: 1.4-
5.0, P=0.003). Multivariate as well as univariate analyses
are shown in Table 3 and Table 4. We conclude that serum
uric acid levels prior to alloSCT are an independent risk
factor for mortality.

At the last follow-up 29.3% of the patients were dead
(49.6% from relapse, 45.2% alloSCT-related causes and
2.6% from other causes). The causes of death in patients
without relapse were mainly due to infection. A descrip-
tive analysis of the causes of death is given in Table 5.

Incidence of infections

We first looked at the incidence of infections in both
cohorts and found no significant differences (multivariate
HR 0.8, 95% CI: 0.6-1.1, P=0.4). We than looked at infec-
tion-related mortality and found a significant higher num-
ber of infection-related deaths in the high uric acid group
(Figure 2C, multivariate HR 2.6, 95% CI: 1.2-5.2, P=0.01).

Incidence of relapse
Since uric acid is known to be released from malignant
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Figure 2. Non-relapse mortality, relapse incidence and infection-related
mortality at one year after allogeneic stem cell transplantation.
Incidence of non-relapse mortality (NRM) (A), relapse incidence (RI) (B)
and infection-related mortality (C) after allogeneic stem cell transplanta-
tion (alloSCT) in cohorts according to uric acid serum levels prior to
alloSCT: patients with high uric acid serum levels (blue line), patients with
low uric acid levels (red line).

Uric acid >4.3 mg/dL HR 95% CI P
versus <4,3 mg/dL

Overall Survival 2,83 1,72 - 4,68 <0.0001
Progression Free Survival 1,59 1,06 - 2,39 0.03
Relapse Incidence 1,59 1,02 - 2,49 0.04
Non-Relapse Mortality 2,65 1,41-5,01 0.003
Chronic GvHD 0,96 0,63 -1,45 0.84
Extensive Chronic GvHD 1,08 0,62 -1,88 0.79
Acute GvHD II-IV 1,52 0,95-243 0.08
Acute GvHD I1I-IV 1,68 0,88-3,19 0.11

GvHD: graft-versus-host disease; HR: hazard ratio; Cl: confidence interval.

tumours, we were interested in a possible connection of
uric acid levels and disease relapse. We found that the
relapse incidence in all patients at 1 year was 13%. The
relapse incidence was moderately increased in the cohort
with higher uric acid levels (Figure 2B, Table 3 and Table
4, univariate HR 1.6, 95% CI: 1.0-2.5; P=0.09; multivariate
HR 1.6, 95% CI: 1.0-2.5, P=0.04).

Discussion
This prospective study identifies uric acid levels, taken

before start of conditioning therapy, as a laboratory bio-
marker to predict mortality after alloSCT.

haematologica | 2020; 105(7)

In animal experiments and in a clinical pilot study the
depletion of uric acid with rasburicase led to a reduced fre-
quency of severe GvHD.”® Therefore, our initial hypothe-
sis was to primarily find an association between uric acid
with acute GvHD and then secondarily with NRM.
However, we found a strong positive association of uric
acid levels with mortality after alloSCT whereas the asso-
ciation between uric acid levels and acute GvHD inci-
dence was not statistically significant. One of the reasons
could be the low incidence of GVHD in our cohort due to
the patient characteristics of human leukocyte antigen
(HLA)-identical sibling transplant with a high proportion
of anti-thymocyte globulin (ATG) use. The use of in vivo
T-cell depletion with ATG in HLA-identical sibling
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® Table 4. Univariate global comparison of overall survival, non-relapse mortality, relapse incidence as well as chronic graft-versus-host disease

incidence and severity at one year after allogeneic stem cell transplantation.

Group (11 PFS RI NRM cGvHD Extensive cGvHD
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Uric acid </=4.3 mg/dL 81% 1% 19% 10% 28% 16%
(75-88) (64-79) (13-26) (6-16) (20-36) (10-24)

Uric acid 66% 56% 27% 17% 26% 18%

>4.3 mg/dL (59-74) (48-64) (20-34) (12-24) (19-33) (12-25)

P-value <0.001 0.001 0.09 0.02 0.43 0.85

OS: overall survival; PFS: progression free survival; NRM: non-relapse mortality; RI: relapse incidence: cGvHD: chronic graft-versus-host disease; CI: confidence intervall.

- haematologica | 2020; 105(7)

alloSCT in European centres increased recently."” This
trend is reflected by a higher frequency of ATG use in the
present study (41-46%) than we had initially expected.

Table 5. Causes of death in both cohorts.
Uric acid <4.3  Uric acid >4.3

(n=186) mg/dL mg/dL (n=180)

Another likely reason is a hyperinflammatory status con-  Alive at last follow up 155 (83.3%) 106 (58.9%)
nected to high uric acid levels not restricted to acute po.g 31 (16.79%) 74 (41.1%)
GvHD with a negative impact on different relevant clini- 0 o
cal situations after alloSCT, such as sepsis*” and adult res- Dead due to relapse 13 (6.9%) 38 (21.1%)
piratory distress syndrome (ARDS)." This view is sup- Deadwithout relapse 18 (9.7%) 36 (20.0%)
ported by our observation that death due to both infec-  Dead due to infection 5 (3.2%) 20 (11.1%)
tious and non-infectious complications after alloSCT was  Dead due to GvHD 2 (1.0%) 10 (5.6%)
increased in patients with high uric acid levels. .0 "t e ceD 3 (1.6%) 5 (2.8%)
Interestingly, an association of uric acid levels with ' ’
Dead due to other causes or unknown 8 (4.3%) 1 (0.5%)

decreased solid organ transplant survival has been
described further underlining the significance of uric acid
for transplantation biology.’*”® Our study extends these
findings to the setting of alloSCT.

Our study contradicts results from a previous retrospec-
tive single centre study, which did not show any signifi-
cant association of uric acid levels prior to transplantation
to mortality after alloSCT.”* Differences in study designs
between the current larger, multicentre and prospective
study versus the already published smaller, single centre
and retrospective study may be the reason for the differ-
ing results.

A limitation of this clinical study is the lack of mecha-
nistic insight on the role of uric acid in development of
complications after alloSCT. The study design did not
allow the investigation of whether the impaired outcome
in the high urid acid cohort is due to an active role of uric
acid in causing inflammation or whether it is because uric
acid primarily is a surrogate biomarker reflecting a hyper-
inflammatory status and/or activity of the underlying
malignancy. However, we found no significant differences
regarding the disease status as well as disease risk index
(DRI) (complete remission [CR] vs. non-CR) in between
the two groups (high uric acid vs.low uric acid). In addition
there were no significant differences in the performance
status as well as the alloSCT-CI in between the two
groups. This data is no proof, but rather points in the
direction that high uric acid values were not merely a
reflection of advanced disease or increased co-morbidity
in our study.

A further limitation of our results is that our patient
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induction therapy in patients with hematologic malignan-
cies.”

In conclusion, this study supports the use of serum uric
acid levels as biomarker for alloSCT outcome.
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