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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
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doi:10.3324/haematol.2020.254011

origin of platelets was still a hotly debated topic, as

demonstrated by the observation that five of the 31
articles published in the first volume of the journal dealt
with the genesis of these corpuscles.’

The cover of this issue of Haematologica has been taken
from one of the figures of the article entitled “Facts and
hypotheses on the origin of platelets” published in
Haematologica in 1923 by Antonio Cesaris Demel, Professor
of Pathology at the University of Pisa, Italy.” The author
stimulated megakaryopoiesis in cats with 'fairly rapid
asphyxiation' of the animals, and then studied sections of
their spleens stained with Giemsa. Cesaris Demel observed
that, on stimulation of megakaryopoiesis, megakaryocytes
migrate to the vessel, introduce pseudopods into the vascu-
lar wall, and sometimes pass in their entirety into the lumen
of the vessel. During this process, platelets detach from the
surface of the cell in contact with blood. These findings of
Cesaris Demel seem to confirm the hypothesis formulated
in 1906 by Wright that platelets are produced from
megakaryocytes.* However, unexpectedly, the author con-
cluded that they are not fragments of megakaryocytes, but
instead derive from a not clearly defined plasma component

ﬁ t the time of the birth of Haematologica in 1920, the

that precipitates in contact with the surface of megakary-
ocytes “as”, he wrote, “fibrin is formed by precipitation of
plasma components under specific conditions”.

Although this conclusion was wrong, the Cesaris Demel
drawings are extraordinary because they describe proplatelet
formation exactly as we know it occurs today after nearly a
century of studies with increasingly sophisticated technolo-
gies." As already discussed in previous comments to old
Haematologica images, knowledge of blood cells a century
ago, obtained almost exclusively by observing blood and tis-
sues under a microscope, was much more advanced than is
commonly believed.
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Figure 1. Platelet formation in cat spleen as described by Cesaris Demel in Haematologica in 1923. The introduction of long and thin protrusions of megakaryocytes into
the lumen of vessel, as well as the migration of the entire megakaryocyte into the vessel, has been 'rediscovered' only recently.
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Keys to drug sensitivity from updated functional work flows

Stephen E. Kurtz' and Jeffrey W. Tyner'?
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primary goal of cancer therapy is to match
Apatients with the most appropriate drug regimens.

Identifying characteristics of patients who
respond to therapies and devising alternative strategies
for non-responsive patients are important clinical consid-
erations. Next generation sequencing (NGS) has provided
a central technology to reveal genetic alterations and
guide this process. Additionally, the development of can-
cer therapies that target specific signaling pathways and
subcellular components has increased the opportunity for
matching patients with molecularly targeted drugs. In
practice, however, limitations in understanding the rela-
tionship between cancer genotypes and their correspon-
ding phenotypes have hindered this process; somatic can-
cer mutations do not always reliably suggest therapies.
Indeed, in some cases, targeted drugs have shown clinical
utility when matched to cell phenotypes rather than
somatic genotype. In this way, the use of orthogonal
technologies, such as functional testing and immune-pro-
filing, integrated with NGS holds promise to improve
outcomes by better matching therapies to individual
patients." In addition, lack of durable efficacy of many
categories of therapies has sometimes been attributed to
inadequate elimination or targeting of leukemic
stem/progenitor cells (reviewed by Rossi ez al?).

In this issue, Majumder et al. report on the manner by
which understanding of innate drug sensitivities in
healthy hematopoietic cells advances both the identifica-
tion of lineage-specific anti-cancer therapies as well as off-
target drug effects in treating acute myeloid leukemia.’
Underlying this work is the well-characterized biology of
hematopoiesis whereby multipotent stem cells and pre-
cursors differentiate through distinct signaling pathways
to generate a set of blood cell types with discrete pheno-
types and functions. The authors surmise that malignant
hematopoietic cells use the same signaling pathways; con-
sequently, they leverage specific pathways from normal
cells as a means to identify cancer therapies for their
malignant counterparts. Conversely, the authors note that
drug responses seen in healthy cells may reveal potential
adverse effects.

The authors augment their established cell-based
screening platform for identifying anti-leukemia drugs’
with high capacity flow cytometry (Figure 1A). This tech-
nological development permits the simultaneous evalua-
tion of drug responses from multiple hematopoietic cell
populations based on their respective surface antigens.
Drug responses are mapped to proteome and cell type
specific signaling profiles using mass spectrometry and
mass cytometry. In this study, sensitivities to 71 small
molecules were simultaneously assessed using multi-para-
metric flow cytometry and then mapped to proteomic and
signaling profiles to characterize the spectrum of drug

responses in various hematopoietic cell types. Across
healthy cell types for B cells, natural killer (NK) cells,
helper T cells, cytotoxic T cells and monocytes, the
authors identify cell lineage-specific drug responses to
define a global view of response profiles. By comparing
drug responses between healthy and neoplastic cells, they
show that healthy cell responses predict drug responses in
corresponding malignant cells. The authors evaluate this
screening approach on a large cohort of primary samples
obtained from healthy donors and patients with myeloid
and lymphoid leukemias, providing evidence that this
method identifies new applications for the tested drugs.

A key highlight of this study is the profile observed for
the BCL2 inhibitor, venetoclax, which revealed dose-
dependent sensitivities across the hematopoietic cell types
(Figure 1B). At the ends of this spectrum, B cells (CD19%)
were the most sensitive whereas monocytes and granulo-
cytes were the least sensitive to venetoclax. Moderate
sensitivities were observed on cytotoxic and helper T cells
(CD37CD4 and CD3*CD4%), NK cells (CD56%), and NK-T
cells (CD3*CD567). Venetoclax had similar cell-specific
effects regardless of disease status (healthy vs. malignant)
indicating the variable nature of response to venetoclax is
lineage specific. In addition, the study found an inverse
relationship between venetoclax sensitivity and levels of
phosphorylated STAT3. Monocytes and granulocytes
have the highest levels of phosphorylated STAT3 and the
lowest venetoclax sensitivity, perhaps reflecting the differ-
ent transcriptional programs defining these two cell types.

Previous work by these authors and others indicated
that BCL2 is differentially expressed in subpopulations of
AML cells enriched for malignant stem/progenitor cells
compared to more differentiated tumor cells’ and that
venetoclax sensitivity in primary AML cells with a mono-
cytic phenotype is reduced.’ These observations led to the
hypothesis that clinical features of AML indicative of
myeloid differentiation status may correlate with reduced
BCL2 dependence in AML patients. Indeed, the veneto-
clax response profile in this study is consistent with recent
findings correlating venetoclax sensitivity with stages of
AML disease differentiation as defined by flow
cytometry.” In the context of venetoclax-based therapies,
phenotypically primitive AML is sensitive whereas mono-
cytic AML is more resistant, due to intrinsic properties of
monocytic AML cells including loss of BCL2 expression
and reliance on MCL1 to mediate oxidative phosphoryla-
tion and survival.

Cumulatively, these findings raise the possibility of new
definitions for stem/progenitor cells in hematologic malig-
nancies; definitions that would be based on propensity of
cell types of any maturation state to persist in the face of
a selective pressure. In some ways, these findings may
also call into question the long-held notions that targeting



of more primitive leukemic cell populations will hold the
key to durable disease control. It seems possible that most
cancer therapeutics utilized to date are simply more active
against more mature cell types based on targeting of bio-
logical programs that are more prominent in these more
mature cells. The identification of drugs that show
inversely preferential activity against the more primitive
cell states is an example of the enormous benefit that can
be derived from this updated platform for flow cytometric
drug sensitivity assessment.

Majumder et al. speculate that their profiling will open

A

new opportunities for other disease indications. As exam-
ples, they note that dexamethasone and midostaurin tar-
geted NK cells as effectively as B cells, suggesting their
potential clinical use in NK-cell malignancies. They further
envision incorporating cell lineage specific drug responses
into the regimen for preclinical drug development will
identify unexpected therapeutic niches for small mole-
cules and enhanced therapeutic precision. Their study pro-
vides additional support for the concept of using multiple
diagnostic technologies to enhance precision therapy.
Indeed, the use of this technology platform to identify
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Figure 1. High-throughput flow cytometry functional screening strategy identifies drug effects on discrete cell lineages. (A) Schematic for screening workflow where-
by cells from leukemia patient samples are exposed to a library of drugs and then subjected to flow cytometry using antibodies to distinguish discrete cell populations,
such as T cells (CD3), B cells (CD19), monocytes (CD14), hematopoietic stem/progenitor cells (CD34), etc. (B) Results from the workflow in (A) have shown that drugs
have differential effects on cell lineage states, which are often conserved between malignant and healthy settings. As an example, the BCL2 inhibitor, venetoclax,
was shown to have more effect against less differentiated cells as well as mature B cells and less impact on mature monocytes and granulocytes in cells from healthy
donors. This observation extended to these same cell states in leukemia patient samples, where venetoclax was more effective in killing mature B cells in chronic
lymphocytic leukemia and leukemic progenitor cells in acute myeloid leukemia (AML), but was less effective against malignant monocytes in the same AML samples.
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drug combinations that can simultaneously target the
undifferentiated leukemic cell populations as well as the
more mature myeloid lineages (especially monocytes)
may represent a powerful way to prioritize the most
promising drug combinations for pre-clinical study and for
clinical development. Clearly, this report demonstrates
just the beginning of utility of this exciting drug screening
platform.
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utations of the tumor suppressor gene TP53 rep-
Mresent a common mutation in myeloid malignan-

cies, occurring in 10-20% of patients with de novo
myelodysplastic syndromes (MDS) and acute myeloid
leukemia (AML) with profound negative impact on out-
comes and a median overall survival (OS) of 6-12 months."
° Critically, the clonal burden of TP53, that is the variant
allele frequency (VAF) and/or allelic state of TP53, is inti-
mately tied with the clinical trajectory of these patients
and is a robust, independent predictor of survival.”” Given
the poor OS and lack of therapeutic options for 7P53
mutant MDS/AML patients, a number of novel agents are
being investigated in this patient group.® Of these, APR-
246 has evoked considerable excitement based on its
robust clinical efficacy in combination with azacitidine in
TP53 mutant MDS/AML patients.”” In this issue of
Haematologica," Maslah et al. describe compelling preclini-
cal synergy of APR-246 in combination with azacitidine in
TP53 mutated MDS and AML and, more importantly,
identify a novel molecular mechanism underlying the
observed synergy.

Recent elegant work has definitively identified that
TP53 missense mutations in myeloid malignancies result
in a dominant-negative effect without evidence of neo-
morphic gain-of-function activities, ultimately leading to a
selection advantage when exposed to DNA damage.”
Thus, restoring wild-type function in TP53 mutant clones
would be of profound beneficial impact. APR-246, a
methylated PRIMA-1 analog, is a novel, first-in-class,
small molecule that selectively induces apoptosis in TP53
mutant cancer cells. Mechanistically, APR-246 is sponta-
neously converted into the active species methylene quin-
uclidinone (MQ), which is able to covalently bind to cys-
teine residues in mutant p53 thereby producing thermo-

dynamic stabilization of the protein and shifting equilibri-
um toward a functional conformation."" APR-246
monotherapy was originally investigated in a phase I trial
including AML patients with clinical activity and correla-
tive data identifying activation of p53-dependent path-
Ways.IS,lé

Maslah et al. identified in TP53 mutant cell lines, i vivo
models, and primary patient samples that the combina-
tion of APR-246 and azacitidine results in a synergistic
pro-apoptotic effect as well as a dramatic reduction in cell
proliferation via cell cycle arrest (Figure 1). As the majority
of TP53 mutations are missense and located in the DNA
binding domain, synergy experiments were performed
with the SKM1 cell line, which harbors a homozygous
hotspot mutation of TP53 (p. R248Q), and thus is an
appropriate representation of clinical disease.”
Combination therapy of APR-246 and azacitidine resulted
in a doubling of apoptotic cells versus azacitidine alone as
well as 83% of cells undergoing cell cycle arrest in GO/G1.
This synergistic effect was confirmed in a xenotransplan-
tation model where combination therapy resulted in a
pronounced inhibition of disease progression which
occurred early and was durable. Subsequently, the authors
interrogated differential gene expression profiles of SKM1
cells treated with either drug alone versus the combination
of APR-246 and azacitidine. As expected, Gene Set
Enrichment Analysis (GSEA) and DAVID analyses of APR-
246 treated cells showed robust induction of p53-target
genes including CDKN1A, CASP1, BAX and FAS, which
was confirmed by reverse transcription real-time quantita-
tive polymerase chain reaction (RT-qPCR), resulting in
activation of an early apoptotic program. Furthermore,
GSEA analysis of “synergistic only” genes (i.e. genes dif-
ferentially expressed only with combination treatment)
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Figure 1. Mechanisms of synergy
with APR-246 and azacitidine in
TP53 mutant myelodysplastic syn-
dromes (MDS) / acute myeloid

identified activation of p53 pathway, induction of apopto-
sis, and downregulation of MYC expression, thus func-
tionally demonstrating restoration of wild-type p53 func-
tion. Notably, transcriptome analysis with confirmation
by RT-qPCR also identified a novel synergistic mechanism
of FLT8 pathway downregulation. Importantly, the inhibi-
tion of cell proliferation with combination therapy could
be overcome in a dose-dependent fashion in the presence
of FLT3 ligand, highlighting a novel therapeutic mecha-
nism of APR-246 that could potentially be exploited in
combination with FLT3 inhibitors in future clinical study.

Of importance, synergy was most robust in the pres-
ence of TP53 missense mutations where there is accumu-
lation of misfolded p53 protein, strongly supporting the
primary mechanism of APR-246. However, APR-246 also
has p53-independent function via MQ binding to thiore-
doxin reductase and glutathione, leading to depletion of
glutathione and accumulation of reactive oxygen species
(ROS), which can feed forward p53 activation (Figure
1).*" Indeed, the authors also show synergy in TP53
knockout mutant cell lines where there is absence of p53,
albeit with less synergy than in the missense mutant
model. Accordingly, there was significant enrichment of
ROS-induced genes with APR-246 treatment. The authors
also show data whereby both cell proliferation and clono-
genic capacity were strongly inhibited, both in the pres-
ence and absence of mutant p53 protein.

Perhaps the most compelling data regarding the synergy
of APR-246 and azacitidine originates from the clinical
activity in TP53 mutant MDS/AML patients, where recent

haematologica | 2020; 105(6)

leukemia (AML). GSH: glutathione;
MQ: methylene quinuclidinone; ROS:
reactive oxygen species; wt: wild-
type; TrxR1: thioredoxin reductase 1;
FLT-3: fms like tyrosine kinase 3.

data report an overall and complete remission rate of 87 %
and 53%, respectively (clinicaltrials.gov  identifier:
NCT03072043).° Similarly, preliminary results from a
phase II study of APR-246 and azacitidine by the Groupe
Francophone des Myélodysplasies (clinicaltrials.gov identifi-
er: NCT03588078) showed comparable response rates."
Accordingly, the US Food and Drug Administration has
recently granted breakthrough therapy designation for the
treatment of patients with 7P53 mutant MDS with the
combination of APR-246 and azacitidine and the random-
ized phase III study of APR-246 and azacitidine versus
azacitidine is ongoing in MDS patients (clinicaltrials.gov
identifier: NCT03745716). As TP53 mutations are strong
drivers of negative outcomes in multiple hematologic
malignancies, as exemplified by relapsed pediatric acute
lymphoblastic leukemia, APR-246 may likely have more
broad clinical implications including synergy with tradi-
tional cytotoxic agents, as has been recently described.”
Together, shedding light on the synergistic mechanisms
underlying APR-246 and azacitidine therapy as presented
in this study are critical to continue to advance this novel
therapeutic option for patients with the poorest outcomes
to traditional treatments.
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-cell lymphoma (TCL) has quite a poor probability

of survival (around 25-30% of patients after 5

years), which contrasts with the progress that has
recently been made in Hodgkin lymphoma and B-cell
lymphoma."® Some recently defined TCL types, such as
anaplastic large-cell lymphoma (ALCL), have a better
clinical outcome. However, the majority of cases diag-
nosed with peripheral T-cell lymphoma (PTCL) will even-
tually die of the disease, and in some specific tumor
types, such as intestinal TCL, the prognosis is even more
miserable.

Poor survival probability in this context is associated
with serious difficulties in Iymphoma diagnosis when
using routine morphological and immunohistochemistry
tools. PTCL classification involves division into multiple
subtypes, typically of low frequency and with hazy dis-
tinctions (Figure 1). As a consequence, different studies
coincide in achieving a very low rate of reproducibility in
TCL diagnosis, especially in recognizing ALK-negative
ALCL, and distinguishing between PTCL-not otherwise
specified (NOS) and PTCL with TFH phenotype or
angioimmunoblastic TCL.*

An important feature of this situation is that the relative
frequencies of the tumor types are quite low, which
makes it difficult to design and develop clinical trials, and
this hampers the introduction of new drugs for PTCL ther-

apy.

Nevertheless, these difficulties have inspired some
research groups to provide essential information about the
molecular basis of TCL pathogenesis, and to identify
some attractive and challenging therapeutic targets.”’

Drieux and co-workers,"” in a joint project involving
French, Belgian and Swiss hospitals, are now addressing
the radical proposal that molecular diagnosis may give a
more precise and reproducible way of classifying TCL
cases. Using a technique applicable to paraffin-embedded
tissue, they measure the expression of 20 genes, including
17 markers relevant to T-cell classification, one Epstein-
Barr virus-related transcript, and frequently mutated vari-
ants of RHOA (G17V) and IDH2 (R172K/T). Selected
genes allow the identification of several entities: TFH
cells, the normal counterparts of angioimmunoblastic
TCL; TH1 and TH2 phenotypes, which reflect the diver-
sity of PTCL-NOS; T-regulatory cells, for distinguishing
ATLL; the cytoxic markers, CD30 and ALK, for identifying
ALCL; and CD56 and EBERI, to discriminate T/natural
killer (NK)-cell lymphomas.

The results validate the solid basis of the currently used
PTCL classification scheme, and highlight the similarity
between angioimmunoblastic TCL and PTCL-TFH. The
findings show a group of cases with simultaneous expres-
sion of TFH markers and TH2 (GATAS3), and indicate that
ALK-negative ALCL is a heterogeneous condition. Cases
of PTCL-NOS appear to be extremely heterogeneous,



) ?

Editorials

l

T/NK
(EBV+)

® &
5

TH1 TH2  AITL

l 1 l

Hepatosplenic

PTCL-TFH

ATLL
(HTLV-I)

1 3

ALK+

DUSP22+ TPe3+ bl
negatlve

Figure 1. Peripheral T-cell ymphoma classification following the World Health Organization 2017 Lymphoma Classification, here restricted to the tumor types
covered in the article. PTCL: Peripheral T-cell Lymphoma. NK: Natural Killer; ATLL: Adult T-cell Leukemia/Lymphoma; NOS: Not otherwise specified; TFH: T-Follicular
Helper; ALK: Anaplastic Lymphoma Kinase; TH: T Helper; AITL: Angioimmunoblastic T-cell Lymphoma.

with the cases divided among the different phenotypes. In
this study, ALK-negative ALCL had two distinct profiles,
with or without expression of cytotoxic genes.

Clinical correlation confirmed the poor prognosis of
PTCL (5-year OS=27 %), and the better prognosis for ALK*
and DUSP22* ALCL, but failed to recognize markers that
recognize groups with additional clinical variability. In
particular, the division into TH1 and TH2 phenotypes in
PTCL-NOS was not found to be clinically significant. It is
of particular note that a 90% concordance was obtained
between the three centers, thus emphasizing one of the
stronger points in this approach, i.e. better reproducibility.

Although this is almost certainly not the last word on
the process of creating molecular tools for the routine
diagnosis of PTCL, it is an important step forward that
establishes the viability of the proposal to integrate gene
expression and variant recognition, and raises some ques-
tions about the PTCL subclasses as they are currently rec-
ognized.

Peripheral T-cell lymphoma diagnosis is an area in
which molecular diagnosis can play an important role in
the near future. Efforts in this field could prove even more
relevant, with the provision, not only of diagnostic mark-
ers, but also of predictive therapeutic markers, by which
the different lymphoma categories may be associated

haematologica | 2020; 105(6)

with the identification of useful targets that can be
exploited for therapeutic purposes.
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pies to date have been those which target essential

processes involved in plasma cell function.
Although their mechanism of action may not have been
entirely obvious when first introduced, it has now
become clear from cell-based studies that these therapies
target protein degradation via the ubiquitin proteasome
pathway, a critical process for plasma cell survival.
Examples include proteasome inhibitors (such as borte-
zomib, carfilzomib, and ixazomib) and the immunomod-
ulatory drugs (such as lenalidomide and pomalidomide),
which inhibit the CUL4 E3 ubiquitin ligase, cereblon.
Both drug classes are the ‘go to’ choices in current myelo-
ma treatment." It therefore comes as no surprise that the
search for other therapies targeting protein degradation
pathways continues.

The key function of a normal plasma cell is to produce
immunoglobulins. Studies have shown that myeloma
plasma cells, which produce large quantities of M protein,
are highly dependent on the multiple pathways that
enable a cell to handle excess unfolded or misfolded pro-
teins. Over the last 10 years, cancer researchers have
explored many of these pathways with a view to thera-
peutic exploitation. The rationale is that inhibition of
these pathways leads to a build up of unwanted or mis-
folded proteins, the induction of cellular stress, and ulti-
mately to cancer cell death. Such pathways include not
only the ubiquitin proteasome pathway but also the heat
shock protein pathway, autophagy pathway, unfolded
protein response pathway, and pathways involving lyso-
somes and aggresomes.” However, translating in vitro find-
ings into clinical success has been difficult. It has become
clear that some cancer types are dependent on one path-
way more than others, the pathways are interlinked, and
the crosstalk between pathways enables the development
of both primary and drug-induced mechanisms of resist-
ance.

In this edition of Haematologica, Bonolo de Campos et al.
describe a promising new approach for myeloma therapy
by perturbing the autophagy and lysosome pathways.* In
autophagy, misfolded and aggregated proteins are
sequestered in double-membraned vesicles called
autophagosomes that eventually fuse with lysosomes for
digestion and recycling. Previous studies have shown that

ﬁ rguably the most transformative myeloma thera-

myeloma cells require tight regulation of the autophagy
pathway for cell survival, and genetic or therapeutic
manipulation of this pathway induces growth inhibition
and/or cell death.”*?

Phosphatidylinositol-3-phosphate 5 kinase (PIKfyve) is
a phosphoinositide kinase with many diverse functions
within the cell, including the generation of phosphorylat-
ed substrates critical to the regulation of autophagy.’
Inhibition of PIKfyve using the selective inhibitor apil-
imod has previously been investigated as a potential ther-
apeutic approach for both inflammatory diseases and non-
Hodgkin lymphoma.” Using an unbiased chemical screen,
Bonolo de Campos et al. identified APY0201 and exam-
ined its activity along with that of apilimod and another
novel PIKfyve inhibitor YM201636 in 25 human myeloma
cell lines and 100 ex-vivo patient-derived samples. They
confirmed dose-dependent inhibition of cell viability in all
myeloma cell lines, with APY0201 being the most potent
PIKfyve inhibitor. They additionally observed dose-
dependent sensitivities in 40% of ex-vivo patient-derived
samples with APY0201. Mechanistic experiments suggest-
ed that exposure to APY0201 resulted in activation of the
transcription factor EB (TFEB) leading to upregulation of
autophagosome and lysosomal biogenesis. Exposure also
disrupted lysosomal function leading to alterations in
autophagic flux and a vacuolization phenotype.

As myeloma is a genetically and biologically heteroge-
neous disease, it is critical to identify which patients
would benefit most from a new therapy. The prime exam-
ple of the need for such an approach is venetoclax, a Bcl-2
inhibitor, which has been shown to be particularly effica-
cious in patients harboring a t(11;14) translocation.’
Although targeting a pathway central to plasma cell sur-
vival should theoretically result in universal myeloma cell
death, it has become clear that the genetic background of
the cell influences response to therapy.” For instance,
whereas patients with a t(14;16) translocation tend to
respond poorly to proteasome inhibitors, these therapies
may be able to overcome some of the adverse outcome
associated with the t(4;14) subgroup."” Therefore, trying to
incorporate genetic information into therapeutic decision-
making may allow us to optimize treatment choices and
response rates and to provide long-lasting remissions.
Importantly, the authors have tried to assess this in their



study using data from the patients’ samples. The activity
of APY0201 was highest in patient-derived samples with
hyperdiploidy (trisomies with one or more odd-numbered
chromosomes) and lowest in patients’ samples with a
t(11;14) translocation. In addition, ex-vivo samples with
high TFEB levels were sensitive to APY0201. High TFEB
levels have been associated with increased autophagic flux
suggesting that autophagic flux may be directly related to
PIKfyve inhibition. These preliminary results may suggest
patient populations that could be enriched for in a future
clinical trial.

In conclusion, Bonolo de Campos et al. provide exciting
data to support the ongoing investigation of therapeutical-
ly manipulating targets specific to plasma cell function,
particularly protein handling in myeloma.” Although the
finer details of the actual mechanisms may differ some-
what between multiple myeloma and non-Hodgkin Iym-
phoma, data from this study and those performed in non-
Hodgkin lymphoma provide compelling evidence for the
role of PIKfyve inhibition in inducing cell death, with
changes seen in the autophagy and lysosomal pathways.
Notably, this study demonstrates the importance of the
inherent genetic differences in myeloma biology and the
potential role of PIKfyve inhibitors in targeting a distinct
group of genetically defined myeloma to continue this era
of personalized medicine.
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he core binding factor (CBF) acute myeloid

leukemias characterized by the t(8;21) and

inv(16)(p13q22)/t(16;16)(p13;q22)  cytogenetic
abnormalities have long been known to prognostically
represent more favorable subcategories of acute myeloid
leukemia (AML). These translocations are characterized
by the presence of the RUNX1-RUNX1T1 (AML1-ETO)
and CBFB-MYH11 fusion transcripts, respectively. In fact,
the t(8;21) was the first cytogenetic abnormality identi-
fied in AML in 1973." These CBF-AML subtypes have
continued to remain in the favorable risk category in mul-
tiple classification systems up to the current time based
on their high rate of achievement of complete remission
with induction chemotherapy and their relatively low
relapse rate.” Clinical trials over the years have demon-
strated that these two CBF-AML subtypes are particularly
responsive to high doses of cytarabine utilized in consol-
idation regimens. Addition of the immunoconjugate
drug, gemtuzumab ozogamicin, to induction chemother-
apy further reduces the risk of relapse and improves over-
all survival in patients with CBF-AML.? The favorable
results of chemotherapy in patients with CBE-AML have
led to the widely accepted practice not to perform allo-

geneic blood or marrow transplant (alloBMT) in these
patients who achieve first remission. This is in contrast to
patients with AML with intermediate risk or unfavorable
risk features where allogeneic blood or marrow trans-
plant in first remission is a widely accepted practice.
However, the two subtypes of CBF-AML are not the
same in all respects. Studies going back 15 years or more
have pointed out the difference between these two sub-
types.* Use of next-generation sequencing (NGS) and
identification of additional gene mutations in patients
with  AML have begun to further define differences
between the two. One of the first mutational abnormali-
ties found in subsets of patients with CBF-AML were c-
KIT mutations. The ¢-KIT mutation has been suggested to
be associated with a poorer prognosis in CBEF-AML
patients but, here again, this mutation seems to have less
of a prognostic impact in patients with inv(16) compared
to those with t(8;21).° NGS studies, which are now widely
utilized to assess prognosis in many subtypes of AML,
have been applied to patients with CBF-AML. Multiple
mutations in addition to ¢-KIT have been identified,
including genes activating tyrosine kinase signaling, such
as N/KRAS and FLT3. Mutations in genes that regulate
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Risk factor Risk ratio P
KIT D816V mutation positive 4.331 0.0018
(Ref = negative)

KIT D816V mutation non-tested/ 2.567 0.0036
missing (Ref = negative)

WBC at diagnosis 1.018 0.0361
Number of chromosomes 2.552 0.0035

(Ref = non-pseudodiploidy)

OS by I-CBFit (a high corresponds to a risk score of 0 or greater)
Strata -~ |-CBFitlow = I-CBFit high

1.00

0.75

Oveltall 050
survival

0.25
P <0.0001

0.00

0 365 730 1095 1460 1825 2190 2555 2920 3285
Time (d)

Figure 1. Risk factors and a novel scoring system (I-CBFit) for core-binding acute myeloid leukemia. (A) Risk ratios of risk factors for death or relapse. (B) Overall
survival (0S) according to I-CBFit. Ref: reference values; WBC: white blood cell count; d: days.

chromatin conformation or encode members of the
cohesin complex have been observed with high frequency
in t(8;21) AML, although they are infrequent in inv(16)
AML.* These studies all highlight the heterogeneity of the
two subtypes of CBF-AML and have added further com-
plexity to their characterization.

Additionally, monitoring for minimal or measurable
residual disease (MRD) by quantitative real-time poly-
merase chain reaction has been shown to risk stratify
patients and predict relapse and, as in other subtypes of
AML, has been shown to be a powerful prognostic factor.®

Despite the favorable risk categorization of CBF-AML,
up to 30-40% of these patients can still relapse after stan-
dard intensive induction and consolidation chemotherapy:.
Once they do relapse, additional re-induction chemother-
apy is required to put them into second remission and,
generally, these patients are then candidates for alloBMT
in second remission in order to prevent subsequent relapse
and ensure durable second remissions. Fortunately, these
patients can achieve a second remission with chemother-
apy in up to 80-90% of the cases. In this setting, addition
of gemtuzumab ozogamicin can also help to lessen the
risk of subsequent relapse.’

Thus, the outcome of patients with CBE-AML who
have relapsed and achieve a second remission and subse-
quently undergo alloBMT is of significant importance in
the management of these patients. In this issue of
Haematologica, Halaburda and colleagues from the Acute
Leukemia Working Party of the European Society for
Blood and Marrow Transplantation report the results of
631 patients reported to the EBMT registry between 2000
and 2014 with CBF-AML." These patients came from 181
transplant centers, and a little over half of them (n=366)
had an inv(16) and 265 of them (42%) had a t(8;21). There
were more males with t(8;21) than with inv(16), and time
from diagnosis to transplantation, and time from diagno-
sis to first remission, were also longer in the t(8;21) group.
Over half of the patients were transplanted between the
years 2010 and 2014, and 21% of patients had additional
cytogenetic abnormalities found at diagnosis. Molecular

abnormalities were identified, but were reported with low
frequency. Leukemia-free survival at 2-5 years was 59%
and 54%, respectively, while overall survival probabilities
were 65% and 58%, respectively. Relapse risk at two and
five years was 20% and 23%, respectively, and non-
relapse mortality was 21% and 23 % at two and five years,
respectively. In multivariate analysis, factors negatively
impacting leukemia-free and overall survival were: t(8;21),
presence of three or more additional chromosomal abnor-
malities, and poor Karnofsky performance score of <80%.
Furthermore, additional cytogenetic abnormalities and the
t(8;21) increased relapse risk. Use of reduced intensity con-
ditioning in the transplant regimen also increased relapse
risk. As expected, the presence of MRD assessed by
molecular techniques before transplantation was associat-
ed with increased relapse risk and inferior leukemia-free
survival.

One caveat to keep in mind in studies assessing the
results of alloBMT, particularly in patients with second
remission, is that these studies do not take into account
the outcome of all patients who have relapsed and they
thus select for patients who are able to achieve a second
remission and move on to transplant. These studies also
do not include an analysis of patients who relapse and fail
to achieve second remission, die in the attempt to achieve
a second remission, or have significant comorbidities
develop which preclude them from proceeding to trans-
plant. This has been described as the “myth of the second
remission”."

Given the increasing heterogeneity of CBE-AML as out-
lined earlier, how are we now to determine which
patients with CBE-AML should undergo alloBMT in first
remission or continue to not be transplanted in first remis-
sion and only to proceed to transplant if they relapse and
achieve a second remission¢ There are increasing numbers
of prognostic scoring systems that are under development
for multiple diseases, and some of those emerging incor-
porate the availability of identification of additional genet-
ic abnormalities.” In particular, a recent publication has
reported a novel scoring system for patients with the



t(8;21) subtype of CBF-AML. This study of 247 patients
from the United States and Europe identified older age, a
KIT D816V mutation, a high white blood count, and pseu-
dodiploidy compared with hyper- or hypodiploidy into a
scoring system called the I-CBFit. This scoring system
demonstrated a disease-free survival rate at two years of
76% in patients with a low-risk I-CBFit score compared
with 36% for those with a high-risk I-CBFit score (Figure
1).

Whereas in the past, CBE-AML has been characterized
and treated as a monolithic entity in terms of treatment
and prognosis, one must now take into account the multi-
ple clinical and laboratory characteristics in order to more
expertly characterize the prognosis of these patients so as
to design the most appropriate treatment plan and incor-
porate decision-making toward use of alloBMT in first or
second remission. The study by Halaburda and colleagues
from the Acute Leukemia Working Party of the EBMT"
adds a valuable source of information to help understand
the pros and cons of these approaches and the outcomes
of patients who undergo transplant with CBF-AML in sec-
ond remission.
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Introduction

Mammalian erythropoiesis occurs in three stages; the primitive, the fetal defini-
tive and the adult definitive stages.' After the primitive stage, which takes place in
the yolk sac, definitive erythropoiesis moves to the fetal liver and the spleen but is
finally restricted to the bone marrow, as adult definitive red blood cells, for the rest
of the life.” After birth, the location of erythropoiesis gradually switches to spongy
flat bones, such as ilium, sternum, ribs, and cranium, the sites which adults rely on
mostly for steady-state erythropoiesis.’ Erythrocytes are constantly produced under
a highly orchestrated process regulated by multiple factors in adult bone marrow
niches and local tissue microenvironments that control hematopoietic stem cell
maintenance/survival.* Nonetheless, stresses such as anemia, chronic infection,
pregnancy, cancer, hematologic disorders, and stromal abnormalities disrupt this
balance in the bone marrow, causing erythropoiesis to occur outside of the bone
marrow (e.g. in spleen and liver).” It is worth noting that stress erythropoiesis may
be a better reflection of this phenomenon than extramedullary erythropoiesis (EE)
in some cases. However, as will be discussed in this perspective, there is a rich body
of evidence demonstrating the occurrence of EE under different physiological and
pathological conditions.

EE implies the generation of erythrocytes outside of medullary spaces of the
bone marrow.” Under these circumstances, EE is considered to be the main cause
of the abundance of erythroid precursors in the periphery. This may occur as a
result of passive incontinence of hematopoietic cells from the sites of EE, where
tissue structure/control of cell egress is less efficient than that of the bone marrow.’
However, the clinical implication of the expansion of erythroid precursors outside
of the bone marrow has not been well defined. This perspective aims to provide
the reader with an overview of the current understanding of the immunological
consequences of EE.

Erythroid precursors are the newborn’s first-time enemies
but lifelong friends

Newborns are highly susceptible to fatal infections. This susceptibility has gen-
erally been ascribed to the immaturity of the neonatal immune system.
Nevertheless, this old dogma has been challenged with the discovery of the phys-
iological abundance of immunosuppressive erythroid precursors during this devel-
opmental stage of life. It has been reported that the spleen of neonatal mice is
impressively enriched with erythroid precursors co-expressing the transferrin
receptor CD71 and the erythroid lineage marker TER119. The levels of these cells
were maximal between days 6-9 but gradually declined to the adult level by day
21 in experiments performed in Cincinnati, USA’ and by day 28 in experiments
performed in Edmonton, Canada.” This difference might be related to geograph-
ical factors, such as altitude, or differences in the animals’ microbiome. Likewise,
human cord blood and placenta accommodate an equally enriched proportion of
erythroid precursor cells co-expressing CD71 and the erythroid lineage marker
CD235a (glycophorin A). However, these cells are sparse in the peripheral blood
of healthy adults.” Since their discovery, we have defined these cells as “CD71*
erythroid cells (CEC)”."* CEC are mainly erythroid precursors expressing high lev-
els of CD71, including reticulocytes but excluding mature red blood cells. Neonatal
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CEC express arginase-2, whose activity is essential for
the cells’” immunosuppressive properties.” The presence
of CEC was found to be associated with increased neona-
tal susceptibility to infection.” However, CEC-mediated
susceptibility to infection was counterbalanced by these
cells” protective role against aberrant immune cell activa-
tion in the intestine, allowing swift colonization by
microbial communities after parturition.” This was
shown by increased immune cell activation and produc-
tion of pro-inflammatory cytokines [interleukin (IL)-6 and
tumor necrosis factor (TNF)-a] by antigen-presenting cells
in the intestine when CEC were partially depleted in
wildtype compared to germ-free mice.” In addition, fol-
lowing studies in a murine model of whooping cough, it
was reported that CEC impaired innate immune respons-
es against Bordetella pertussis infection.” Specifically,
depletion of CEC unleashed an innate immune response
characterized by enhanced production of protective
cytokines [interferon (IFN)-y, TNF-a, and IL-12] and
resulted in the recruitment of natural killer cells and anti-
gen-presenting cells in the lungs of neonatal mice, which
restored resistance to B. pertussis infection. In contrast,
neonatal CEC adoptively transferred into adult recipients
by intravenous injection impaired the adults’ innate
immune response against B. pertussis infection.”
Moreover, the enzymatic activity of arginase-2 secreted
by CEC inhibited phagocytosis of B. pertussis in vitro."
These observations challenged the notion of neonatal
susceptibility to infection being due to intrinsic defects of
immune cells, and instead highlighted active immune
suppression mediated by the abundance of CEC in the
newborn. These findings provided additional support to
the novel concept in neonatal immunology that immuno-
suppression is essential to dampen costly robust immune
responses in newborns. Further studies demonstrated
that CEC hindered adaptive cellular and humoral
immune responses to infection with B. pertussis and vac-
cination against this pathogen in neonatal mice.
Depletion of CEC before vaccination resulted in a sub-
stantial increase in the induction of antigen-specific pro-
tective cytokines (IFN-y and IL-17) and antibodies (IgA
and IgG) against B. pertussis."” Similarly, the ablation of
CEC before a primary infection resulted in more robust,
protective immunity following re-infection with B. pertus-
sis in neonatal mice.” These observations suggest that the
accumulation of CEC in the periphery could have detri-
mental effects on both the innate and adaptive immune
responses to pathogens. Furthermore, CEC from human
cord blood and placenta have immunosuppressive effects
following stimulation with different bacterial ligands or
anti-CD3/CD28 in vitro.”*" In a complementary study,
pre-term labor-derived human cord blood CEC were
shown to participate in the suppression of CD4" and
CD8* T-cell proliferation and modulate cytokine produc-
tion by antigen-presenting cells in the presence of heat-
killed Listeria monocytogenes." These observations raised
the possibility that CEC might have immunomodulatory
rather than immunosuppressive properties, leading to
enhanced pro-inflammatory cytokine production under
specific circumstances (e.g.,, CEC from pre-term versus
full-term cord blood). Although CEC impair both innate
and adaptive immune responses against pathogens in the
neonate, their crucial role in the host’s adaptation to
microbial communities has lifelong benefits and deserves
appreciation (Figure 1).

Immunoregulatory functions of CD71* erythroid cells -

Future research should be directed at understanding the
cross-talk between CEC and microbial communities to
determine any therapeutic benefit in human newborns.
Such novel studies will establish the scientific framework
for more in-depth translational studies in the future.

Immunological benefits of extramedullary
erythropoiesis in pregnhancy and gut
homeostasis

A good pregnancy outcome requires selective silencing
of maternal immune effector cells against the father’s
fetal alloantigens.'”** The fetus is antigenically similar to a
semi-allogeneic transplant, with the risk of immunologi-
cal rejection. As such, the mother’s immune response dur-
ing gestation requires tolerance to alloantigens, prevent-
ing potentially damaging immune responses that may
result in abortion or preterm delivery.” The maintenance
of pregnancy does, therefore, represent a major challenge
for the maternal immune system, since it has to tolerate a
semi-allogeneic fetus and at the same time protect both
the mother and the fetus against potential pathogens.
Several mechanisms have been reported to be involved in
blocking the immunological rejection of the fetus,®"
including those modified by CEC. During pregnancy,
especially after mid-gestation, the total red blood cell
count increases to meet the increased demand for blood
supply by the mother and the fetus. The normal range of
erythropoietin concentration in pregnant women is var-
ied, although erythropoietin concentration rises as the
demand for blood supply increases.” This high level of
erythropoietin, alongside other factors, such as 27-
hydroxycholesterol, the cholesterol metabolite, which
induces hematopoietic stem cell mobilization through the
estrogen receptor o, is required for EE formation during
gestation.” In concert with estradiol, 27-hydroxycholes-
terol promotes EE by regulating estrogen receptor a func-
tion in hematopoietic stem cell mobilization. In agree-
ment with this concept, Delyea et al. found physiological
expansion of CEC in the spleen and peripheral blood of
an allogeneic mouse model of pregnancy.”” Although a
moderate expansion of CEC was observed in syngeneic
pregnancy, it was significantly lower than that in the allo-
geneic mice.” This suggests a potential role for CEC in
response to alloantigens. In support of these hypotheses,
an abundance of CEC was found at the feto-maternal
interface during pregnancy.” Maternal CEC, like the
neonatal CEC, expressed arginase-2 and activity of this
enzyme was required for the cells’ inhibitory effect
against the aggressive allogeneic response at the feto-
maternal interface. These CEC from the spleen and pla-
cental tissues of pregnant mice, unlike neonatal CEC,
expressed substantial levels of programmed death-1/2 lig-
ands (PDL-1/PDL-2) and subsequently suppressed PD-1-
expressing T cells at the feto-maternal interface.”
Furthermore, the ablation of CEC in allogeneic mice
skewed the immune response toward a Thl response
characterized by upregulation of inflammatory cytokines
and chemokines (e.g. TNF-a and IEN-y, IL-6 and CXCL-1)
resulting in fetal resorption.” Similarly, expansion of CEC
was observed in the peripheral blood of pregnant women
in the second and third trimesters of pregnancy.” CEC
from either peripheral blood or cord blood/placental tis-
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sues of healthy mothers exhibited immunosuppressive
properties. However, the frequency of CEC was lower in
mothers with inflammatory bowel disease (IBD) and the
cells were functionally impaired when examined in vitro."
IBD is associated with intestinal dysbiosis and dysfunc-
tional interaction between the microbiota and the gut
mucosal immune system, which results in a dysregulated
immune response against commensal microbial anti-
gens.” The reduced frequency and/or impaired function-
ality of CEC during pregnancy may, therefore, predispose
patients with IBD to a more pro-inflammatory milieu in
their gastrointestinal tract, characterized by lower num-
bers of regulatory T cells (Treg), higher concentrations of
IL-6 and TNF-a, and dysbiosis.” In line with this, in the
absence of CEC, upregulation of IL-6 and TNF-a. produc-
tion by residential antigen-presenting cells in the gut was
observed in a mouse model of pregnancy.*” Immune
activation following upregulation of TNF-a production
may result in excessive tissue damage and disruption of
tight junctions in IBD mothers.* In agreement with this,
an increased permeability of the intestinal epithelial bar-
rier was noted in pregnant mice when CEC were deplet-
ed.” Compromised intestinal barrier integrity may result
in translocation of bacteria and their products, triggering
a vicious cycle of inflammatory response.

An inflammatory milieu may influence the diversity and
frequency of microbial communities in the gut. As such,

Normal gut, suppressed
microenvironment and symbiosis

I E. Elahi and S. Mashhouri

the ablation of CEC was associated with dysbiosis during
pregnancy, suggesting a crucial role for these cells in main-
taining homeostasis and symbiosis.” The initial establish-
ment of the neonatal microbiome is mainly determined by
maternal-newborn exchanges of the microbiota. During
normal vaginal delivery, the newbormn is exposed to an
army of new allies, which colonize the urogenital tract of
the mother.”® Delivery via Cesarean section deprives the
newborn of these microbial communities.” Thus, vaginal
delivery and subsequent exposure to maternal microbiota
via nursing are evolutionarily important to the develop-
ment of the newborn’s immune system. Interestingly, not
only was the frequency of CEC observed in the cord blood
and placenta of a twin delivered by Cesarean section lower
than that of the vaginally delivered twin, but the CEC of
the two twins also had a different gene profile.” It can,
therefore, be speculated that lower levels of CEC in IBD
patients may result in intestinal dysbiosis and poor preg-
nancy outcomes.”®” In support of this hypothesis, lower
CEC frequency was associated with preterm deliveries and
emergency Cesarean sections.”” Therefore, during gesta-
tion EE is not only required as a physiological response to
the demand for a greater blood supply but it also plays a
crucial role in feto-maternal tolerance and symbiosis.
However, whether the source of abundant CEC in preg-
nant women, similar to mice, is splenic EE or due to pas-
sive incontinence from the bone marrow is unknown.

Abundance of activated immune cells and
proinflammatory cytokines, compromised gut
integrity and dysbiosis

C ‘ \

D

i
@Gut )’ CD71 erythroid c@
epithelials *Activated T cell
*Tolerogenic DC/Mac
Inflammatory DC/Mac
&8 IL-6/TNF-a
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o ROS, TGF-B & Arginase-2

Figure 1. CD71" erythroid cells play an important role in gut homeostasis. (A) Physiological abundance of CD71" erythroid cells (CEC) is associated with increased
neonatal susceptibility to infections. (B) Model illustrating the putative role of CEC in providing an immunosuppressive environment upon release of regulatory medi-
ators such as reactive oxygen species, transforming growth factor-, arginase-2 as well as the induction of regulatory T cells (Treg), which might contribute to main-
taining symbiosis with the microbiome and intestinal integrity. (C) An absence or reduction of CEC results in a pro-inflammatory state associated with raised levels
of tumor necrosis factor-a. and interleukin-6, and hyper-immune activation, but lower numbers of Treg, which results in compromised intestinal integrity and dysbiosis.
DC: dendritic cell; Mac; macrophage; IL-6: interleukin-6; TNF-a: tumor necrosis factor-a; ROS: reactive oxygen species; TGF-f: transforming growth factor-.
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How erythroid precursors modulate immune
responses in cancer

Anemia has been described as a primary consequence of
tumor development in some oncological patients and ani-
mal models of cancer.” The pathogenesis of cancer-related
anemia is complicated and can be multifactorial. There are
several reports on EE development in malignant solid
tumors such as breast and lung cancers.”* Although the
principal explanation for the formation of EE in solid
tumors is unknown, it appears that erythropoiesis-stimu-
lating agents may play a pivotal role in the emergence of
EE niches in cancer patients.* A recent study highlighted
the expansion of CEC (named Ter-cells in that study) in
the spleen of an animal model of hepatocellular carcino-
ma.” Han et al. reported that tumor-derived transforming
growth factor (TGF)-B activates the Smad3 downstream
signaling pathway, which induces CEC from erythroid
progenitor cells in the spleen. These CEC, by releasing
artemin, a member of the glial cell line-derived neu-
rotrophic factor family, directly promote the development
and metastasis of hepatocellular carcinoma via an interac-
tion of artemin with its receptor GFRai3 on tumor cells.®
Although Han et al. claimed that these erythroid precur-
sors lacked immunosuppressive properties, a more recent
study demonstrated immunosuppressive effects of CEC in
advanced cancer.” The latter study reported an association

Monocyte

Neutrophil

<o

Target cells

between the expansion of immunosuppressive CEC and
impaired Epstein-Barr virus-specific CD8" T-cell prolifera-
tion in patients with advanced cancer who were anemic.*
This research group also described strongly impaired
CD8* and CD4* T-cell proliferation from melanoma-bear-
ing C57BL/6 mice by splenic CEC when co-cultured in
vitro,”* and that CD45*-expressing CEC showed more
robust production of reactive oxygen species (ROS) com-
pared to CD45 CEC.* Accordingly, CD45* CEC exhibited
more potent suppression of virus-specific CD8" T-cell pro-
liferation compared to their CD45 counterparts in a
mouse model of chronic lymphocytic choriomeningitis
virus infection.®

In addition to ROS production, we believe that CEC
may utilize other soluble regulatory mediators (e.g.
arginase-2, TGF-f, and galectins) or, via cell-cell interac-
tions, modulate the functionality of immune cells in dif-
ferent conditions including cancer (Figure 2). As proof-of-
concept, Shahbaz et al. found that a subpopulation of
neonatal CEC, which express the inhibitory molecule V-
domain Ig suppressor of T-cell activation (VISTA), pro-
motes the development of Treg through TGF-f* as
VISTA* CEC were the major source of TGF-f3 production
compared to CD71° VISTA erythroid cells.”
Subsequently, CD71* VISTA" cells, via TGF-f, promoted
the generation of Treg from naive CD4" T cells in vitro.”
It is, therefore, possible that expanded CEC in chronic

PDL1-PDL2
VISTA

CD71/Transferrin
receptor

Arginase-2

TGF-B

Galectins

ROS

CEC

Figure 2. Putative immunoregulatory properties of CD71" erythroid cells. The proposed model hypothesizes that CD71" erythroid cells via cell-cell interactions
(VISTA:?, PD-1:PDL1/PDL-2 and Galectins) or via soluble factors (e.g. TGF-B, Arginase-2, ROS and Galectins) suppress or modulate the functionality of different
immune cells. PD-1: programmed cell death protein 1; PDL: programmed death ligand; VISTA: V-domain Ig suppressor of T-cell activation; TGF-f: transforming growth
factor-p. ROS: reactive oxygen species; DC: dendritic cells; CEC: CD71" erythroid cells.
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conditions such as cancer can also promote the develop-
ment of Treg and indirectly suppress T-cell effector func-
tions.

Human immunodeficiency virus binds
to erythroid precursors via CD235a

Although an interaction of human immunodeficiency
virus (HIV) with red blood cells via the Duffy antigen
receptor for chemokines and complement receptor-1 has
been documented,®” the role of CEC in HIV pathogenici-
ty has not been investigated until now. Expansion of CEC
in the blood of HIV-infected and anemic individuals was
recently reported.” It was demonstrated that these cells,
via ROS, exacerbate HIV replication/infection in CD4* T
cells and even make CD4" T cells more permissive to HIV
infection. Besides, by binding to CD235a on the surface of
CEC, HIV can travel to different parts of the body.” In
support of this, a positive correlation between plasma
viral load and the frequency of these cells was found in
HIV patients. More importantly, it was observed that
infective HIV particles reside inside CEC but not inside
mature red blood cells. Therefore, by harboring HIV, CEC
can play an important role in the pathogenesis of HIV-
related disease.

Conclusion

In general, EE is not considered a physiological event in
adults but a compensatory mechanism occurring second-
ary to inadequate medullary function in adults.” EE is,
therefore, identified as secondary or accessory to another
factor that directly affects the bone marrow or to a sys-
temic event that subsequently impacts the bone marrow.
For instance, EE can be related to stromal abnormalities in
the bone marrow such as osteopetrosis, and marrow
fibrosis in which narrow storage becomes limited.
Moreover, EE can be prompted by hematologic disorders,
chronic infections and cancer.”* Overall, in terms of clin-

ical relevance, EE should be considered a risk factor for an
underlying condition in adults. However, EE may be con-
sidered a normal physiological process during pregnancy
and in developing newborns.

Regardless of the underlying mechanism, EE results in
the development of erythroblastic islands in other
organs/tissues, in particular the spleen and liver. EE results
in an abundance of erythroid precursors or CEC in the
periphery, which can be costly for the host. As we dis-
cussed above, erythroid precursors have immunosuppres-
sive or immunomodulatory properties and their expansion
can, therefore, have an impact on the effector functions of
various different immune cells. CEC compromise neonatal
innate immune responses against prenatal pathogens™
and also impair adaptive immunity in newborns.” We and
others have demonstrated that CEC, via soluble mediators
such as arginase-2, TGF-B, and ROS or through cell-cell
interactions (e.g. PD-1:PDL-1, VISTA:¢), suppress/modu-
late different immune cells in vitro and in vivo."*** These
observations highlight the diverse immunosuppressive
and/or immunomodulatory properties of CEC in different
scenarios. The immunological consequences of EE in dif-
ferent pathological conditions such as autoimmune dis-
eases, hematologic disorders, chronic infections, malnutri-
tion, anemia, parasitic infections, and cancer should, there-
fore, be taken into consideration. Moreover, understanding
the mechanisms controlling the extramedullary microenvi-
ronment might lead to a better comprehension of the rules
balancing immunity and tolerance induction contributed
by CEC, particularly during pregnancy and in newborns. In
conclusion, more in-depth investigations are required to
better appreciate the diverse immunological properties of
these forgotten cells in different circumstances such as tha-
lassemia, malaria and other hematologic disorders.
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ABSTRACT

he aim of this systematic review is to give an update of all currently

available evidence on the relevance of a geriatric assessment in the

treatment of older patients with hematologic malignancies. A sys-
tematic search in MEDLINE and EMBASE was performed to find studies
in which a geriatric assessment was used to detect impaired geriatric
domains or to address the association between geriatric assessment and
survival or clinical outcome measures. The literature search included
4,629 reports, of which 54 publications from 44 studies were included.
Seventy-three percent of the studies were published in the last 5 years.
The median age of the patients was 73 years (range, 58-86) and 71% had
a good World Health Organization (WHO) performance status. The
median prevalence of geriatric impairments varied between 17% and
68%, even in patients with a good WHO performance status.
Polypharmacy, nutritional status and instrumental activities of daily living
were most frequently impaired. Whereas several geriatric impairments
and frailty (based on a frailty screening tool or summarized geriatric
assessment score) were predictive for a shorter overall survival, WHO per-
formance status lost its predictive value in most studies. The association
between geriatric impairments and treatment-related toxicity varied, with
a trend towards a higher risk of (non-)hematologic toxicity in frail
patients. During the follow-up, frailty seemed to be associated with treat-
ment non-completion, especially when patients were malnourished.
Patients with a good physical capacity had a shorter stay in hospital and
a lower rate of hospitalization. Geriatric assessment, even in patients with
a good performance status, can detect impaired geriatric domains and
these impairments may be predictive of mortality. Moreover, geriatric
impairments suggest a higher risk of treatment-related toxicity, treatment
non-completion and use of healthcare services. A geriatric assessment
should be considered before starting treatment in older patients with
hematologic malignancies.

Introduction

Given the increasing life expectancy and aging of the population, there is a grow-
ing number of older patients with cancer, including patients with a hematologic
malignancy. Worldwide, hematologic malignancies account for approximately 9%
of all cancers and are the fourth most frequently diagnosed cancer." At present, 60%
of these patients are older than 65 years and this proportion will increase in the
future *®

Over the last decades, treatment options for hematologic malignancies have pro-
gressed. For example, the initial treatment of patients with multiple myeloma
changed from cytotoxic chemotherapeutics to better-tolerated agents such as
immuno-modulatory drugs or monoclonal antibodies.* Moreover, the proportion of
older patients with myelodysplastic syndrome or acute myeloid leukemia undergo-
ing hematopoietic stem cell transplantation has increased, partly due to expansion
of age limits.”

- 1484 haematologica | 2020; 105(6)



However, it can be difficult to deliver optimal cancer
treatment tailored to individual needs of an older patient,
particularly as older patients are frequently excluded from
clinical trials.” Older patients constitute a heterogeneous
population due to large differences in comorbidity, func-
tional capacity and psychological and physical reserves.
As a result, the benefit of treatment can differ and
patients with comorbidity or geriatric impairments are
particularly at risk of adverse health outcomes. Choosing
the optimal treatment for these patients is a challenge.

It is therefore recommended that the degree of frailty of
older patients is assessed.’ Frailty is a biological syndrome
which can exist alongside age, comorbidity or disease
characteristics. Over the years, numerous definitions of
frailty have been formulated and there is still no consensus
on a definition.” There are two commonly used approach-
es to define frailty. The first defines frailty based on phe-
notypic criteria including reduced grip strength, walking
speed, physical capacity, level of energy and weight loss.
Patients are considered frail if three or more criteria are
present.” The second approach proposes a frailty index
which is an accumulation of patient’s deficits. These
deficits consist of physical or cognitive symptoms, func-
tional impairments, abnormal laboratory values and
comorbidities.””” In daily practice, frailty is a dynamic
state which needs a multidimensional approach and might
have various implications in different scenarios.

An appropriate method to assess the level of frailty of
older patients is a geriatric assessment.*”® This consists of
a systematic assessment of an older patient’s health status
focusing on somatic, psychological, functional and social
domains. Different tools can be used to detect geriatric
impairments in these domains." Moreover, frailty screen-
ing tools were developed in order to identify older
patients who require a full geriatric assessment.”
Nowadays, some form of geriatric assessment is increas-
ingly incorporated in hemato-oncologic care to customize
hemato-oncologic treatment."

In 2014, we published a systematic review on the value
of performing a geriatric assessment in older patients with
a hematologic malignancy, demonstrating that such an
assessment can detect multiple health issues and has pre-
dictive value for clinical outcome in older patients with a
hematologic malignancy.” However, evidence was limited,
especially regarding clinical outcomes such as treatment-
related toxicity, treatment completion or physical function-
ing after treatment. Since then, many new studies have
been published on this subject. The aim of this present sys-
tematic review is, therefore, to give an update of all cur-
rently available data on the association between geriatric
impairments and hematologic cancer-related outcomes.

Methods

Search strategy and article selection

Our aim was to identify studies concerning patients with a
hematologic malignancy in which a geriatric assessment was used
to detect geriatric impairments or which addressed the association
between baseline geriatric assessment and outcome.

Geriatric assessment was defined as an assessment composed
of at least two of the following domains: cognitive function,
mood, nutritional status, activities of daily living (ADL), instru-
mental activities of daily living (IADL), polypharmacy (using five
or more drugs), objectively measured physical capacity (for

instance, gait speed, hand grip strength or balance tests), social
support and frailty (assessed with a frailty screening tool or by
summarizing the geriatric assessment). As prior medical
history/comorbidity and performance status are routine parts of
the hematologic work-up, these were not counted as domains of
the geriatric assessment for this particular systematic review. The
following items were defined as outcomes: prevalence of geriatric
impairments, change in oncologic treatment plan, toxicity of
chemotherapy, healthcare utilization, physical functioning after
treatment, quality of life after treatment and mortality.

The following search was performed on March 4, 2019 and
updated on January 20, 2020, in both MEDLINE and EMBASE:
(("Hematologic Neoplasms"[Mesh] OR "Leukemia"[Mesh] OR
"Lymphoma"[Mesh] OR "Multiple Myeloma"[Mesh] OR
"Myelodysplastic Syndromes"[Mesh] OR leukemia[tiab] OR
leukaemia[tiab] OR lymphoma*[tiab] OR hodgkin*[tiab] OR non-
hodgkin*[tiab] OR (multiple myelomaltiab]) OR
myelodysplas*[tiab] OR (haematolog* AND malignan*[tiab]) OR
(hematolog® AND malignan*[tiab]) OR (myeloid[tiab] OR lym-
phoid[tiab] AND neoplas*[tiab]) OR myeloproliferative[tiab] OR
(plasma cell neoplas*[tiab]) OR plasma cell dyscrasia*[tiab] OR
(myeloid[tiab] AND sarcoma*[tiab]) OR waldenstrom[tiab] OR
myelofibrosis[tiab] OR mastocystosis[tiab] OR (polycyth* AND
vera[tiab]) OR (essential AND thrombocyt*[tiab]))) AND
(("frailty"[All Fields] OR "Geriatric Assessment"[Mesh] OR
frail*[tiab] OR vulnerabl*[tiab] OR geriatric assessment*[tiab] OR
geriatric*[tiab]))

No age or language limitations were applied. All search results
until 2013 were reviewed previously by Hamaker et al” We
therefore limited our search to studies published after January 1,
2013. The titles and abstracts of all studies retrieved by the
search were assessed by one reviewer (ES) to determine which
warranted further examination. The full texts of all potentially
relevant articles were subsequently screened. We excluded stud-
ies that did not focus exclusively on hematologic malignancies.
Finally, references of included studies were cross-referenced to
retrieve any additional relevant citations. Eligible studies from all
searches (2013, 2019, 2020) were subsequently combined to form
the final study selection.

Data extraction

For each eligible study, data regarding study design and results
were independently extracted by two authors (ES and AV).
Extracted items included the type of study, study population
(number of patients, median age, malignancy subtype, stage, treat-
ment) and the content of the geriatric assessment. Only validated
tools from the geriatric assessment were included. If multiple tools
were used to assess one geriatric domain, the result of the most
commonly used tool was noted. We registered the prevalence of
geriatric impairments, and the reported results on the association
between the geriatric assessment and outcome measures. If neces-
sary, study authors were contacted to obtain additional data.

Quality assessment

The methodological quality of each of the studies was assessed
independently by two reviewers (ES and AV), using the
Newecastle-Ottawa scale adapted to this subject (Online
Supplementary Table S1).* As our main focus was on older patients
with hematologic malignancies, we classified studies of patients
with a me(di)an age less than 68 years old, or with more than one
third of the patients younger than 65 years old, as not being fully
representative of our target population. Disagreements among the
reviewers were discussed during a consensus meeting and in the
case of persisting disagreement, the assistance of a third reviewer
(MH) was enlisted.

Geriatric assessment in older patients with a hematologic malignancy -
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Data synthesis and analysis

Due to the heterogeneity in the populations of patients and in
study designs, with a wide variety in content of geriatric assess-
ments, a meta-analysis was not considered feasible. We there-
fore summarized the study results to describe our main out-

(Online Supplementary Figure S1). This resulted in 42 eligi-
ble publications from 34 studies. Cross-referencing yield-
ed four additional publications. Eight publications from
the 2014 review by Hamaker er al.” were also eligible.
Thus, we ultimately included 54 publications from 44

studies in this review."”?

The characteristics of these 44 studies are summarized
in Table 1. Seventy-three percent were published in the
last 5 years. The median sample size of the studies was
100 (range, 25-869), and the me(di)an age of included
patients ranged from 58 to 86 years. Eight studies focused
on acute myeloid leukemia and/or myelodysplastic syn-
dromes,””” two on chronic lymphocytic leukemia,”®*
13 on lymphoma,** seven on multiple myeloma,”* and

comes of interest.

Results

Study characteristics

The literature search yielded 4,629 citations (832 from
MEDLINE and 3,797 from EMBASE), of which 403 were
duplicates and 4,184 were excluded for other reasons

Table 1. Characteristics of studies on the association between the geriatric assessment and outcome measures.

Publication Study population GA Outcome measures
Author Year Patient Type of N.of Me(di)an Treatment N.of Summarized Prevalence Survival Other
population malignancy  patients  age* domains GA score  of geriatric
assessed conditions
Aguiar” 2020 65+ MDS 79 T7(70-84) No disease- 3 +
modifying
therapy
Corsetti” 2013 | 65+ orunfit for ~ AML; RAEB 31 72 (55-84) CT 2 + + +
aggressive CT
Deschler” 2013 60+ AML; MDS 195 71(60-87)  BSC; CT 5 + +
Holmes* 2014 60+ AML; MDS 50 65 (60-73) HSCT 8 + +
Klepin® 2013 60+ AML 74 68 (65-74) CT 5 + +
Klepin® 2020 60+ AML (FLT3) 40 68 (61-83) CT 7 + +
Molga®* 2020 65+ AML; MDS 98 77 (66-95)  BSC,CT 7 + + Treatment completion
Umit” 2018 no age limit AML 3712 63 (19-97) CT 4 + +
Goede® 2016 no age limit CLL 75 75 (48-87) CT 3 + + Toxicity
Molica® 2019 65+ CLL 108 71 (65-90) CT 2 + + Toxicity
Ribi® 2017 no age limit ~ B-cell lymphoma 41 75 (40-94)  Various 4 + +
Merli* 2020 | 65+ and unfit DLBCL 33 82 (68-89) CT 2 +
Ong” 2019 60+ DLBCL 205 73 (60-97) CT 2 + + +  Health care utilization,
toxicity, treatment
completion
Spina® 2012 70+ DLBCL 100 75 (70-89) CT 4 + + +  Toxicity
Tucci™ 2009 65+ DLBCL 84 73 (66-89) CT 1 + + +  Toxicity
Tucci® 2015 69+ DLBCL 173 7 Various 2 + + +
Aaldriks® 2015 70+ NHL 44 78 (70-86) CT 3 + + Treatment completion
Naito® 2016 65+ NHL 93 77 (65-90)  Various 5 + + Toxicity
Park® 2015 65+ NHL 70 74 (65-92) CT 4 + + Treatment completion
Siegel” 2006 60+ NHL 25 70 (60-85) ? 3 +
Soubeyran® 2011 70+, unfit for NHL 32 79 (70-92) CT 4 + +
aggressive CT
Winkelmann" 2011 18+ NHL 143 63 (18-88) CT 2 + +
Okuyama® 2015 65+ Lymphoma; MM 106 74 (65-90) CT 5 + +
Engelhardt® 2016 no age limit MM 125 63 (56-71) CT 2 +
Gavriatopoulou*“2019 80+ MM 110 83 (80-92) CT 3 +
Palumbo® 2015 70+ MM 869 74 (70-78) CT 2 + + Toxicity, Treatment
completion
Rosko® 2019 18+ MM; amyloidosis 100 59 (36-75) HSCT 6 + Health care utilization
Wildes" 2019 65+ MM 40 71 (66-76)  BSC;HSCT 5
Zhong* 2017 no age limit MM 628 58 (52-66) CT 2 + + + Toxicity
continued on the next page
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Buckstein® 2016 65+ Various 45 71 (65-79) CT 3 + +

Deschler” 2018 60+ Various 106 66 (60-78) HSCT 5 +

Derman® 2019 60+ Various 192 >67 (60-83)  HSCT 5 +

Dubruille™ 2015 65+ Various 90 74 (65-89) CT 8 + + +

Dumontier® 2019 75+ Various 464 80 (76-84)  BSC;CT 3 + + Health care utilization

Hamaker* 2016 65+ Various 157 78 (67-99)  Various 7 + + +

Huang® 2020 50+ Various 148 62 (50-76) HSCT 6 + + Health care utilization,
toxicity

Lin® 2020 60+ Various 457 66 (60-79) HSCT 5 + +

Liu 2019 5+ Various 448 80 (76-84)  BSC; CT 2 + + Health care utilization

Muffly® 2014 50+ Various 203 58 (54-63) HSCT 3 + +

Nawas® 2019 50+ Various 184 61 (50-75) HSCT 5 + + Health care utilization,
toxicity

Rodrigues® 2020 60+ Various 40 68 (60-76) HSCT 6 + +

Rollot-Trad” 2008 75+, geriatric Various 54 86 (75-99)  Various 4 + +

department
Silay® 2015 65+ Various 61 69 ? 7 + Health care utilization
Velghe® 2014 70+ Various 50 76 (70-87)  Various 6 + +

*Reported as mean (+ standard deviation) or median (range or interquartile range). GA: geriatric assessment; MDS: myelodysplastic syndrome; CT: chemotherapy; AML: acute myeloid leukemia;
RAEB: refractory anemia with excess of blasts; FLT3: FMS like tyrosine kinase-3; BSC: best supportive care; HSCT: hematopoietic stem cell transplantation; CLL: chronic lymphocytic leukemia;

DLBCL: diffuse large B-cell lymphoma; NHL: non-Hodgkin lymphoma; MM: multiple myeloma.
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15 studies included various hematologic malignancies.”*

The median number of domains addressed in the geri-
atric assessment was four (range, 2-9). These included
ADL in 30 studies (68%), IADL in 37 (84%), cognition in
29 (66%), mood in 24 (55%) and objectively measured
physical capacity in 20 studies (46%). Domains less com-
monly assessed were nutritional status (11 studies; 25%),
social support (8 studies; 18%), polypharmacy (13 stud-
ies; 30%) and frailty (8 studies assessed with a frailty
screening tool and 17 studies by summarizing the geri-
atric assessment; 18% and 39%, respectively).

The prevalence of geriatric impairments was assessed
in all studies (100%). The association between geriatric
impairments and mortality was addressed in 33 studies
(75%), treatment-related toxicity in ten studies (23%),
treatment completion in five (11%) and healthcare uti-
lization in seven studies (16%). No studies assessed the
association of geriatric impairments with physical func-
tioning or quality of life after treatment.

Quality assessment

The results of the quality assessment are shown in
Figure 1. Detailed results per study are listed in Online
Supplementary Table S1. The overall quality of the studies
was good. Nine studies included a significant proportion
of younger patients (i.e. median age less than 68 years
old, or more than one third of the patients younger than
65 years old);>? 1440482055 these studies were assessed as
not being fully representative of the target cohort of the
average older patients with a hematologic malignancy.
Similarly, eight studies focused on a very specific treat-
ment???9215%% which we considered as not fully repre-
sentative of our target population. Overall, the duration
of follow-up was sufficient but in nine studies the follow-
up rate was less than 90%***** or the adequacy of follow-
up was not reported.”***7% There were no other qual-
ity concerns.

Prevalence of geriatric impairments

The prevalence of geriatric impairments is shown in
Table 2. The most commonly reported issues were
polypharmacy (in a median of 51% of patients; range, 17-
80%), risk of malnutrition (median 44%; range, 27-82%)
and IADL impairments (median 37%; range, 3-85%).
Impaired physical capacity (median 27%; range, 3-80%),
ADL impairments (median 18%; range, 4-67 %), symptoms
of depression (median 25%; range, 10-94%), and cognitive
impairment (median 17%; range, 0-44%) were less com-
mon. Four studies that addressed social support showed
impairment in a median of 20% (range, 7-54%). The medi-
an proportion of patients seen as frail based on a frailty
screening tool was 68% (range, 25-76%). The median pro-
portion of patients screened as frail based on a summarized
geriatric assessment score was 45% (range, 10-88%).

Overall, the median proportion of patients with at least
one geriatric impairment was 51% (range, 9-82%). By com-
parison, the median proportion of patients with a World
Health Organization (WHO) performance status of 2 or
higher was only 29% (range, 1-91%). Even in studies in
which the median age of patients was <65 years old, or a
small proportion of patients had a poor WHO performance
status, geriatric impairments were quite common. For
example, in one study, 93% of included patients had a
WHO performance status of 0-1; nonetheless, 45% of
patients had impairments in IADL, 39% in physical capac-
ity and 25% were frail based on a frailty screening tool

(Table 2).”

Association between geriatric impairments and mortality

The association of geriatric impairments with mortality
was addressed in 33 studies (Table 3). In univariate analy-
sis, 27 out of 29 studies (93%) showed a significant asso-
ciation between at least one geriatric impairment and
mortality. The association between a specific geriatric
domain and mortality varied between 0 and 74%.
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Figure 1. Outcome of the quality assessment. Details are reported in Online Supplementary Table S1A (quality assessment questionnaire) and Online

Supplementary Table S1B (assessment per study).

Polypharmacy was assessed in only two studies and
showed no association. For all other geriatric domains
except mood, nutritional status and social support, at least
50% of the studies reported a univariate association
between impairment and mortality. IADL, ADL, impaired
physical capacity and cognition were most frequently
associated with mortality (in 74%, 67 %, 63% and 55% of
the studies, respectively). In multivariable analyses, ADL,
IADL, impaired physical capacity and cognition remained
associated with mortality (in 40%, 62%, 50% and 50% of
the studies, respectively). Moreover, at least 75% of all
studies that assessed frailty (with a frailty screening tool or
by summarizing the geriatric assessment), demonstrated
that this was associated with mortality in multivariable
analyses.

Risk factors for mortality commonly used in hemato-
oncology such as age, WHO performance status and
comorbidity were also associated with mortality in uni-
variate analysis (in 79%, 63% and 64% of the studies,
respectively). However, in multivariable analyses, this
association was no longer present for WHO performance
status; age and comorbidity retained their association with
mortality in 43% and 47 % of the studies, respectively.

Association of geriatric impairments with treatment-
related toxicity

Ten studies assessed geriatric impairments in relation to
treatment-related toxicity.***¥#4%* Four out of six
studies in which frailty was assessed (based on a summa-
rized geriatric assessment score) reported an association
between frailty and treatment-related toxicity.**** This
included hematologic toxicity in one study,” non-hemato-
logic toxicity in two studies®* and overall toxicity in one
study.” One study showed an association specifically
between impaired IADL and treatment-related infections
in patients with chronic lymphocytic leukemia.” In stud-
ies in which patients with various hematologic malignan-
cies were included, associations between physical capaci-
ty™ or cognition” and treatment-related toxicity were
demonstrated. No other associations between frailty

(based on a summarized geriatric assessment score) or
individual geriatric domains and treatment-related toxicity
were found in these ten studies.

Association of geriatric impairments with treatment
completion

The association of geriatric impairments with the ability
to complete the proposed treatment was studied in five
studies.®”*** Four out of five studies found an associa-
tion between geriatric impairments and treatment comple-
tion. The risk of treatment non-completion was signifi-
cantly higher in frail patients (based on a summarized geri-
atric assessment score or frailty screening tool) than in fit
patients.”*** Three studies showed a significant associa-
tion between a specifically geriatric domain and treatment
non-completion: in two studies that included patients with
non-Hodgkin lymphoma, malnutrition was associated
with treatment non-completion.*® Another study, in
which patients with acute myeloid leukemia or myelodys-
plastic syndrome were included, showed an association
between impaired IADL, impaired physical capacity or
cognitive impairment and treatment non-completion. In
this study, no other geriatric impairments or clinical char-
acteristics such as comorbidity or WHO performance sta-
tus were associated with treatment non-completion.”

Association of geriatric impairments with healthcare
utilization

The association of geriatric impairments and health care
utilization was addressed in seven studies.”**** %% Six out
of these studies showed an association between geriatric
impairments and health care utilization. In four studies
impaired physical capacity was associated with increased
use of health care.*”® In patients with various hemato-
logic malignancies, other geriatric impairments, such as
ADL,” IADL,* cognition” and mood* were also associated
with health care utilization. In one study with patients with
diffuse large B-cell lymphoma, no association was found
between frailty (assessed by a summarized geriatric assess-
ment score) and unplanned admissions.”
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Table 2. Comparison of impaired performance status with impairments in geriatric domains.
Year Type of N Me(di)an Poor ADL IADL Cognition Mood Physical Nutritional Social Poly- Frailty Summarised

malignancy age* PS capacity status support pharmacy scr:enling GA score
00
Aguiar” 2020 MDS % T7(70-84) - - - - - 80 % - - 61 % 38 %
Corsetti” 2013 AML;RAEB 31  72(55-84) 38% 17% 59% - - - - - 54%
Deschler” 2013 AML;MDS 195  71(60-87) 47% 34% 31% 9% 14% 5% - - - - -
Holmes” 2014 AML;MDS 50 65 (60-73) 12% 16 % 16% 10% 18% 36 % 4%  >28% - 66 %
Klepin® 2013 AML 4 68(6514) 2% 0% 41% 29% 40%  50% - - -
Klepin* 2020  AML (FLT3) 40 68 (61-83) ? ? ? ? ? 56 % - ? 36 %
Molga®* 2020 AML;MDS 98  T7(66-95) 28% 29% 34% 1% 32% 31% 27% - - 68%
Umit” 2018 AML 32 63(19-97) 9% - 80% 14% 79% - - 70%
Goede® 2016 CLL o T5488)  ? - 19% 29 % - 48 % - - -
Molica” 2019 CLL 108 71(65-90) ? 16% 19% - - - - - - - 10 %
Ribi® 2017 B-cell lymphoma 41 75 (40-9%4) 15% - - 21%  20% - 3% 7% - - 39%
Merli" 2020 DLBCL 33 85(68-89) 6% 18% 3% - - - - - - - -
Ong” 2019 DLBCL 205 73(6097) 7% 7% 36% - - - - - - - 38%
Spina” 2012 DLBCL 100 75(70-89) 26% 27% 31% ? ? - - - - - 13%
Tucei* 2009 DLBCL 84 T73(66-89) ? 12% - - - - - - - - 50 %
Tucci® 2015 DLBCL 173 7 7 >4% >9%; - - - - - - - 38%
<54 % <54%
Aaldriks® 2015 NHL 44 78(70-86) 6% - - 5% - - 34 % - - 43%
Naito” 2016 NHL 93 TT(6590) 22% 28% 21% 4% 15% - 51% - - -
Park® 2015 NHL 0 74(6592) 39% - - 3%  21% - 36 % - - 47%
Siegel” 2006 NHL 25  70(60-85) 12% - - 0% 16% 12% - - -
Soubeyran® 2011 NHL 32 79(70-92) 41% 359% 81% 38% 9%
Winkelmann" 2011 NHL 143 63(18-88) 16% 18% 21% - - - - - -
Okuyama® 2015  Lymphoma; MM 106 74(65-90) 29% 33% 45% 2%  30% - - - 17% - 50 %
Engelhardt® 2016 MM 125 63 (56-71) 28% 48% 85% - - - - - -
Gavriatopoulou* 2019 MM 110 83(80-92) >60% 18% 42% - - - - - - 3% -
Palumbo® 2015 MM 869  T4(70-18) 21% 14% 18% - - - - - - - 30 %
Rosko* 2019 MM; amyloidosis 100~ 59 (36-75) 48%  ? ? ? 19% 7% - ? -
Wildes” 2019 MM 40  71(66-76) 40% - 63% 10 % ? 40 % - - 7% -
Zhong"* 2017 MM 628 58(52-66) 7 67% S55% - - - - - - - 64 %
Buckstein® 2016 Various 445 71(65-79) 7% - 4% - - 39 % - - - 25%
Deschler” 2018 Various 106 66 (60-78) 60% 9% 31% 12% - 3% 76 % -
Derman® 2019 Various 192 >67(60-83) <50% - 40 % ™% 2% - - ? 54 % - -
Dubruille™ 2015 Various 90  74(65-89) 32% 11% 39% A% 25% 4% 44% - 50 % 2% 80 %
Dumontier® 2019 Various 464 80 (76-84) ?  11% 2% ? - - - - - - -
Hamaker” 2016 Various 167 78 (67-99) 42% 22% 47% 18% 29%  30% - 20% 66 % - 1%
Huang® 2020 Various 148 62 (50-76) 28% - 39 % 1% 4% 8% - ? 50 %
Lin® 2020 Various 457 66 (60-79) <47% 4% 11% 4% 18 % - - - 50 % - -
Liu™ 2019 Various 448 80 (76-84) 47% - - 18 % - 56 % - - - - 53 %
Muffly* 2014 Various 203 58 (54-63) 29% T% 40% - - 24% - - - - 25%
Nawas” 2019 Various 184  61(50-75) 1% -  36% 3%  3B%  15% - ? - - -
Rodrigues” 2020 Various 40 68(60-76) 5% - 10 % 21%  18% 16 % 43% - 80 % - 19%
Rollot-Trad™ 2008 Various 54 86(75-99) 56% 39% 51% 27% - - - - 39 %
Silay™ 2015 Various 61 69 2% 26% 26%  34% 16 % 21% - 51% -
Velghe® 2014 Various 50 76(70-87) ? 4% 38% 4%  30% - 82 % - - 76 % 88 %
*Reported as mean (+ standard deviation) or median (range or interquartile range)? Although geriatric condition was assessed, the proportion of patients with geriatric impairments could not
be extracted from the published data. PS: World Health Organization performance status; ADL: activities of daily living; IADL: instrumental activities of daily living; GA: geriatric assessment; MDS:
myelodysplastic syndrome; AML: acute myeloid leukemia; RAEB: refractory anemia with excess of blasts; FLT3: FMS-like tyrosine kinase-3; CLL: chronic lymphocytic leukemia; DLBCL: diffuse large
B-cell lymphoma; NHL: non-Hodgkin lymphoma; MM: multiple myeloma.
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® Discussion

This systematic review of 44 studies shows that impair-
ment in geriatric domains is common among older
patients with a hematologic malignancy, even in those
with a good performance status. The most relevant
impairment is frailty (assessed with a frailty screening tool
or by summarizing the geriatric assessment), which
showed an association with mortality, treatment-related

toxicity and treatment non-completion. Other relevant
geriatric impairments were IADL functioning, nutritional
status and polypharmacy. Impaired physical capacity was
mainly associated with healthcare utilization.

These data should, however, be interpreted with care.
The included studies are heterogeneous in study popula-
tion, design, treatment regimens, content of geriatric
assessment and reported outcomes. Various hematologic
malignancies can have very different disease courses and

Table 3. The association of geriatric assessment, age, performance status, and comorbidity with mortality.
Results of univariate and multivariate analysis

Publication

Author Year Number Typeof  Age PS Comorbidity ADL IADL Cognition Mood Physical Nutritional Social Polypharmacy Frailty Summarized
of patients malignancy capacity status support screenling GA score

tool

Corsetti® 2011 31 AML; RAEB - -

Deschler” 2013 195 AML;MDS | -- ++ ++ ++ -- -- - --

Klepin® 2013 74 AML -- - -- -- - ++ -- ++

Klepin* 2020 40 AML (FLT3) - - - - - - - - -

Molga® 2020 98 AML; MDS -- ++ ++ 4+ -- -- -- --

Umit” 2018 372 AML + o+ +

Goede® 2016 6] CLL -- - - -- --

Molica® 2019 108 CLL ++ o+ ++ ++ o+ ++

Ribi* 2017 41 B-cell - - - + - +

lymphoma

Ong” 2019 205 DLBCL ++

Spina® 2012 100 DLBCL -- -- ++

Tucci** 2009 84 DLBCL +

Tucci® 2015 173 DLBCL + + + + ++

Aaldriks* 2015 4 NHL - ++

Naito” 2016 93 NHL - - ++ - + ++ - -

Park® 2015 70 NHL -- - - ++ -

Soubeyran” 2011 32 NHL + + + +

Winkelmann® 2011 143 NHL - - -- -+ +

Engelhardt® 2016 125 MM + ++ ++

Gavriatopoulou* 2019 110 MM ==

Palumbo® 2015 869 MM ++ -- ++ 4+

Zhong* 2017 628 MM -- -- -- -- -

Buckstein® 2016 445 Various + o+ ++ + + ++

Deschler” 2018 106 Various | ++ ++ - - + -

Dubruille® 2015 90 Various | ++ -- - ++ - - - - -

Dumontier® 2019 452 Various -- -- -- 4+

Hamaker® 2016 157 Various - - -- ++

Huang® 2020 148 Various - ++ -

Lin® 2020 457 Various +  ++ -- ++

Liu™ 2019 448 Various | ++ ++ ++

Muffly® 2014 203 Various | ++ - ++ - 4+ ++

Nawas® 2019 184 Various -- ++ +

Rollot-Trad" 2008 54 Various - - -—- .- --

Proportion of studies with a significant 9% 63%  64% 67% 4% 5% 14%  63% 33% 33% 0% 1% 67 %

association in univariate analysis

Proportion of studies with a significant 3% 27% 47% 0% 62% 50% 0% 50 % 50 % NA NA 75% 100 %

association in multivariate analysis

+:association in univariate analysis;-: no association in univariate analysis; ++ association in multivariate analysis;- - no association in multivariate analysis; NA: not applicable. PS:World Health Organization

performance status; ADL: activities of daily living; IADL: instrumental activities of daily living; GA: geriatric assessment; AML: acute myeloid leukemia; RAEB: refractory anemia with excess of blasts; MDS:

myelodysplastic syndrome; FLT3: FMS-ike tyrosine kinase-3; CLL: chronic lymphocytic leukemia; DLBCL: diffuse large B-cell lymphoma; NHL: non-Hodgkin lymphoma; MM: multiple myeloma.
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require very different intensities of treatment; geriatric
impairments that were associated with outcome in one
setting may not retain their predictive value in another
disease entity. In addition, the content of geriatric assess-
ments, including the definition of frailty (assessed by sum-
marizing the geriatric assessment), was not consistent.
Moreover, geriatric impairments were mainly assessed
with screening tools (for example, the Mini-Mental State
Examination for cognition), and it should be realized that
the ensuing results are not the same as an actual diagnosis
made by a comprehensive geriatric assessment. Given this
heterogeneity, a meta-analysis or a meaningful subgroup
analysis (for example, by type of malignancy) could not be
performed; and interpretation and extrapolation of results
should be done with caution. Another limitation of this
review is the procedure used to select the literature. We
decided to select only those studies for which a full text is
available and which performed a geriatric assessment
with validated tools covering at least two geriatric
domains. Studies which focused on a single impairment
and its relation to outcome were not included, meaning
some information on individual associations may have
been missed.

Despite these limitations, this review provides a thor-
ough update and overview of all currently available evi-
dence on the relevance of a geriatric assessment for older
patients with a hematologic malignancy. At the time of the
previous systematic review, by Hamaker et al.,” the evi-
dence was limited because of a lack of published studies.
In the last 5 years, the number of publications concerning
the association of geriatric assessment with outcomes in
patients with hematologic malignancies has increased
greatly, enabling a useful update on the available data.

Performing a geriatric assessment could have an additive
value to clinical judgment, treatment allocation and the
implementation of non-oncological interventions.

In daily practice, oncologists are able to detect obviously
frail patients by clinical judgment. However, estimating the
reserve capacity and resilience of the remaining older
patients by clinical judgment is difficult, as demonstrated
by the discrepancy between performance status and geri-
atric assessment. In addition, it can be challenging to dis-
tinguish whether the detected vulnerabilities are disease-
related or patient-related. This may require a more thor-
ough evaluation of the patient’s overall health status,
including consultation of a geriatrician.

The impact of performing a geriatric assessment on treat-
ment allocation has already been demonstrated in older
patients with solid malignancies.”””* In a systematic review,
the oncological treatment plan was altered in 28% of
patients after geriatric assessment, primarily resulting in a
less intensive treatment option. This review showed that
using a geriatric assessment to guide treatment decisions
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ABSTRACT

imab, ofatumumab, or obinutuzumab improved the therapy of B-

cell malignancies even though the precise physiological role and
regulation of CD20 remains unclear. Furthermore, CD20 expression is
highly variable between different B-cell malignancies, patients with the
same malignancy, and even between intraclonal subpopulations in an
individual patient. Several epigenetic (EZH2, HDAC1/2, HDAC1/4,
HDACS6, complex Sin3A-HDAC1) and transcription factors (USE
OCT1/2, PU.1, PiP, ELK1, ETS1, SP1, NFkB, FOXO1, CREM, SMAD2/3)
regulating CD20 expression (encoded by AS4A1) have been character-
ized. CD20 is induced in the context of microenvironmental interactions
by CXCR4/SDF1 (CXCL12) chemokine signaling and the molecular func-
tion of CD20 has been linked to the signaling propensity of B-cell receptor
(BCR). CD20 has also been shown to interact with multiple other surface
proteins on B cells (such as CD40, MHCII, CD53, CD81, CD82, and CBP).
Current efforts to combine anti-CD20 monoclonal antibodies with BCR
signaling inhibitors targeting BTK or PISK (ibrutinib, acalabrutinib, idelal-
isib, duvelisib) or BH3-mimetics (venetoclax) lead to the necessity to bet-
ter understand both the mechanisms of regulation and the biological func-
tions of CD20. This is underscored by the observation that CD20 is
decreased in response to the “BCR inhibitor” ibrutinib which largely pre-
vents its successful combination with rituximab. Several small molecules
(such as histone deacetylase inhibitors, DNA methyl-transferase
inhibitors, aurora kinase A/B inhibitors, farnesyltransferase inhibitors,
FOXO1 inhibitors, and bryostatin-1) are being tested to upregulate cell-
surface CD20 levels and increase the efficacy of anti-CD20 monoclonal
antibodies. Herein, we review the current understanding of CD20 func-
tion, and the mechanisms of its regulation in normal and malignant B
cells, highlighting the therapeutic implications.

The introduction of anti-CD20 monoclonal antibodies such as ritux-

Introduction

The approval of the anti-CD20 antibody rituximab by the Food and Drug
Administration in 1997 was a conceptual breakthrough in the treatment of B-cell
malignancies. Rituximab improved progression-free survival and overall survival
rates when added to chemotherapy in “mature” B-cell leukemias and lymphomas
such as chronic lymphocytic leukemia (CLL), follicular lymphoma, and diffuse
large B-cell [ymphoma (DLBCL), and this proved that monoclonal antibodies could
be used in cancer treatment.! Additionally, rituximab maintenance therapy has
been introduced for some of these diseases. Based on the success of rituximab, new
engineered anti-CD20 monoclonal antibodies, namely ofatumumab and obinu-
tuzumab, were developed. Preclinical studies suggest that these new anti-CD20
monoclonal antibodies are superior to rituximab for some mechanisms of action.”
Anti-CD20 monoclonal antibodies might act through several mechanisms (Figure
1) including complement-dependent cytotoxicity (CDC), complement-dependent
cellular cytotoxicity, antibody-dependent cellular cytotoxicity (ADCC), antibody-
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dependent cellular phagocytosis, and direct apoptosis
induction, as has been elegantly reviewed by others.** All
these mechanisms were observed in vitro and/or in animal
models, and likely act i vivo in patients as well, but their
relative contribution to the clinical effects of the different
anti-CD20 monoclonal antibodies is still debated. It is also
unclear why the application of novel engineered mono-
clonal antibodies provides clinical benefit in comparison
to rituximab in some B-cell malignancies, but not in oth-
ers. For example in CLL patients, obinutuzumab is superi-
or to rituximab when combined with chlorambucil, as
judged by the number of complete remissions and pro-
longed progression-free survival.” A much less significant
improvement in progression-free survival has also been
demonstrated in previously untreated follicular lym-
phoma patients treated with obinutuzumab-based
chemoimmunotherapy compared to rituximab-based
chemoimmunotherapy.®” Finally, a phase III clinical study
demonstrated no improvement in progression-free sur-
vival in a large cohort of treatment-naive DLBCL patients
when comparing obinutuzumab plus CHOP (cyclophos-
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phamide, adriamycin, vincristine and prednisone) versus
rituximab plus CHOP? It is important to note that in these
trials, obinutuzumab was used at doses and schedules
quite different from those of rituximab. For example, in
the CLL trial® a flat obinutuzumab dose of 1000
mg/patient was used (on days 1, 8, and 15 of cycle 1 and
on day 1 of cycles 2-6), while rituximab was used at a dose
of 375 mg/m’ on day 1 of cycle 1 and 500 mg/m”® on day 1
of cycles 2-6. Overall, in this CLL trial the median cumu-
lative rituximab dose per patient was 64% of the obinu-
tuzumab dose (these two monoclonal antibodies have a
nearly identical molecular weight).

Currently, efforts have shifted from adding anti-CD20
monoclonal antibodies to chemotherapy to combining
them with novel drugs, such as B-cell receptor (BCR) sig-
naling inhibitors (ibrutinib, idelalisib, etc.)” or BH3-mimet-
ics inhibiting BCL2 (venetoclax),” and also the develop-
ment of CD20 targeting chimeric antigen receptor T
cells.” It is essential to understand the mechanism of
CD20 regulation and function thoroughly and to elucidate
the mechanism of action of monoclonal antibodies in
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Figure 1. Summary of the known mechanisms of action of anti-CD20 monoclonal antibodies and an overview of potential factors affecting resistance to anti-CD20
therapy in malignant B cells. Anti-CD20 monoclonal antibodies act through several mechanisms, including complement-dependent cytotoxicity (CDC), complement-
dependent cellular cytotoxicity (CDCC), antibody-dependent cellular phagocytosis (ADCP), antibody-dependent cellular cytotoxicity (ADCC), and induction of direct

apoptosis.

haematologica | 2020; 105(6)




- G. Pavlasova and M. Mraz

order to fully exploit their therapeutic potential. This is
underscored by the recent disappointing results of clinical
trials testing rituximab’s addition to the BTK inhibitor
ibrutinib in CLL, which showed practically no benefit of
such a combination.” Here we summarize the research
describing the regulation and function of CD20 in normal
and malignant B cells, and the therapeutic implications of
these observations, including the relevance for the combi-
nation of “BCR inhibitors” with anti-CD20 monoclonal
antibodies.

CD20 gene and protein structure

CD20 is a 33-37 kDa non-glycosylated protein
expressed on the surface of normal and malignant B lym-
phocytes, and belongs to the MS4A (membrane-spanning
4-domain family A) protein family.” To date, 18 MS4A
family members have been identified, besides AS4A1
(encoding CD20), also the high-affinity immunoglobulin E
receptor B subunit (MS4A2/FceRIB) or HtM4 gene
(MS4A3) (reviewed by Eon Kuek'). MS4A proteins are
transmembrane molecules and they are predicted to share
a similar polypeptide sequence and overall topological
structure. The majority of MS4A genes, including MS4A1,
are localized within a cluster on chromosome 11q12 in
humans (chromosome 19 in mice), and two members

CSK

of CD20

HDAC::

\ o N BLNK -PIP3
Interacting Pa"“e'su L»BTKpLCy e 2 | , CcD19
A PI3K N

from a closely related TMEM176 gene family were identi-
fied in chromosome region 7q36.1."

The MS4A1 gene is 16 kb long, comprises eight exons,
and several different CD20 mRNA transcripts have been
annotated.” The dominant CD20 mRNA variant is 2.8 kb
long and uses all eight exons, whereas the second most
common form is 263 bases shorter, as it skips exon II. A
minor 3.5 kb mRNA results from splicing exons in the
upstream region into an internal 3' splice site located in
exon I. However, all three transcripts are translated into
identical full-length CD20 protein as the translation start
codon is localized within exon III. Moreover, other alter-
native transcripts were identified in malignant B cells,
some of them encoding truncated forms of CD20 protein
leading to impaired binding of anti-CD20 monoclonal
antibodies.”'®

CD20 protein consists of four hydrophobic transmem-
brane domains, one intracellular and two extracellular
domains (large and small loops) with both N- and C- ter-
mini residing within the cytosol.”* Three CD20 isoforms
(33, 35 and 37 kDa) resulting from different phosphoryla-
tion have been identified, and CD20 phosphorylation was
reported to be higher in proliferating malignant B cells
than in resting B cells.” Normally, CD20 does not form
hetero-oligomers,* but exists on the cell surface as homo-
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dimeric and homo-tetrameric oligomers associated with
other cell-surface and cytoplasmic proteins contributing to
the signal transduction.”"” Tetraspanin proteins tend to
associate with multiple other proteins in membrane
microdomains (Figure 2).”' Energy transfer experiments
indicate that CD20 is in close proximity to other tetraspan
molecules, such as CD53, CD81, and CD82, forming
supramolecular complexes (Figure 2).”> CD20 is also
known to be physically coupled to major histocompatibil-
ity complex class II (MHCII), CD40 molecule, BCR, and
the C-terminal src kinase-binding protein (CBP) that inter-
acts with Src kinases such as LYN, FYN, and LCK (Figure
2).20%24 Besides the transmembrane form of CD20, circu-
lating CD20 was reported in CLL patients’ plasma;” how-
ever, this is likely to be part of a larger protein complex or
a cell membrane fragment originating from cell break-
down.

CD20 is a general B-cell marker expressed by the major-
ity of B cells starting from late pre-B lymphocytes (it is not
expressed by pro-B lymphocytes), and its expression is
lost in terminally differentiated plasmablasts and plasma
cells. Recently, a subset of CD20" T cells with immune-
regulatory and pro-inflammatory activity has been
described; however, the clinical relevance of this remains
to be determined.”” In B-cell malignancies, the level of
CD20 expression is extremely variable depending on the
specific neoplasm, with the lowest CD20 expression usu-
ally being observed in patients with CLL and the highest
CD20 cell-surface expression on DLBCL and hairy cell
leukemia cells.”* Within CLL, it was noted that CD20
expression was also relatively higher in a disease subtype
with a mutated variable region of immunoglobulin gene
(IGHV) than in the subtype with unmutated IGHV.” Some
studies described that higher CD20 expression levels cor-
relate with longer overall survival in patients with B-cell
lymphomas treated with rituximab,*" although this
remains controversial.** Notably, CD20 levels are hetero-
geneous not only among patients with the same malig-
nancy, but also within the intraclonal cell subpopulations
in an individual patient.”

CD20 function: a link to B-cell receptor signaling
and microenvironmental interactions

The biological function of CD20 in B cells and its phys-
iological ligand, if any, remain unclear. Some light on
CD20 function has been shed by a case report of a patient
with a common variable immunodeficiency and CD20
loss caused by a homozygous mutation in an exon 5
splicing site of AS4A1. The mutation led to alternative
splicing with complete deletion of exon 5 and insertion of
intron sequences and thus a truncated form of AS4A1
mRNA.* Due to this homozygous mutation, the patient
completely lacked cell-surface CD20. This did not disturb
precursor B-cell differentiation in the bone marrow, as the
patient had normal serum IgM levels and normal B-cell
numbers. However, CD20 deficiency resulted in a
reduced number of circulating memory B cells, reduced
isotype switching of Ig, and decreased IgG antibody lev-
els. In agreement with this observation, challenging the
patient’s primary B cells in vitro using T-dependent and T-
independent antigens led to the normal proliferation and
secretion of IgM but reduced production of IgG. Given
these data it is surprising that after repeated vaccinations
the patient displayed a reduced ability to respond to T-
independent antigens (pneumococcal polysaccharide vac-

cine), but a normal reaction to T-dependent antigens
(anti-tetanus toxoid IgG).

Cases of a homozygous mutation in the /S4A1 gene in
humans are extremely rare, which prompted the genera-
tion of mouse models. This is a reasonable approach,
since human and mice CD20 proteins share most struc-
tural features and a conserved amino acid sequence
(~75% homology) with only a few structural modifica-
tions in the transmembrane and N- and C-terminal cyto-
plasmic domains.* CD20 in both humans and mice is B-
cell specific, being first expressed by late pre-B cells in the
bone marrow, predominantly after Ig heavy chain
rearrangement. Uchida et al. created a mouse model with
a homozygous mutation in the AMS4A1 gene.* These
CD20-less mice had normal B-cell differentiation, isotype
switching, maturation, mitogen-induced proliferation,
and tissue localization. Similarly, CD20 deletion was not
observed to have any effect on proliferation and differen-
tiation in mice with AS4A1 disruption, generated by
Neuberger’s group.” CD20” mice immunized with T-
dependent antigens showed impaired humoral immunity
and primary and secondary immune responses connected
with reduced numbers of germinal center B cells.”
Altogether, these studies in human and murine CD20-
deficient B cells suggest that CD20 is required for both
optimal T-independent humoral immunity, and also for a
response to T-dependent antigens. However, it should be
taken into consideration that the T-dependent immune
response might be impaired due to the loss of CD20 in a
small CD20" population of T cells whose specific role in
the immune system remains unclear.”® Overall, the rela-
tively mild phenotype resulting from CD20 loss in
humans and mice is somewhat surprising since CD20
was reported to be physically and functionally coupled to
MHCII and CD40 (Figure 2),” which are both critical for
B- and T-cell interactions.

The development of humoral immunity requires a
functional BCR signaling pathway, and CD20 was report-
ed to be co-localized in lipid rafts” and to interact directly
physically with BCR.*® Additionally, it has been observed
that CD20 becomes heavily phosphorylated after mito-
gen stimulation, and it has been proposed that it might
function as a calcium channel and be involved in B-cell
activation.”” This is in line with in vitro data showing that
BCR-activated calcium flux was reduced after siRNA-
mediated CD20 down-modulation in human B-cell
lines.*** Moreover, direct CD20 crosslinking induces
acute signaling similar to BCR crosslinking, including cal-
cium flux, and overlapping transcription patterns in
human lymphoma cell lines.”* Kheirallah et al. also
demonstrated that pretreatment of lymphoma cell lines
with rituximab interferes with BCR signaling cascade
stimulation, suggesting that both cell-surface proteins
might share the same signaling pathway components and
activate negative feedback regulatory mechanisms,
including BCR downmodulation.”® We and others have
shown that levels of cell-surface CD20 on primary CLL
cells are correlated (and possibly co-regulated) with cell-
surface BCR expression. Additionally, we observed in
vivo that CLL cells that have recently exited the lymph
node microenvironment to the peripheral blood are char-
acterized by a marked upregulation of CD20 levels.* This
stems from the activation of CXCR4 by SDF1
chemokine, which leads to transcriptional activation of
CD20 expression. Moreover, CD20 cell-surface levels are
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induced in CLL cells treated by microenvironmental fac-
tors such as IL4, TNFa, INFa or GMCSEF in vitro®*¥(and
our unpublished data).

CD20 silencing in malignant B cells revealed that CD20
affects the phosphorylation of multiple BCR-associated
kinases and proteins after BCR-ligation (LYN, SYK, GAB1,
and ERK).* This suggests that both CD20 and BCR are
induced in immune niches* to allow effective and strong
BCR activation by an antigen or CD20 might also be
involved in some form of “tonic” BCR signaling.” This has
important implications for combining BCR inhibitors with
antibodies targeting CD20. We have shown that inhibit-
ing BTK interferes with CXCR4 signaling in CLL cells and
thus leads to very significant repression of CD20 expres-
sion in CLL cells. This might partially explain the lack of
clinical benefit from adding rituximab to ibrutinib.”
Ibrutinib was recently tested and approved in combina-
tion with a more potent anti-CD20 monoclonal antibody;,
namely obinutuzumab,” whose efficacy is less affected by
lower levels of CD20 on the cell-surface. We also suggest
that PISK inhibition, like BTK inhibition, might lead to the
downmodulation of CD20, but this remains to be formal-
ly proven, and the implications for the therapeutic combi-
nation of rituximab with PI3K inhibitors (including idelal-
isib) or other BTK inhibitors (such as acalabrutinib) are
unclear.

Altogether, functional studies suggest that CD20 is
physiologically directly required for efficient BCR signal-
ing in B cells. This is also in line with some data from the
CD20 mouse models. In Uchida’s CD20” mice model,
cell-surface IgM expression on both mature and immature
B cells was 20 — 30% lower than that on B cells from wild-
type littermates, which was connected with reduced BCR-
and CD19-dependent intracellular calcium mobilization.*
In a study by Morsy et al., the reduction in BCR-associated
calcium mobilization in CD20" murine B cells was pro-
posed to be caused by a defect in calcium transport rather
than in its release from intracellular stores.* In our opin-
ion, there is a sufficient body of evidence suggesting that
CD20 is involved in BCR signaling, but it is unclear
whether this is related to its putative function as a calcium
channel and/or other function(s). Similarly, it is not clear if
other molecular pathways or B-T-cell interactions might
be affected by CD20 levels on the cell-surface of B cells.

GC-box NFkB site GC-box BAT-box
(-54810-539 bp) (-425t0-417bp) (-234t0-224bp) (214 t0 -202/200 bp)

==l GTGGCTGGGT | GGGGACCCC [mml TAGGGTGGGGG sl TTCTTCTAATTAA GG

-182to-88 bp

o
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Regulation of CD20 transcription and its "therapeutic
modulation"

Rituximab is one of the most effective and widely used
therapeutic monoclonal antibodies, but malignant B cells
can become relatively resistant to such therapy.
Mechanisms of malignant B cells’ resistance to anti-CD20
monoclonal antibodies include insufficient CDC activity
due to increased expression of regulatory proteins CD35,
CD359 or factor H**" less effective ADCC in cases with
specific FeyRIII polymorphism,” exhaustion of cytotoxic
mechanisms (such as complement/effector cells),”* poly-
morphism in the complement component C1gA,” or
abnormal composition and localization of lipid rafts and
thus impaired rituximab-induced apoptosis (Figure 1).”
Nevertheless, one of the most straightforward and fre-
quent causes of resistance to anti-CD20 monoclonal anti-
bodies is reduced CD20 expression, which can be due to
(de)regulation of transcriptional, post-transcriptional, or
post-translational mechanisms (including CD20 protein
transport to the cell surface”).

Regarding transcriptional regulation, the MS4A1 gene
lacks several regulatory elements typical of other B-cell
specific genes, including TATA and CAAT box. The

Table 1. Positive and negative regulators of MS4A1 (CD20 gene) tran-
scription.

Positive regulators™ Negative regulators®

Transcription factors

USF, TFE3® FOXO1”

OCT1,* OCT2* CREM"

PU.I/PIP (IRF4)* SMAD2/3"

ELK1,* ETS1* MYC”

SP1%

NFkB®

CHDA4,** MBD2%*

Epigenetic regulators

Unknown Sin3A-HDACI™
EZH2®
HDAC1/4"
HDAC6"

RBPJ and mutated NICD of NOTCHI®

*The DNA binding site in the MS4A1 promoter has not been defined. NICD: NOTCH1
intracellular domain.

PU.1/PiP site E-box
(-161t0-148 bp) (-44 10 -39 bp)

TeoTTOAGCTATES
TCCTTCAGCTATGE CTGTCACCTGATGT mmtemn EXON 7 jum

(-48t0-35bp) +1

®

(-120 to -107 bp)

Figure 3. A schematic of the proximal region of MS4A1 promoter with transcription factor binding sites. Several regulatory elements differ in nucleotide sequence
when comparing data from literature and the TRANSFAC database. Shimizu et al.®® described the GC-box binding SP1 as being located in a region between bases -
548 and -539, but the TRANSFAC database identified a GC-box in a position -234 to -224 bp [based on the SP1 chromatin immunoprecipitation sequencing data
(ENCODE ID: ENCSROOOBHK)]. A BAT-box was identified by Thévenin et al.’® in the proximal promoter region located between bases -214 and -202 (in bold), while
others describe it between bases -214 and -200.%°% The PU.1/PiP binding site was originally defined as a sequence between -161 and -148 bp,** but TRANSFAC pre-
dicts it in the region from -120 to -107 bp (in italics). The E-box sequence is usually described as the CACCTG sequence between -44 and -39 bp (in bold)**®¢ but
the TRANSFAC database suggests (based on ENCODE ID: ENCSROOOBGI) a longer sequence from -48 to -35 bp (in italics). FOXO1 was suggested as being recruited
to the MS4A1 promoter indirectly by the DNA-binding element between bases -182 and -88.7 NFkB binds into the region of the MS4A1 promoter between -425 and

-417 bp.?
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known positive regulatory elements present in the
MS4A1 promoter include an E-box motif (binding uES3-
specific transcription factors such as USF and TEFES),
“PU.1/PiP” binding site and a BAT box (Figure 3, Table
1).** The BAT box is a sequence element present in the
most proximal region and serves as a binding site for the
transcription factors OCT1 and OCT2 with a B-cell
restricted co-activator BOB (Figure 3, Table 1).** The
BAT element is important for the high constitutive
expression of CD20 in mature B cells and the induction of
CD20 in pre-B cells.®® The “PU.1/PiP” binding site is a
putative site for transcription factors belonging to the ETS
family (e.g. PU.1) and protein PiP (IRF4) (Figure 3, Table
1). PiP is recruited to this DNA binding site indirectly by
phosphorylated PU.1¥ and a “PU.1/PiP” binding site
seems to be critical for CD20 expression as it is occupied
only in CD20-positive B cells. Additionally, PU.1/Pip are
downregulated during plasma cell differentiation,” and
mutations in this binding site nearly completely abol-
ished the promoter activity of MS4A1.” Moreover, tran-
scriptional CD20 activation in primary CLL and non-
Hodgkin lymphoma (NHL) B cells was associated with
increased PU.1 and OCT?2 binding to the /S4A1 promot-
er in response to farnesyltransferase inhibition.”
Downregulating PU.1 expression by overexpression of its
negative regulator, namely FLT3, also led to lower CD20
expression in CLL cells and vice versa.”

Several transcription factors from the ETS family, such
as ELK1 and ETS1, were observed to be activated in an
ERK-dependent manner and enhance CD20 cell-surface
expression in B-NHL cell lines and primary CLL cells after
bryostatin-1 treatment in vitro (which activates the
MEK1/ERK-1/2 pathway via PKC) (Figure 2, Table 1).”
Furthermore, it was proposed that NFkB might positively
regulate CD20 expression™® and gemcitabine treatment
of DLBCL cell lines augmented CD20 expression together
with NFkB signaling activation (Figures 2 and 3, Table 1).%
Chromatin immunoprecipitation sequencing analysis
also revealed MS4A1 as a direct MYC target gene in
Burkitt lymphoma cell lines (Table 1), and MYC silencing
resulted in CD20 upregulation.” The repression of CD20
by MYC is surprising and remains to be confirmed in
other lymphoma cell types, since B-cell activation (also
leading to MYC expression) is generally known to induce
CD20 expression in B cells.” To reveal other factors regu-
lating CD20 expression, Slabicki et al.” performed a
genome-wide RNA interference screening using a library
of small hairpin RNAs delivered into Raji cells (Burkitt
lymphoma cell line) by lentiviral vectors. They identified
37 potential CD20 repressors and 51 activators, among
them CHD4 and MBD?2 as novel /S4A1 inducers (Table
1). Both CHD4 and MBD2 are members of the nucleo-
some remodeling deacetylase complex, which plays an
important role in the regulation of gene transcription.
This screening also revealed CREM as the top candidate
for CD20 repression, and the presence of three half-
cAMP response elements in AS4A1 promoter sites
(TGACQG) led to the notion that cAMP-mediated signal
transduction plays a role in CD20 transcriptional repres-
sion. Most recently, FOXO1 transcription factor was
described as a negative /S4A1 transcription regulator in
lymphoma B cells (Figures 2 and 3, Table 1).” This is in
agreement with the observation that DLBCL patients
with activating FOXO1 mutations have shorter overall
survival upon rituximab-based therapy.’ As the exact
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localization of the putative FOXO1 binding site in the
NS4A1 promoter was not determined, it is believed that
FOXO1 binds indirectly to the DNA-binding element
between -182 and -88 bp (Figure 3).”° These data (and our
unpublished data) suggest that FOXO1 inhibitors might
theoretically be combined with anti-CD20 antibodies to
induce CD20 expression and potentiate the effect of the
monoclonal antibodies. Similarly, other groups have pro-
posed that inhibiting aurora kinase A/B could also lead to
upregulation of CD20 and potentiation of rituximab’s
clinical efficacy.”””

It is not surprising that several recent studies suggested
that CD20 is at least partially regulated by epigenetic
mechanisms. Tomita er al. demonstrated that treating a
CD20-negative B-cell line with the histone deacetylase
(HDAC) inhibitor trichostatin A resulted in robust upreg-
ulation of CD20 mRNA and protein.”* In vitro treatment of
primary cells obtained from relapsed CD20-negative B-
NHL patients using the DNA methyl-transferase (DNMT)
inhibitor 5-aza-2-deoxycytidine also led to the stimula-
tion of MS4A1 mRNA and cell-surface expression within
3 days, and restoration of rituximab sensitivity.” Despite
the fact that CD20 stimulation by DNMT inhibitors was
described both in vitro’™’® and in vivo in patients with B-cell
malignancies,” CD20 is less likely to be regulated by CpG
(de)methylation as its promoter region does not contain
any CpG islands up to ~5 kb upstream from the transcrip-
tion start site.”” However, it is plausible that DNMT inhi-
bition regulates the methylation status of transcription
factors critical for /MS4A1 transcription, or some more
distant genomic regions (enhancers) are involved in
MS4A1 transcription. Furthermore, it was reported that a
Sin3A-HDAC1 co-repressor complex is recruited to the
MSA41 promoter in CD20-negative B-cell lines (Figure 2,
Table 1).° This complex dissociates from the promoter
with 5-aza-2-deoxycytidine and trichostatin A treatment,
resulting in histone acetylation and partial restoration of
CD20 expression. Shimizu et al. showed that HDAC
inhibitors (valproic acid or romidepsin) are able to induce
CD20 expression in B-cell lines through /1S4A1 promoter
hyperacetylation and recruit the SP1 transcription factor
within 48 hours (Figures 2 and 3, Table 1).” At the
moment, several ongoing clinical trials are evaluating the
efficacy of epigenetic modulators in combination with rit-
uximab (Table 2). In the VALFRID study, pretreatment
with valproic acid before first-line therapy with CHOP
plus rituximab in DLBCL patients resulted in histone
acetylation, CD20 upregulation at the mRNA and cell-
surface levels” and improved overall survival.” In con-
trast, the analysis of three CLL patients from the PREVAIL
study showed no CD20 induction upon pretreatment
with valproic acid.* A plausible explanation might be that
valproic acid induces a bivalent /IS4A1 promoter status
in primary CLL cells i vivo as it induces histone acetyla-
tion, but also transient recruitment of the transcriptional
repressor EZH2 to the MS4A1 promoter (Figure 2, Table
1). Administering a DNMT inhibitor and pan-HDAC
inhibitor (valproic acid, romidepsin, trichostatin A,
SAHA) stimulates CD20 expression and might improve
anti-CD20 therapy i1 vivo, at least in some patients with
B-NHL. However, the clinical use of pan-HDAC
inhibitors is hindered by adverse effects””” and thus the
involvement of individual HDAC molecules and selective
HDAC inhibitors are undergoing pre-clinical studies.
Recently, entinostat, a selective HDAC1/4 inhibitor, was
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® Table 2. List of novel drugs combined with anti-CD20 monoclonal antibodies in B-cell malignancies.
Pre-clinical studies Phase I: trial ID* Phase II: trial ID*  Phase IlI: trial ID*  FDA approvals and comments
and status and status and status
Ibrutinib 1CD20 in CLL cells in vitro NCT02007044 NCT02264574 FDA approved (2019) ibrutinib plus
and in vivo*"™ (active)"™ (completed)* obinutuzumab for treatment-naive
NCT02165397 CLL. No benefit from combination
(active)"® of ibrutinib and rituximab in CLL
(NCT02007044)." FDA approved
. (2018) ibrutinib in combination with
s rituximab for Waldenstrom’s
E macroglobulinemia.
£ Idelalisib Unknown NCT01539512 FDA approved (2014) idelalisib in
& (completed)™ combination with rituximab for
/A NCT01659021 relapsed CLL.
(terminated)™
Duvelisib Unknown NCT02391545 NCT02204982
(terminated) (terminated)
Acalabrutinib BTK inhibition {CD20 in CLL NCT02475681 -
cells in vitro and in vivo*™ (active)™
+. Venetoclax Unknown NCT02296918 NCT02950051 FDA approved (2018) venetoclax in
S (active)™ (active) combination with rituximab for
E NCT02005471 CLL/SLL patients, with or without
£ (active)" 17p deletion, who have received at
| NCT02242942 least one prior therapy. FDA
2 (active)"® approved (2019) venetoclax in
combination with obinutuzumab for
previously untreated CLL/SLL.
Valproic acid TCD20 in B-cell lines in vitro® NCT01622439
and in DLBCL patients in vivo™ (completed)™”
£ NCT02144623
= (completed)®
'E 5-Azacitidine, TCD20 in vitro™ and in vivo™ NCT01004991
g 5-aza-2-deoxycytidine (completed)
£ NCT00901069
g (completed)
_?:- Trichostatin A TCD20 in B-cell lines in vitro™
< Romidepsin 1CD20 in B-cell lines in vitro®
Entinostat TCD20 in B-cell lines in vitro®
Bryostatin-1 TCD20 in B-cell lines in vitro™ NCT00087425
(completed)
Gemcitabine TCD20 in B-cell lines in vitro® NCT00169195
(completed)™
NCT02750670
(active)
«» CpG TCD20 in CLL cells in vitro™ NCT00251394
E" oligodeoxynucleotides (completed)™
T Aurorakinase VB TCD20 in immunotherapy- NCT01397825
% inhibitor (alisertib) resistant cell lines in vitro™ (completed)™
o NCT01695941
(active)
Farnesyltransferase  TCD20 in B-cell lines in vitro®
inhibitor (L-744, 832)
TGFp inhibitor inhibits the suppression of CD20
(LY364947) mediated by TGFp in vitro®
FOXO1 inhibitors TCD20 expression in vitro and
(AS1842856) in vivo”
T:induction of expression; {: repression of expression;-: no decision; *: ID on clinicaltrials.gov; ID: identity; FDA: Food and Drug Administration; CLL: chronic lymphocytic leukemia; BCR:
B-cell receptor; BTK: Bruton tyrosine kinase; SLL: small lymphocytic lymphoma; DLBCL: diffuse large B-cell lymphoma; TGFf: transforming growth factorf.
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reported to upregulate CD20 and improve rituximab effi-
cacy both in vitro and in a mouse model (Figure 2, Table
1) Additionally, Bobrowicz ez al. identified HDACG6 as a
novel repressor of CD20 expression in B-cell lines and pri-
mary CLL cells (Figure 2, Table 1).” HDAC6 was shown
to be overexpressed in CLL cells and its inhibition aug-
mented the efficacy of anti-CD20 monoclonal antibodies
in vitro and improved survival of complement-, NK cell-
and macrophage-competent mice (SCID Fox Chase mice)
injected with Raji cells and treated with rituximab.”
However, it seems that HDACG6 inhibitor does not induce
MS4A1 transcription, but only increases /MS4A1 mRNA
translation. Its potential clinical use is, therefore, likely
limited to malignancies that have highly active /S4A1
transcription but escape anti-CD20 antibodies by pre-
venting its translation. This is not likely in most CLL
cases, although, one report has suggested that /S4A1
mRNA might be repressed post-transcriptionally by
microRNAs in CLL.%

Regulation of CD20 levels on the cell-surface during
therapy

Besides transcriptional and epigenetic regulation, sever-
al studies have demonstrated CD20 downmodulation on
the B-cell surface in response to anti-CD20 therapy
(Figure 1). One of these mechanisms is called “shaving”.
Monocytes and macrophages recognize rituximab bind-
ing to CD20 and remove this complex from the B-cell sur-
face via the FcyRI-dependent process of endocytosis
called trogocytosis™ and this was observed in CLL
patients treated with rituximab i vivo (Figure 1).%%
Alternatively, the acute change in CD20 levels in the
malignant B-cell population after rituximab infusion
might be partially due to elimination of those cells with
the highest CD20 levels. Indeed, we have shown that
after rituximab infusion i vivo, the antibody primarily
targets and eliminates a subpopulation of CLL cells with
the highest levels of CD20 via CDC, whereas many CLL
cells with pre-therapy low CD20 levels survive.”
Importantly, the CLL cells with the highest cell-surface
CD20 levels are also those with the highest BCR signaling
propensity and also represent the vast majority of Ki67-
positive cells in peripheral blood.” This “targeting” of the
most aggressive intraclonal CLL cell subpopulation at
least partially explains the good clinical efficacy of ritux-
imab. It remains to be determined whether rituximab is
also targeting specific intraclonal cell subpopulations in
diseases such as follicular lymphoma and DLBCL, in
which malignant cells have relatively homogenously
higher CD20 cell-surface levels.

Another mechanism reducing CD20 expression on B
cells in response to anti-CD20 therapy is known as anti-
genic modulation (Figure 1).* This refers to the active
internalization and subsequent degradation of
CD20/monoclonal antibody complexes demanding ener-
gy and cytoskeleton remodeling. Importantly, only type I
anti-CD20 monoclonal antibodies induce marked anti-
genic modulation. These anti-CD20 monoclonal antibod-
ies (e.g. rituximab and ofatumumab) recognize and bind
CD20 epitope in a different orientation than type II anti-
bodies (obinutuzumab) and are able to redistribute CD20
into lipid rafts on the plasma membrane.”* Type I anti-
CD20 monoclonal antibodies also have an approximately
two-fold higher capacity to bind CD20 epitope, which
makes them prone to internalization and proteolytic

degradation.*” Moreover, the extent of antigenic modu-
lation depends on the type of B-cell malignancy. The
most rapid internalization can be seen in CLL cells, fol-
lowed by mantle cell lymphoma cells, while follicular
lymphoma and DLBCL cells show relatively lower rates
of antigen internalization.” Lim er al. suggested that dif-
ferent rates of internalization in B-cell malignancies are
due to different levels of inhibitory FcyRIIb on B cells
(predominantly expressed on CLL and mantle cell lym-
phoma cells).” Rituximab was proposed to crosslink
CD20 and FcyRIIb on the same B cell, resulting in FcyRIIb
phosphorylation, and internalization of these complexes
into lysosomes for their degradation.

The selection pressure caused by rituximab therapy can
also lead to the emergence of malignant B-cell clones that
are relatively or fully negative for cell-surface CD20
expression (Figure 1). In some DLBCL patients, mutations
in the MS4A1 coding sequence were identified; however,
mutations involving rituximab epitope are extremely
rare.” Terui et al. analyzed CD20 mutations in samples
obtained from patients with previously untreated or
relapsed/refractory B-NHL and found AS4A1 mutations
in 11 out of 50 patients (22%).” Importantly, in four cases
(8%), such mutations resulted in a C-terminal truncated
form of CD20 protein and reduced its cell-surface expres-
sion. Nakamaki et al. also reported a case of a relapsed
DLBCL patient with a homozygous /S4A1 gene deletion
after rituximab-based therapy.”

Notably, some recurrent genetic mutations in patients
with B-cell malignancies might affect CD20 levels, and be
favored during therapy. In a clinical trial comparing flu-
darabine and cyclophosphamide treatment with fludara-
bine, cyclophosphamide and rituximab treatment, it was
found that NOTCH1 mutations are associated with a rel-
ative resistance to the anti-CD20 therapy.” Pozzo et al.
showed that NOTCH1-mutated CLL cells are character-
ized by a lower CD20 expression in comparison to that of
NOTCH1-wildtype CLL cells.” Mutations in NOTCHI1
intracellular domain (NICD) result in dysregulation of
HDAC-mediated epigenetic repression of CD20 through
interactions with the RBPJ transcription factor. RBPJ acts
as a negative regulator when forming a complex with
HDAC1/2; however, accumulation of mutated NOTCH1
in the nucleus results in the preferential formation of
NICD-RBPJ activating complex and higher HDAC1/2 lev-
els available for interactions with an AS4A1 promoter.

Recently, microenvironmental interactions in various B-
cell malignancies were brought into focus as these pro-
vide essential pro-proliferative and pro-survival signals
and promote drug resistance (reviewed by Seda &
Mraz®). Interactions between mesenchymal stromal cells
and CLL cells were shown to protect the leukemic cells
from rituximab-induced CDC” and direct apoptosis,”
and this can be therapeutically targeted by integrin inhi-
bition (Figure 1).” These observations led to the coining
of the term “cell adhesion-mediated antibody resistance”
as an analogy to the long-known “cell adhesion-mediated
drug resistance”, which refers to resistance to classical
chemotherapy. CD20 down-modulation in response to
microenvironmental stimuli might be a theoretical expla-
nation for cell adhesion-mediated antibody resistance.
This is supported by the observation that stimulating nor-
mal B cells by co-culture with CD40L-expressing fibrob-
lasts results in rapid CD20 endocytosis and thus reduces
the cell-surface levels of CD20.” Additionally, Kawabata
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et al. observed in the Ramos cell line that TGEFp signaling
led to SMAD2/3 binding directly to the /S4A1 transcrip-
tion start site, resulting in CD20 repression.” However,
we and others have shown that in CLL, the chemokine
CXCL12 (also known as SDF1) produced by stromal cells
in immune niches induces CD20 expression, and that the
intraclonal CLL cell subpopulation that recently exited
the lymph nodes is characterized by high levels of
CD20.* This has an important consequence for the mech-
anism of rituximab’s action since, i vivo, rituximab infu-
sion leads to rapid and preferential elimination of this
aggressive, proliferative CLL cell subpopulation. The
remaining large proportion of CLL cells can survive the
rituximab therapy because of relatively weak cell-surface
levels of CD20, but these cells have a gene-expression
profile of non-activated CLL cells, which are relatively
less able to activate the BCR pathway, and do not prolif-
erate. It remains unclear which molecular pathways pro-
vide CLL cells in the lymph node microenvironment with
resistance to rituximab, despite having high levels of
CD20.” The resistance to rituximab in the microenviron-
ment seems to be limited to rituximab-mediated apopto-
sis and CDC.

Combinatorial therapy of novel drugs and anti-CD20
monoclonal antibodies

For over a decade, scientists and clinicians have become
accustomed to the empirical experience that adding ritux-
imab to other therapies leads to increased therapeutic
efficacy in B-cell malignancies. This also prompted stud-
ies for strategies to induce higher CD20 levels on the B-
cell surface to potentially sensitize malignant cells to anti-
CD20 monoclonal antibodies (summarized in Table 2).
Several of these “CD20 inducers” are being explored in
preclinical or phase I/II clinical trials, including aurora
kinase inhibitors, FOXO1 inhibitors, and chromatin mod-
ulators. For example, it has been shown that in lym-
phomas, the aurora kinase inhibitor alisertib can be safely
and successfully used in combination with vincristine and
rituximab (phase /Il trial).”” Nevertheless, none of the
“CD20 inducers” has been prioritized for phase I trials
yet (see Table 2). Combining the BTK inhibitor ibrutinib
with rituximab was expected to increase the BTK
inhibitor’s clinical efficacy. This hypothesis was support-
ed by the observation that CLL/lymphoma cells become
more sensitive to apoptosis and anti-CD20 monoclonal
antibodies when mobilized from immune niches (a typi-
cal effect of BCR inhibitors).”*” However, results from a
phase II study” demonstrated no benefit from adding rit-
uximab to ibrutinib. Recent studies have shown that
CD20 levels are repressed during ibrutinib therapy and
that ibrutinib affects cells responsible for effector mecha-
nisms such as T/NK cells and macrophages. The reduc-
tion of CD20 levels by ibrutinib has a clear impact on rit-
uximab-mediated CDC and apoptosis. However, CD20 is
not completely lost, which still allows for anti-CD20
monoclonal antibodies to bind to cells. Skarzynski et al.'”
also suggested that ibrutinib reduces complement
inhibitor CD55 levels, which might partially counterbal-
ance the effects of lower CD20, but it seems that in the
sum of all effects, rituximab or ofatumumab efficacy
decreases during ibrutinib therapy:.

CD20 levels appear to play an essential role in CDC
induced by rituximab, but they seem to be less relevant
for ADCC." Unfortunately, ibrutinib also affects the

functions of T cells and NK cells by inhibiting their BTK
or a related ITK. BTK is critical for regulating the func-
tions of NK cells as BTK-less NK cells have impaired cyto-
toxic activity."” ITK signals downstream of the T-cell
receptor and is required to activate NK cells through
FeyRIIL* Inhibiting BTK or ITK impairs the cytotoxic
functions of NK cells (degranulation, cytokine secretion)
and ADCC mediated by type I and II anti-CD20 mono-
clonal antibodies.'**'* Thus ibrutinib may impair T- and
NK-cell functions through either BTK or ITK, or both."* It
has also been suggested that phagocytosis by
macrophages is affected by ibrutinib, but it is unclear if
this is due to BTK inhibition in these cells or an off-target
effect.”' Based on the results from the iLLUMINATE
study,” the Food and Drug Administration has already
approved the combination of ibrutinib plus obinutuzum-
ab for treatment-naive patients with CLL (Table 2).
However, the control arm of the study with chlorambucil
plus obinutuzumab did not allow a conclusion on
whether obinutuzumab provided a real benefit.
Alternatively, sequential ibrutinib administration after the
anti-CD20 monoclonal antibody could conceivably allow
for better antibody effects. However, a clinical trial in
CLL showed that sequential treatment with ofatumumab
before ibrutinib was inferior to starting ibrutinib first, fol-
lowed by the administration of ibrutinib and ofatumum-
ab."” Since obinutuzumab acts in part through mecha-
nisms different from those of type I antibodies (ritux-
imab, ofatumumab), its combination with ibrutinib may
lead to different effects and increased clinical efficacy.
Alternatively, other BTK inhibitors, such as acalabrutinib,
are more selective with less off-target activity and likely
do not interfere with antibody-dependent cellular phago-
cytosis or ADCC." It needs to be determined whether
acalabrutinib is more suitable than ibrutinib for therapeu-
tic combination with anti-CD20 monoclonal antibodies.
Recently, a phase III study showed that acalabrutinib
combined with obinutuzumab is highly efficient in pro-
longing progression-free survival when compared to
obinutuzumab and chlorambucil in patients with previ-
ously untreated CLL."”

An interesting case is also the PI3K$ inhibitor idelalisib,
which is currently approved for use in combination with
rituximab to treat relapsed CLL based on a comparison to
rituximab alone (Table 2)."° A similar phase III study
showed that the progression-free survival of participants
treated with a combination of idelalisib and ofatumumab
was significantly longer than that of the group treated
with ofatumumab only (Table 2).""" However, it is unclear
whether adding rituximab or ofatumumab to idelalisib
actually provides any clinical benefit, and based on the
understanding of CD20 regulation, it is very likely that
PISK inhibitors also repress CD20 expression. In fact, data
indicate that any inhibitor repressing Akt or NFkB or
CXCR4 activity in B cells, such as a SYK inhibitor, BTK
inhibitor, PISKd inhibitor, or CXCR4 antagonist, also
reduces CD20 expression, leading to decreased binding of
anti-CD20 monoclonal antibodies.*”*'*"** Notably,
SRC inhibitors such as dasatinib also repress CD20 tran-
scription and impair NK cell functions."” Additionally,
PISKd plays a critical role in maturation, development,
and effector functions of NK cells, which would indicate
that it might impair ADCC. However, some studies indi-
cate that this might be less prominent than ibrutinib’s
effects' or that idelalisib does not reduce ADCC at all."®



Idelalisib was also shown to decrease IFNy production by
NK cells, and reduce secretion of various cytokines by T
cells (IL6, IL10, TNFa, and CD40L)."* More studies will
be needed to determine whether other BTK or PI3K
inhibitors have a better profile in terms of affecting
ADCC/antibody-dependent cellular phagocytosis, but it
seems inevitable that they will all lead to reduced levels
of CD20.

The BH3-mimetic venetoclax was also tested in combi-
nation with anti-CD20 monoclonal antibodies. It seems
that in contrast to “BCR inhibitors”, there are no obvious
biological reasons preventing an additive or synergistic
effect of such a combination. The Food and Drug
Administration granted approval for the use of venetoclax
in combination with obinutuzumab for patients with pre-
viously untreated CLL/small lymphocytic lymphoma and
in combination with rituximab to treat patients with
CLL/ small lymphocytic lymphoma who have received at
least one prior therapy (Table 2)."'* The biological ration-
ale for such combinations in CLL is provided, among oth-
ers, by a study showing that combining venetoclax and
anti-CD20 monoclonal antibodies overcomes microenvi-
ronment-mediated resistance of CLL cells to venetoclax
monotherapy in vitro."”

Conclusion

Although CD20 is considered to be an ideal therapeutic
target and rituximab-based immunotherapy has become
a standard of care for a majority of B-cell malignancies, it
is still unclear what all the functions of CD20 are, and

CD20: functions and regulation -

how its expression is regulated. The main reason is the
large heterogeneity of patients with B-cell malignancies
and the lack of mouse models with an evident phenotype
which makes CD20 analysis in vivo more difficult. A full
understanding of the complexity of regulation of CD20,
its physiological function and the exact mechanism of
action of anti-CD20 monoclonal antibodies is of pivotal
importance to develop new modified anti-CD20 mono-
clonal antibodies and their therapeutic combination that
would yield better clinical efficacy and/or less toxicity.
Recently, the possible role of CD20 in microenvironmen-
tal interactions was underscored by the observation that
CD20 is upregulated in the context of immune niches.
This is likely to be of physiological importance, especially
for BCR signaling; however, it is unclear if this is related
to the putative function of CD20 as a regulator of calcium
flux triggered by BCR or any potential role in T-cell inter-
actions or some additional function(s). Further investiga-
tion of the physiological function of CD20 is required,
including the identification of molecules that interact
with CD20, since this has implications for the develop-
ment of rational therapeutic combinations and strategies.
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ABSTRACT

he FMNS-like tyrosine kinase 3 (FLT3) gene is mutated in 25-30% of
patients with acute myeloid leukemia (AML). Because of the poor
prognosis associated with FLT3-internal tandem duplication mutat-
ed AML, allogeneic hematopoietic stem-cell transplantation (SCT) was
commonly performed in first complete remission. Remarkable progress
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has been made in frontline treatments with the incorporation of FLT3 inhibitors and the development of
highly sensitive minimal/measurable residual disease assays. Similarly, recent progress in allogeneic
hematopoietic SCT includes improvement of transplant techniques, the use of haplo-identical donors in
patients lacking an HLA matched donor, and the introduction of FLT3 inhibitors as post-transplant main-
tenance therapy. Nevertheless, current transplant strategies vary between centers and differ in terms of
transplant indications based on the internal tandem duplication allelic ratio and concomitant nucleophos-
min-1 mutation, as well as in terms of post-transplant maintenance/consolidation. This review generated
by international leukemia or transplant experts, mostly from the European Society for Blood and Marrow
Transplantation, attempts to develop a position statement on best approaches for allogeneic hematopoi-
etic SCT for AML with FLT3-internal tandem duplication including indications for and modalities of such
transplants and on the potential optimization of post-transplant maintenance with FLT inhibitors.

Introduction

EMS-like tyrosine kinase 3 (FLT3) is a transmembrane
ligand-activated receptor tyrosine kinase that is normally
expressed by hematopoietic stem cells and early myeloid
and lymphoid progenitor cells, and is involved in the pro-
liferation, differentiation and apoptosis of hematopoietic
cells' through various signaling pathways, including phos-
phatidylinositol 3-kinase (PI3K) and rat sarcoma (RAS) sig-
nal-transduction cascades.”” FLT3 is mutated in about 25-
30% of newly diagnosed cases of acute myeloid leukemia
(AML)*" either by internal tandem duplications (FLT3-
ITD) of the juxtamembrane domain (19-25%), and/or by
a point mutation, usually involving the tyrosine kinase
domain (TKD) at D835 or 1836 in the activating loop (7-
10%).""* Both mutations are more frequent in cytogeneti-
cally normal AML and both constitutively activate FLT3
causing dimerization in a ligand-independent manner,
resulting in proliferation and survival of leukemia cells."**

FLT3-ITD mutations in newly diagnosed AML are asso-
ciated with a greater disease burden, manifesting as an ele-
vated white blood cell count and a high percentage of
blasts at the time of diagnosis as well as a tendency to
early relapse and a poor overall prognosis.”’****" Both
European LeukemiaNet (ELN) recommendations and
National Comprehensive Cancer Network (NCCN) guide-
lines incorporate FLT3-ITD mutations in risk-stratifying
patients based on allelic burden and nucleophosmin-1
(NPM1) co-mutation.® In cytogenetically normal
patients, FLT3-ITD mutations in the presence of a con-
comitant NPA1 mutation, mainly when the FLT3-ITD
allele ratio is low (<0.5), fare better than those with wild-
type NPN1.51%19722 Despite the great effort to harmonize
and cross-validate the FLT3 assays within clinical trials,”
there is still no consensus on the FLT3-ITD allele ratio
threshold and there is considerable variability between
centers in the assessment of the FLT3-ITD ratio according
to the technique used, if one is available. Furthermore, in
addition to NPM1 mutations, a significant overlap with
other mutations (W74, IDH1, DNMT3A) as well as
NUP98/NSD1 fusions modify outcome as well as
response to therapy. Although patients with FLT3-ITD
AML respond to conventional induction chemotherapy
with remission rates similar to those seen in other sub-
types of AML, they are much more likely to relapse and to
relapse quickly.""">***® The prognostic impact of FLT3-TKD
is less clear,”™ but it, too, is influenced substantially by
NPM1 co-mutation which confers a better prognosis.**

The availability of active FLT3 inhibitors that are able to
disrupt the oncogenic signaling initiated by FLT3 has
improved the overall survival (OS) of patients with FLT3-
mutated AML.** Midostaurin, a multikinase inhibitor, was
granted Food and Drug Administration (FDA) and
European Medicines Agency (EMA) approval for the treat-
ment of patients with newly diagnosed FLT3-mutated
AML, in combination with intensive chemotherapy, and
by the EMA in addition as maintenance treatment after
conventional consolidation therapy. This approval was
based on the results of the RATIFY trial, which demon-
strated that the combination of midostaurin with standard
induction therapy resulted in significantly prolonged OS
(not censored for transplant) for AML with either FLT3-
ITD or FLT3-TKD mutations.” The benefit was particular-
ly remarkable in patients who went on to receive allo-
geneic hematopoietic stem cell transplantation (allo-SCT)
in first complete remission (CR1). Following the results of
the ADMIRAL trial, gilteritinib, a second-generation FLT3
inhibitor, was recently approved for relapsed/refractory
FLT3-mutated AML with FLT3-ITD and FLT3-TKD muta-
tions.* Promising data were also reported for quizartinib
and crenolanib.¥* Finally, because of its long-time avail-
ability, sorafenib has been tested, alone or in combination,
in various settings in FLT3-ITD AML, such as first-line
therapy”* or for the treatment of disease relapse,*
including after failure of allo-SCT.*” However, recent
data appear to support incorporating sorafenib into the
treatment of patients with FLT3-mutated AML, possibly
with induction therapy”***” as well as maintenance thera-
py after allo-SCT.**®

Because of the diversity in FLT3-mutated AML, which
depends on the type of FLT3 mutation, FLT3-ITD allelic
burden, insertion site and co-occurring mutations, the
decision regarding whether to perform allo-SCT in CR1 is
becoming more challenging.®”> With the use of more
effective therapies, especially with the incorporation of
FLT3 inhibitors, deeper responses are being achieved. The
assessment of minimal/measurable residual disease
(MRD) at the time of response has enabled prediction of
outcomes in AML, and tailoring of post-remission thera-
peutic strategies accordingly.”*”® Additionally, substantial
progress has been made in allo-SCT in recent years,
including improvement of transplant techniques, the use
of haplo-identical donors in patients lacking an HLA-
matched donor,”* and post-transplant preventive strate-
gies, such as prophylactic or preemptive use of FLT3
inhibitors.®** Nevertheless, current transplant strategies



vary between centers and differ in terms of indications for
the transplants and treatments following them. This
review provides a consensus from European Society for
Blood and Marrow Transplantation (EBMT) experts on
best approaches to allo-SCT in AML with FLT3-ITD
including the indications for and modalities of allo-SCT
and on potential optimization of post-transplant mainte-
nance therapy with FLT3 inhibitors.

The consensus process

Two chairpersons (AB and MM) appointed a panel of 32
physicians (hereafter referred to as the Panel) selected
mostly from the EBMT) for their expertise in research and
clinical practice in AML and allo-SCT. A physician with
expertise in clinical epidemiology (ML) ensured the
methodological correctness of the process. The objective of
the Panel was to identify practical issues pertinent to all
physicians involved in the therapeutic management of
patients undergoing allo-SCT for AML with FLT3 muta-
tions and to generate best practice recommendations on
indications for and modalities of allo-SCT and on potential
optimization of post-transplant maintenance with FLT3
inhibitors. This was done through a number of questions
according to the Delphi technique.* A search for relevant
literature in English was performed in the MEDLINE,
EMBASE and PubMed databases (up to August 2019).
Most of the studies used for these recommendations are
retrospective cohort studies or phase 11 trials, with only a
few prospective randomized trials. Three panelists drafted
statements that addressed the key questions identified, and
the remaining panelists scored their agreement with those
statements and provided suggestions for rephrasing them.

The evaluation of evidence and the subsequent recom-
mendations were graded according to the system used by
Couriel.” The strength of the recommendations (Online
Supplementary Table S1) and evidence levels (Online
Supplementary Table S2) were rated by all participants of
the consensus process.

Overview of prognosis and current indications
for allogeneic stem-cell transplantation in
FLT3-mutated acute myeloid leukemia

The indication for allo-SCT in FLT3-ITD AML depends
largely on FLT3 variables (allelic burden, insertion site and
co-occurring mutations), on disease status (including
MRD), and on the use of FLT3 inhibitors during induc-
tion/consolidation treatment, in addition to other
patient-, donor- and graft-related factors. Unfortunately,
there are no prospective randomized trials evaluating the
best post-remission therapeutic strategy in FLT3-mutated
AML, taking in consideration all the diverse combinations.

Several recent reports have suggested that allele burden
might affect prognosis of FLT3-ITD AML treated with
standard induction chemotherapy.””** Indeed, the pres-
ence of a high allelic burden of FLT3-ITD mutations (=0.5)
confers a poor prognosis.”””" Several studies have
demonstrated that allo-SCT significantly improves sur-
vival outcomes in this category®*** and that the negative
impact of high allele burden might be overcome when
patients undergo allo-SCT in CR1." Therefore, all patients
with FLT3-ITD"" should be considered for allo-SCT in
CR1.%9%% These patients still face higher rates of early

EBMT ALWP recommendation for allo-SCT for FLT3 AML e

relapse and poor responses to further therapy and eventu-
ally poor long-term survival.”>” The worst prognosis is
observed in patients who relapse after allo-SCT, who have
predicted 1-year OS rates below 20%.” However, a sub-
category of patients with FLT3-ITD"#/NPA1 mutation of
the ELN intermediate-risk group treated with FLT3
inhibitors, and who achieve MRD negativity, may be
offered the possibility of post-remission consolidation
with longitudinal MRD monitoring of NPAM1.”" This
approach should be undertaken with caution, and prefer-
ably within a clinical trial, since recent data suggest the
possible extinction of the NPA1 clone after chemothera-
py while the FLT3-ITD clone persists.

Additional mutations may, however, influence the prog-
nosis of AML with FLT3-ITD. For example, the co-exis-
tence of NPM1 mutation with FLT3-ITD is associated
with improved outcomes, particularly in patients with a
low FLT3 allelic ratio (<0.5).>"*'** According to the 2017
ELN recommendations, this subcategory is stratified as
favorable risk, advocating against the need for allo-SCT.”
Nonetheless, the good prognosis of a low allelic ratio is
not universally recognized, with data suggesting better
outcome for allografted patients regardless of NPA1
mutation status.” A threshold for FLT3 allelic burden is
also controversial and differs according to studies. It was
mainly based on the median of the mutant-to-wildtype
ratio found in different retrospective studies. For example,
in one study evaluating the prognostic factors of newly
diagnosed AML, a FLT3 ratio above 0.78 was associated
with worse survival, whereas in another study the thresh-
old was 0.51."*V Therefore, the allelic burden has a contin-
uous effect on survival outcomes and a ratio of 0.5 is a
chosen threshold based on maximum clinical prognostic
data. With the advent of FLT3 inhibitors in the frontline
treatment of FLT3-mutated AML, the OS has improved
regardless of the allelic burden and the use of allo-SCT.
Whether NPM1-mutant FLT3-ITD"* AML warrants post-
remission allo-SCT in CR1 or not is still debatable.
Although some studies analyzing the effect of allo-SCT in
patients with NPM{-mutant FLT3-ITD“* found no
improvement in OS or relapse risk, we must take into con-
sideration the retrospective nature of the analysis and the
small number of patients with a non-statistically signifi-
cant improvement in OS and relapse risk.”” Interestingly,
patients with newly diagnosed AML with NPA1-mutant
FLT3-ITD"" treated with frontline midostaurin and inten-
sive chemotherapy, had a 3-year OS rate of around 75%.
In a retrospective subgroup analysis, the benefit of allo-
SCT was only seen in the adverse ELN subgroup [hazard
ratio (HR)=0.39; P=0.003], but not in the favorable
(HR=0.78; P=0.62) and intermediate risk subgroups
(HR=0.81; P=0.53)." These findings should, however, be
interpreted with caution as the RATIFY trial was not pow-
ered to demonstrate a difference of benefit of allo-SCT
among diverse FLT3-ITD/NPM1 genotypes. For example,
the total number of patients in the favorable ELN sub-
group was 85 and these patients were divided into four
small groups according to whether they did or did not
receive midostaurin and/or allo-SCT in CR1.”

The deleterious effect of FLT3-ITD was most clinically
relevant in patients with concomitant NPAM1 and
DNMT3A mutations, suggesting that AML patients with
NPM1, FLT3-ITD and DNMT3A mutations (triple-positive
AML) should be transplanted regardless of the FLT3-ITD
allelic ratio.® A recent study conducted on 147 patients
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found that NPM1-positive AML with low allelic FLT3-
ITD still had an unfavorable outcome, with an OS rate of
only 41%, but with significant improvements in both
relapse-free survival (RES) and OS for those allografted in
CR1.” This challenges the notion of withholding trans-
plant for patients with supposedly favorable outcomes. In
that sense, a recent study from the MD Anderson Cancer
Center showed that allo-SCT improved leukemia-free sur-
vival (LES) and OS independently of the FLT3-ITD allelic
ratio and NP1 mutation status."” This fits with recent
NCCN guidelines still offering allo-SCT for all patients
with FLT3-ITD mutations regardless of allelic ratio or
NPM1 mutation status."

On the other hand, patients with a low allelic ITD ratio
lacking an NPA11 mutation (and lacking other adverse risk
mutations) are currently considered intermediate risk,
hence in a gray prognostic area with no proper consensus
on optimal treatment strategy. There is conflict regarding
the current practice between proceeding to allo-SCT for
these patients or limiting allo-SCT only to those who do
not achieve MRD negativity by multiparametric flow
cytometry. Indeed, technical limitations prevent the use of
FLT3 mutation for assessment of MRD which must there-
fore rely on multiparametric flow cytometry."”" Finally,
Versluis er al. reported that in patients with wildtype
NPM1 AML without FLT3-ITD or with a low allelic ratio
of FLT3-ITD, reduced intensity conditioning allo-SCT
resulted in better OS and RFS rates as compared with
chemotherapy or autologous SCT.”

Overall, limitations to the universal incorporation of
FLT3-ITD allelic ratio into routine clinical practice and the
treatment algorithm include the lack of a clear cut-off (0.5
in the ELN recommendations, 0.7 in the RATIFY study)
and the potential variability of the allelic ratio over time. A
global effort is needed to standardize the technique for
determining the FLT3-ITD allelic ratio, making it universal
with calibration of all laboratories, reminiscent of the glob-
al exercise the world did for BCR/ABL1. Similarly, the def-
inition of high and low allelic ratio should also be standard-
ized with a clear consensus on a cut-off level. Until these
technical challenges are addressed, the transplant indica-
tion remains controversial in patients with FLT3-ITD who
belong to the ELN favorable risk group (low allelic ratio
<0.5 with concomitant NPAI1 mutation) and who achieve
MRD negativity. Many European cooperative groups fol-
low the ELN algorithm, deferring allo-SCT in patients with
NPM1-mutant FLT3-ITD"*, unless there is molecular per-
sistence of NPAV11. Thus, performing MRD assessment reg-
ularly to decide on allo-SCT timing is crucial when select-
ing this approach. Conversely, the NCCN guidelines are
still advocating allo-SCT in CR1 in this setting.

Finally, data on the prognosis of FLT3-TKD AML remain
conflicting, with some studies suggesting a negative
impact of TKD mutations on LES and OS,"** while oth-
ers suggesting no prognostic effect, or even a benefit when
a NP1 mutation is present.”**%

Hematopoietic stem cell transplantation and
factors predictive of outcome

As stated above, because of the poor prognosis associat-
ed with FLT3-ITD mutated AML, allo-SCT was most fre-
quently performed in patients in CR1°7*'” including fit
patients =60 years of age."” In most studies, the LES rate at
2 years ranges between 50 to 60% in that setting,®””'"

although a wide variation from 20%""'® to 70%* has been
reported. There are knowledge gaps about the factors that
can predict outcome after allo-SCT.

A previous EBMT study” reported that patients with
FLT3-ITD mutated AML with concomitant mutated
NPM1 had better post-transplant outcomes compared to
those with wildtype NPA1. Similarly, other studies
reported that the presence of active disease or MRD
before allo-SCT results in poor post-transplant out-
Comes'105,107

A recent, large EBMT registry study assessed outcomes in
462 allografted FLT3-mutated AML patients with a median
follow-up of 39 months for alive patients.” Forty percent
received allo-SCT from matched related donors, 49% from
matched unrelated donors and 11% from haploidentical
donors. Two-year cumulative incidence of relapse (CIR)
and non-relapse mortality rates were 34% and 15%,
respectively, whereas LFS, OS and graft-versus-host disease
(GvHD)-free. relapse-free survival (GRES) rates were 51%,
59% and 38%, respectively. On multivariable analysis, the
need for more than one induction treatment negatively
affected outcome, while prescribing an allo-SCT in CR1
resulted in improved CIR, LES and OS. Presence of an
NPM1 mutation was also associated with better outcomes,
including better CIR, LES, OS and GRES. Post-transplant
maintenance therapy with sorafenib significantly reduced
the CIR and improved LFS, OS and GFRS. Outcomes were
not affected by the type of donor or conditioning intensity.
An important finding from this study was that in vivo T-cell
depletion with antithymocyte globulin decreased chronic
GvHD and significantly improved LFS, OS and GRES, with-
out an apparent increase in the risk of relapse. This indi-
cates that, even in the setting of FLT3-mutated AML, in vivo
T-cell depletion does not appear to abrogate the graft-versus-
leukemia effect. Finally, the use of haplo-identical donors
was associated with improved GRES compared to that
achieved with other types of donors. Given the high risk of
rapid relapse of patients with FLT3-mutated AML in CR1
and the poor outcome of allo-SCT in CR2 or beyond,""'*
these results and those of a recent EBMT study suggest that,
in the absence of a matched sibling donor, performing
haplo-identical transplants in CR1 may be considered."”
Furthermore, in another large EBMT study on more than
6,500 adult AML patients allografted in CR1, multivariate
analysis confirmed the lack of a statistically significant dif-
ference in OS following transplants from matched related
donors or 10/10 matched unrelated donors, or haplo-SCT."
Finally, the results of a CIBMTR, EUROCORD and EBMT
collaborative analysis demonstrated that outcomes after
umbilical cord blood transplantation are similar to those
after allo-SCT from sibling donors for patients with FLT3-
I[TD AML."™

Post-transplant maintenance in FLT3-mutated
acute myeloid leukemia

Even after allo-SCT, FLT3-mutated AML is associated
with a higher risk of early relapse (30%-59%) compared
to FLT3-wildtype AML.** Indeed, in a CIBMTR analysis
of 511 patients (158 with FLT3 mutations), there was an
increase in relapse rates in FLT3-mutated AML (38% vs.
28%; P=0.04; relative risk 1.60; 95% CI. 1.15-2.22).*
Satisfactory treatment of patients with FLT3-mutated
AML who relapse or progress after allo-SCT, is an unmet
need. Chemotherapy or FLT3 inhibitors alone or com-



bined with donor lymphocyte infusions are rarely effec-
tive in the long term,”* even though a small proportion
of patients who relapse after allo-SCT can achieve long-
lasting responses with sorafenib.***” A second allo-SCT
can be offered to only a small percentage of patients and
is associated with a rather high non-relapse mortality
rate."” Several studies have, therefore, investigated the
use of post-transplant maintenance with FLT3 inhibitors
as a strategy aimed to reduce relapse after allo-SCT."”

Midostaurin was not offered as maintenance therapy to
recipients of allo-SCT in the RATIFY study," but the
RADIUS phase II randomized trial compared post-trans-
plant midostaurin maintenance with standard care in 60
adult patients."* Estimated relapse rates at 18 months
were 24% in the standard care group and 11% in the
midostaurin group (P=0.27)."* In another prospective
phase II study, maintenance midostaurin was also offered
to FLT3-mutated AML patients undergoing allo-SCT in
CR1. In a landmark analysis in patients who were event
free at day 100 after transplant (n=116), those who start-
ed maintenance therapy within 100 days after their trans-
plant (n=72) had a significantly better OS than those who
did not.'"® The main cause of early discontinuation of
maintenance midostaurin after allo-SCT (23%) was poor
tolerability, mainly as a result of gastrointestinal toxici-
t .114

Sorafenib has been studied as maintenance therapy fol-
lowing allo-SCT, demonstrating benefit with regards to
survival and improved outcomes in a phase I study, a pilot
study, a single-center study, a multicenter study, a registry
study and a randomized study.”®'"® A phase I trial
(NCT01398501) was conducted in which 22 FLT3-ITD
AML patients received twelve 28-day cycles of sorafenib
45-120 days after allo-SCT. The maximum tolerated
dose was established at 400 mg twice daily. The 1-year
progression-free survival (PES) rate was 85% with a cor-
responding 1-year OS of 95%. In a pilot study, six
patients with FLT3-ITD AML received sorafenib (n=5
maintenance, n=1 salvage) after allo-SCT with similarly
encouraging results."® Five of these patients developed
cutaneous corticosteroid-sensitive GvHD within a few
days after sorafenib initiation, suggesting a possible
immunomodulatory effect, and remarkably all patients
had sustained molecular remissions.

In a single-institution, observational study on FLT3-ITD
AML patients transplanted in CR1, 26 patients who
received sorafenib as maintenance treatment after allo-
SCT were compared to 55 historical controls who did
not.” The sorafenib cohort had a better 2-year OS rate
(81% vs. 62%), improved PES (82% vs. 53%), and lower
relapse incidence (8% vs. 38%).

In a multicenter study, 27 FLT3-mutated AML patients
(aged 15-57 years) received maintenance therapy with
sorafenib as a single agent after allo-SCT.” At a median
follow-up of 18 months, 25 patients were in complete
remission with full donor chimerism, with 1-year PEFS and
OS rates reaching 92%. Updated results after a median
follow-up of 40 months further demonstrated favorable
long-term outcomes in patients receiving sorafenib main-
tenance therapy, with 2-year PFS and OS rates reaching
73% and 80%, respectively, with an acceptable toxicity
profile.”

A recent large EBMT registry study assessed outcomes
in 462 allografted FLT3-mutated AML patients over a
median follow-up of 39 months for surviving patients.®

Twenty-eight patients received post-transplant sorafenib
maintenance treatment, initiated at a median of 55 days
after transplantation (range, 1-173) at a median dose of
800 mg/day (range, 200-800 mg/day). Thirteen patients in
the sorafenib group had chronic GvHD at a median time
of 76 days after the initiation of sorafenib (range, 9-194
days). Chronic GvHD was limited in seven patients and
extensive in six. On multivariate analysis, post-transplant
maintenance with sorafenib significantly reduced the
relapse incidence (HR=0.39; P=0.05), and improved LFS
(HR=0.35; P=0.01), OS (HR=0.36; P=0.03) and GFRS
(HR=0.44; P=0.02). Matched-pair analysis was also per-
formed on 52 patients (26 in the sorafenib group and 26
controls) who engrafted and survived after allo-SCT with
no relapse or grade II-IV acute GvHD until sorafenib ini-
tiation. The 2-year LFS and OS rates were 79% and 83%,
respectively, in the sorafenib group (P=0.02) versus 54%
and 62%, respectively, in the controls (P=0.007).

More recently, preliminary conclusions of a double-
blind, prospective trial (SORMAIN) that randomized
patients to either maintenance treatment with sorafenib
or placebo introduced during the first 60-100 days after
allo-SCT provided further support for the use of this drug
in this high-risk setting.** Eighty transplanted FLT3-1TD
adult AML patients were randomized 1:1 to receive either
sorafenib (up to 400 mg twice daily) or placebo for up to
24 months. After a median follow-up of 42 months, the
median RES was 31 months in the placebo group whereas
it was ‘not reached’ in the sorafenib group (corresponding
to a 2-year RES of 53% vs. 85%: HR 0.39; P=0.01).
Sorafenib was well-tolerated with toxicities that were
generally manageable, mostly by dose reduction. These
findings build on previously reported data and confirm
that sorafenib maintenance therapy after allo-SCT in
FLT3-ITD AML patients is both safe and efficient in sig-
nificantly reducing CIR and improving survival.

In addition to sorafenib’s direct anti-leukemic effect, a
possible synergism between the drug and alloreactive
donor T cells in facilitating long-term disease control has
been suggested,'” and has also been proposed in murine
models in which sorafenib apparently exacerbated
GvHD."? A recent study demonstrated that sorafenib pro-
motes graft-versus-leukemia activity in mice and humans
through interleukin-15 production in FLT3-ITD leukemia
cells."”

Gilteritinib is also currently being prospectively
assessed for maintenance use in FLT3-ITD AML after allo-
SCT in a phase 1II, randomized, double-blind, placebo-
controlled multicenter trial (NCT02997202)."° This study
aims to enroll 346 adult patients with AML in CR1, ran-
domized 1:1, to receive either gilteritinib 120 mg or place-
bo for 2 years. In addition, a large phase III randomized
study (NCT04027309) by a consortium of several cooper-
ative study groups, including HOVON, AMLSG, SAKK,
ALFA, CETLAM, PETHEMA, FILO and ALLG, is antici-
pated to start enrolling by the end of 2019: patients will
be randomized to midostaurin or gilteritinib added to
standard induction and consolidation treatment. Patients
who achieve complete remission will continue mainte-
nance with either midostaurin or gilteritinib.

Finally, the recent approval of midostaurin for frontline
treatment of FLT3-mutated AML in the USA and Europe
may challenge the role of post-transplant maintenance
therapies, including sorafenib. Accordingly, new data
should be generated in this setting.”'” Most FLT3-mutat-
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ed AML patients, however, are not currently receiving
midostaurin, at least outside the USA and some other
countries; therefore, for the foreseeable future, patients
may still benefit from sorafenib maintenance treatment
after allo-SCT.

Summary of position statement (Table 1)

1- Indications for allogeneic stem-cell transplantation
in FLT3-internal tandem duplication acute myeloid
leukemia

® The indication for allo-SCT is controversial in patients
with FLT3-ITD who belong to the ELN favorable risk
group (low allelic ratio <0.5 with concomitant NPA1
mutation) and who achieve MRD negativity. Allo-SCT
may be delayed until first relapse as recommended by the
ELN or performed in CR1 as allowed by NCCN guide-
lines. Grade level C-II

e In general, all other patients with FLT3-ITD AML
should be considered for allo-SCT in CR1 if feasible.
Grade level B-II

2- Modalities of hematopoietic stem cell
transplantation

* Donors should be selected according to EBMT general
guidelines® including the potential use of cord blood grafts
whenever indicated. Grade level B-II

® In vivo T-cell depletion decreases the risk of chronic
GvHD, without apparently increasing the risk of relapse,
in FLT3-ITD AML and is therefore an option in this set-
ting. Grade level B-II

e The choice of conditioning has no direct link with
FLT3-ITD mutation and should be adapted to other indi-
vidual risk factors such as age, disease status at transplant,
and donor type. Grade level B-II

3- Post-transplant maintenance for FLT3-internal tan-
dem duplication acute myeloid leukemia

e Post-transplant maintenance therapy with a FLT3
inhibitor for patients who have undergone allo-SCT for
FLT3-ITD AML is recommended (except for patients with
active acute GvHD). In the absence of an appropriate clin-
ical trial, sorafenib could be considered as the preferred
option, but other FLT3 inhibitors are attractive and war-

Table 1. Summary of the European Society for Blood and Marrow Transplantation position statement on allogeneic hematopoietic stem-cell trans-
plantation in FLT3-internal tandem duplication acute myeloid leukemia.
Indication for allo-SCT Transplant indication is controversial in patients with FL73-ITD who belong to the ELN favorable risk group (low allelic
in FLT3 mutated AML ratio <0.5 with concomitant NP}/ mutation) and who achieve MRD negativity. Allo-SCT may be delayed until first relapse
as recommended by the ELN or performed in CR1 as allowed by NCCN guidelines.

In general, all other patients with FLT3-ITD should be considered for allo-SCT in CR1 if feasible.

Modalities of allo-SCT Donor selection according to EBMT general guidelines.
In vivo T-cell depletion decreases the risk of chronic GVHD without an apparent increase in the risk of relapse in FLT3

mutated AML and is therefore an option in this setting.

The choice of conditioning has no direct link with FL73 mutation and should be adapted to other individual risk factors
such as age, disease status at transplant, and donor type.

Post-transplant
maintenance

Post-transplant systemic maintenance therapy with a FLT3 inhibitor for patients who underwent allo-SCT for FLT3-ITD
AML is recommended (except for patients with active acute GvHD).

In the absence of an appropriate clinical trial, sorafenib could be considered as the preferred option, but the role of
other FLT3 inhibitors warrants investigation.

Maintenance treatment should be initiated as soon as possible after disease evaluation, including MRD assessment,
especiallyin patients with MRD-positive AML before or after allo-SCT, provided there is adequate hematologic
reconstitution.

The recommended post-transplant maintenance is sorafenib at a dose of 400 mg/day in two divided doses. Patients with
MRD-positive disease may receive 800 mg/day in two divided doses, to be adapted according to tolerance. Sorafenib
should be transiently discontinued in the case of GvHD requiring systemic treatment with corticosteroids, but may be
cautiously resumed once remission of GvHD is documented.

Ongoing studies will determine whether midostaurin, gilteritinib or other FLT3 inhibitors will become additional
alternatives in this setting.

Maintenance therapy duration is not firmly established, but a minimum of 2 years is recommended, depending
on tolerance.

Allo-SCT: allogeneic hematopoietic stem cell transplantation; FLT3: FMS-like tyrosine kinase 3; AML: acute myeloid leukemia; FLT3-ITD: FLT'3-internal tandem duplication; ELN:
European LeukemiaNet; NPM1: Nucleophosmin 1; MRD: minimal residual disease; CR1: first complete remission; NCCN: National Comprehensive Cancer Network; EBMT:
European Society for Blood and Marrow Transplantation; GvHD: graft-versus-host disease..
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rant further investigation in larger prospective studies.

Grade level B-II

EBMT ALWP recommendation for allo-SCT for FLT3 AML e

* Monitoring is recommended for potential drug-drug

interactions and long-term side effects.

* Maintenance therapy should be initiated as soon as
possible after disease evaluation, including MRD assess-

ment (whenever feasible), especially in patients with

MRD-positive AML before or after allo-SCT, provided

there is adequate hematologic reconstitution. Grade level

B-1I

e Sorafenib should be transiently discontinued in the
case of GvHD requiring systemic treatment with corticos-
teroids, but may be cautiously resumed once remission of
GvHD is documented. Grade level B-III

e If choosing sorafenib, the recommended post-trans-
plant maintenance dose is 400 mg/day in two divided
doses. Patients with MRD-positive disease may receive
800 mg/day in two divided doses, to be adapted according

to tolerance. Grade level B-III

® One potential challenge is the lack of approval of
sorafenib for AML and its off-label use may not be reim-
bursed in many/most countries. Ongoing studies will
determine the role and modalities of use of midostaurin,
gilteritinib or other FLT3 inhibitors in this setting.

e The duration of maintenance therapy is not firmly
established, but a minimum of 2 years is recommended,

depending on tolerance. Grade level B-1II
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ABSTRACT

elomerase is a ribonucleoprotein complex that maintains the length

and integrity of telomeres, and thereby enables cellular proliferation.

Understanding the regulation of telomerase in hematopoietic cells is
relevant to the pathogenesis of leukemia, in which telomerase is constitu-
tively activated, as well as bone marrow failure syndromes that feature
telomerase insufficiency. Past studies showing high levels of telomerase in
human erythroblasts and a prevalence of anemia in disorders of telomerase
insufficiency provide the rationale for investigating telomerase regulation in
erythroid cells. Here it is shown for the first time that the telomerase RINA-
binding protein dyskerin (encoded by DKCY) is dramatically upregulated as
human hematopoietic stem and progenitor cells commit to the erythroid
lineage, driving an increase in telomerase activity in the presence of limiting
amounts of TERT mRNA. It is also shown that upregulation of DKC7 was
necessary for expansion of glycophorin A* erythroblasts and sufficient to
extend telomeres in erythroleukemia cells. Chromatin immunoprecipita-
tion and reporter assays implicated GATA1-mediated transcriptional regu-
lation of DKC1 in the modulation of telomerase in erythroid lineage cells.
Together these results describe a novel mechanism of telomerase regulation
in erythroid cells which contrasts with mechanisms centered on transcrip-
tional regulation of TERT that are known to operate in other cell types. This
is the first study to reveal a biological context in which telomerase is upreg-
ulated by DKC7 and to implicate GATA1 in telomerase regulation. The
results from this study are relevant to hematopoietic disorders involving
DKC1 mutations, GATA1 deregulation and/or telomerase insufficiency.

Introduction

Telomerase is a ribonucleoprotein complex that maintains the length and integri-
ty of chromosomal-end structures called telomeres and thereby enables continuous
cellular proliferation.! The minimum essential components of the human telom-
erase holoenzyme are a specialized reverse transcriptase (TERT) and a non-coding
RNA (TERC) that includes an RNA template domain for priming synthesis of
telomeric repeats. Active human telomerase ribonuclear proteins also include the
RNA binding and modifying protein, dyskerin. Dyskerin, encoded by DKC1, aug-
ments telomerase activity by directly binding to TERC to confer the structural
rigidity and stability necessary for its accumulation and function.*®

Telomerase enzyme activity underpins the unrestricted proliferation of cancer
cells in approximately 80-90% of malignancies, including acute leukemias and lym-
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phomas.*” It also plays an important role in the function of
normal hematopoietic stem and progenitor cells (HSPC).*
" Telomerase activity is low in quiescent hematopoietic
stem cells, and is upregulated by self-renewal cytokines
that promote cell cycling."" It is then downregulated to
undetectable levels as HSPC differentiate into granulo-
cytes, monocytes and macrophages.”"” Telomerase is
similarly upregulated in lymphoid cells upon exposure to
mitogens but is barely detectable in mature resting lym-
phocytes and peripheral blood mononuclear cells.”*
Studies of telomerase in erythroid lineage cells are limited;
however, our previous investigation demonstrated that in
contrast to the downregulation of telomerase observed
during myelomonocytic differentiation, telomerase was
robustly upregulated as umbilical cord blood (CB)-derived
HSPC underwent commitment and expansion along the
erythroid lineage." Supporting the functional significance
of this finding, a strong correlation was demonstrated
between the level of telomerase in human HSPC and the
proliferative potential of erythroblasts. In contrast, there
was no correlation between telomerase in HSPC and
expansion along granulocytic or monocytic lineages. A
recent study demonstrating that telomerase knockout
mice have more pronounced defects in erythroid progeni-
tors than in granulocyte-macrophage progenitors further
supports an important role for telomerase in the erythroid
lineage.” The mechanism responsible for the upregulation
of telomerase during erythropoiesis is currently unknown.

Insufficient telomerase due to mutations in telomerase-
associated genes is causally involved in inherited bone
marrow failure syndromes including dyskeratosis con-
genita." Dyskeratosis congenita manifests with mucocu-
taneous symptoms and multiple organ dysfunction; how-
ever, anemia is prevalent and bone marrow failure is the
most common cause of death among patients with telom-
erase mutations.” Patients with telomerase insufficiency
syndromes exhibit pancytopenias and have fewer circulat-
ing hematopoietic progenitors than do healthy individu-
als.” Understanding the mechanisms that regulate telom-
erase activity in human hematopoietic cells is a crucial
step toward the development of effective treatment of
hematologic conditions associated with insufficient
telomerase. Past studies along these lines have attributed
the modulation of telomerase activity in hematopoietic
cells to transcriptional regulation of TERT, the rate-limit-
ing component of the telomerase holoenzyme.”* These
studies focused on telomerase regulation in progenitors,
lymphoid and myelomonocytic cells. There is no prior
study of telomerase regulation in normal erythroid lineage
cells. The prevalence of anemia in telomerase insufficien-
cy syndromes and the need for new treatments for these
disorders, provided the impetus for investigation in this
area.

Here we show that the increase in telomerase activity
that occurs as human HSPC commit to the erythroid line-
age is a result of upregulation of the DKC1 gene in the
presence of limiting amounts of TERT mRNA. It is shown
for the first time that the DKC1 gene is a direct transcrip-
tional target of the erythroid-specific transcription factor
GATA1 and that high expression of DKC1 is required for
efficient production of glycophorin A-positive (GLYA)
erythroblasts. These results provide a novel mechanistic
explanation for high levels of telomerase in GLYA" ery-
throblasts and the heightened vulnerability of the ery-
throid compartment to telomerase insufficiency.

Methods

Cord blood cell isolation and culture of CD34*
and glycophorin A cells

CB was obtained from the Royal North Shore Hospital and the
Australian Cord Blood Bank. Ethical approval for the use of CB
was obtained from the Human Research Ethics Committees of the
relevant hospitals and the University of New South Wales
(approval numbers: HREC 05188, NSCCH 0602-004M, SESIAHS
08/190). Bone marrow mononuclear cells were obtained from
Lonza (Mt Waverly Australia). CB processing and isolation of
CD34" HSPC and GLYA"® cells are described in the Online
Supplementary Methods. CD34* HSPC were expanded for 1 week in
Isocove modified Dulbecco media (Life Technologies, Carlsbad,
CA, USA) with 20% fetal bovine serum (Trace Scientific,
Melbourne, Australia), 100 ng/mL stem cell factor (SCE Amgen,
Thousand Oaks, CA, USA), 100 ng/mL thrombopoietin
(Peprotech, Rocky Hill, NJ, USA), 100 ng/mL Flt-3 ligand (FLT-3L,
Amgen) (STF), 50 ug/mL gentamycin and 200 mM glutamine. The
cells were then cultured in cytokine combinations that force
expansion and differentiation along specific lineages as described
in our previous study (Online Supplementary Table S1).*
Differentiation was assessed by fluorescence activated cell sorting
(FACS) analysis after staining cells with the conjugated antibodies
detailed in Online Supplementary Table S2. Green fluorescent pro-
tein-positive (GFP*), GLYA" and CD13" subpopulations were puri-
fied by FACS using a FACS Diva (Becton Dickinson).

DKC1 gene suppression and overexpression
The viral vectors and methods used for suppression and over-

expression of DKC1 are described in the Online Supplementary
Methods.

Telomerase enzyme assays and telomere length
measurements

Telomerase enzyme activity was quantified using the real-time
polymerase chain reaction (PCR)-based telomeric amplification
protocol (qTRAP) as described elsewhere.” Mean telomeric
restriction fragment length was measured using the TeloTAGGG
Telomere Length Assay kit (Roche, Mannheim, Germany) as pre-
viously described and detailed in the Ownline Supplementary
Methods .

Gene and protein expression analyses

Quantitative real-time PCR (qQRT-PCR) and western blot analy-
sis were performed according to standard protocols described in
the Online Supplementary Methods.

Chromatin immunoprecipitation and reporter assays

Chromatin immunoprecipitation (ChIP) assays were performed
as previously described.” Briefly, 2 x 107 cells were treated with
1% formaldehyde, then cross-linked chromatin was sonicated to
obtain 300-500 bp fragments. Chromatin was immunoprecipitat-
ed with antibodies detailed in Online Supplementary Table S2 and
subjected to qRT-PCR using Express SYBR Green (Life
Technologies) and the primers described in Online Supplementary
Table S3. Values were normalized to products from immunopre-
cipitation with control IgG antibody.

A DKC1 promoter reporter construct (pGL2-DKC1L) was made
by cloning a DKC1 sequence spanning +211 to -11183 bp from the
DKC1 transcription start site into Xhol and HindIII sites of the
pGL2 vector encoding luciferase. Two proximal GATA sites were
mutated by site-directed mutagenesis using the QuikChange Site-
directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) with the
primers listed in Omnline Supplementary Table S3. The mutated



nucleotides were verified by Sanger sequencing. Luciferase assays
were performed using HEL 92.1.7 cells as described in the Online
Supplementary Methods.

Statistics

All statistics were performed using GraphPad Prism 6.0b (La
Jolla, CA, USA). Results were considered statistically significant
when P<0.05.

Results

DKC1 is upregulated with erythroid lineage
commitment

It was previously shown that telomerase activity is
upregulated when CB-derived HSPC were switched to
conditions promoting erythroid differentiation.” To verify
this finding in a pure population of erythroid cells, GLYA*
cells were sorted by FACS from cultures generated by ex
vivo expansion of HSPC. CD34* cells were first expanded
in medium supplemented with STF for 1 week, then
switched to medium containing SCF and erythropoietin
(SE) for a further 2 weeks. FACS analysis using antibodies
for GLYA and CD34 confirmed differentiation of HSPC
and enrichment for GLYA"/CD34 erythroid cells (>80% of
the viable population) at week 2 and week 3 (Figure 1A
and Ounline Supplementary Figure S1). Erythroid cell popula-

tions were further purified from week 2 cultures by FACS
sorting cells based on either low or high expression of
GLYA and lack of expression of the myeloid cell marker
CD13. CD13*/GLYA myeloid cells were also purified
from the week 2 cultures for comparison with the ery-
throid cells (Figure 1B). Telomerase activity was quantified
in the FACS-sorted populations of GLYA™", GLYA™" ery-
throid cells and CD13" myeloid cells, as well as CD34*
cells and an unpurified population of cells cultured in SE.
The results demonstrated that telomerase activity was
upregulated in GLYA™# erythroblasts relative to both
uncultured CD34* HSPC and unsorted SE-cultured cells
(Figure 1C). In contrast, no significant telomerase activity
was detected in CD13" myeloid cells. These data confirm
that telomerase activity was confined to the GLYA" ery-
throid subset of cells in the SE culture, and was downreg-
ulated in differentiated myeloid cells.

To investigate the regulation of telomerase during ery-
throid commitment, telomerase enzyme activity and
expression of TERT, TERC and DKC1 was assessed at
weekly time points over the 3-week culture period. As
previously reported, telomerase was modestly upregulat-
ed upon initial cytokine stimulation with STE'" then fur-
ther increased during the second week of culture after
switching to SE (P<0.01) (Figure 2A)." In parallel with the
initial induction of telomerase activity, there was a meas-
urable increase in TERT expression during the first week
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Figure 1. Telomerase enzyme activity is upregulated in glycophorin A* erythroblasts. Cord blood (CB)-derived CD34* hematopoietic stem and progenitor cells (HSPC)
were expanded for 7 days in medium supplemented with stem cell factor, thrombopoietin and Flt-3 ligand (STF), then cultured for an additional 2 weeks in medium
with stem cell factor plus erythropoietin (SE). (A) Graphical representation of the proportions of CD34* and glycophorin-positive (GLYA") cells in the total viable cell
fraction, shown as the mean + standard error of the mean (SEM) calculated from nine independent CB cultures. (B) Cell populations enriched for erythroblasts with
high or low GLYA expression, or CD13* myeloid cells were isolated from SE cultures by fluorescence activated cell sorting (FACS). Panels show gates used for sorting
cell subsets expressing low (1) or high (2) levels of GLYA and CD13 before and after FACS. (C) qTRAP measurement of telomerase enzyme activity in uncultured HSPC

cells (CD34"), unfractionated cells from SE cultures (Unsorted) and FACS-sorted cel

| populations. Each symbol represents the mean from three measures of telom-

erase activity in independent assays of cells from four CB cultures. *P<0.05, **P<0.01, Dunnett multiple comparisons test.
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of culture in STE TERT expression then returned to the ment and expansion, as indicated by expression of GLYA*
low basal levels detected in unstimulated HSPC when the  (Figure 1A). Expression of TERC did not alter dramatically
culture was switched to SE (weeks 2-3). In contrast to over the time course, apart from a modest increase from
TERT, DKC1 expression was induced after cultures were week 1 to 2 of culture.

switched to SE. The kinetics of DKC1 upregulation varied To determine whether the upregulation of DKC1
among the CB cultures established from different individ-  expression was specific for the erythroid lineage, DKC1
uals, but invariably increased after the switch to erythroid —expression was analyzed in cell populations enriched for
conditions at week 1 and peaked at either week 2 or 3 of monocytic, granulocytic and megakaryocytic cells.
culture (Online Supplementary Figure S2). The DKC1  Cultures enriched for these lineages were produced by
expression pattern closely paralleled erythroid commit-  switching STF cultures at week 1 from STF to SCE FLT-3L
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=) 16 & 2 10 ]—| throblasts relative to the levels in other
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ation (SE) conditions (two-way analysis of

c D variance with the Dunnett multiple com-
parison test). (B, C) CB CD34* HSPC were

expanded in STF for 1 week, then split
into media supplemented with cytokines
[—l that promote expansion and differentia-
tion along specific myeloid lineages. S:

stem cell factor; T: thrombopoietin; F: FLT-
3L; M: monocyte colony-stimulating fac-
tor; G: granulocyte colony-stimulating fac-
tor; 6: interleukin 6; E: erythropoietin. (B)
DKC1 mRNA was quantified by qRT-PCR
analysis of cells harvested from five to
nine independent CB cultures. Each

B-actin U assay was performed three times and
(42kDa) e results were normalized to those of uncul-
5 GLYA - GLYA+ tured CD34* HSPC (week 0). Values are

means + SEM. **P<0.01 Dunnett multi-
ple comparisons. (C) Western blot of
dyskerin protein with actin used as a load-
ing control. The image represents sam-
E ples run on a single gel, with consistent
*kkk
4000- exposure for all samples. The gap
between lanes 5 and 6 represents dele-
tion of a failed sample. SK-N-SH neuro-
blastoma cell line, TF-1 erythroleukemia
cell line and MRC-5 mortal human myofi-
broblasts were used as controls. (D)
DKC1 mRNA quantified by gRT-PCR analy-
sis of glycophorin A (GLYA)-positive and -
negative cells isolated from uncultured
CB or bone marrow by magnetic bead
separation. Values are means + SEM
from four independent samples. P<0.05
paired Student t test. (E) DKC1 gene
expression data from the BioGPS Primary
Cell Atlas. ****P<0.0001 Dunnett multi-
ple comparisons test of proerythroblast
and hematopoietic stem cells from bone
marrow mononuclear cells. AU: arbitrary
units.
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and monocyte colony-stimulating factor (SFM) for mono-
cytic differentiation, to SCE FLT-8L and granulocyte
colony-stimulating factor (SFG) for granulocytic expan-
sion and to SCE, thrombopoietin and interleukin-6 (ST6)
to promote megakaryocyte differentiation (Ounline
Supplementary Figure S2). qRT-PCR analysis showed that in
contrast to the upregulation of DKC1 observed in cells cul-
tured with SE (P<0.01), there was no significant induction
of DKC1 expression in cells grown under conditions
favoring monocytic, granulocytic or megakaryocytic dif-
ferentiation (Figure 2B). Western blot analysis further
demonstrated high expression of dyskerin protein only in
cell populations produced under erythroid conditions
(Figure 2C).

Upregulation of DKC1 bolsters telomerase activity and
promotes telomere lengthening

To confirm that DKC1 expression was upregulated in
erythroblasts produced in vivo as well as in ex vivo-generat-
ed erythroid cultures, DKC1 expression was assessed in
GLYA" cells isolated from uncultured CB and bone mar-
row mononuclear cells. Results from gRT-PCR analysis
consistently showed higher DKC1 mRNA in the GLYA"
fraction than in the GLYA' fraction of cells isolated from
four samples (Figure 2D). Consistent with these results,
gene expression data, collected through meta-analysis of
multiple independent studies (available through the
BioGPS Primary Cell Atlas dataset), showed DKC1
expression to be upregulated in proerythroblasts relative
to hematopoietic stem cells and myeloid lineage cells
(Figure 2E).” The upregulation of DKC1 mRNA in bone
marrow proerythroblasts appeared to be transient, as
DKC1 levels in intermediate erythroblasts were similar to
those in hematopoietic stem cells. Collectively these data
provide strong evidence of DKC1 upregulation during ery-
throid commitment of human HSPC.

To test whether induction of DKC1 was sufficient for the
upregulation of telomerase activity observed in erythrob-
lasts, HSPC were transduced with lentiviral vectors encod-
ing DKC1 cDNA plus GFP (MSCV-DKC1) or GFP alone
(MSCV-GFP). Robust upregulation of DKC7 mRNA in
MSCV-DKCl1-transduced cells was demonstrated by qRT-
PCR analysis of GFP* cells isolated by FACS (P<0.01,
Student ¢ test) (Figure 3A). Telomerase enzyme activity was
also substantially increased in MSCV-DKC1 cells relative to
control vector-transduced cells (P<0.01, Student r test)
(Figure 3B). There were no significant differences in the
expression of TERT and TERC between MSCV-DKC1 and
control vector-transduced cells (Figure 3A), although TERC
expression tended to be higher in the MSCV-DKC1 cells.

To enable analysis of the effect of DKC1 upregulation
over a time course sufficient for assaying telomere length
changes, we also overexpressed DKC1 in the immortal
erythroleukemia cell line, HEL 92.1.7 (Figure 3C).
Consistent with the CB experiments, overexpression of
DKC1 in HEL 92.1.7 cells caused a substantial elevation of
telomerase activity without an apparent change in TERT
mRNA expression (Figure 3C, D). Southern blot-based
analysis of telomere length showed that ectopic expres-
sion of DKC1 resulted in telomere lengthening at a rate of
approximately 500 bp over a 2-month period, and 900 bp
over 7 months (Figure 3E). To verify that DKC1 upregula-
tion is sufficient for telomere extension, we also overex-
pressed DKC1 in HL-60 cells. Consistent results were
obtained, showing that DKC1 overexpression resulted in

robust upregulation of telomerase and elongated telom-
eres (Online Supplementary Figure S4). These data show
that upregulation of DKC1 results in an accumulation of
functional telomerase complexes capable of telomere
elongation.

High expression of DKC1 is necessary for erythroblast
proliferation

We next tested whether elevated expression of DKC1
was necessary for erythroid cell proliferation and differen-
tiation. For these investigations CB-derived HSPC were
transduced with retroviral vectors encoding one of two
different shRNA targeting DKC7 mRNA (D2 and D3) or a
non-silencing shRNA (NS) plus GFP. HSPC were pre-stim-
ulated and transduced in medium supplemented with STE
and then FACS-sorted for GFP* cells, which were then cul-
tured in SE. qRT-PCR analysis confirmed effective sup-
pression of DKC1 and corresponding downregulation of
telomerase activity in erythroid cells transduced with D2
and D3 vectors relative to control vector-transduced cells
(Figure 4A, B). The suppression of telomerase activity was
not attributable to reduced expression of TERT, which
was expressed at equivalent levels in D2-, D3- and NS-
transduced cells (Figure 4C). TERC levels varied among
the independent experiments, although they tended to be
lower in D2- and D3-transduced cells relative to control
cells (Figure 4D), consistent with the known role of
dyskerin as a stabilizing scaffold for TERC.

Weekly counts of transduced cells revealed that shRNA-
mediated suppression of DKC1 expression inhibited pro-
liferation in SE-driven cultures (Figure 4E). Since there was
no apparent difference in the proportion of GLYA" cells in
D2 and D3 cultures compared to NS cultures, the reduc-
tion in GLYA" cell number did not appear to be due to
impaired erythroid differentiation (Figure 4F). When plat-
ed in methylcellulose, D2- and D3-transduced cells
formed erythroid colonies with normal burst-forming
unit-erythroid (BFU-E) size and morphology; however,
significantly fewer colonies were generated by D2 and D3
cultures than by NS (Figure 4G). In contrast to the effect of
DKC1 knockdown on BFU-E colony numbers, there was
no discernible effect on colony-forming units of granulo-
cyte-monocyte or granulocyte-erythrocyte-macrophage-
megakaryocyte. Together, the results demonstrate a criti-
cal role for DKC1 expression in erythroblast proliferation
that is independent of differentiation.

GATA1 contributes to transcriptional regulation of
DKC1 in erythroblasts

The DKC1 promoter was previously shown to be a tar-
get of MYC family oncoproteins in MYC-driven can-
cers.”” Since MYC is also expressed in erythroid progeni-
tors,” we next investigated whether MYC or other ery-
throid transcription factors, namely GATA1 and TALI,
play a role in the regulation of DKC7. Western blot analy-
sis of uncultured CB CD34* HSPC and ex vivo-expanded
CB cells revealed MYC expression in unstimulated CB
HSPC and in cells harvested from STF, STM and SE cul-
tures (Figure 5A). In contrast, expression of GATA1 and
TAL1 was confined to cells cultured in SE. Consistent with
the qRT-PCR results (Figure 2B), dyskerin protein was
detectable in undifferentiated cells cultured in STF and
erythroid cells at weeks 2 and 3, but was not detected in
cells from monocyte-enriched cultures (Figure 5A).

Canonical E-boxes have previously been identified in
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the DKC1 promoter.”*” ChIP sequencing data from
peripheral blood erythroblasts made available through
ENCODE on the UCSC browser also provide evidence
of GATA 1 binding at the DKC1 promoter, in the vicinity
of -1097 to -493 relative to the transcription start site
(chrX: 153,991,030, hg19) (Figure 5B). Guided by these
data, we identified putative GATA sites at positions: -679
to -668 and -453 to -468 and designed PCR primers to
interrogate the transcription factor binding by ChIP. First,
using antibodies to trimethylated H3K4 (H3K4me3),
which occupies transcriptionally active chromatin, and
H3K27me3, which identifies repressed sites, we verified
that chromatin at the DKC/ promoter was in an open
configuration conducive to transcriptional activation in
both STE-stimulated cells and erythroblastic cells (Figure
5C).” ChIP analysis also confirmed MYC binding to the
DKC1 promoter, although this appeared to diminish pro-
gressively as undifferentiated CB cells underwent ery-
throid differentiation in SE culture. Conversely, GATA1
binding at the DKC1 promoter appeared most robust at
week 3, corresponding with the accumulation of ery-

throblasts expressing high levels of GLYA (Online
Supplementary Figure S5) and peak expression of DKC1 in
six out of nine CB cultures (Online Supplementary Figure
S2). Consistent with GATA1 binding in GLYA"** CB-
derived erythroblasts (Figure 5C), ChIP sequencing
results from three independent investigations, accessed
using CistromeDB, showed GATA1 binding at the DKC1
promoter of erythroblasts derived from bone marrow
and peripheral blood (Online Supplementary Figure 56).%
Although TAL1 can bind DNA via E-boxes, no TAL1
binding at the DKC1 promoter was detected in CB cells
at any stage of culture. Collectively, these data suggest a
model whereby MYC binds the DKC1 promoter in
undifferentiated cells and is replaced by GATA1 during
erythroid differentiation.

Since GATA1 regulation of DKC1 has not previously
been described, a luciferase reporter assay was conducted
to confirm that GATA sites contribute to DKC1 transcrip-
tion. Mutations were induced in two potential GATA1
binding sites of the DKC1 promoter construct by site-
directed mutagenesis and luciferase activity was measured
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Figure 3. Upregulation of DKC1 is sufficient for induction of telomerase activity in normal cord blood progenitors and erythroleukemia cells. (A-D) Cord blood (CB)
CD34" hematopoietic stem and progenitor cells (HSPC) (A, B) and HEL 92.1.7 leukemia cells (HEL) (C, D) were transduced with a lentiviral vector encoding DKC1 and
green fluorescence protein (GFP) (MSCV-DKC1) or a control vector expressing GFP alone (MSCV-GFP). Transduced cells were enriched by fluorescence activated cell
sorting (FACS) for GFP expression 72 h after the last round of lentiviral infection. (A) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of DKC1,
TERC and TERT expression in transduced CB cells collected immediately after FACS. (B) Telomerase activity in transduced CB cells measured using the qTRAP assay.
(C) gRT-PCR analysis of DKC1 mRNA, TERC and TERT mRNA in HEL 92.1.7 cells. (D) Telomerase activity in transduced HEL 92.1.7 cells measured in cells harvested
7 days after FACS using the qTRAP assay. Results for (A-D) are mean values + standard error of mean calculated from three assays from each of two to four inde-
pendent lentiviral transduction experiments. **P<0.01, ***P<0.001 from a two-tailed paired Student t test. (E) Telomeric restriction fragment Southern blot showing
telomere lengths in transduced HEL 92.1.7 cells at 2 months and 7 months after transduction.
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. . ®
in transfected HEL 92.1.7 erythroleukemia cells. The Discussion
results demonstrated that both GATA sites contributed to
promoter activity, and that concurrent ablation of the two This report is the first to implicate GATA1 in the regu-
GATA sites substantially diminished promoter activity lation of telomerase and to describe a biological context in
(Figure 5D). Collectively the results provide strong evi- which telomerase activity is upregulated by induction of
dence that the erythroid-restricted transcription factor DKC1. Here it is shown that GATA1 binds the DKC1 pro-
GATA1 contributes to the regulation of DKC1. motor and contributes to the upregulation of DKC1,
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Figure 4. Downregulation of DKC1 expression suppresses telomerase activity and inhibits erythroid cell proliferation but not differentiation. Cord blood-derived
CD34" hematopoietic stem and progenitor cells were transduced with retroviral vectors encoding DKC1-targeted shRNA (D2 and D3) or non-silencing RNA (NS) and
green fluorescent protein (GFP). GFP* cells were sprted by fluorescent activated cell sorting (FACS) (week 1), then cultured with stem cell factor plus erythropoietin
(SE) for a further 2 weeks. Expression of telomerase genes and telomerase enzyme activity were measured by quantitative real-time polymerase chain reaction and
the qTRAP assay, respectively. (A) DKC1 mRNA, (B) telomerase enzyme activity, (C) TERT mRNA and (D) TERC abundance. (E) Expansion of FACS-sorted GFP' cells
determined from cell counts using typan blue exclusion of dead cells. (F) Percentage of glycophorin A-positive cells in cultures determined by weekly FACS analysis.
(G) Erythroid progenitors in the GFP* sorted fraction were quantified as burst-forming units-erythroid in methylcellulose assays. Values are means + standard error
of mean from six independent experiments. *P<0.05, **P<0.01, ****P<0.0001 from the Dunnett multiple comparison of D2 and D3 to NS. AU: arbitrary units;
BFU-E: burst-forming unit-erythroid; GLYA": glycophorin A-positive cells.
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which drives telomerase activity levels in erythroid cells.
These results are notable in relation to past studies that
established the paradigm of TERT transcriptional regula-
tion as the primary determinant of telomerase regulation
in hematopoietic and cancer cells."*?***

Past investigations of telomerase regulation in
hematopoietic cells focused on lymphoid cells, myeloid
progenitors and myeloid leukemia cell lines.""*** These
studies revealed that mitogen-induced upregulation of
telomerase was followed by telomerase downregulation

there was a clear dissociation of this pathway when cul-
tures were switched to erythroid conditions. Upon
switching cultures from STF to SE, the abundance of MYC
protein was sustained, but TERT expression declined to an
apparently rate-limiting level while telomerase enzyme
activity escalated. Rather than correlating with TERT
expression, the increase in telomerase activity detected in
erythroblastic cells correlated with upregulation of
endogenous DKC1 mRNA. Modulation of DKC1 expres-
sion by overexpression or targeting with shRNA con-

during differentiation. Studies of lymphoid and myeloid
cells also established a direct role for MYC in the tran-
scriptional regulation of TERT and telomerase re-activa-
tion in hematopoietic cells.”¥ Consistent with this para-
digm, the present study found parallel upregulation of
TERT and telomerase activity in the presence of MYC pro-
tein in CB progenitor cells stimulated with STE However,

firmed that DKC1 regulated telomerase activity in ery-
throid cells without altering TERT gene expression. The
functional significance of these observations was further
supported by evidence of telomere lengthening following
upregulation of DKC1 in the HEL 92.1.7 erythroid cell
line. DKC1 mRNA was shown to be abundant in CB-
derived CD34/GLYA" erythroid cells irrespective of
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Figure 5. GATA1 interaction and regulation of the DKC1 promoter in erythroid cells. (A) Immunoblot of nuclear extracts showing expression of dyskerin and the tran-
scription factors MYC, GATA1 and TAL1 in cord blood (CB) cells cultured for 1 week in medium supplemented with stem cell factor (SCF), thrombopoietin and FIt-3
ligand, followed by culture with SCF plus erythropoietin or SCF, FIt-3 ligand and monocyte colony-stimulating factor. The erythroleukemia cell line TF-1 was used as a
control for dyskerin expression. The immunoblot was hybridized to Lamin B1 antibody as a loading control. The image shows samples run on a single gel, with con-
sistent exposure for all samples. The gap between lanes 4 and 5 represents deletion of a failed sample. (B) Schematic figure of the DKC1 promoter showing the
region included in the pGL2-DKC1L reporter construct, as well as canonical GATA motifs (indicated by arrows labeled A and B), and regions of GATAL1 and MYC binding
in peripheral blood erythroblasts and other cell types as reported in ENCODE chromatin immunoprecipitation sequencing traces (UCSC browser GRCh37/hg19). (C)
Chromatin immunoprecipitation was performed on ex vivo-expanded CB cells using antibodies to MYC, GATAL, TAL1 and trimethylated histones or a control IgG anti-
body. Transcription factor binding was quantified as fold-enrichment of quantitative real-time polymerase chain reaction (QRT-PCR) products amplified from the region
of interest relative to control region in an unrelated gene. Data were normalized to results from the IgG control antibody. *P<0.05, **P<0.01, analysis of variance
followed by the Bonferroni multiple comparisons test. (D) Site-directed mutagenesis was performed to introduce point mutations at canonical GATA sites within a
PGL2-DKCIL luciferase reporter construct. HEL 92.1.7 cells were co-transfected with the reporter constructs and control vector pEFBOS-LacZ for normalization.
Promoter activity was detected as luciferase activity and measured 48 h after transfection. Values are means + standard error of mean from three independent exper-
iments. *P<0.05, **P<0.01, ns; not significant, from the Dunnett multiple comparisons test. STF: stem cell factor, thrombopoietin and FIt-3 ligand; SE: stem cell fac-
tor plus erythropoietin; SFM: stem cell factor, FIt-3 ligand and monocyte colony-stimulating factor.
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whether they were generated ex vivo or in vivo. Consistent
with these findings, publicly available microarray data
from fractionated bone marrow showed high levels of
DKC1 expression in proerythroblasts.

In addition to regulating TERT, MYC has been shown to
bind and activate the DKC{ promoter in tumor cell
lines.”” The present study adds to this knowledge by
demonstrating that MYC binds the DKC7 promoter in pri-
mary human hematopoietic cells. Notably however, MYC
binding at the DKC1 promoter appeared to decline, while
DKC1 was upregulated during erythroid commitment and
expansion. These results suggest that MYC plays a less
prominent role in driving DKC1 expression in erythro-
blasts compared with undifferentiated HSPC. Instead, our
study highlights a potential role for GATA1 in the regula-
tion of DKC1 in the erythroid lineage. This was evidenced
by enrichment of GATA1 at the DKC1 promoter in GLYA*
erythroblasts, and an apparent transcriptional requirement
for GATA binding sites in the proximal region of the
DKC1 promoter.

Consistent with the known role of dyskerin in stabiliz-
ing TERC,® we consistently observed an increase in
TERC in parallel with upregulation of endogenous DKC1.
The magnitude of this effect was moderate, yet consis-
tent with results from ectopic overexpression of DKC1,
and converse to the observed effect of shRNA-mediated
downregulation of DKC1. Overexpression of TERC was
previously shown to be sufficient to elevate telomerase
and hyper-extend telomeres.”"" Nevertheless it seems
unlikely that the modest elevation in endogenous TERC
observed in primary erythroblasts was the singular cause
of the dramatic increase in telomerase activity observed
in the erythroblasts. In addition to stabilizing TERC,
dyskerin may hyperactivate telomerase through its intrin-
sic pseudouridine synthase activity. This could involve
targeting and enzymatically modifying TERC moieties
with structural or functional roles, or indirectly through
functional modification of rRNA or splicesomal RNA.**
There is also scope for dyskerin to modulate telomerase
activity through direct interactions with H/ACA box
RNA that have been ascribed roles in post-transcriptional
regulation of gene expression.”* Clarification of the
functional significance of pseudouridylation of TERC and
other non-coding RNA that interact with dyskerin will be
valuable in understanding the full extent of dyskerin’s
influence on telomerase activity.

Gene suppression experiments reported here demon-
strate that high DKC1 expression is required for prolifer-
ation of erythroblasts but is dispensable for erythroid dif-
ferentiation. The apparent requirement for high expres-
sion of DKC1 to sustain erythroblast proliferation may
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reflect dependence on telomerase as well as the telom-
erase-independent function of dyskerin in ribosome bio-
genesis.” During erythropoiesis, erythroblasts undergo a
period of intense ribosome biogenesis that is necessary
for synthesis of large quantities of hemoglobin. An
abundance of dyskerin may be necessary to support this
process. Consistent with this possibility, zebra fish and
murine models have shown that hypomorphic DKC1
mutations impaired rRNA processing.”* Ribosomal
stress has also been demonstrated in MYC-transformed
cancer cells subjected to shRNA-mediated suppression of
dyskerin.” The implications of dyskerin’s function in
ribosome biogenesis are yet to be fully elucidated in rela-
tion to the pathogenesis of dyskeratosis congenita when
DKC1 is mutated. However, it is worth noting that the
hematologic deficiencies observed in dyskeratosis con-
genita are also primary characteristics of the bone mar-
row failure disorders referred to as ribosomopathies,
which feature impaired ribosome biogenesis as an under-
lying cause.” Ribosome dysfunction in these disorders is
usually attributed to mutations in genes with known
roles in ribosome biogenesis. However, the discovery of
GATA1 mutations in the ribosomopathy Diamond
Blackfan anemia raises the possibility that dyskerin insuf-
ficiency may contribute to the pathogenesis of this genet-
ic subtype.”

Collectively the results from these investigations reveal
a novel mechanism of telomerase regulation in primary
human erythroblasts which contrasts with the estab-
lished paradigm centered on MYC-mediated regulation of
TERT expression in HSPC, lymphocytes and myelomono-
cytic cells. Notwithstanding the requirement for a rate-
limiting amount of TERT for telomerase activity,” this
study shows that DKC1 expression levels are a critical
determinant of telomerase enzyme levels in proliferating
erythroblasts. Evidence provided herein that GATA1 con-
tributes to the regulation of DKC1 has implications in
hematopoietic disorders that feature DKC/ mutations,
GATA1 deregulation and/or telomerase insufficiency.
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ABSTRACT

nnate drug sensitivity in healthy cells aids identification of lineage

specific anti-cancer therapies and reveals off-target effects. To charac-

terize the diversity in drug responses in the major hematopoietic cell
types, we simultaneously assessed their sensitivity to 71 small molecules
utilizing a multi-parametric flow cytometry assay and mapped their pro-
teomic and basal signaling profiles. Unsupervised hierarchical clustering
identified distinct drug responses in healthy cell subsets based on their
cellular lineage. Compared to other cell types, CD19*/B and CD56*/NK
cells were more sensitive to dexamethasone, venetoclax and midostau-
rin, while monocytes were more sensitive to trametinib. Venetoclax
exhibited dose-dependent cell selectivity that inversely correlated to
STATS phosphorylation. Lineage specific effect of midostaurin was sim-
ilarly detected in CD19%/B cells from healthy, acute myeloid leukemia
and chronic lymphocytic leukemia samples. Comparison of drug
responses in healthy and neoplastic cells showed that healthy cell
responses are predictive of the corresponding malignant cell response.
Taken together, understanding drug sensitivity in the healthy cell-of-ori-
gin provides opportunities to obtain a new level of therapy precision and
avoid off-target toxicity.

Introduction

During hematopoiesis, multipotent stem cells and pluripotent precursors undergo
a complex differentiation program to generate a diverse set of blood cell types with
wide-ranging phenotypes and functions.' This process is initiated and driven by dis-
tinct signaling pathways linked to the different cellular lineages.” It is likely that
malignant hematopoietic cells exploit many of the signaling pathways essential for
maintaining survival and specific functions of normal cells. Identification and under-
standing of normal hematopoietic cell type specific pathways could, therefore, be
leveraged therapeutically as anti-cancer strategies against their malignant counter-
parts. For example, targeting B-cell antigen receptor (BCR) signaling with ibrutinib
or idelalisib has proven highly effective in treating chronic lymphocytic leukemia
(CLL)** Conversely, modulating molecular targets shared between malignant and
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healthy cells may give rise to untoward effects related to
these entities. Although seminal studies have contributed
to the understanding of signaling diversities across blood
cells,”® a detailed characterization of cell-type specific vul-
nerabilities within the hematopoietic hierarchy is still
lacking.

Cell-based phenotypic screens of primary cells have
shown tremendous potential to identify novel therapeu-
tics in leukemia and to explore novel indications for
approved drugs.”’® However, classical drug screening
methods that assess the sum of all cellular effects in the
bone marrow (BM) or blood restrict the ability to evaluate
drug responses in populations affected by rare diseases
and is influenced by the more abundant cell types in the
sample. Flow cytometry presents a functional platform for
dissecting the complexity of hematopoiesis, allowing
characterization of the different cell populations.
Applying flow cytometry in functional screens allows for
a higher throughput (HTS) assessment of vulnerabilities to
a large set of oncology drugs in leukemic cells with
improved precision, and to compartmentalize drug
responses between malignant and healthy cell subsets.
However, preclinical flow cytometric-based high through-
put functional screens are still limited by numerous wash-
ing steps and small cell population numbers, which can
compromise the robustness of the assay:.

In this study, we developed a high throughput no-wash
flow cytometry assay that enabled us to monitor dose
responses of 71 oncology compounds simultaneously on
multiple hematopoietic cell populations defined by their
surface antigen expression. To map the drug responses to
the proteome and basal signaling profiles of the different
cell types, we utilized mass spectrometry (MS) and mass
cytometry (CyTOF) in both healthy and malignant hema-
tologic samples. Finally, we compared inhibition profiles
for those small molecules in a cohort of 281 primary sam-
ples representing a diverse set of hematologic malignancies
to assess whether healthy cell-specific responses can be
exploited in a leukemic context. A graphical overview of
the study and cohorts is provided in Figure 1. Our results
strongly suggest that drug responses are highly specific to
cell lineages and often linked to intrinsic cell signaling pres-
ent in those cell types. We provide evidence that cell-spe-
cific responses could potentially be applied to identify new
clinical applications of therapies and discover relevant non-
oncogenic-dependent activities of small molecules.

Methods

Patient specimens and cohorts

Bone marrow and peripheral blood (PB) samples from 332
donors were collected after written informed consent (Studies:
239/18/03/00/2010, 803/18/03/01/2011, REK2016/253 and
REK2012/2247) following protocols approved by local institution-
al review boards (Helsinki University Hospital Comprehensive
Cancer Center and Haukeland University Hospital) in compliance
with the Declaration of Helsinki. Samples were allocated to four
patient cohorts (I-IV). Cohort I included three healthy PB samples
used for flow cytometry screening with 71 drugs, plus three acute
myeloid leukemia (AML) and ten multiple myeloma (MM) sam-
ples which were tested with bortezomib, clofarabine, dexametha-
sone, omipalisib, venetoclax and navitoclax. Cohort Il included 17
samples from two healthy, eight AML with (n=5) or without
FLT3-ITD mutations (n=3), and seven CLL patients tested against

midostaurin, trametinib and dasatinib. Cohort III (n=281) included
231 BM aspirates from a diverse collection of leukemia and 50
MM patients (CD138" enriched). Four healthy BM aspirates sub-
jected to magnetic bead-based enrichment using EasySep™ human
CD138, CD3, CD19, CD14 and CD34 positive selection kits
(StemCell Technologies), served as healthy cell-of-origin samples
for comparison against the malignant cell counterparts. CyTOF
was performed on 14 samples in Cohort IV. PB from healthy
donors (n=3), AML (n=6), B-cell acute lymphoblastic leukemia (B-
ALL) (n=2), and matched BM samples from the same healthy
donors were included. An overview of the cohorts and experimen-
tal design is provided in Figure 1.

Proteome analysis

10 ug of whole cell protein lysates, prepared from purified CD3,
CD19 and CD14 fractions from healthy (n=2) and MM (n=4) sam-
ples, were digested and loaded (500 ng) on to a Q-Exactive mass
spectrometer connected to a Dionex Ultimate 3000 (RSLCnano)
chromatography system (Thermo Scientific). Protein identifica-
tion and label-free quantification (LFQ) normalization of tandem
mass spectrometry (MS/MS) data were performed using
MaxQuant v1.5.2.8.

Mass cytometry

For mass cytometry (CyTOF), the 14 samples described in
cohort IV were fixed, barcoded (Fluidigm), pooled into a single
sample and stained with the antibody panels (Ounline
Supplementary Table S1). Acquisition of samples was performed
using a Helios mass cytometer (Fluidigm). Data were analyzed

using FlowJo v.10.2 and Cytobank (Cytobank Inc.).

High throughput flow cytometry and cell viability assay

High throughput flow cytometry (HTFC) assays were per-
formed in both 884-well (n=3, 71 drugs, 5 concentrations) and 96-
well plate formats (n=33) using IntelliCyt iQue Screener PLUS. A
detailed optimization protocol is provided in the Ounline
Supplementary Methods. A list of the antibodies is provided in
Online Supplementary Table S1. Data were analyzed using ForeCyt
software (Intellicyt). The gating strategy, cell composition and list
of compounds are provided in Online Supplementary Figures S1-S3.
CellTiter-Glo® luminescent viability assay was used based on a
previously described method.”*

Statistical analysis of drug sensitivity data

Cell counts (HTFC) or luminescence intensity were used as
input for Dotmatics (Dotmatics Ltd.) or Graphpad Prism 8.0 to
generate dose response graphs, which were subsequently applied
to calculate drug sensitivity score (DSS) as described by Yadav et
al® Comparisons between groups were tested with ANOVA and
with Tukey’s multiple comparison test to derive significance. A
two-tailed P<0.05 was considered significant.

Results

Distinct drug response profiles in hematologic cell
subsets are tied to cell lineages

To simultaneously monitor drug effects on a large col-
lection (n=71) of samples in multiple cell types, we applied
a multiplexed, no-wash flow cytometry-based assay
(detailed in the Ounline Supplementary Methods). We first
tested ex vivo response to the 71 compounds (Online
Supplementary Table S2 and  Ounline Supplementary Figure
S3) in B (CD19%), natural killer (NK, CD56), T-helper cells
(THC, CD3'CD4"), cytotoxic T lymphocytes (CTL,



CD3"CD8"), NK-T cells (NK-T, CD3*CD56"), and mono-
cytes (CD14") using three healthy blood samples to gener-
ate a global view of response profiles. Unsupervised hier-
archical clustering of DSS of the screened samples segre-
gated in three major clusters based on cellular lineages
(Figure 2A). Monocytes formed a single cluster and dis-
played selective sensitivity to MEK/ERK inhibitors and the
kinase inhibitor dasatinib (Figure 2A). The MEK inhibitor

trametinib was similarly active in BM derived CD14" cells
from healthy and AML samples (Online Supplementary
Figure S4A). However, reduced efficacy of dasatinib in BM
monocytes was noted compared to those derived from
blood (Online Supplementary Figure S4B). B and NK cells
showed similar drug response profiles with higher sensi-
tivity to the glucocorticoid dexamethasone,
inhibitor venetoclax and pan-kinase inhibitor midostaurin
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Innate drug responses in hematologic cell populations -

BCL2

Figure 1. Overview of the study.
Schematic diagram summarizing
the study design, datasets and
analytical framework of the study.
Bone marrow (BM) and peripheral
blood (PB) samples from both
healthy individuals and cancer
patients were subjected to drug
sensitivity assessment. Single cell
drug sensitivity assay using the
iQue® Screener PLUS flow
cytometer was performed in 96-
and 384-well plates to monitor
drug effects on ten and six
hematopoietic cell subtypes,
respectively. Immunophenotypic
details and cellular proportions of
the analyzed cell types are provid-
ed in Online Supplementary
Figure S1A-D, Figure S2 and
Online Supplementary Table S3,
respectively. 71 drugs in 384-well
plates and six drugs in 96-well
plates were tested. Proteomic
analysis was performed on three
cell subsets (monocytes, T and B
cells) from two healthy individuals
and four myeloma patients. Basal
phosphorylation of nine signaling
proteins involved in MAPK, JAK-
STAT, PI3K-AKT-mTOR and NF-xB
signaling was monitored in 14
samples. Healthy BM samples
from four healthy individuals were
subjected to CD34, CD3, CD14,
CD19 and CD138 cell enrichment
and tested against 71 small mole-
cules with cell viability as the end
point readout using the CellTiter-
Glo® assay. A comparison of ex
vivo drug response in healthy and
corresponding malignant cell
types was performed for six drugs
in 281 primary patient samples
representing different hematolog-
ic malignancies. Samples included
both published and unpublished
datasets from chronic myeloid
leukemia (CML, n=13),***?, chronic
myelomonocytic leukemia (CMML,
n=11),"> myelodysplastic syn-
dromes (MDS, n=4), acute myeloid
leukemia (AML, n=145),*> B-cell
acute lymphoblastic leukemia (B-
ALL, n=14),"* chronic lymphocytic
leukemia (CLL, n=4),"* T-cell pro-
lymphocytic  leukemia  (T-PLL,
n=40)," multiple myeloma (MM,
n=50),” and other hematologic
malignancies (n=6). PLL: prolym-

phocytic leukemia.
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compared to other cell types. Except for NK-T cells from  and nucleoside analog clofarabine) or cell-selective (dex-
one donor, all T-cell subsets formed a distinct cluster. amethasone, venetoclax, pan-BCL2 inhibitor navitoclax

Based on observations from the primary screen, we and PI3K/mTOR inhibitor omipalisib) responses. Sixteen
focused our in-depth analysis on six compounds display-  samples (Cohort I) derived from 10 MM, 3 AML and 3
ing either non-selective (proteasome inhibitor bortezomib  healthy donors were tested utilizing two antibody panels
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(Online Supplementary Table S1) in 96-well plates to pro-
vide a direct comparison between cell types derived from
healthy donors and those derived from patients with iden-
tical immunophenotypes. Moreover, this enabled detec-
tion of drug responses in rare cell subsets, such as plasma
cells (CD138") and progenitor cells (CD34'CD38 or
CD34'CD38").

While ex vivo response to the proteasome inhibitor
bortezomib was detected in most cell types (Figure 2B),
CD138°CD38 plasma cells were resistant compared to
CD138°CD38" or other cells (Online Supplementary Figure
S5). A higher response to the nucleoside analog clofara-
bine was noted for CD3*CD4 and CD34°CD38* cells
compared to CD3'CD4" or CD34'CD38 cells.
Dexamethasone depleted CD19* and CD36* cells and
induced a dose-dependent increase in the CD14" cell
count (Figure 2B). T-cell subsets were insensitive to
PISK/mTOR inhibitor omipalisib. A similar effect for sev-
eral molecules targeting the PI3K-mTOR signaling axis
was observed in CD3" enriched cells tested with a cell via-
bility assay (Online Supplementary Figure S6). Surprisingly,
an increase in CD3* cell count was noted at concentrations
of 10 and 100 nM (Figure 2B). Apart from individual vari-
ations, distinct drug efficacies associated with healthy cell

A Venetoclax

1nM 10 nM

100 nM

lineages were detected equally in all patient specimens

(Figure 2B and Ounline Supplementary Figure S7).

Venetoclax shows variable dose-dependent efficacy on
hematopoietic cell types

Preclinical and clinical activity of venetoclax has been
well documented for several B-cell malignancies.”” We
measured the response to venetoclax, which is highly
selective for BCL2, and navitoclax, which targets BCL2,
BCL-W and BCL-XL. Both inhibitors were similarly effec-
tive against lymphocytes (Figure 2B). Within the lympho-
cyte compartment, the highest sensitivity to venetoclax
was detected for CD19" cells (Figures 2B, and 3A and B)
with the majority of samples (Cohort I) responding at sub-
nanomolar concentrations (IC50, 0.4-12 nM). Activity
towards CD3"CD4 cells was observed at 10-100-fold
higher concentrations (IC50, 8-140 nM). A further reduc-
tion in response (Figure 3B) was observed for CD56",
CD3*CD4" and CD3*CD56" cells (IC50, =100 nM to 1
wM). Monocytes and granulocytes were sensitive to BCL2
inhibitors only at the highest concentration (10 uM) and
were considered largely resistant (Figure 2B). This dose-
dependent effect on cell types is particularly relevant
when treating elderly patients, with frequent age-related
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Figure 3. Variable dose-dependent activity of venetoclax on leukocytes. (A) Scatter diagram displaying dose-dependent cytotoxicity of venetoclax (1-10,000 nM) in
CD45* (upper panel) and CD45°CD19* (lower panel) cells for a single patient. (B) Averaged dose response graphs generated for different immune cell subtypes
derived from healthy (n=3), acute myeloid leukemia (AML) (n=3), and multiple myeloma (MM) (n=10) samples showed venetoclax sensitivity in CD19*/B cells with
an ICy, <1 nM. CD3*CD4 cytotoxic T cells were more sensitive compared to CD3*CD4* T-helper cells. Data are presented as meantstandard error of mean responses
for the tested samples in each disease group. Mean IC;, values for the analyzed samples are listed in Online Supplementary Table S4.
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decline in drug metabolism and excretion,”” which can
result in drug accumulation leading to unintended effects
on other immune cells. Venetoclax displayed similar cell-
specific effects in all tested samples, whether healthy or
malignant, suggesting the variation in response is purely
lineage specific.

Lineage specific effect of midostaurin on CD19*
cells is comparable to FLT3-mutated acute myeloid
leukemia cells

In our primary screen, we observed selective depletion
of B and NK cells in PB samples (n=3) treated with
midostaurin (Figure 2A and Omnline Supplementary Figure
S8A), which is approved for treating FLT3-mutated AML
and systemic mastocytosis.*”* To evaluate CD19" cell
specificity in malignant cells such as in CLL and to com-
pare the response to FLT3-ITD-mutated AML cells, we
tested midostaurin in 17 additional samples (Cohort II)
derived from healthy (n=2), CLL (n=7), and AML patients
with wild-type (WT) FLT3 (n=3) or harboring the FLT3-
ITD mutation (n=>5). Variable sensitivity was noted in the
CD34°CD38 population, presumably leukemic stem cells,
from all tested AML samples regardless of FLT3 mutation
status (Figure 4A). CD34"CD38/blast cells from all FLT3-
ITD mutated AML samples were sensitive (median ICs,
554 nM) (Figure 4B). Remarkable sensitivity (ICs, 16 nM)
was detected in the CD34*CD38" fraction from one of the

three WT samples (Online Supplementary Figure S8B).
While CD34*CD38 cells from healthy donors were insen-
sitive, CD34'CD38" cells from one healthy individual
responded similarly to FLT3-ITD-mutated AML samples
(Online  Supplementary Figure S8B). Importantly, we
observed high efficacy against CD19" cells in all tested
samples including those derived from CLL patients (Figure
4C, D and Ounline Supplementary Figure S8C) indicating a
lineage specific effect. The effect on CD19/B cells (medi-
an ICs, 314 nM) was comparable to FLT3-ITD mutated
AML CD34°CD38" (blast) cells (Figure 4B and C). Our
results suggest a need for further investigation to evaluate
midostaurin efficacy in diseases affecting B-cell lineages
such as CLL.

Characterizing protein abundance and basal cell
signaling contributing to innate cellular response
to therapies

Having determined lineage specificity of the tested
small molecules, we next explored whether protein abun-
dance or basal signaling profiles of specific cell popula-
tions could explain the innate cellular responses. We also
investigated whether healthy cells share identical basal
activity for signaling proteins as patient-derived cells or
whether basal intracellular signaling was deregulated dur-
ing malignant transformation. To characterize and com-
pare the proteomic background of healthy hematopoietic
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Figure 4. Effect of midostaurin on the viability of CD34°CD38, CD34°CD38* and CD19" cells derived from healthy donors, and acute myeloid leukemia (AML) or
chronic lymphocytic leukemia (CLL) patients. Averaged dose response curves for disease categories are presented as meantstandard error of mean. (A) While
midostaurin treatment had no effect on CD34°CD38 cells from healthy individuals, variable sensitivity was detected in AML samples. (B) CD34*CD38" cells derived
from FLT3-ITD-mutated AML samples displayed similar sensitivity (median IC,,, 554nM). (C) CD19° cells derived from healthy donor or patient samples showed com-
parable sensitivity at a median IC,, of 319 nM. Individual dose response curves are provided in Online Supplementary Figure S8C. (D) Scatter plot showing dose
responses for midostaurin in CD19* cells from a CLL patient. The percentage of CD19" live cells present in midostaurin-treated wells compared to untreated cells is
displayed numerically on the plot. Cellular proportions for these samples are provided in Online Supplementary Table S5. Related IC, values are provided in Online
Supplementary Table S6.
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CD14, IL1B, p38 MAPK, CTSS, M6PR,
ATP6VOD1, ATG3, LAMP2, RAC1, IGF2R
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higher expression of S100A8/A9, CAT, IDH1, CES1 and
GPX1 was detected in healthy monocytes. (C and D)
Heatmap summarizing the expression of proteins that
significantly discriminated three cell types in healthy
control (HC) and MM samples, respectively (false dis-
covery rate <0.05). The data presented here are nor-
malized label-free quantification (LFQ) intensity values

for the proteins.
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cells, we utilized a mass spectrometry-based quantitative
proteomics approach to profile B cells (CD19%), T cells
(CD3%) and monocytes (CD14*) derived from two healthy
donors (Figure 5). We then employed CyTOF to compare
the basal activity of nine proteins (in healthy and leukemic
cell subsets) involved in MAPK, JAK-STAT, NF-«B and
PISK-mTOR signaling, which are commonly activated in
many hematologic malignancies®™* (Figure 6). By sample
barcoding and subsequent pooling prior to antibody stain-
ing, CyTOF allows for direct comparison of the phospho-
rylation level of target proteins between multiple donors

with high fidelity."*

Monocytes  show  higher  expression of  calprotectin
(S100A8/5100A9), which is associated with dexamethasone
resistance - By quantitative mass spectrometry-based pro-
teomics, a total of 1,060 proteins were detected. Among
these, 163, 131 and 13 proteins were only identified in
CD3, CD14 and CD19 lysates, respectively (Figure 5A,
Ounline Supplementary Table S7). The uniquely expressed
proteins were associated with biological processes consis-
tent with the functional differences between these cell
types (Online Supplementary Figure S9). For instance, the
proteome signature in monocytes was enriched in biolog-
ical processes related to phagosome maturation
(ATP6VOD1, CTSS, M6PR), autophagy (ATG3, LAMP2),
PPAR-a/RARa activation (IL18, p38 MAPK, GPD2,
PLCG2), and STATS signaling (IGF2R, RAC1, p38 MAPK).
Immunoglobulins (IGLL1, IGHA1) were identified in B-
cell fractions. T cells expressed proteins related to T-cell
receptor signaling (CD8A, CD247, LCK, ZAP70),
granzyme signaling (GZMA, PRF1), and oxidative phos-
phorylation (ATP5I, NDUFA8, NDUFB3, UQCRB).
Besides observed differences in the abundance of proteins,
variable expression in commonly detected proteins was
noted (Figure 5B and C). Enzymes associated with scav-
enging reactive oxygen species such as catalase (CAT) and
glutathione peroxidase 1 (GPX1) were expressed at a sig-
nificantly higher (P<0.001) level in monocytes (Figure 5B).
In addition, monocytes exhibited elevated expression of
isocitrate dehydrogenase 1 (IDH1), carboxylesterase 1
(CES1), and inflammatory protein calprotectin, a het-
erodimer of two proteins S100A8/S100A9 that can medi-
ate dexamethasone resistance in patients.”® We further
compared the protein expression profiles for these cell
subsets between healthy and four MM patients, and
found an identical pattern of expression for CAT, GPX1
and S100A8/9 proteins (Figure 5D). While expression of 16
proteins differed between healthy and MM samples [false
discovery rate (FDR) < 0.05], no significant differences
were noted for CD14* and CD3" lysates (< 3 proteins).

Mapping shared signaling activities in healthy and leukemic
hematopoietic cell subsets - NF-kB phosphorylation was
detected in most cell types. Compared to other cell types,
higher pNF-kB was detected in T/CD3 cells (Online
Supplementary Figure S10). Significantly higher mTOR sig-
naling, as measured by p4E-BP1 and pPLC-yl, was
observed in healthy CD34°'CD38" cells, monocytes, gran-
ulocytes (neutrophils) and B cells (Figure 6A-C). These cell
types also tended to have elevated sensitivity to omipalis-
ib (PI3K/mTOR inhibitor) compared to other cell types in
healthy or malignant samples (Figure 2B and Figure 7E). T
cells lacking sensitivity to PI3K/mTOR inhibitors showed
reduced mTOR signaling activity (Figure 6A-C).

CD34°CD38" cells also exhibited high levels of ERK phos-
phorylation (Figure 6A-C). ERK phosphorylation status,
however, did not correlate to increased trametinib sensi-
tivity in monocytes. An inverse relation between pSTAT3
levels and venetoclax sensitivity was observed among the
different cell populations. Heightened levels of pSTAT3
were detected in monocytes and granulocytes, which
lacked sensitivity to venetoclax (Figure 6A-D). In contrast,
a lower level of pSTAT3 was observed in venetoclax sen-
sitive B and NK cells. Two related but distinct cell types,
CD3*CD4* and CD3*CD8* T cells, exhibited a difference
in the level of pSTATS3 (Figure 6B) that might explain their
subtle difference in sensitivity to venetoclax (Figure 6D).
Comparison of signaling patterns detected in healthy PB
or BM cells to corresponding leukemic cells expressing
identical surface markers revealed remarkable similarity
(Figure 6A-C), strengthening their association with cellular
phenotypes. Furthermore, monitoring changes in signaling
pattern for these proteins upon treatment with increasing
concentrations (0 nM, 10 nM and 10 uM) of venetoclax in
healthy PB (n=3), revealed that the directionality or mag-
nitude of signaling changes for some of these proteins (i.e.
pPLC-y1 and pCREB) were also similar across these cell
types (Online Supplementary Figure S11).

Innate drug sensitivities in cell subsets are retained
in their malignant counterparts in different
hematologic malignancies

To further confirm the similarity in drug responses
between healthy and patient-derived cell subsets
observed using the single cell assay, we compared ex vivo
drug responses detected in bead-enriched healthy cells
(CD37, CD14%, CD19", CD34* and CD138") to a cohort of
281 primary samples derived from multiple hematologic
malignancies. For these analyses, we generated data
using the CellTiter-Glo® viability assay. In agreement
with non-selective effects detected on healthy cell types,
bortezomib activity was detected in a wide range of
hematologic malignancies (Figure 7A). The highest clo-
farabine efficacy was observed in CD3" T cells and in the
T-cell prolymphocytic leukemia (T-PLL) patient subset
(Figure 7B), which is reflective of the clinical success
observed with other purine analogs (fludarabine or
cladribine) in T-PLL. Reduced activity of the purine ana-
log clofarabine was detected in both healthy and myelo-
ma derived CD138" cells. Although dexamethasone was
found to be most effective in B-ALL and CLL, modest ex
vivo effects were observed in other lymphocytic and plas-
ma cell malignancies, including T-ALL, T-PLL, B-PLL, and
MM (Figure 7C). Disease-specific acquisition of sensitiv-
ity was also noted in a subset of AML patients, which
was undetectable in healthy CD34* (Figure 7C) or
CD34°CD38" (Figure 4B) cells. T-cell malignancies, simi-
lar to healthy T cells, showed no response to omipalisib.
Consistent with responses observed in healthy B cells, a
higher response to venetoclax was detected in malignant
B-cell types (Figure 7F). T-PLL samples also exhibited
sensitivity to venetoclax, which has been tested more
recently in two T-PLL patients with measurable clinical
benefit.”” Venetoclax response agreed with navitoclax
responses in B-cell diseases (Figure 7F). Increased sensi-
tivity to navitoclax compared to venetoclax was detected
in CML, T-ALL, and MM samples (Figure 7E and F). B-
cell specific responses to midostaurin were detected in
CLL and ALL samples (Figure 4C and Ounline



Supplementary Figure S12). Collectively, the comparison
of lineage specific drug responses between healthy indi-
viduals and those derived from malignancies where the
cell-of-origin is affected shows remarkable similarity.

A Leukemia

Innate drug responses in hematologic cell populations

These results also highlight the fact that innate drug
responses are often retained during cellular transforma-
tion, which could guide identification of lineage specific
anticancer therapies for leukemia.
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Figure 6. Mass cytometry (CyTOF) profiling of basal signaling patterns in nine healthy cell subsets. (A) Summary of the basal phosphorylation state of 9 signaling pro-
teins associated with NF-kB, PI3BK-AKT-mTOR (AKT, 4E-BP1, PLCG1 and p70-S6K), JAK-STAT (STAT1 and STAT3), MAPK (ERK and CREB) in three healthy individuals.
Matched peripheral blood (PB) and bone marrow (BM) from the same healthy donors were profiled. Phosphorylation profiles for the indexed phosphoproteins were inves-
tigated in corresponding cell subsets in leukemic samples: acute myeloid leukemia (AML) and B-cell acute lymphoblastic leukemia (B-ALL). (B) Box plot representation
of population medians of p4EBP1, pPLCy1 and pSTAT in healthy PB and BM (left) and leukemic samples (right). Center lines of boxes show medians; box limits indicate
the 25™ and 75" percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25" and 75" percentiles, outliers are represented
by dots; data points are plotted as open circles. *Significant difference (two-way ANOVA, Tukey’s HSD) between all corresponding populations, unless specified as not
significant (ns). “Significance between AML and the corresponding healthy populations in both PB and BM. There were no significant differences between PB and BM in
any population for each of the measured phosphoproteins, *P<0.05, **P<0.005, ***P<0.0005. Healthy PB and BM (n=3), AML (n=6), B-ALL (n=2). (Continued on the

next page)
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Figure 6. (continued from the previous page) (C) Stacked histogram representations of pERK, p4E-BP1, pSTAT3 and pPLCy1 phosphorylation status across cell types
in an AML patient and healthy donor samples (paired BM and PB). Inmunophenotype of the presented samples are provided in Online Supplementary Figure S1B.
(D) Phosphorylation of STAT3 in five healthy cell types from three healthy individuals presented as meantstandard error of mean (SEM) arcsinh values derived from
mass cytometry analysis. (E) Venetoclax response in cell types displayed as SEM of drug sensitivity score (DSS) values for three healthy donors. A higher response
to venetoclax correlated with reduced phosphorylation of STAT3. PDC: plasmacytoid dendritic cells; NK: natural killer.

Discussion

Applying a high throughput, multi-parametric single-
cell assay, we aimed to assess the diversity in drug effects
on multiple cell populations in individual donor samples.
Therapeutic efficacy was determined ex vivo using com-
plex mixtures of cells to more realistically recapitulate the
native environment. Our results demonstrate that cell sub-
types are drastically different from each other with respect
to macromolecule abundance, signaling profiles and drug-
response patterns against a diverse collection of anticancer
drugs. As such, this study provides a comprehensive por-
trait of the drug sensitivity landscape in hematologic cell
subsets and reveals drug responses that are tied to specific
cell lineages. Importantly, cell subset-specific sensitivity
and resistance mechanisms were clearly reflected in their
malignant counterpart.

Variation in drug responses can arise in healthy hemato-
logic cell subsets due to differences in signaling state and
transcriptional programs attributed to their cellular func-
tion or phenotype. Many of the signaling events are tight-
ly regulated in cellular subsets’ and may often determine
their innate sensitivity to drug treatment. For example, the
basal state of pSTAT3 could explain the diversity of the ex
vivo responses to BCL2 inhibitors observed between
healthy cell subsets. In relation to this, we have previously
reported a critical role of the JAK-STAT pathway in vene-
toclax resistance in AML, which could be reversed using a
combination of the JAK1/2 inhibitor ruxolitinib, and vene-
toclax.” Although changes in signaling behaviors are com-
monly detected in malignant cells,” understanding basal
signaling in the cell-of-origin is fundamental to identify
cancer vulnerabilities or off target effects that are lineage
specific.

Profiling healthy and malignant cells (from multiple

hematologic malignancies) revealed that the cell-of-ori-
gin associated signaling events and drug responses were
also retained in the disease context of the affected cell
type. Hence, the profiling presented here provides new
targeting opportunities in previously unexplored disease
indications. Venetoclax sensitivity in B cells may reflect
its efficacy in CLL and other B-cell malignancies,® which
could also be exploited in diseases where B-cell depletion
is considered, i.e. in theumatoid arthritis. Similar to other
studies,*** we demonstrated midostaurin efficacy in CLL
and ALL, which may be ascribed to the intrinsic response
detected in CD19 cells. Efficacy was also detected in
CD34*CD38" cells from AML (n=1) with WT FLT3. This
observation may reflect its efficacy reported in AML
with WT FLT3.*  Although NK-cell malignancies are
rare, they are often highly aggressive and refractory in
nature.*® We found that dexamethasone and midostaurin
targeted NK cells with similar efficacy as B cells, impli-
cating a potential clinical utility of these drugs for NK-
cell malignancies.

Expression of antioxidant enzymes and calprotectin
(S100A8/S100A9) is associated with drug resistance,
including resistance to dexamethasone, which has been
documented in both hematologic and solid tumors.”**
We noted that healthy monocytes displaying elevated
expression of these proteins are intrinsically resistant to
dexamethasone. Dexamethasone induced apoptosis of
lymphocytes is attributed to free radical generation, an
effect that can be counteracted by antioxidant enzymes
such as catalase, which may itself confer in monocytes
resistance to steroids.** Furthermore, the monocyte
expansion observed with dexamethasone treatment could
be explained by its ability to mimic IL1B activation of
IL1R,* which stimulates their proliferation. This phenom-
enon had previously been observed in murine
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Figure 7. Systematic comparison of drug responses in healthy cell-of-origin and corresponding cell types from hematologic malignancies. (A-F) Ex vivo drug respons-
es presented as drug sensitivity scores (DSS) of healthy cell types (CD3, n=4; CD14, n=4; CD19, n=2; CD34, n=2; and CD138, n=3) were compared to malignant
counterparts in a cohort of 281 primary samples for bortezomib, clofarabine, dexamethasone, omipalisib, venetoclax and navitoclax. Samples included both pub-
lished and unpublished datasets generated at our facility for chronic myeloid leukemia (CML) (n=13),°** chronic myelomonocytic leukemia (CMML) (n=11),**
myelodysplastic syndromes (MDS) (n=4), acute myeloid leukemia (AML) (n=145),°*2 B-cell acute lymphoblastic leukemia (B-ALL) (n=14),"* chronic lymphocytic
leukemia (CLL) (n=4),*> T-cell prolymphocytic leukemia (T-PLL) (n=40),* multiple myeloma (MM) (n=50)* and other hematologic malignancies (n=6). AML and MM
samples were subdivided depending on whether they were derived from newly diagnosed (D) and relapsed (R) samples. T-PLL and MM samples were tested with
enriched CD8* and CD138" cells. Results provide evidence that response in healthy cell subsets is predictive of responses observed in the malignant cell counter-
parts. A comparison between drug effects on CD14* and CD34" cells derived from healthy individuals and AML samples are displayed in Online Supplementary Figure

S13 and S14. B-PLL: B-cell prolymphocytic leukemia.

monocytes,” as well in acute monocytic leukemia [AML,
French-American-British (FAB) subtype M5] where gluco-
corticoid treatment may further lead to an increase in blast
population, fueling disease progression.” Therefore,
understanding the cytoprotective mechanisms operating
in healthy cell subsets could also provide crucial insights
into drug resistance mechanisms in patients.

Cancer immunotherapies and drugs modulating the
immune system are emerging as important treatment
modalities for hematologic and solid tumors.*”* Preserving
cytotoxic lymphocytes is critical for their efficacy and
may have significant consequences on long-lasting anti-
tumor adaptive immunity, likely responsible for durable
clinical responses. In our study, few inhibitors showed a
selective effect on a single cell type; instead, effects were
either directed to multiple cell types or in a non-selective
manner to all exposed cells. For example, dexamethasone
and midostaurin depleted CD19" B cells and CD56* NK
cells. Similarly, venetoclax depleted CD3*CD4 cytotoxic
T cells, among other cell types. Reduction of immune
effector cells (mainly cytotoxic T cells and NK cells) are
particularly relevant because of their key role in cancer
immunosurveillance and immunotherapy.” Therefore,
profiling the unintended effects of small molecules on
effector cells, which are used in combination with
immunotherapies, is fundamental to the selection of

rational combination partners, and to preserve the quality
and quantity of immune cells in patients.

In summary, the findings presented in this study suggest
that dissecting drug responses in hematologic cell lineages
could represent an invaluable tool to reveal the full spec-
trum of cellular effects, identify novel drug resistance
mechanisms, and to predict off target effects of small mol-
ecules. We envision that incorporating the assessment of
cell lineage-specific drug responses into routine proce-
dures in preclinical drug development holds great promise
in identifying new therapeutic niches of small molecules
and improve precision in therapies, particularly for hema-
tologic malignancies.
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ABSTRACT

mutations are characterized by frequent relapses, poor or short
esponses, and poor survival with the currently available therapies
including chemotherapy and 5-azacitidine (AZA). PRIMA-1"* (APR-246,
APR) is a methylated derivative of PRIMA-1, which induces apoptosis in
human tumor cells through restoration of the transcriptional transactivation
function of mutant p53. Here we show that low doses of APR on its own or
in combination with AZA reactivate the p53 pathway and induce an apop-
tosis program. Functionally, we demonstrate that APR exerts these activities
on its own and that it synergizes with AZA in TP53-mutated myelodysplas-
tic syndromes (MDS) / acute myeloid leukemia (AML) cell lines and in TP53-
mutated primary cells from MDS / AML patients. Low doses of APR on its
own or in combination with AZA also show significant efficacy in vivo.
Lastly, using transcriptomic analysis, we found that the APR + AZA synergy
was mediated by downregulation of the FLT3 pathway in drug-treated cells.
Activation of the FLT3 pathway by FLT3 ligand reversed the inhibition of cell
proliferation by APR + AZA. These data suggest that 7P53-mutated MDS /
AML may be better targeted by the addition of APR-246 to conventional
treatments.

t 1 yelodysplastic syndromes and acute myeloid leukemia with TP53

Introduction

Myelodysplastic syndromes (MDS) are malignant bone marrow disorders charac-
terized by ineffective hematopoiesis leading to refractory cytopenias, and by an
increased risk of progression to acute myeloid leukemia (AML).! They are prognos-
tically stratified on the basis of the percentage of blasts in the bone marrow, the kary-
otype, and the number of cytopenias present according to an International Prognostic
Scoring System (IPSS),” which was recently revised (revised IPSS, IPSS-R).*> Current
studies are integrating data on somatic gene mutations into prognostic indices to fur-
ther refine risk stratification.™® At the genetic level, it is now widely recognized that
most of the clinical and pathological features of MDS and AML are the direct result
of recurrent acquired somatic genetic lesions. Among these, TP53 gene mutations
have been shown to occur in 5-10% of all MDS and AML cases,*””” including 20-
25% of the low-risk MDS with isolated del 5q,” and 40-50% of the MDS and AML
with complex karyotypes.*"” Among MDS with complex karyotypes, the presence of
TP53 mutations has been correlated with a lower number of other mutations and a
poorer outcome." Furthermore, the allelic burden of the TP53 mutations has been
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shown to be a strong predictor of poor overall survival.”
Mutations of p53 proteins generally result in a loss of their
normal functions (including cell cycle and apoptosis con-
trol), but can also result in a deleterious “gain of function”.
In addition, at least in case of complex karyotypes, TP53-
mutated MDS/AML generally acquire dell7p, i.e. loss of
the remaining TP53 allele. TP53 mutations correlate with
poor overall outcomes in MDS and AML, independent-
ly*>* or not independently* of a complex karyotype. TP53-
mutated MDS/AML are associated with resistance to treat-
ment, including anthracycline + aracytine combinations,
low-dose cytarabine," and allogeneic bone marrow trans-
plantation (BMT),” while the hypomethylating agents
(HMA) 5-azacitidine (AZA)"" and decitabine'® yield some-
what better, albeit transient, results. For this reason, HMA
are generally considered to be the first-line treatment of
MDS/AML with a TP53 mutation.

As with many other types of cancer, mutated p53 pro-
tein, therefore, appears to be one of the most important
therapeutic targets in MDS and AML, and restoration of
its biological function could prove to be highly beneficial.
PRIMA-1"* (APR-246, APR) is a methylated derivative of
PRIMA-1, a compound that induces apoptosis in human
tumor cells through restoration of the transcriptional
transactivation function to mutant p53."” Mechanistically,
APR is a prodrug that forms an active moiety that cova-
lently binds to thiol groups of the core domain of mutated
p53 protein,’ thereby resulting in a structural change that
restores its active conformation. APR induces dose-depen-
dent apoptosis in various tumor models, mostly in combi-
nation with other drugs.”” A phase I/II clinical trial com-
bining AZA and APR in TP53-mutated MDS/AML is
ongoing at US centers and at our center.”*

In this study, we show that APR is efficient on its own,
while it also synergizes with AZA in TP53-mutated
MDS/AML cell lines and in TP53-mutated primary cells
from MDS/AML patients. We also identified a functional
pathway involved in the synergy between these two
drugs.

Methods

Reagents and drugs

APR was provided by Aprea Therapeutics AB, Stockholm,
Sweden, and kept frozen (-20°C) as a stock solution. AZA was
provided by Celgene Corporation (Summit, NJ, USA) and was
kept frozen at -80°C as a stock solution. As previously described,”
AZA was added once at day 0 of cell culture and APR was used in
the same manner. FLT3 ligand (FLT3-L) was from PeproTech
(Neuilly-sur-Seine, France).

Cell lines and primary cells

The MDS cell line SKM1 (kindly provided by Thomas Cluzeau,
University Hospital of Nice, France) is an MDS-derived cell line
that has undergone detailed characterization in terms of its pheno-
type and genotype.* We confirmed the presence of a homozygous
mutation of TP53 (p.R248Q). SKM1 cells were grown in RPMI
1640 medium (GIBCO; Life Technologies Corporation, Carlsbad,
CA, USA) supplemented with 10% FBS (GIBCO), 1%
Penicillin/Streptomycin (P/S), and 1% GlutaMAX. All of the other
leukemic cell lines (K562, KG1a, THP-1, and HL60) were cultured
under the same conditions. Cells in the logarithmic phase of
growth that had been seeded at a density of 2x10%/mL were used
for all of the experiments.

Primary cells from MDS and AML patients with complex kary-
otypes, del5q, or known or suspected to have mutated TP53 were
provided by the Service d'Hématologie of the Hopital Saint-Louis,
Paris, France, after informed consent had been received. Finally,
primary cells were isolated from healthy blood donors as controls.
This study was approved by the Groupe Francophone des
Myélodysplasies (GFM) review board.

Cytotoxicity assay

The following concentrations were used for each drug: APR
from 10° M to 10° M and AZA from 10° M to 10° M. Proliferating
cells were plated, incubated for three days, and then counted.
Experiments were performed at least in triplicate. FLT3-ligand was
added at final concentrations varying from 0.1 to 100 ng/mL for
specific experiments.

Clonogenic assays

Due to partial blastic infiltration in the majority of samples, as
generally reported in MDS/AML with a complex karyotype and
TP53 mutation,” liquid cultures were not consistently successful.
We used semi-solid cultures to test for the impact of drugs on pro-
genitor clonogenicity. Briefly, 3x10° peripheral blood mononuclear
cells (PBMC) or 1x10° bone marrow-derived mast cells (BMMC)
were cultured in cytokine-containing methylcellulose
(MethoCult™, 84434, STEMCELL Technologies) in the presence of
the IC;, of each drug (0.5 uM APR or 3 uM AZA) on their own or
in combination. After 14 days at 37°C, the erythroid and myeloid
colonies were counted. For patients with TP53 mutations, isolated
colonies were picked, and the DNA was extracted and Sanger
sequenced to determine the TP53 genotype at the single progeni-
tor level.

Statistical analysis

All of the results are expressed as meansststandard deviation
(SD). All of the single-parameter measurement comparisons were
determined using the Mann-Whitney test (PRISM 18964 software,
GraphPad, La Jolla, CA, USA). All tests were two-sided; P<0.05
was considered statistically significant. Combination indices were
calculated by CompuSyn software according to the Chou-Talalay
method for drug synergy studies.

Results

APR inhibits the proliferation of myeloid cell lines

To evaluate the efficacy of APR-mediated growth inhi-
bition of MDS/AML cells, we tested increasing doses of
the drug on a series of MDS/AML cell lines with mutant
forms of the TP53 gene (i.e. SKM1, K562, KG1a, THP-1,
and HL60 cells). We first verified that all of these cell lines
harbor TP53 mutations. The SKM1 cell line derived from
an MDS patient carries the recurrent homozygous TP53
mutation p.R248Q (c.743G>A). The four other cell lines
carry a frameshift or a splicing mutation (K562:
c.406dupC, HL60: c.1_1182del1182, KGla: c.672+1G>A,
or THP-1: ¢.520_545del26). The p53 protein was
detectable in the SKM1 cell line only (Online Supplementary
Figure S1). Treatment with APR led to a pronounced and
dose-dependent reduction in cell proliferation of all of the
cell lines tested (Figure 1A), with 50% inhibitory concen-
trations (ICs) that were in the micromolar range (Figure
1B). Of note, the IC;, was at least 2-fold lower for the
SKM1 cell line compared to the other AML lines (Figure
1B and Online Supplementary Table S1).
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The combination of APR and AZA synergistically
reduces the proliferation of myeloid cell lines

AZA is considered to be a first-line treatment for most
patients with high-risk MDS, but its effect is relatively
limited in MDS patients who have TP53 mutations. After
we evaluated the activity of AZA on TP53-mutated AML
lines (ICs ranging from 0.54x10° M for SKM1 to 4.5x10°
M for HL60 cells) (Figure 1C), we investigated whether its
efficacy could be enhanced by combination with APR.
The addition of low doses of APR (IC10) (Ounline
Supplementary Table S1) to increasing doses of AZA
reduced the proliferation of the five cell lines compared to
AZA on its own, with the exception of HL60 cells (Figure
1D and E). SKMT1 cells were the most sensitive to the com-
bination, as the ICs, of AZA in these cells was significantly
reduced in the presence of low doses of APR. This syner-
gistic effect was confirmed at different concentrations of
each drug by calculating the combination index (CI < 1)
for all of the tested cell lines, but not at low concentrations
of both drugs (i.e. both drugs at their ICy) (Online
Supplementary Table S1).

The combination of APR and AZA promotes GO/G1 cell
cycle arrest and apoptosis

To elucidate the mechanisms underlying the antiprolifer-
ative effect of the combination compared with each drug
on their own, we performed apoptosis and cell cycle studies
using low dose APR (i.e. at the IC,,) with a standard dose of
AZA (i.e. at the ICy). Other associations are shown in the
Online Supplementary Figures S2-S4. Under these conditions,
APR alone did not induce apoptosis, while AZA on its own
induced low levels of apoptosis in some of the cell lines.
The combination of APR with AZA significantly increased
apoptosis compared to the individual drugs in every cell line
that was tested. This effect was more pronounced in SKM1
cells (39% apoptotic cells with APR + AZA vs. 19% with
AZA alone, P<0.01) (Figure 2A-E).

We then analyzed the cell cycle distribution after treat-
ment with IC,, APR, IC;, AZA, or the combination of
these two drugs at these concentrations. At this low con-
centration, APR on its own did not affect the cell cycle dis-
tribution of the various cell lines tested, while AZA tended
to increase the proportion of cells in the G0/G1 phase.
However, SKM1 cells treated with the combination of
AZA and APR underwent cell cycle arrest in GO/G1 as
early as 24 hours after exposure (83% of the cells were in
GO0/G1 phase following APR + AZA treatment vs. 62% for
APR-treated cells, P<0.01). In parallel, the proportion of
cells in the S and G2/M phases was significantly reduced
(Figure 2A). Similar results, although less pronounced,
were observed in the other cell lines (Figure 2B-E), while
various combinations of these drugs confirmed the
observed synergism between the two drugs in terms of
cell cycle arrest and the induction of apoptosis (Online
Supplementary Figures S2-S4). Altogether, although the
effect is more pronounced on apoptosis than on cell cycle,
these results suggest that the addition of APR to AZA in
various TP53-mutated cell lines potentiates the AZA
antiproliferative effect by increasing G0/G1 arrest and a
pro-apoptotic effect.

APR is active on primary cells of TP53-mutated
MDS/AML samples

We then investigated the effect of these drugs on pri-
mary cells from MDS/AML patients. Of the 34 patients

included in our study, 15 patients had mutations in the
TP53 gene (10 had a complex karyotype, 2 had an isolated
5q deletion, and 14 had deletion of the other TP53 allele).
All mutations were located in the DNA-binding domain
hotspots (DBD) (Table 1).

We performed clonogenic assays in semi-solid medium
using the previously determined 1Cs, for SKM1 cells. AZA
on its own at 3 uM induced only a modest reduction
(30%) of myeloid and erythroid colony growth, while
APR at 0.5 wM significantly inhibited colony growth by
approximately 60% (Figure 3A and B).

We then sought to determine whether there was a tar-
geted effect on cells from patients with mutated TP53.
When compared to AZA on its own, the drug combina-
tion always had a greater inhibitory effect on the growth
of myeloid or erythroid progenitor colonies, irrespective
of the TP53 genotype of the patients (Online Supplementary
Figure S5). However, when compared to APR on its own,
the APR + AZA combination significantly reduced the
number of myeloid and erythroid colonies formed by pro-
genitors derived from patients with mutated TP53, while
this was not observed with wild-type TP53 patients
(Figure 3C and D). This indicates that the drug combina-
tion may be more beneficial to patients with TP53 muta-
tions. However, the molecular analysis of the residual
colonies from four patients with mutated TP53, irrespec-
tive of the treatment conditions, only revealed mutant
TP53 colonies (Table 2 and data not shown), thus making it
impossible to conclude that cells with mutated p53 are tar-
geted specifically. To further study the specificity of the
combination, we performed liquid cultures of CD34" cells
isolated from TP53-mutated or wild-type MDS/AML
patients and studied proliferation and apoptosis when
treated by APR and/or AZA. A significant efficacy of the
combination compared to drugs given alone was observed
in TP53-mutated patients only (Figure 4A-D). Accordingly,
CD34" cells isolated from healthy blood donors did not
show increased sensitivity to the combination compared
to isolated drugs (Figure 4E and F).

In vivo efficacy of APR and AZA in a xenotransplantation
model

In order to evaluate the i1 vivo antiproliferative effect of
APR and AZA, we developed a xenograft model of SKM1-
Luciferase cells in NSG mice that allowed us to use biolu-
minescence to measure tumor volumes before and after
APR and AZA treatment. Intravenous injections of 10
cells yielded highly reproducible tumor engraftment and
growth over time (100% of the mice had engraftment)
(Figure 5A). The mice were treated with the drugs as soon
as the tumor bioluminescence signal reached 10°
p/sec/cm’/st.

Treatment with low doses of APR in combination with
AZ A resulted in pronounced inhibition of disease progres-
sion as early as four days after starting the drug treatment
compared to APR or AZA treatment on their own (median
tumor volume: 91.1x10° p/sec/cm?/sr in untreated mice,
64.4x10° p/sec/cm’/sr with APR on its own, 103.2x10°
p/sec/cm’/sr with AZA on its own vs. 18.9x10°
p/sec/cm’/st mm® in the APR + AZA group; P<0.05)
(Figure 5A). There was still a beneficial impact of the drug
combination after eight days of treatment (Figure 5B).
These results confirmed in vivo the efficacy of the combi-
nation of a low dose of APR with standard AZA doses that
we had previously shown in vitro.
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Figure 2. The combination of
PRIMA-1" (APR-246, APR)
and azacitidine (AZA) pro-
motes GO/G1 arrest and
apoptosis in various TP53-
mutated acute myeloid
leukemia (AML) cell lines.
(Left) Percentage of Annexin
V-positive cells at day 3 post
treatment with IC,, APR, IC,,
AZA, or the combination of
these two drugs at these
same concentrations. (Right)
Proportion of cells in GO/G1,
S, or G2/M phase 24 hours
after treatment with IC,, APR,
IC5, AZA or the combination
of these two drugs at these
same concentrations. (A)
SKM1, (B) K562, (C) KG1la,
(D) THP-1, and (E) HL60 cell
lines. *P<0.05, **P<0.01.
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Treatment with the APR + AZA combination is
characterized by a specific gene expression profile

We conducted a transcriptomic analysis of the SKM1
cell line following treatment with APR; AZA, or a combi-
nation of these two drugs. A large number of genes were
differentially expressed (P<0.05) under treatment by AZA
on its own or by APR + AZA (n=4,620 and n=4,672,
respectively), while the number of genes differentially
expressed under APR alone was relatively small (n= 691)
(Figure 6A). Accordingly, the number of genes deregulated
in common for APR and APR + AZA treatments was small
(n=201) while this was very high for the AZA and the APR
+ AZA treatments (n= 3,461). As expected, the Gene Set
Enrichment Analysis (GSEA) (Figure 6B) and DAVID
analyses of the genes differentially expressed by APR
identified the p53 pathway as one of the main deregulated
pathways [Normalized Enrichment Score (NES) = 1.2;
false discovery rate (FDR) = 0.15], with increased expres-
sion of p53-target genes such as CDKN1A, CASP1, BAX,
and FAS. These differential expression patterns were con-
firmed by real-time quantitative polymerase chain reac-
tion (RT-qPCR) analysis (Figure 6D). In accordance with
the involvement of some of these genes in apoptosis, the
GSEA analysis also revealed activation of an early apop-
totic program (NES= 1.1; FDR= 0.2) (Figure 6B).
Importantly, similar results on p53 and pro-apoptotic

athways were found to occur when AZA was added to
APR (Figure 6C and E), thus suggesting that AZA did not
suppress the transcriptional modifications associated with
APR treatment. Of note, enrichment of ROS-induced

enes was found to occur with APR on its own (FDR=
0.06; NES= 1.2) (Online Supplementary Figure S6A) and APR
+ AZA (FDR= 0.02; NES= 1.52) (Online Supplementary
Figure S6B), possibly confirming a p53-independent mech-
anism of action of APR on oxidative stress, as has already

been described in other tumor models.”** Using
Interpretative Phenomenological Analysis (IPA) analysis
and a selection of genes with a significant level of differ-
ential expression (P<0.05) (Online Supplementary Table S2)
on the basis of the difference in fold change (FC), we
found 5,428 transcriptionally-regulated genes with APR +
AZA treatment compared to untreated cells. Eight hun-
dred and seventy-five genes appeared to be up- or down-
regulated with the combined treatment only (“synergistic
only” genes) and not by either drug on their own. GSEA
analysis of the "synergistic only" genes revealed activation
of the p53 pathway, induction of an apoptotic program,
and downregulation of the MYC pathway (Ounline
Supplementary Table S3). Surprisingly, in this group of "syn-
ergistic only" genes, we identified decreased expression of
several FLT3-pathway genes, including FL'T3 and FLT3-L
(Online Supplementary Table S2). This finding was con-
firmed using the comparative GSEA analysis, which simi-
larly revealed downregulation of the FLT3 pathway (Valk,
FLT3-ITD representative of activation of the FLT3 path-
way) (Figure 7A) with the combination treatment com-
pared to either of the drugs on their own. Using RT-qPCR,
we were able to confirm the significant downregulation of
both the FLT3 and the FLT3-L gene with the combined
treatment (Figure 7B).

Downregulation of the FLT3 pathway contributes
to the APR + AZA-induced anti-proliferative effect

To analyze the relevance of downregulation of the FLT3
signaling pathway to the synergistic effect of the APR +
AZA combination, SKM1 cells were cultured with these
drugs in the presence or absence of FLT3-L at different
concentrations. The addition of FLT3-L on its own did not
affect SKM1 cell proliferation, but, when increasing
amounts of FLT3-L were added to the APR + AZA combi-

Table 1. World Health Organization classification of cytogenetic and molecular characteristics of TP53-mutated myelodysplastic syndromes / acute
myeloid leukemia patients.

TP53 Karyotype Colonies Variant
mutation sequenced allele
frequency
(VAF, %)
1 p.VISTF 45XX,add (1) (q4?3),del(5) (q173¢3?3),der (6)t(6;14) (p222;q172)x2,-11,-14,+215,der (16)t 71 90%
(%16) (p1?1) [11q132],-17,+1(11) [24]
2 p.P190L 45XX-7,add(3) (p2?6),del (4) (q2?4),del (5) (q1?q3q3?3),del (12) (p13) [10]/47 XX,del (4) (q2?4),del (5) 72 92%
(q1?q3q3?3),del (12) (p13),+21[6]/47, XX ,del (4) (q2?4),del (5) (q1?q3q3?3),del (12) (p13),+21,+1(?) [4]

3 p.C238F 45,XX,-7[4]/46 XX[6] 7 22%
4 p.R248Q 44 XY,del(5) (q1?3¢3?3),-7,add (17) (p1?1),-19[11]/44,idem,del (11) (p1?4p1?5)/46 XY[3] 50 30%
5 p.V216M + p.R248Q 46,XX,del(5) (q173q3?3) [ 11]/46,XX[13] ND NA
6 p.S241C 45XX,t(413) (p1?3;q172),del(5) (q15g34),del (7) (q21),dic(12;16) (p11;?p1?2) -18,der (?721) (7),+1(?) [cp21] ND NA
7 p-R248Q 46,XX,ins (3;12) (p2?1;q13q2?4),del (12) (q1?3),-17,+mar1 [ cp10]/46,idem,-7,+mar2,+min [cp7 | /46,XX[ 6] ND NA
8 p.M246R 47 XY,+8[21]/46,XY[1] ND NA
9 pR248Q  43XXdel(5)(q1?4q3?3),del(7) (q?21),der(12)t(12;13) (p1?1;q1?3),der (13)t(7;13) (q21;q13),del (18(q21) [21] ND ™%
10 p.A276T 46,XX,del(5) (q1?3q3?3) [15]/46,XX[7] ND NA
11 p-R248T + p.L330R 46 XY,i(17) (q10)[25] ND NA
12 p.C2T5Y  44-47XYdel(5) (q13¢33),+8,+9,del(9) (q2?2),t(12;15) (p13;q1?2),-13,-17,+1r(?) [3], +1-4mar[cp19]/46 XY[3] ND 9%
13 p.R273C46 XY, del(2) (q1?1),add(10) (p1?1),de1(11) (q2?1),del (16) (p171) [ 19]/46,idem,add (17) (q2?5) [3]/46,XY,-12,-17,+-2mar[3] ND NA
14 p.C238Y 44 XX.-5,del(7) (q271),add(8) (q274),-18,7der (21)t(8;21) (q?13;q2?1) [21] ND NA
15 c.675-2A>G 45XY,der(1;5) (q10;p10),del(4) (q274q?21),add(17) (p171),-21,+r (?1) [21] ND NA

ND: not determined; NA: not available.
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nation, we observed a dose-dependent reversal of the
inhibition of cell proliferation (Figure 7C). The relative
proliferation of APR + AZA treated cells at day 3 was sig-
nificantly higher when FLT3-L was added (P<0.01) (Figure

ok ok ok
A 3
=
o 1.2
~ ]
0 o
2
T -
b i —
2 o
2 © 0.81 4
> - A
£ 3 S
& £
o ©
5 £ —Ic
Q -
o ¢ 0.4- A
€ o Ala
2 = XA
o = 4 alas 4
>
2 0.0 Abpisprah
©
> Gl
4 Q_x\?'
=
"
2
[ TP53 WT Mutated TP53
o) 1.2
O -
© o
T - *
S5 *
] -]
& : 0.8
€ o AL
- 2
o ©
N AQa
i
2 - 0.4
€ o AlA 117
S c V"
€ o M -
$ - AAA v
= 0.0 T T 4 Yryyy
Ll
° < v < v
@ 4 2
o N R w R
& &
v v
1.2 7

to non treated control
o
-]
L
[]

Relative number of erythroid colonies

7D). This reversal of the inhibitory effect on proliferation
was associated with a decrease in apoptosis, since 40% of
the cells stained positive for Annexin V with the drug
combination treatment without FLT3-L compared with

* kKK

to non treated control

Relative number of erythroid colonies

2 TP53 WT Mutated TP53
= —_—
2 *
o _ 127 5
o [«
&
e i~
]
£ o v
> o
o 2
: ©
[ Al
5 = B
a
g 2 Ala
=
c o Vv
s
Qo
= T e
= < v
° N ‘7.1’
S <
o
n
2
c
-/ 1.2
o —
T
s
T -
n =
2 o Ala
o O -
£ -
- Aad
o ®©
- 2
QO
o o 0.47
€ o
3 <
)
o =
>
= 0.0 T T T
- < v v
) ] 4 4
© Aol \d Q.xv.
S
v.

Figure 3. Effects of PRIMA-1" (APR-246, APR) on primary cells from TP53-mutated myelodysplastic syndromes (MDS) / acute myeloid leukemia (AML) patients
and healthy donors. The median numbers of (A) myeloid and (B) erythroid colonies relative to the untreated control for 34 bone marrow samples from MDS/AML
patients treated with APR, azacitidine (AZA), or the combination APR + AZA in semi-solid medium (methylcellulose). Relative numbers of (C) myeloid and (D) erythroid
colonies according to the TP53 status (WT: wild-type) treated with APR or the combination of APR + AZA. Median numbers of (E) myeloid and (F) erythroid colonies
relative to untreated control for 3 CD34" cells from healthy donors treated with APR, AZA or the combination APR + AZA. *P<0.05, ****P<0.0001.
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only 26% when FLT3-L was added (Figure 7E). These
results suggest that the synergistic effect observed with
the APR + AZA combination on proliferation and apopto-
sis correlates with downregulation of the FLT3 pathway.

Discussion

APR has been shown to have efficacy on its own as
well as when combined with other drugs in solid
tumors'**** and lymphoid tumors.””*** In this study,
we observed that APR inhibited the proliferation of sev-
eral TP53-mutated myeloid cell lines, as previously sug-

gested by other studies on myeloid*** and lymphoid cell
lines.””® Of note, the additive/synergistic impact of the
combination was more robust with regards to apoptosis
compared to cell cycle arrest, suggesting that most of the
anti-proliferative effect may be mediated by hypomethy-
lating agent (AZA) while the pro-apoptotic effects of the
combination was clearly due to APR.

These inhibitory effects were more pronounced in the
TP53-mutated MDS-derived SKM1 cell line, and may be
related to the structure of the mutant protein in the differ-
ent cell lines. Indeed, APR binding to the cysteine residues
of the DBD has been associated with the reformation of
an active structure by p.R175H and p.R273H mutant p53
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Figure 4. Effects of PRIMA-1"* (APR-246, APR) on primary cells from TP53 wild-type or mutated myelodysplastic syndromes (MDS) / acute myeloid leukemia
(AML) patients and healthy donors. (Left) Relative proliferation of CD34" cells treated with 1 uM APR, 1 uM AZA or the combination APR + AZA at these concentra-
tions. (Right) Percentages of Annexin V-positive cells at day 3 post treatment with 1 uM APR, 1 uM of AZA or the combination APR + AZA at these concentrations. (A)
TP53-mutated MDS/AML samples (n=3), (B) Wild-type TP53 MDS/AML samples (n=3), and (C) healthy donors (n=3). *P<0.05.




proteins.” The SKM1 cell line has a p.R248Q mutation
located in the DBD, while the other myeloid cell lines test-
ed in this study have various TP53 truncation mutations
that result in a lack of detectable p53 protein in all four cell
lines.®* APR may not be able to restore an active confor-
mation to the truncated p53 protein in these cell lines,
thereby explaining the lower efficacy of APR compared
with SKM1 cells. This also suggests that the effects of APR
in these cell lines may be due in part to p53-independent
processes.” We then demonstrated that the inhibitory
effect of the APR + AZA combination was synergistic in
the five TP53-mutated cell lines that were tested,
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although, again, this effect was more pronounced in the
SKM1 cells for presumably the same reason. To confirm
this efficacy, we showed that APR + AZA combination
significantly antagonized development of the disease in an
in vivo model.

APR exhibited a pronounced anti-clonogenic effect on
hematopoietic progenitor cells from MDS/AML patients
irrespective of the TP53 mutational status. This suggests
that APR on its own targets not only T7P53-mutated cells
(at least at the doses that we used in our experiments),
and that its inhibitory effects are partly p53-independent,
as had already been shown previously.”**** On the other
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hand, the combination of the two drugs (APR + AZA) had  own on progenitor cells from patients with mutant 7P53.
a similar effect as APR on its own in progenitor cells from  This strongly suggests a selective effect on mutant p53
patients with WT TP53, whereas the combination had a  cells, although we were unable to demonstrate the forma-
significantly more pronounced effect than APR on its tion of wild-type TP53 colonies under treatment, which
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was probably due to the very high proportion of mutant
progenitor cells that grew in these conditions, as no wild-
type colonies could be discerned even in the absence of
treatment. An i vivo evaluation of the change in the TP53
allelic burden in patients treated by the combination
would be relevant to address the question of mutant 7P53
selectivity. A clinical trial (clinicaltrials.gov identifier:
03745716) testing the association of APR and AZA in
TP53-mutant MDS/AML is ongoing and may help
answer this question.

The molecular mechanism underlying the efficacy of
the association between AZA and APR remains unknown.
AZA is a DNA demethylating agent and APR is an agent
that reactivates the transcription factor p53. Both drugs
may act by modulating gene expression. Thus, we sought
to study differences in gene expression profiles between
cells treated by the single agents or with the drug combi-
nation. The results of the transcriptomic analysis provide
further evidence that APR, even at low doses, reactivates
the p53 pathway and that it results in activation of an
apoptotic program. We also found that genes involved in
FLT3 signaling were down-regulated by the combination
of APR and AZA. The relevance of this observation was
confirmed as the addition of FLT3 ligand reversed the inhi-
bition of cell proliferation by the APR + AZA combina-
tion. Interestingly none of the cell lines tested had FLT3

mutations or duplications,” suggesting that the drug com-
bination effect is not dependent on the presence of such
molecular alterations. However, it would be interesting to
test this drug combination in cell lines with FLT-3 muta-
tions or duplications. In addition to providing clues for a
specific mechanism of action of the drug combination
through a synthetic lethality process involving the FLT3
pathway, our observations indicate that the addition of
FLT3-inhibitors to the APR + AZA combination could be
of relevance in TP53-mutated MDS/AML.*

In conclusion, our results suggest that APR exhibits
promising synergistic effects when combined with con-
ventional AZA therapy in the high-risk subgroup of TP53-
mutated MDS/AML. Promising preliminary results of a
phase I/1I clinical trial combining AZA and APR in TP53-
mutated MDS/AML, and activated at US centers and our
center, have been reported.”
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ABSTRACT

xtramedullary (EM) disease in patients with acute myeloid leukemia
E (AML) is a known phenomenon. Since the prevalence of EM AML has

so far only been clinically determined on examination, we performed
a prospective study in patients with AML. The aim of the study was to
determine the prevalence of metabolically active EM AML using total body
“Fluorodesoxy-glucose positron emission tomography / computed tomog-
raphy (*FDG-PET/CT) imaging at diagnosis prior to initiation of therapy.
In order to define the dynamics of EM AML throughout treatment, PET-
positive patients underwent a second "FDG-PET/CT imaging series during
follow up by the time of remission assessment. A total of 93 patients with
AML underwent “FDG-PET/CT scans at diagnosis.The prevalence of PET-
positive EM AML was 19% with a total of 65 EM AML manifestations and
a median number of two EM manifestations per patient (range, 1-12), with
a median maximum standardized uptake value of 6.1 (range, 2-51.4). When
adding those three patients with histologically confirmed EM AML who
were "FDG-PET/CT negative in the “FDG-PET/CT at diagnosis, the com-
bined prevalence for EM AML was 22 %, resulting in 77 % sensitivity and
97 % specificity. Importantly, 60% (6 of 10) patients with histologically con-
firmed EM AML still had active EM disease in their follow up “FDG-
PET/CT. ®FDG-PET/CT reveals a high prevalence of metabolically active
EM disease in AML patients. Metabolic activity in EM AML may persist
even beyond the time point of hematologic remission, a finding that merits
further prospective investigation to explore its prognostic relevance. (Trial
registered at clinicaltrials.gov identifier: 01278069.)

Introduction

Acute myeloid leukemia (AML) may present with either concomitant or isolat-
ed extramedullary (EM) AML, also termed myeloid sarcoma (MS). EM AML is
defined by infiltrating AML blasts effacing normal tissue as demonstrated by his-
tological evaluation.! Data on the prevalence of EM AML are based on retrospec-
tive or clinical analyses, and they possibly under-estimate the true prevalence,
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since they rely on findings from physical examination
only or on coincidental findings in standard imaging pro-
cedures. Others have performed retrospective analyses
from autopsy series, which might over-estimate the
prevalence of EM AML, since these series accumulate
data on AML patients succumbing to their disease. So
far, EM AML prevalence has been seen to range from
2.5% to 9.1%.”® Previous studies and AML treatment
recommendations identified EM AML as an adverse
prognostic factor in patients with AML. In contrast, a
recent retrospective analysis based on clinical data from
a large number of AML patients included in clinical trials
revealed a high proportion of patients with EM AML
(23.7%), but could not identify EM AML as an independ-
ent prognostic factor.’ Nevertheless, this analysis and
others also included patients with, for example,
hepatomegaly and/or splenomegaly, gingival hyperplasia
based on clinical examination, suggesting these repre-
sent EM AML or leukemic meningitis. These findings per
se do not fulfill the criteria for EM AML.** However,
without a precise assessment of EM AML, valid risk fac-
tor analyses cannot be performed. *Fluorodesoxy-glu-
cose positron emission tomography/computed tomogra-
phy (“FDG-PET/CT) is able to detect highly metabolic
tissue and has proven efficacy in imaging studies for var-
ious types of malignant diseases. We and others have
demonstrated the utility of *FDG-PET/CT imaging in
AML patients with histologically proven EM AML.”** We
were able to demonstrate a sensitivity of 90% using
“FDG-PET/CT imaging and found additional EM sites in
60% of the patients.® Another study in ten unselected
AML patients using “Fluorodeoxythymidine-PET discov-
ered EM AML in 4 of 10." Prospective studies to assess
the prevalence of EM disease in AML in unselected
patients have, so far, not been performed. The aim of this
prospective, observational study was to use “FDG-
PET/CT to determine the prevalence of EM AML in
patients prior to initiation of AML therapy.

Methods

This open, prospective observational study was approved by
the institutional review board (EK309102009) and registered at
clinicaltrials.gov identifier: 01278069. Informed consent was col-
lected prior to the first PET scan. Patients with AML aged 18-80
years underwent baseline total body “FDG-PET/CT scans
before initiation of therapy. Patients were included only if a
delay of <5 days of initiation of treatment was clinically justifi-
able in order to perform the study.” Hydroxyurea for disease
control was admissible before the "FDG-PET/CT. The primary
objective of this study was to determine the prevalence of EM
AML at diagnosis. The sample size was calculated such that the
width of the 95% confidence interval (CI) would stay within
20%. Assuming a prevalence of 40% EM AML, 93 patients
would need to be studied. The prevalence of 40% was based on
the only data available at the time from a case series of ten
unelected patients undergoing PET/CT scanning, demonstrating
existence of EM AML in 4 of those 10 patients." This trial was
not powered to compare survival differences in EM AML as
compared to AML patients without EM. Since there is no evi-
dence to indicate that the treatment of AML patients with EM
manifestation of AML needs to be intensified or modified, the
presence of EM AML was not part of the decision-making
process for treatment of these patients.

In total, 106 patients were screened for the study between
February 2011 and July 2013 in the Department of Haematology
of the University Hospital Dresden. Of those, 13 patients were
considered to be screening failures and were not considered for
further analyses, such that the planned sample size of 93
patients was reached. Reasons for screening failure were: age
>80 years or ®FDG-PET/CT not feasible due to the clinical con-
dition of the patient (n = 7) or other (n=6). Interestingly, two of
these 13 patients had EM AML (histologically confirmed diagno-
sis in one patient and clinical diagnosis in the other). Patients
with PET-positive EM AML at baseline underwent a second
“FDG-PET/CT scan after therapy initiation either at the date of
complete remission or until day 60 in case of not achieving CR.
A complete diagram of screened and included patients is shown
in Figure 1. Hybrid "FDG-PET/CT scans were performed as
recently published using a Siemens Sensation 16 as part of a bio-
graph (Siemens, Knoxville, TN, USA) with intravenous applica-
tion of “FDG and 120 mL contrast media Ultravist 370 (Bayer
Schering Pharma, Leverkusen, Germany).® PET 3-dimensional
emission scans were conducted with a median activity of 367
MBq (range, 223-433 Mbq), as recently published.® For assess-
ment of "FDG-PET/CT imaging, no specific threshold or meta-
bolic activity (e.g. maximum standardized uptake value,
SUVmax) was applied. Instead, subtle correlation of any *FDG-
positive lesion with the fused CT images was performed to
detect a corresponding tissue proliferation before suspecting an
EM manifestation of AML. In cases in which no morphological
correlate was apparent, "FDG-positive lesions were declared to
be unspecific. The estimated prevalence of EM AML was ascer-
tained by calculating the specificity of baseline “FDG-PET/CT
positivity in relation to those EM AML lesions confirmed posi-
tive for EM AML upon histology. Thereafter, the total number of
baseline "FDG-PET/CT positive EM AML patients was multi-
plied by this specificity to derive an estimate for the prevalence
in the total sample of 93. A CI with at least 95% coverage was
derived by calculating the exact Clopper-Pearson-Confidence
Intervals. Complete remission (CR) was defined according to the
standard consensus criteria.’ The Mann-Whitney U-test was
used to compare continuous variables between patient groups,
while the %’-test was applied to categorical variables. All statis-
tical analyses were performed using SPSS version 25 (SPSS Inc.,
Chicago, IL, USA); two-sided tests were applied. P<0.05 was
considered statistically significant.

Results

Patient population and safety

A total of 93 patients with AML (n=9 with relapsed
AML) underwent total body “FDG-PET/CT scans at
diagnosis after giving informed consent. Median age of
all patients was 61 years (range, 27-79 years). Clinical
characteristics of the patient population are shown in
Table 1. The majority were diagnosed with de novo AML
(n=58, 57%) while 22 patients (23%) had secondary
AML after preceding myelodysplastic syndrome (MDS) /
myeloproliferative neoplasm (MPN), and n=18 (19%)
patients had therapy-related AML (tAML) / therapy-
related MPN (tMN). Median follow up of alive patients is
46 months (range, 5-60 months). There were no adverse
reactions due to the application of intravenous “FDG and
intravenous contrast media. No deterioration in renal
function, as determined by measurement of creatinine
serum levels and estimation of GFR (eGFR) by Cockroft-
Gault, was observed after "FDG-PET/CT imaging.
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Prevalence and sites

Total body "“FDG-PET/CT imaging detected highly
metabolic manifestations suggestive of EM AML in 23%
of the enrolled patients (n=21). Of these “FDG-PET posi-
tive patients, 11 (52%) had de novo AML, while 7 (33%)
had tAML and 3 (14%) secondary AML with preceding
MDS/MPN. In total, 65 EM AML manifestations were
identified with "FDG-PET/CT in these 21 patients. The
median SUVmax was 6.1 (range, 2-51.4). Patients with EM
AML as per "FDG-PET/CT had a median of two EM AML
manifestations (range, 1-12) with only six patients having
only one EM AML manifestation; exemplary "“FDG-
PET/CT imaging is depicted in Figures 2A and B and 3A
and 3B. Sites of EM AML as detected per “FDG-PET/CT
were connective tissue (n=4, one patient paravertebral,
one paraaortic, one next to the jaw angle, and one at the
base of the tongue), parenchymal tissues (n=8, with man-
ifestations in adrenal glands, kidneys, liver, and spleen),
and lymph nodes (n=15). A total of 9% of patients pre-
sented with clinically overt EM AML (n=8). Applying
YFDG-PET/CT, additional EM manifestations were
detected in 62% (n=5) of these patients. In 12 of the 21
patients who were diagnosed with EM AML as per “FDG-
PET/CT, biopsies from EM sites were obtained in order to
assess the provenance of the diagnosed tumor and to
assess the sensitivity of “FDG-PET/CT. In ten patients,
histology review confirmed the occurrence of EM AML in
these sites, indicating a sensitivity of 77% for “FDG-
PET/CT. Interestingly, in the two remaining patients in
whom histology could not confirm EM AML, concomi-
tant tumors were found (one patient with Castleman’s
disease and one patient with a solid fibrous tumor).
Extrapolating these results onto the entire cohort, and
applying the positive predictive value of 83.3%, the preva-

PETAML all patients

lence of EM AML in our AML patient cohort was 17%
(95%CI: 11-29%). When only analyzing patients with
newly diagnosed AML, 16 (19%) patients were identified
with EM AML as per “FDG-PET/CT. Characteristics of
patients with or without EM AML as per *FDG-PET/CT
and histological confirmation are shown in Ounline
Supplementary Table S1. In comparison with PET-negative
patients, those with PET-positive EM AML as per “FDG-
PET/CT had a higher percentage of bone marrow infiltrat-
ing blasts, higher white blood cell (WBC) count in the
peripheral blood, and higher C-reactive protein serum lev-
els. Furthermore, in the cohort of AML patients with EM
disease, there were no patients with favorable cytogenetic
risk and a higher fraction of patients with relapsed AML.

In addition, in three patients of the “FDG-PET/CT neg-
ative group (n=72), EM AML was identified on examina-
tion and diagnosed through histological confirmation after
biopsy. Two of these patients had a skin manifestation
(chloroma) while one patient developed cervical lym-
phadenopathy during induction chemotherapy and then
underwent biopsy and an additional, unscheduled “FDG-
PET/CT, both confirming the diagnosis of EM AML.
When these patients were added to our extrapolated
prevalence of EM AML, the combined prevalence of EM
AML in this study was 22%. Thus, the specificity for
“FDG-PET/CT to detect EM AML is 97%. An overview of
patients undergoing biopsy for diagnosis in both cohorts
is available in the Online Supplementary Table S2. When we
analyzed only the largest subgroup of our study cohort of
patients with newly diagnosed AML, the combined preva-
lence of EM AML was 17 %.

A total of 18 patients (19%) in this study were treated
with hydroxyurea prior to "FDG-PET/CT and thus prior
to initiation of chemotherapy. Four of the 21 patients
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(19%) who were diagnosed with EM AML as per “FDG-
PET/CT were treated with hydroxyurea prior to *FDG-
PET/CT imaging.

Follow-up **FDG-PET/CT

Patients with EM diagnosed by *FDG-PET/CT under-
went a second "FDG-PET/CT scan at confirmation of CR
or, at the latest, until day 60 after initiation of therapy in
case no CR was achieved. A total of 14 of 21 patients with
EM AML as per baseline “FDG-PET/CT at diagnosis
underwent a second “FDG-PET/CT. The remaining
patients did not undergo a second *FDG-PET/CT because
of severe disease and intensive care treatment (n=3), men-
tal distress (n=1), palliative care in a hospice (n=1), and
withdrawal of study consent for the second "“FDG-
PET/CT (n=2). When we analyzed only the follow up

Table 1. Patients’ characteristics at diagnosis.

Median age at diagnosis (range) 61 (27-79)
Gender, n. (%)
Female 42 (44)
Male 51 (55)
Median percentage of bone marrow blasts (range) 47.5 (3 - 96.5)
Median WBC count at diagnosis x 10%L (range) 6.3 (0.4-2224)
Median platelet count at diagnosis x 107L (range) 55 (3 -278)
Median hemoglobin level at diagnosis in g/dL (range) 9(4-148)
FAB subtypes, n. (%)
Mo 7(®)
Ml 17 (18)
M2 36 (39)
M4 9.(10)
M5 a,b 12 (13)
M6 44
M7 3(3)
other 505)
Cytogenetic risk groups, n. (%)1
adverse 22 (24)
intermediate 64 (69)
favorable 6.(7)
FLT3-1TD status, n. (%)2
FLT3-ITD 13 (15)
FLT3-wildtype 74 (85)
NPMI status, n. (%)3
wildtype NPM1 72 (82)
mutated NPMI 16 (18)
CEBPA status, n. (%)4
no biallelic mutated CEBPA 75 (99)
biallelic mutated CEBPA 1(D)
AML status, n. (%)
de novo AML 53 (57)
secondary AML 22 (23)
tAMLAMN 18 (19)
relapsed AML 9

'Assignment to cytogenetic risk-group was not possible for n=1 patient.’/L73-ITD mutational sta-
tus could not be obtained for n=6 patients.’NPMI mutational status could not be obtained for
n=5 patients. ‘CEBPA mutational status could not be obtained for n=17 patients. AML: acute
myeloid leukemia; WBC: white blood cell; FAB: French-American-British classification; FLT3:
Fms-Like-Tyrosine Kinase 3;1TD: internal tandem duplication; NPM1. nucleophosmin 1; CEBPA:
CCAAT/enhancer-binding protein alpha; tAML/tMN: therapy-related AML/therapy-related
myeloid neoplasia; secondary AML: AML after preceding myelodysplastic syndrome or myelo-
proliferative neoplasm.

“FDG-PET/CT of those patients who were “FDG-PET/CT
positive and had a positive confirmatory biopsy (n=10
patients), 60% of these patients (n=6) were still positive
for EM AML as diagnosed per the second “FDG-PET/CT.
Exemplary “FDG-PET/CT imaging of a responding and a
non-responding patient (who both underwent intensive
induction chemotherapy) is available in Figures 2C and
3C-E. Interestingly, of the six patients who still had EM
AML (as per “FDG-PET/CT imaging) at the time of their
second “FDG-PET/CT, four patients with EM AML and
AML bone marrow infiltration at diagnosis were in CR as
determined by bone marrow cytomorphology at the time
of second “FDG-PET/CT. Of those four patients who still
had EM AML in their second “FDG-PET/CT, but who
were in CR as per bone marrow cytomorphology, three
patients subsequently relapsed. The other two (of the six
patients with persistent metabolic disease) had isolated
EM AML as per “FDG-PET/CT: one patient had
unchanged EM AML manifestations in the second “FDG-
PET/CT, while the other had a progression of EM AML
manifestations in the second “FDG-PET/CT. The metabol-
ic and numerical dynamics of EM AML manifestations in
patients with histologically confirmed EM AML from
baseline to follow up “FDG-PET/CT are shown in Online
Supplementary Figure 1A and B.

Discussion

Our study is the first to prospectively evaluate “*FDG-
PET/CT imaging for the diagnosis of EM AML in patients
with AML. Furthermore, this is the first prospective study
combining “FDG-PET/CT imaging, clinical findings, and
histological examination after biopsy to systematically
estimate EM AML. According to our results, “FDG-
PET/CT is a useful and safe tool to detect EM AML with
a high sensitivity and specificity of 77% and 97 %, respec-
tively. While the prevalence of EM AML as per baseline
“FDG-PET/CT was 23%, we found an estimated preva-
lence of EM AML of 19% using “FDG-PET/CT when
including the sensitivity of “FDG-PET/CT after histologi-
cal examination of biopsied lesions. When also adding the
three patients with histologically confirmed EM AML,
who were initially “FDG-PET/CT negative, the combined
prevalence of the whole study cohort is 22%. An analysis
of only patients with newly diagnosed AML led to a com-
bined prevalence of EM AML of 17% in our study. This is
3- to 11-fold higher than previously reported™ but lower
than in other reported studies.””'® Some reports over-esti-
mated the prevalence of EM AML since data were derived
from autopsy studies, which have a natural selection in
favor of relapsed and/or refractory patients, or because a
positive selection in favor of myelomonocytic AML sub-
types occurred, as these are known to have a higher like-
lihood of presenting with EM AML.”* Other studies
under-estimate the prevalence of EM AML because they
rely on the clinical findings of EM AML, which only rep-
resents the tip of the iceberg.”® Some reports also include
EM AML sites in their calculation, such as gingival hyper-
plasia, splenomegaly or leukemic meningitis, which does
not per se fulfill the World Health Organization (WHO)
criteria for EM AML and therefore might over-estimate
the prevalence of EM AML.>*"" A recent retrospective
analysis by Ganzel er al. reported a clinical prevalence of
24% and argued that with a PET-based screening the rate
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Figure 2. Images of a 69-year old female patient with histologically confirmed extramedullary (EM), bilobular hepatic manifestations of acute myeloid leukemia
(AML) (continuous arrows) who underwent intensive induction chemotherapy. (A) Maximum intensity projection (MIP) and (B) three representative slices of the
fused multiplanar reconstructions (MPR) of the pre-therapeutic **Fluorodesoxy-glucose positron emission tomography/computed tomography (**FDG-PET/CT).
Maximum standardized uptake value (SUVmax) ranged from 5.2 to 7.4. (C) MIP of the post-therapeutic **FDG-PET/CT confirming a complete metabolic remission of
all hepatic lesions. Note the hypermetabolic focus (SUVmax 8.9) in the right thyroid lobe (dotted arrows, see also (A) at baseline) which does not reflect AML but
rather a thyroid adenoma that was still present in the post-therapeutic scan (SUVmax 8.1).

of extramedullary AML would be even higher.” The preva-
lence of EM AML in our study remains in that range; how-
ever, our study and the analysis by Ganzel et al. describe
and discuss different EM AML characteristics. Whether
leukemic meningitis, gingival hyperplasia, and
splenomegaly fulfill the WHO criteria for extramedullary
disease remains highly debatable. Disrupted tissue archi-
tecture by AML cells (or effaced tissue architecture) can-
not be considered exclusively responsible for leukemic
meningitis (but as rather resembling blood-brain-barrier
migration), gingival hyperplasia (resembling indirect
hyperplasia), and splenomegaly (resembling leukemic
infiltration not effacing spleen architecture)."” Whether
clinical assessment is sufficient, and whether it is neces-
sary to biopsy EM AML, has been the subject of much dis-
cussion and controversy.” However, our data show that a
non-negligible proportion of AML patients with EM still
harbor *FDG-avid manifestations despite being in CR at
the same time, as per bone marrow assessment. Since the
definition of a CR of AML includes resolution of EM
AML, this provides a further argument to perform sensi-
tive “FDG-PET/CT imaging in these patients.

Furthermore, incidental findings of other hematologic
malignancies such as multicentric Castleman’s disease at
initial presentation of AML diagnosed in parallel in our
study seem to argue for histological confirmation whenev-
er possible. The observation that many patients with EM
AML harbor more than one EM site has been suggested in
our pilot study and others, and could be confirmed by this
study.”® The phenomenon observed here that isolated EM
AML of the skin (chloroma) is not necessarily “FDG-PET-
avid and thus cannot be visualized by “FDG-PET/CT
imaging has already been reported in our pilot study.’ For
these patients “FDG-PET/CT imaging might only be use-
ful in identifying additional EM AML sites.

However, all imaging methods have limitations. “*FDG-
PET/CT is limited by the size of an EM AML mass
required to emit an “FDG-PET signal. Theoretically, a
cluster of at least 10° FDG avid cells is needed to meet the
spatial resolution of a commercially available human PET
machine and to generate a detectable PET signal.
Furthermore, an objective of this trial was to include a
representative AML patient cohort, since it was designed
to estimate the prevalence of EM AML, and not survival
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Figure 3. Images of a 63-year old female patient with histologically confirmed extramedullary (EM) manifestation of acute myeloid leukemia (AML) in the oral cav-
ity (dotted arrows) who underwent intensive induction chemotherapy. (A) Maximum intensity projection (MIP) and (B) fused multiplanar reconstruction (MPR) of the
pre-therapeutic **Fluorodesoxy-glucose positron emission tomography/computed tomography (**FDG-PET/CT). Maximum standardized uptake value (SUVmax) was
9.1. *FDG-PET detected a further right iliac EM AML (SUVmax 5.6; continuous arrows). (C) MIP of the post-therapeutic follow up **FDG-PET/CT confirming the slightly
regressive EM AML of the oral cavity (SUVmax 7.4) but also the progressive right iliacal EM AML (SUVmax 8.1). (D) MPR of this scan. New bicervical EM AML (dashed

arrows) was also detected (E), see also (C) (SUVmax up to 9.5).

differences between patients with EM AML as compared
to patients without EM AML. However, 3 of the 9
relapsed AML patients who were included in the trial har-
bored EM AML as per "FDG-PET/CT. In spite of this, the
National Comprehensive Cancer Network and others rec-
ommend “FDG-PET/CT when EM AML is suspected in
an AML patient, while the European LeukemiaNet pro-
vides no recommendations for doctors treating patients
with EM AML %2

In summary, our study demonstrates a higher preva-
lence of EM AML than previously reported and assumed,
while the clinical prevalence was in the range of previous-
ly published reports. We were able to demonstrate that
“FDG-PET/CT is feasible and safe in patients with AML at
diagnosis. Furthermore, we were able to confirm that, in
most patients, more than one metabolically active EM
AML manifestation could be detected with "“FDG-
PET/CT. Interestingly, six patients who were PET-positive
at baseline and who had histologically confirmed EM
AML were in hematologic CR but still had detectable
“FDG-avid EM AML depicting heterogeneity after treat-
ment (Online Supplementary Figure S1A). When analyzing
those four patients who presented with EM AML at diag-

nosis (as per initial “FDG-PET/CT) and frank bone mar-
row AML, all four were still positive for EM AML as per
“FDG-PET/CT but in a CR as per bone marrow aspirate;
furthermore, three of these four patients eventually
relapsed, despite consolidation therapy. The dynamics of
PET-positivity with regard to concurrent bone marrow
involvement, therefore, seem to be heterogeneous and the
prognostic relevance of this has to be studied in further
prospective trials. Hence, this study allows further trials to
be designed and calculated for a prospective evaluation of
the impact of EM AML using “FDG-PET/CT.
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FLT3 mutations and polyunsaturated fatty
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ABSTRACT

Obesity correlates with hematologic malignancies including

leukemias, but risk of specific leukemia subtypes like acute

promyelocytic leukemia and underlying molecular mechanisms are
poorly understood. We explored multiple datasets for correlation between
leukemia, body mass index (BMI) and molecular features. In a population-
based study (n=5.2 million), we correlated BMI with promyelocytic
leukemia, and other acute myeloid, lymphoid or other leukemias. In cross-
sectional studies, we tested BMI deviation in promyelocytic leukemia trial
cohorts from that expected based on national surveys. We explored The
Cancer Genome Atlas for transcriptional signatures and mutations enriched
in promyelocytic leukemia and/or obesity, and confirmed a correlation
between body mass and FLT3 mutations in promyelocytic leukemia
cohorts by logistic regression. In the population-based study, hazard ratio
per 5 kg/m’® increase was: promyelocytic leukemia 1.44 (95%CI: 1.0-2.08),
non-promyelocytic acute myeloid leukemias 1.17 (95%CI: 1.10-1.26), lym-
phoid leukemias 1.04 (95%CI: 1.0-1.09), other 1.10 (95%CI: 1.04-1.15). In
cross-sectional studies, body mass deviated significantly from that expected
(Italy: P<0.001; Spain: P=0.011; USA: P<0.001). Promyelocytic leukemia
showed upregulation of polyunsaturated fatty acid metabolism genes.
Odds of FLT3 mutations were higher in obese acute myeloid leukemias
(odds ratio=2.4, P=0.007), whether promyelocytic or not, a correlation con-
firmed in the pooled promyelocytic leukemia cohorts (OR=1.22, 1.05-1.43
per 5 kg/m’). These results strengthen the evidence for obesity as a bona fide
risk factor for myeloid leukemias, and in particular APL. FL'T3 mutations
and polyunsaturated fatty acid metabolism may play a previously under-
appreciated role in obesity-associated leukemogenesis.

Introduction

The etiology of acute myeloid leukemia (AML) remains poorly understood.
Genetic predisposition or clear exposure to environmental mutagenic agents
(smoking, benzene, radiation, prior chemotherapy) can be demonstrated only in a
minority of cases." Age is an independent risk factor, probably linked to the pro-

Ferrata Storti Foundation

Haematologica 2020
Volume 105(6):1559-1566

This paper is dedicated to the memory of our
wonderful colleague, Prof. Francesco Lo Coco,
who recently passed away

Correspondence:

LUCA MAZZARELLA
luca.mazzarella@ieo.it

PIER GIUSEPPE PELICCI
piergiuseppe.pelicci@ieo.it

Received: Apri 5, 2019.
Accepted: September 11, 2019.
Pre-published: September 12, 2019.

doi:10.3324/haematol.2019.223925

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:

www.haematologica.org/content/106/6/1559

©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.

l haematologica | 2020; 105(6) 1559 -




- L. Mazzarella et al.

- haematologica | 2020; 105(6)

gressive mutation accumulation and clonal stem cell
expansion that accompanies aging.” Although obesity has
recently emerged as a prominent risk factor for a variety of
solid tumors,® its impact on hematologic neoplasms has
received less attention. A moderate but consistently posi-
tive correlation between body mass index (BMI) and inci-
dence of leukemias has been identified in observational
studies,”® yet none of the collected evidence has been con-
sidered sufficiently strong to consider obesity as a bona fide
risk factor for AML.*” Most studies did not distinguish
between myeloid/lymphoid and acute/chronic forms, nor
between genetic subtypes within each form. AML is rec-
ognized as a highly heterogeneous disease with genetical-
ly diverse subtypes.® Subtypes have radically different out-
comes and, similarly, their risk may be differentially
affected by environmental factors. Identification of sub-
type-specific risk associations, however, is made difficult
by their rarity.

A genetic subset of AML, acute promyelocytic leukemia
(APL), is characterized by a specific chromosomal translo-
cation (t15;17), homogeneous biology and response to
clinical agents all-trans retinoic acid (ATRA) and arsenic
trioxide, which have made it the most curable form of
AML to date.” We previously demonstrated that the risk of
relapse after ATRA/idarubicin is significantly increased in
overweight/obese APL patients." In the present report, we
investigated the association of overweight/obesity with
the risk of developing APL and other leukemias. We
describe the results of multiple studies across four western
populations with significantly different dietary regimens
and prevalence of obesity. All the studies demonstrated
increased risk of developing APL in overweight/obesity
subjects. In an effort to generate mechanistic hypotheses
to explain this relationship, we analyzed transcriptomic
and mutational data from the AML project in The Cancer
Genome Atlas (TCGA)" and identified alterations selec-
tively associated with obesity and/or APL which may be
involved in obesity-associated leukemogenesis.

Methods

UK population-based study: data collection
and statistical methods

Full details of the methods for the UK population study were
described previously.® The study was approved by the London
School of Hygiene and Tropical Medicine Ethics Committee. To
identify outcomes of specific leukemia sub-types, Clinical Practice
Research Datalink (CPRD) clinical records were searched for codes
relating to specific leukemia subgroups. We controlled for multiple
co-variates at time of the BMI record(s): age, smoking status, alco-
hol use, previous diabetes diagnosis, index of multiple depriva-
tion, calendar period, and stratified by gender. We excluded peo-
ple with missing smoking [49,206 of 5.24 million (0.9%)] and alco-
hol [394,196 of 5.24 million (7.5%)] status. Confidence intervals
(CI) in Figure 1 are presented at the 99% level; all other Cls are
presented at the 95% level.

Cross-sectional studies: data collection and statistical
methods

Acute promyelocytic leukemia cases from Spain were extracted
from the PETHEMA database to include 414 cases diagnosed
between 1998 and 2012. APL cases from Italy, where 134 adult
patients were treated under the AIDA protocol, were included in
the previously described cohort.”” APL cases from the USA includ-

ed the entire cohort of the published AML The Cancer Genome
Atlas (TCGA) project (n=20) plus 22 additional APL cases, unse-
lected for any clinical variable, diagnosed at Washington
University, St. Louis, MO, USA (Expanded TCGA cohort). For all
case cohorts, BMI was measured at the time of diagnosis.

Data collection was approved by the Research Ethics Board of
each participating institution, as referenced."'* Data sources for
expected BMI in the local population are described in the Online
Supplementary Appendix.

We compared the distribution of BMI observed in the three APL
case cohorts to the distribution of BMI expected in the general pop-
ulation of the same countries. Specifically, to calculate the expected
distribution of BMI in Italy, we used data from the Italian National
Institute of Statistics," and we selected the area of Lazio, where the
APL cases were diagnosed, in the years 2000-2010. For Spain, we
used data from the Eurostat,” and we selected the general popula-
tion of Spain in the year 2008, the only year available. For both
Italy and Spain, the expected BMI distribution was calculated using
the available age- and gender-specific BMI distribution of the gen-
eral population classified into three categories (<25, 25-29.9, =30).
For the USA, we used the 2009-2010 data from the American
National Health and Nutrition Examination Survey.” The expected
BMI distribution was calculated using the available race-, age-, and
gender-specific BMI distribution of the general population classi-
fied into four categories (<25, 25-29.9, 30.0-34.9, =35).

The global null hypothesis that the observed counts did not dif-
fer from the expected ones across the BMI categories was tested
in a null Poisson regression model, where the observed counts
were considered as dependent variable and the expected counts as
the offset. BMI was included in the model as an ordinal variable
to test the log-linear relationship between BMI and the observed
to expected ratio (i.e. to test for linear trend). Pearson's %’ goodness
of fit test P-value was reported.

Expression data analysis

Expression data (RPKM matrix) were down-loaded from the
AML TCGA data portal. Cases with available RNAseq, BMI and
French-American-British (FAB) classification data (177 of 200)
were used in the present study. Cases were classified by FAB in
"APL" (FAB="M3") and "non-APL" (FAB = "M3"), and by BMI in
"obese" (BMI = 30) and "non-obese" (BMI < 30). Genes with < 0.2
reads per kilo base per million mapped reads (RPKM) in at least
75% of patients were removed." The Quantitative Set Analysis
for Gene Expression method, as implemented in the quSAGE
package” in the R programming language (v3.2.3), was used to
conduct supervised gene set enrichment analysis. For each
expressed gene, the quSAGE algorithm calculates a probability
density function (PDF) of differential expression between two
groups of samples. For each gene set, it then calculates "activity",
ie. the mean difference in log-expression of individual genes
included in a gene set. Gene sets with False Discovery Rate (FDR)
< 0.05 were considered significant. We focused on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and chemical and
genetic perturbations (CGP) gene set collections, down-loaded
from MSigDB (http://software.broadinstitute.org/gsea/msigdb/).
The CGP collection was used to confirm enrichment of previously
identified APL-specific gene signatures (Online Supplementary
Table S1). We focused on the KEGG collection, as it is enriched for
metabolism-associated gene annotations.' The script to generate
the present results is available on request.

Mutational data analysis

For the analysis of the TCGA data, mutational data were
retrieved from the TCGA AML paper," and AML driver genes
(restricted to those with at least 2 mutations in the dataset) were



down-loaded from IntOgen."” For each gene, different mutations
were conflated so that gene status in each patient was either
"mutated" or "wild-type". For each gene, we then calculated the
number of mutated or wild-type patients in the obese or non-
obese groups, and calculated odds ratios (OR), 95% confidence
intervals (CI), and P-values by Fisher's test with Benjamini-
Hochberg correction. Only genes with >1 mutation in the dataset
were considered, using the fdsm package in R.

For the analysis of the retrospective cohort, FLT3 Internal
Tandem Duplication (ITD) mutational data were provided by the
referring centers. Logistic regression was used to calculate OR
with 95%CL

Further details of the methods used are provided in the Online
Supplementary Appendix.

Results

Population-based cohort study in the UK

Overall characteristics of the 5.24 million UK adults
included in this study have been described previously.® A
total of 5,833 subjects with a diagnosis of “leukemia” over
the observational time were included in the present analy-
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sis. These events were further classified in the following
groups: “APL” (n=26), “non APL-AML” (n=1,012), lym-
phoid leukemias (“LL”; n=2,828), and “other” (n=1,972).
Median time lapse between BMI measurement and diag-
nosis was similar across subgroups (APL: 1,810 days;
AML: 2,280 days; LL: 1,928 days; other: 1,894 days).

We fit BMI as a three-knot cubic spline and as a linear
term. There was no evidence of non-linearity (P=0.94),
suggesting that the relationship was best described by the
linear model. After adjusting for co-variates, per each 5
kg/m’ increase we obtained hazard ratios (HR) of 1.44 for

Table 1. Hazard ratios from the UK population study.

Disease N. of Adjusted HR (per 5 kg/m? 95% Cl
events increase in BMI)

APL 26 1.44 1.00, 2.08

AML 1,012 1.17 1.10, 1.26

LL 2,823 1.04 1.00, 1.09

Other 1,972 1.10 1.04,1.15

N:number; HR: hazard ratio; BMI: body mass index; Cl: confidence interval; APL: acute
promyelocytic leukemia; AML: acute myeloid leukemia; LL: lymphoid leukemias.
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Figure 1. Relationship between body mass index (BMI) and log-hazard ratio (HR) for leukemias in the UK population. (A) Acute promyelocytic leukemia (APL); (B)
other acute myeloid leukemia (AML); (C) lymphoid leukemias; (D) all leukemias. Plots show mean (dark line) + 95% confidence intervals (shaded area).
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* APL (95%CI: 1.0-2.08), 1.17 for non APL-AML (95%CI: patients from national registries of clinical trials from

1.10-1.26), 1.04 for LL (95%CI: 1.0-1.09), and 1.10 for Spain (PETHEMA) and Italy (GIMEMA), and patients
other leukemias (95%CI: 1.04-1.15) (Table 1 and Figure 1).  from the US-based AML genome sequencing study (the
Stratification by gender suggested a stronger effect for AML TCGA cohort with 22 additional cases characterized
male gender in APL (HR 1.82, 95%CI: 1.10- 8.00 vs. female  at Washington University, St Louis, MO). In all three
HR 1.19, 95%CI: 0.67-1.98), although the sample size groups, APL diagnosis was established using gold standard
becomes very small (n=13 each). Together, these results diagnostic procedures.
suggest that higher BMI is associated with increased risk Demographic characteristics of the three case cohorts
of all sub-types of leukemia, particularly APL. (Italy n=134, Spain n=414 and USA n=42) are described in
Table 2. Gender (female 53.0%, 55.2%, 50%, respectively)
Cross-sectional studies in Italian, Spanish and US trial  and age (median of 45, 45, 47 years, respectively) were sim-
cohorts ilarly represented. Information on ethnicity was unavailable
Though APL showed the strongest association with for the Spanish and Italian cohorts, whereas white, black
higher BMI in the cohort analysis described above, results  and hispanic ethnicities were represented in the US cohort.
were not conclusive due to the small number of cases To generate control groups for comparison, we obtained
identified (n=26) and the consequently wide confidence anthropometric data from epidemiological surveys of the
intervals. To strengthen the evidence, we carried out ret-  general population in the different countries. As the preva-
rospective case-control studies using cohorts of APL lence of obesity has increased dramatically in most coun-

Table 2. Description of the cross-sectional cohorts.

Italy Spain USA
n=134 n=414 n=42
Age 18-35 46 (34.3%) 113 (27.3%) 13 (31.0%)
36-50 34 (25.4%) 145 (35.0%) 12 (28.6%)
51-65 40 (29.9%) 102 (24.6%) 11 (26.2%)
> 65 14 (10.4%) 54 (13.0%) 6 (14.3%)
Median (IQR) 45 (31-57) 45 (34-57) 47 (33-60)
Gender Male 63 (47.0%) 227 (54.8%) 21 (50.0%)
Female 71 (53.0%) 187 (45.2%) 21 (50.0%)
Year of diagnosis Median (range) 2002 (1997-2010) 2003 (1996-2012) 2007 (2001-2011)
Race White - - 36 (85.7)
Black - - 5(11.9)
Hispanic - - 1(24)
BMI Median (IQR) 26 (23-28) 26 (23-29) 34 (28-39)

IQR: interquartile range; BMI: body mass index; n: number.

Table 3. Observed body mass index (BMI) distribution in acute promyelocytic leukemia (APL) cases and expected BMI distribution in general
population (percentages in brackets).

All Males Females
Italy BMI Obs Exp* P Obs Exp° P Obs Expd° P
<25.0 48 (35.8%) 778 (58.0%) <0.001 16 (25.4%)  29.0 (46.0%)  <0.001 32 (45.1%) 488 (68.7%) <0.001
25.0-29.9 71 (53.0%)  44.8 (33.4%) 42 (66.79%)  28.0 (44.5%) 29 (40.8%)  16.8 (23.6%)
=30.0 15 (11.2%) 114 (8.5%) 5 (7.9%) 6.0 (9.5%) 10 (14.1%) 5.5 (7.7%)
Total 134 134 63 63 71 71
Spain BMI (1] Exp* P Obs Exp°® P Obs Expd° P
<25.0 172 (41.5%)  189.9 (45.9%) 0.011 79 (34.8%)  85.0 (37.4%)  0.130 93 (49.7%)  104.9 (56.1%)  0.033
25.0-29.9 156 (37.7%)  158.1 (38.2%) 99 (43.6%)  103.2 (45.5%) 57 (30.5%)  55.9 (29.4%)
=30.0 86 (20.8%)  66.0 (15.9%) 49 (21.6%) 388 (17.1%) 37(198%)  27.2 (14.6%)
Total 414 414 227 227 187 187
USA BMI Obs Exp* P Obs Exp° P Obs Expd" P
<25.0 2 (4.8%) 12.8 (30.6%)  <0.001 1 (4.8%) 53 (254%)  0.002 1 (4.8%) 75 (35.7%)  0.003
25.0-29.9 13 (31.0%)  13.7 (32.6%) 5(238%) 7.9 (37.7%) 8 (38.1%) 5.8 (27.6%)
30.0-34.9 12 (28.6%) 8.6 (20.5%) 9(42.9%) 4.8 (23.0%) 3 (14.3%) 3.8 (18.0%)
=350 15(35.7%) 6.9 (16.3%) 6(28.6%) 2.9 (13.9%) 9 (42.9%) 3.9 (18.8%)
Total 4 42 21 21 21 21

Expected frequencies were obtained from the body mass index (BMI) distribution in the general population of the area of the acute promyelocytic leukemia (APL) cases, period
of APL diagnosis and in addition: *age class and gender; "age class, gender and race; “age class; ‘age class and race. Obs: observed.
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tries in the last decades (especially in the USA), we
obtained data that were as close as possible to the median
year of diagnosis (2002 for Italy, 2003 for Spain, 2007 for
the USA) (Table 3; see also Methods section).

In all three cohorts, there was strong evidence that the
observed BMI distribution for cases across World Health
Organization (WHO) BMI classes was different from that
expected under the null hypothesis of no association
(Italy: P<0.001; Spain: P=0.011; USA: P<0.001) (Table 3) in
gender-, age-, and ethnicity- (for USA) matched controls.
In particular, in all three datasets, there were more cases
than expected in the higher BMI groups, irrespective of
gender in all cohorts apart from Spain, in which signifi-
cance was not reached for males (P=0.130) despite a simi-

lar trend (Table 3).

Correlation of TCGA transcriptomics data with body
mass index and acute myeloid leukemia subtype

The availability of the TCGA dataset prompted us to
search for signatures that could suggest a mechanistic
rationale for the association between APL and obesity. We
interrogated available AML transcriptomes with super-
vised gene set enrichment analysis using quSage."”
Focusing on the KEGG gene set collection, APL was asso-
ciated with increased activity of 13 and decreased activity
of 64 out of 186 gene sets (Table 4, Figure 2A and Online
Supplementary Table S2). Intriguingly, among significantly
up-regulated gene sets, we found pathways associated
with the metabolism of long-chain unsaturated fatty acids
(linoleic and arachidonic), which are precursors of
eicosanoids mediating inflammation-associated cancers."
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Figure 2. Differential activities of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and insulin/leptin receptors in the M3 versus non-M3 quSage com-
parison in The Cancer Genome Atlas (TCGA). (A) Activity score with 95% Confidence Intervals (Cl) of 186 KEGG gene sets; significant gene sets are color-coded in
red (if up-regulated) or green (if down-regulated). (B) Insulin/IGF1 receptor pathway and leptin receptors. Mean + 95% confidence interval are plotted.

Table 4. Significantly up-regulated Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in acute promyelocytic leukemia versus acute
myeloid leukemia in The Cancer Genome Atlas (TCGA).

pathway.name log.fold.change P FDR
KEGG_RENIN_ANGIOTENSIN_SYSTEM 0.6503 0.0023 0.0093
KEGG_LINOLEIC_ACID_METABOLISM 0.6381 0.0002 0.0010
KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_HEPARAN_SULFATE 04217 0.0000 0.0000
KEGG_GLYCOSPHINGOLIPID_BIOSYNTHESIS_LACTO_AND_NEOLACTO_SERIES 0.3391 0.0003 0.0017
KEGG_ALANINE_ASPARTATE_AND_GLUTAMATE_METABOLISM 0.3258 0.0009 0.0039
KEGG_ARACHIDONIC_ACID_METABOLISM 0.3221 0.0037 0.0130
KEGG_GLYCOSAMINOGLYCAN_DEGRADATION 0.3208 0.0000 0.0001
KEGG_HISTIDINE_METABOLISM 0.2996 0.0044 0.0148
KEGG_ARGININE_AND_PROLINE_METABOLISM 0.2582 0.0001 0.0008
KEGG_LIMONENE_AND_PINENE_DEGRADATION 0.1662 0.0087 0.0250
KEGG_CARDIAC_MUSCLE_CONTRACTION 0.1475 0.0084 0.0245
KEGG_PROTEIN_EXPORT 0.1439 0.0066 0.0204
KEGG_PATHWAYS_IN_CANCER 0.1346 0.0169 0.0428
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Also noticeable was the APL-associated upregulation of
insulin and insulin-like growth factor (IGF1) receptors, but
not leptin receptor (Figure 2B); insulin signaling-associated
pathways were also specifically up-regulated in obese ver-
sus non-obese APL patients ("type Il diabetes mellitus" and
"insulin signaling") (Online Supplementary Table S2).

No pathway was significantly enriched in obese versus
non-obese patients among non-M3 cases.

Correlation of mutational data with body mass index

We then asked whether obesity is associated with spe-
cific driver mutations in AML in the TCGA cohort. Out of
23 established driver genes mutated at least twice in the
cohort, mutations in FLT3 were positively associated with
obesity (33 of 88 obese vs. 22 of 110 non-obese; OR=2.4,
FDR=0.16, P=0.007) (Figure 3 and Omnline Supplementary
Table S3). The correlation remained statistically significant
both in non-APL AML (27 of 49 obese vs. 22 of 102 non-
obese; OR=2, P=0.04,) and in APL (6 of 12 obese vs. 0 of 8
non-obese; P=0.04). When we analyzed the two main
classes of FLT3 mutations separately [tyrosine kinase
domain (TKD) and internal tandem duplication (ITD)], the
association held statistically significant for ITD (24 of 88
obese vs. 14 of 110 non-obese; OR=2.6, P=0.01) but not
for TKD (9 of 88 obese vs. 8 of 110 non-obese; P=0.6). In
APL, where all FLT3 mutations were ITD, the correlation
remained statistically significant (6 of 12 obese vs. 0 of 8
non-obese; P=0.04). In non-APL AML, with 32 ITD and 17
TKD, overall FLT3 mutations were still significantly
enriched in obese patients ((27 of 49 obese vs. 22 of 102
non-obese; OR=2, P=0.04) but not when analyzed sepa-
rately (P=0.11 for ITD and 0.44 for TKD).

We then attempted to validate this finding in the APL
cohorts, for which data on the most representative
FLT3ITD mutation (ITD) were available (Table 5). In the
pooled analysis (163 mutated patients, of a total 569), OR
of having a FLT3 ITD was 1.22 (95%ClI: 1.05-1.43) per each
5 kg/m” increase. In the individual cohorts, results were sig-
nificant in the Italian (30 of 114 mutated, OR=2.35,
95%Cl: 1.25-4.42) and US (14 of 41 mutated, OR=1.44,
95%CI: 0.93-2.24) cohorts, but not in the Spanish (119 of
414 mutated, OR=1.09, 95%CI: 0.89-1.33).

Discussion

Here we provide substantial evidence for an association
between elevated BMI and risk of developing AML. The
risk was particularly high with the APL subtype, with an
estimated 44% HR increase per each 5 kg/m’. This was
qualitatively confirmed by comparing expected versus
observed BMI distributions in APL cohorts across three
western countries (the USA, Spain and Italy) with different

obesity prevalence and dietary habits. In addition, we pro-
vide hypothesis-generating evidence for molecular mecha-
nisms underlying such an association, in particular, the
possible involvement of pro-inflammatory fatty acid
metabolism and mutations of the tyrosin kinase FLT3.
Our epidemiological results expand a growing body of
literature identifying overweight/obesity as a bona fide risk
factor for leukemias. The most recent meta-analysis
reported an adjusted relative risk of 1.14 (95%CI: 1.04-
1.26; P=0.008) for AML overall.” Despite the growing evi-
dence, the notion of obesity as a risk factor for leukemia
remains widely overlooked.” Among the highly heteroge-
neous AML subtypes, APL is the most clinically and bio-
logically coherent. We and others previously showed that
in APL, but not in other AML, an elevated BMI significant-
ly affects outcome."" This is also in line with the few ret-
rospective studies that have assessed APL as a separate
disease entity.” No study had addressed this question
prospectively, a task made difficult by the rarity of the dis-
ease, but made possible in our case by the very large study
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Figure 3. Association between obesity and FLT3 mutations. (A) Bubble plot rep-
resenting Odds Ratio versus -logP value (mLogPval) of any mutation in 23 driver
genes in The Cancer Genome Atlas (TCGA) acute myeloid leukemia cohort. FLT3
(in red) is the only gene with False Discovery Rate (FDR) < 0.25. Bubble size
reflects the number of obese patients with a mutation. Data are tabulated in
Online Supplementary Table S3.

Table 5. Logistic regression of body mass index (BMI) and FLT3 ITD mutations.

BMI All 3 cohorts 163/569" ITALY 30/114¢ SPAIN 119/414° USA 14/41:
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
5 unit increase 2.35 (1.25-4.42) 1,09 (0.89-1.33) 144 (093-2.24)

1.22 (1.05-143)
=250s. <25 - :
=30 vs. <30 6.46 (1.21-34.5)

“Mutations / All patients."Given the small number of obese patients in Italy and Spain, we compared overweight/obese patients versus normal weight patients (i.e. BMI = 25 vs.
<25).Given the small number of normal weight patients in the USA,we compared obese patients versus non-obese patients (i.e. BMI = 30 vs.<30).OR: odds ratios; Cl: confidence
intervals.
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440 (163-11.9) 1.15 (0.75-1.78)




population (5.2 million). The largest prospective study to
date (EPIC), which revealed a statistically significant high-
er risk only in female AML, but not in other gender and
biological subgroups,’ was based on a relatively small
number of incident cases: only 671 out of 375,021 partici-
pants over 11.5 years of median follow up. The use of
orthogonal epidemiological approaches is a strength of the
study, as it attempts to mitigate some weaknesses of each
design. Registry-based studies have little patient selection
bias, providing results that are more comparable to real-
life scenarios. However, the quality of case identification
is likely to be sub-optimal; erroneous assignment of APL
to the general AML ICD code might "deplete" incident
cases and further reduce statistical power. Case-control
studies in the context of clinical trials, on the other hand,
offer the advantage of gold standard diagnosis but might
be affected by significant patient selection biases. This
may have counter-selected obese patients in the present
study, since the correlated comorbidities may be associat-
ed with limited access to clinical trials.

Another limitation of the study is that we could not pro-
vide the same degree of geographical homogeneity for
control subjects in the case-control studies. This may be
particularly relevant for the USA, known to have wide
state-specific differences in BMI distribution. However,
this variation is mainly due to demographic parameters,”
such as age, gender and race, and is, therefore, at least
partly accounted for in our multivariate analysis. We also
note that our US APL cohort includes a single patient of
hispanic ethnicity. Hispanics are considered at higher inci-
dence of APL, although some large studies based on
Surveillance, Epidemiology, and End Results (SEER) data
dispute this commonly held conclusion.”

Understanding the molecular mechanism causing
increased cancer risk in obese subjects is crucial for ade-
quate nutritional management in disease prevention, given
the sustained rise of obesity worldwide, particularly in
emerging economies. The possibility of matching tran-
scriptional and mutational profiles from TCGA to patient
clinical and BMI data provided an opportunity to generate
hypotheses grounded on actual data. However, extracting
biological significance from large molecular datasets
remains challenging. Shifting the analytical focus from sin-
gle genes to gene sets or pathways may allow signals to be
captured even when the changes affecting individual genes
are minimal, provided they are coherent. The gene set-
based method we used here for transcriptional analysis
does not assume equal variances, resulting in improved
sensitivity and specificity over similar competing
methods.” Our main finding is the upregulation of several
genes involved in the metabolism of pro-inflammatory w-
6 polyunsaturated fatty acids (PUFA, linoleic and arachi-
donic) in APL. These molecules are increased in the plasma
of metabolically impaired subjects, including the obese,”
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ABSTRACT

h aily intravenous arsenic trioxide administered with all-trans retinoid
D acid, the standard-of-care for acute promyelocytic leukemia, is costly
- and challenging to administer. ORH-2014 is a novel, oral arsenic tri-
oxide formulation, consisting of micron-size drug particles with rapid disso-
lution and high bioavailability. We conducted a multicenter phase 1 dose-
escalating study in patients with advanced hematologic malignancies.
Twelve patients received ORH-2014 at 5 mg (n=3), 10 mg (n=6), or 15 mg
(n=3) orally once a day (fasted state). Objectives were to assess the safety,
tolerability and pharmacokinetics of ORH-2014 to support a dose recom-
mendation for future trials. The median age of the patients was 77 years
(range: 45-81) and they had received a median of two (range: 1-5) prior ther-
apies. There were no dose limiting toxicities and no drug-related severe
adverse events, except one grade III QT prolongation occurring beyond the
dose limiting toxicity assessment period and resolving after treatment inter-
ruption. ORH-2014 steady-state plasma concentration was reached on day
15. ORH-2014, 15 mg C,,.. was comparable to the calculated approved dose
of intravenous arsenic trioxide (mean [% coefficient of variation]: 114 [21%]
vs. 124 [60%] ng/mL) and area under the curve from 0 to 24 hours was 2,140
(36%) versus 1,302 (30%) h*ng/mL. These results indicate that ORH-2014 at
15 mg is safe, bioavailable, and provides the required arsenic exposure com-
pared to intravenous arsenic trioxide at the approved dose (0.15 mg/kg); this
ORH-2014 dose is recommended for future trials. (NCT03048344; www.clin-
icaltrials.gov).

Introduction

As a rare subtype of acute myeloid leukemia (AML), acute promyelocytic
leukemia (APL) accounts for 10 to 15% of approximately 21,450 new cases of
adults with AML per year in the USA." APL leukemic cells typically harbor a
t (15:17) chromosomal translocation resulting in the expression of the promyelocyt-
ic leukemia-retinoic acid receptor (PML-RARa) gene fusion, which blocks the nor-
mal cell differentiation processes. Clinically, the disease often presents with coagu-
lopathy that can lead to catastrophic hemorrhage. Until recently, the standard-of-
care for patients with newly diagnosed with APL involved the combination of all-
trans-retinoic acid (ATRA) plus anthracycline-based chemotherapy for induction
and consolidation.”In general, patients receive two to three cycles until complete
molecular remission is achieved. After consolidation, patients receive ATRA with
or without low-dose chemotherapy for 1 to 2 years for maintenance.

Arsenic has been used to treat a variety of diseases such as the plague and malaria
for more than 2 millennia® In the late 1900s arsenic was found to have anti-
leukemic activity and was used for ~70 years to treat various leukemias. In the
1990s, three teams of Chinese researchers found that intravenous (IV) arsenic tri-
oxide (ATO) was effective in patients with APL, with complete responses (CR)
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observed in 66% of patients in one study.* In other stud-
ies, up to 90% of relapsed patients with APL and over
70% of newly diagnosed patients achieved responses.*
Following this success, several clinical studies conducted
in the USA established the safety and efficacy of IV ATO
in patients with APL who had relapsed after prior ATRA +
anthracycline therapy. In the first pilot study, 92% of the
12 patients treated achieved a CR with IV ATO alone, and
67% had undetectable PML-RAR transcripts.” In a larger
trial (n=40), 85% of patients with relapsed APL achieved
CR; more than three-quarters of the patients were alive
after 2 years.® This trial formed the basis for the approval
of IV ATO, Trisenox®, in the USA in 2000 and in Europe
in 2002 for second line therapy of patients with APL who
are refractory to - or have relapsed from - ATRA + anthra-
cycline chemotherapy.” Since 2000, ATO has been used as
the standard-of-care for relapsed APL, with remission
rates greater than 80% as a single agent after two 25-day
cycles.

Several investigators have examined the role of IV ATO
in frontline therapy of patients with newly diagnosed APL
and have demonstrated that this approach is feasible.""**
Recently, two large randomized trials have shown that the
combination of ATRA and IV ATO for induction is supe-
rior to ATRA + chemotherapy in the treatment of APL
patients with standard-risk disease.'"” Moreover, long-
term follow-up of these patients showed that patients
treated with ATRA + IV ATO had a significantly higher
event-free and overall survival and a significantly lower
cumulative relapse rate compared with the ATRA +
chemotherapy cohort.' These findings have led to new
recommendations for the use of IV ATO as a first-line
therapy in combination with ATRA for the management
of patients with standard-risk APL (white blood cell
[WBC] count <10x10°/L), with additional chemotherapy
reserved for patients with high-risk disease (WBC count
>10x10%/L).”"® The combination of IV ATO + ATRA is
also safe and effective in patients who are not suitable
candidates for anthracycline-based chemotherapy, such as
those with significant cardiac disease or older adults.**

As a front-line therapy for APL, ATO needs to be admin-
istered IV daily for over 100 doses, which is inconvenient,
costly, and leads to a decreased quality of life for the
patients. Therefore, the introduction of an oral ATO for-
mulation could improve patients’ quality of life, and drug
compliance, while reducing costs.

Two oral formulations of ATO have been developed in
Hong Kong. One is a liquid formulation of As,O; at 1
mg/mL (pH 7.2), which was found to be highly bioavail-
able.” In relapsed APL patients, the formulation was high-
ly active, showing an efficacy comparable to IV ATO.* As
a maintenance regimen in APL patients with first com-
plete remission, the formulation was effective in the long
term, with a 3-year leukemia-free-survival, event-free sur-
vival, and overall-survival of 87.7%, 83.7%, and 90.6%,
respectively.”’ Oral ATO incorporation into frontline treat-
ment with ATRA and chemotherapy in newly diagnosed
APL is safe and reduces relapses.” This oral liquid formu-
lation did not induce QT prolongation or cardiac arrhyth-
mias,”*'” and the severity and incidence of other side
effects (leucocytosis, LFT abnormalities, and skin rashes)
was comparable to that of [V ATO.”

However, commercializing a liquid oral formulation
intended to be self-administered by patients could repre-
sent a safety challenge in handling and dosing. Therefore,

a solid oral formulation of ATO is preferable. The other
oral formulation developed in China is a pill termed RIF
containing Realgar, a naturally occurring mixture contain-
ing tetra arsenic tetra sulfide (As4S4; 30 mg per pill), Indigo
naturalis, Radix salvia miltiorrhizae, and Radix pseudostellari-
ae**In a phase 2 clinical trial conducted in China, the for-
mulation demonstrated a CR rate of 96.7% and a reason-
able safety profile in newly diagnosed APL patients.” In a
phase 3 study, RIF + ATRA was not inferior to IV ATO +
ATRA as first-line treatment for APL, and adverse events
(AE) were similar in the two arms.” RIF has been commer-
cialized and is available in China.

However, these oral ATO formulations are not available
in Western markets. Therefore, a unique oral powder cap-
sule formulation of ATO, ORH-2014, was developed, for
the treatment of APL and other hematologic malignancies.
Herein we report the results of the first-in-human study
with ORH-2014 in subjects with relapsed advanced hema-
tological disorders. ORH-2014 safety profile, recommend-
ed dose, pharmacokinetic profile, and preliminary efficacy
data are reported and discussed.

Methods

For ORH-2014 formulation development and physical proper-
ties, see the Online Supplementary Materials and Methods.

We conducted a multicenter phase 1 open-label, dose-escalating
study to evaluate the safety, tolerability, pharmacokinetics and to
determine the recommended dose and preliminary efficacy of oral
ORH-2014 in patients with advanced hematologic malignancies.
ORH-2014 dose-escalation was designed as 5-mg increments
starting from 5 mg and could potentially go up to 50 mg, in a stan-
dard 3x3 dose-escalation scheme (described below). The starting
dose (5 mg) was chosen to be approximately half of the IV ATO
approved dose of 0.15 mg/kg for a 70-kg person (i.e. 5.25 mg).
ORH-2014 was administered orally once daily (QD) in the fasted
state. Dose-escalation was to be stopped when the mean area
under the concentration-time curve from 0 to 24 hours (AUCO0-24)
and/or the maximum observed concentration (C,,,) of total arsenic
in plasma at a given dose of ORH-2014 was =30% higher than
that for IV ATO at the approved dose or if the maximum tolerated
dose (MTD) was reached. Anticancer agents other than ORH-
2014 (including systemic chemotherapy, radiation therapy, or bio-
logic response modifiers) were not permitted during the study,
except for the temporary use of hydroxyurea. Supportive care was
allowed, including antibiotics, IV electrolytes, platelet transfu-
sions, and steroids.

Male and non-pregnant female subjects =18 years of age with
the following advanced hematological disorders and no available
therapies were eligible for enrolment: (i) Relapsed or refractory
AML with nucleophosmin-1 (NPA1) mutations; (ii) relapsed or
refractory APL; (iii) relapsed or refractory intermediate or high-risk
myelodysplastic syndrome (MDS); (iv) relapsed or refractory
chronic myelomonocytic leukemia (CMML) and other
MDS/myeloproliferative neoplasm (MPN) overlapping syn-
dromes; or (v) relapsed or refractory mantle cell lymphoma
(MCL). Subjects were excluded if they had an Eastern Cooperative
Oncology Group performance status >3; absolute myeloblast
count 220,000/mm?®; remaining toxicities (>grade I) due to previ-
ous chemotherapy; abnormal liver function tests (above specified
limits); impaired cardiac function; or had received any antineo-
plastic therapy (except hydroxyurea) within <5 half-lives before
ORH-2014 administration. All participants gave written informed
consent before entering the study.



First, a cohort of three subjects received ORH-2014 at the dose
5 mg QD, and dose-limiting toxicities (DLT) were observed for
four weeks (DLT definition in the Online Supplementary Materials
and Methods). If none of the three subjects exhibited a DLT in the
four-week period, then the study could advance to the next higher
dose level. At any dose level, if 1 of 3 subjects exhibited a DLT, the
cohort was to be expanded to six subjects. If 1 of 6 subjects exhib-
ited a DLT, the next subject was to be enrolled at the next higher
dose level. If =1 of 3 or 6 subjects exhibited a DLT, then the dose
level below was considered the maximum tolerated dose (MTD).
Subjects with no DLT continued to receive ORH-2014 at the same
dose for an additional eight weeks, followed by bone marrow
evaluation to analyze response. Subjects achieving CR or partial
remission (PR) at the end of the 12-week treatment period were
eligible to receive an additional 12 weeks of therapy. The study
was approved by the institutional review board affiliated with
each study site.

Results

ORH-2014 physical properties

ORH-2014 molecular formula is AS,O;, As,Os in form
(Figure 1), and its relative molecular mass is 197.8 g/mol.
ORH-2014 oral capsule formulation was developed by a
lyophilization process (see the Ounline Supplementary
Materials and Methods), which significantly reduces the
ATO particle size and increases the particle surface area

Table 2. Subjects’ demographic and baseline characteristics.

Oral arsenic trioxide pharmacokinetics and safety -

(Table 1). The aggregate particle size of the Lyopremix (see
the Online Supplementary Materials and Methods) was about
5-10-fold smaller than that of the unprocessed ATO. The
specific surface area of the Lyopremix was also significant-
ly higher than that of the unprocessed ATO. Figure 2A
shows the structure of ORH-2014 Lyopremix, which con-
sists of a matrix of sodium lauryl sulfate with microscopic
ATO crystals with well-defined morphology. The small
particle size and the large surface area of the ATO
Lyopremix in ORH-2014 allows rapid drug dissolution in
the simulated gastric media of 0.1 N HCI (80% of the
compound dissolved in 10 minutes; Figure 2B), potentially
enhancing oral bioavailability.

Patient characteristics
The trial enrolled 12 patients (eight males; four females)

with advanced hematologic malignancies: six with
advanced MDS, four with refractory AML with NPM1

Table 1. ORH-2014 particle size and surface area.

Unprocessed Lyophilized
ATO ATO (ORH-2014)*
Particle size (D90) 139 wm ~16-30 um
Particle surface area 0.05 m¥%g ~2-8 m¥/g

*Range of values for nine batches of Lyopremix. See Online Supplementary Materials
and Methods for ORH-2014 physical properties assessment. ATO: arsenic trioxide.

5mg 10 mg 15 mg All subjects
n=3 n=6 n=3 n=12

Age, years

Mean (SD) 67.0 (19.1) 73.0 (9.6) 66.0 (16.1) 69.8 (12.9)

Median (min, max) 78.0 (45,78) 76.5 (55, 81) 71.0 (48,79) 76.5 (45, 81)
Sex, n (%)

Female 1 (33.3%) 1 (16.7%) 2 (66.7%) 4 (33.3%)

Male 2 (66.7%) 5 (83.3%) 1 (33.3%) 8 (66.7%)
Race, n (%)

White 3 (100%) 5 (83.3%) 2 (66.7%) 10 (83.3%)

Black/African American - - 1 (33.3%) 1 (8.3%)

Asian - 1 (16.7%) - 1 (8.3%)

All other* - - - -
Ethnicity, n (%)

Hispanic/Latino 2 (66.7%) - - 2 (16.7%)

Not Hispanic/Latino 1 (33.3%) 6 (100%) 3 (100%) 10 (83.3%)
Weight, kg

Mean (SD) 87.50 (15.43) 72.83 (12.59) 88.43 (6.25) 80.40 (13.60)

Median (min, max) 84.80 (73.6, 104.1) 73.95 (56.0, 91.0) 86.60 (83.3, 95.4) 81.50 (56.0, 104.1)
Type of hematologic malignancy

AML 1 (33.3%) 3 (50.0%) 0 4 (33.3%)

APL 0 0 0 0

MDS 2 (66.7%) 3 (50.0%) 1 (33.3%) 6 (50.0%)

CMML/MPN 0 0 2 (66.7%) 2 (16.7%)

MCL 0 0 0 0

* All other races included Native Hawaiian or Pacific Islander,American Indian or Alaska Native, and other. AML: acute myeloid leukemia; APL: acute promyelocytic leukemia;
MDS: myelodysplastic syndrome; CMML: chronic myelomonocytic leukemia; MPN: MDS/myeloproliferative neoplasm; MCL: mantle cell lymphoma.
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Table 3. Common drug-related adverse events (observed in =2 subjects).

5 mg 10 mg 15 mg All subjects

n=3 n=6 n=3 n=12
Number of subjects with =1 drug-related AE 2 (66.7%) 4 (66.7%) 4 (66.7%) 8 (66.7%)
Nausea 2 2 1 5 (41.6%)
Diarrhea 1 1 2 4(33.3%)
Headache 1 1 1 3 (25.0%)
Dizziness 0 1 1 2 (16.6%)
Anorexia 0 1 1 2 (16.6%)

Data are n (%) of subjects.

mutation, and two with CMML (Table 2). The median
patient age was 76.5 years (range: 45-81), (83.3%) were
white, the median weight was 81.5 kg (range: 56.0-104.1)

and patients had a median of two prior therapies (range:
1-3).

ORH-2014 safety profile

All 12 patients were included in the safety analysis set.
No DLT was reported during the four-week DLT observa-
tion period. Eight subjects (66.7%) had drug-related AE;
the incidence of AE was identical in the three dose groups
(66.3%) (Table 3). The most common drug-related AE
were nausea (n=>5), diarrhea (n=4), and headache (n=3). All
but one drug-related AE were mild or moderate (grade I-
II). Grade III AE of QTcF prolongation occurred in one
subject (8.3%) outside of the DLT observation period (on
day 68), and was attributed to ORH-2014 and concomi-
tant levofloxacine (Levaquin®; a fluoroquinolone antibiot-
ic). Since both levofloxacin and ATO are known to induce
QT prolongation,”* both were stopped. The AE resolved,
and treatment with ORH-2014 alone was resumed at the
same dose (5 mg), without any further occurrence of QT
prolongation. The patient was able to receive ORH-2014
at 5 mg QD for a total of 171 days. There were very few
renal, hepatic, and hematologic AE related to the underly-
ing disease state, with the exception of grade I transamini-
tis attributed to ORH-2014; this event resolved on its own
without treatment interruption or any medications. Two
deaths occurred (on days 35 and 40 post dose) due to pro-
gression of the disease, both unrelated to ORH-2014.

ORH-2014 pharmacokinetic profile
Total plasma arsenic

Following single and repeated oral administration of 5,
10 or 15 mg of ORH-2014 QD, the median Tmax for total
plasma arsenic occurred between 1 and 12 hours (Table 4).
On day 15, C,.. and AUC0-24 geometric means increased
by 3.4- and 2.9-fold, respectively, over the 3-fold dose
increase (5-15 mg), indicating that systemic exposure was
nearly dose-proportional (Figure 3). There was a low cor-
relation (below 0.2) between total the arsenic exposure
and patients’” BMI, suggesting that a flat dose of ORH-
2014 (rather than mg/kg dose) is adequate.

On days 15 and 22, between-subject variability (geo-
metric % CV) was generally moderate with % CV ranging
from 17% to 37% for C,., and from 34% to 41% for
AUCO0-24 (Table 4)

The mean extent of accumulation (AR, which is based
on AUCO0-24) was approximately 3- to 4-fold on Day 5, 4-
to 5-fold (excluding a patient receiving 5 mg ORH-2014
who had a 7-fold accumulation) on Day 15, and 4- to 5-

Figure 1. Arsenic oxide structural formula. Atoms are represented as spheres,
with oxygen in red and arsenic in purple.

fold on Day 22 (Table 4). The approximately 5-fold accu-
mulation indicated an effective half-life of three days.
Visual inspection of trough total arsenic concentrations
also indicated that a steady-state reached by day 15
(Figure 3). The observed time to reach steady-state (15
days) is consistent with an effective half-life of three days,
since 97% of steady-state is achieved after five half-lives
(5x3 days = 15 days).

ORH-2014 at the 15 mg dose is comparable to the IV
ATO approved dose (0.15 mg/kg) for adult patients.
Exposure to 15 mg ORH-2014 was compared to exposure
to IV ATO at the approved dose, using IV ATO historical
data (Table 4). After daily administration of 10 mg ORH-
2014 for 15 days, ORH-2014 C,.. was about half of IV-
ATO C,,, at day 8 (mean: 66 vs. 124 ng/mL, respectively)
but its AUCO0-24 was similar (1,340 vs. 1,302 h*ng/mlL,
respectively). At 15 mg, ORH-2014’s C,., was similar to
IV-ATO’s (mean: 114 vs. 124 ng/mL, respectively) but its
AUCO0-24 was higher (2,140 vs. 1,302 h*ng/mL).

Pharmacokinteics of arsenical species

The pharmacokinetic (PK) of arsenical species ([AslII],
[AsV], [IMMAV], [DMAV]) was determined for all subjects
in this study (see the Online Supplementary Materials and
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Methods). Peak plasma concentrations of Aslll, the primary
active species, were reached at approximately two hours
across all doses (range: 1-4 hours). Plasma concentration of
Aslll declined in a biphasic manner with a mean elimina-
tion half-life of 7 to 16 hours and is characterized by an
initial rapid distribution phase followed by a slower termi-
nal elimination phase. Twenty-two days after daily
administration of ORH-2014 at 15 mg, AsllI C,.. was 25
ng/mL (42% CV) and AUC was 354 ng*hr/mL (47 % CV),
which is comparable to the AUC of Trisenox (332
ng*hr/mL; n=6; on Day 25).” After administration at 5, 10
or 15 mg on a daily regimen, accumulation of AsllI ranged
from 1.05 to 1.44 compared to a single dose. The primary
pentavalent metabolites, MMAV and DMAV, were slow
to appear in plasma (approximately 4 to 24 hours after
first administration of ORH-2014), but, due to their appar-
ent longer half-life, accumulate more upon multiple dos-
ing than does Aslll. The extent of accumulation of these
metabolites is dependent on the dosing regimen.
Accumulation ranged from 1.4- to 11-fold following mul-
tiple dosing as compared to single dose administration.
AsV is present in plasma only at relatively low levels.
ORH-2014 AUC of As; species, is comparable to the AsllI
AUC of IV ATO.?

Efficacy
Although this phase 1 study was not intended to for-
mally determine efficacy of ORH-2014, disease improve-

particle size and dissolution assess-

50 60 ments.

ments were observed in two patients with advanced
MDS. One patient had complete marrow remission
observed approximately 12 and 27 weeks after starting
ORH-2014. The patient took 171 doses and was on the
study for 187 days of ORH-2014 at 5 mg daily. Another
patient had improvement in peripheral counts and became
eligible for bone marrow transplant after 110 days of
ORH-2014 dosing at 15 mg daily (this patient did not have
any bone marrow procedures performed beyond the 30-
day timepoint, to avoid an invasive procedure).

Discussion

In the past 5 years, the standard-of-care for non-high-
risk APL patients has shifted from the combination of
ATRA plus anthracycline chemotherapy to the combina-
tion of IV ATO plus ATRA, triggering new treatment
guidelines.” However, IV ATO plus ATRA treatment regi-
men consists of daily IV administration of ATO for over
100 days, which represents an important burden to
patients and caregivers, and can be associated with low
treatment compliance, low quality of life, and high costs.
Poor compliance is an important issue with IV ATO treat-
ment due to the burden of attending lengthy daily clinic
visits for months, particularly for patients who live far
from the treatment center, who work, and/or have family
obligations, which is common in relatively younger AML

Oral arsenic trioxide pharmacokinetics and safety -
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Table 4. Pharmokinetic parameters for total arsenic.

ORH-2014 ORH-2014 ORH-2014 IV ATO
5 mg** 10 mg 15 mg 0.15 mg/kg
Day 1 Day 15 Day 1 Day 15 Day 15 Day 22 Day 8
(n=3) (n=3) (n=6) (n=5) (n=3) (n=3)
Cpay NG/mL 722 34.0 199 65.6 109 24.5 114 111 124
9.5) (16.9) (36.8) (372) (37.0) (39.6) 2LD) (29.5) (60)
AUC,,,, ngeh/mL 125 729 329 1340 2210 454 2140 2240 1302
(1.3)* (21.9) (32.7) (37.6) (412) (36.1) (35.8) (40.4) (30)
T 0 12.00 8.10 213 2.02 1.02 3.85 1.00 1.00 -
[12.0,24.0]  [4.0,8.18]  [2.00,24.3] [1.00,8.08] [0.97,1.07] [0.98,24.0] [0.90, 1.13] ~ [0.00, 1.95]
RA NA 5.14 NA 4.19 5.27 NA 472 4.92 (5.5)
(14 20.7) (40.3) (5.9) -

See the Online Supplementary Materials and Methods for PK sampling and data analyses. Geometric mean (%CV) data are presented, unless otherwise noted. *Bolded cells are
historical values for IV ATO (Trisenox®) calculated from data in NDA #21-248. ** protocol was amended to add a day 22 after the second dose cohort. 'Median [min, max].'N
=2. C,,. maximum observed concentration; AUC0-24: area under the plasma drug concentration-time curve from 0 to 24 hours;T,,,: amount of time that the drug is present at

the maximum concentration in serum, RA: ratio of accumulation; NA: not analyzed.

Day 1 Day 5
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Figure 3. Plasma arsenic concentration-time curves at days 1, 5, 15, and 22. Red curves: 5 mg ORH-2014 QD (n=3); green curves: 10 mg ORH-2014 QD (n=6); blue
curves: 15 mg ORH-QD (n=3). Data are arithmetic mean + standard deviation (SD) total arsenic (ng/mL plasma). See the Online Supplementary Materials and

Methods for pharmacokinetic (PK) data analyses. h: hours.

population. Therefore, the development and approval of
an oral ATO formulation would greatly improve APL
treatment by offering patients the ability to conveniently
self-administer the entire treatment at home (since ATRA
is also an oral drug) while carrying on their normal daily
life. Oral ATO drugs are available in the Chinese market,
but not approved in Western countries. To meet the need
of Western countries, an oral powder capsule formulation,
ORH-2014, was developed using a novel lyophilization
process which results in micron-size drug particles with a
large surface area that enable rapid dissolution in an acidic
environment. The rapid dissolution of ORH-2014 results
in a high bioavailability of arsenic, as indicated by the
AUC,

ORH-2014 C,.. and AUC for total arsenic were dose-pro-
portional, indicating linear absorption. Treatment with
ORH-2014 at 10 or 15 mg (which is equivalent to IV ATO
approved dose for an adult person) resulted in an exposure
(AUCO0-24) similar to IV ATO at the approved dose.
Correlation between total arsenic exposure and patient
body weight was found to be very low (less than 0.2),

implying that dose adjustment based on body mass index
(BMI) (e.g dosing in mg/kg) is not necessary. ORH-2014 15
mg AUC and C,,, for As;, the most active species, was also
similar to that of IV ATO, which provides additional confi-
dence that the 15 mg dose will be safe and potentially as
effective as Trisenox. The liquid ATO formulation in
Kumana et al. study also reported similar AUC and C,..
than IV ATO for total arsenic.” ORH-2014 also resulted in
small inter-patient variations in exposure, indicating reliable
dosing. At 15 mg ORH-2014, administration for 25 days
yielded an AUCO0-24 greater than IV ATO, which fulfilled
the protocol second stopping rule. (Dose-escalation was to
be stopped if MTD was observed, however MTD was not
reached or if ORH-2014’s mean AUCO0-24 and/or C,... was
=30% higher as calculated in IV ATO at the approved dose).
ORH-2014 and IV ATO have a similar elimination half-life
of three days and 80 to 100 hours, respectively).”
ORH-2014 administration yielded no DLT up to a dose
of 15 mg in the 12 patients with hematologic malignancies
who had relapsed from prior treatments. Therefore, we
recommend using the 15 mg ORH-2014 dose for future



clinical trials with ORH-2014. The most common drug-
related AE (observed in =3 [25%] patients) were nausea,
diarrhea, and headache, which were grade I-II (mild and
moderate). ORH-2014 did not induce any clinically signif-
icant hepatic toxicities which are reported with IV ATO at
a great frequency (16-23% and 44%, respectively).” Many
of the adverse reactions observed with IV ATO are serious
(grade =III): in a phase 2 study with IV ATO, 25% of
patients had QTc interval 2500 msec (grade III-IV), and the
rates of grade III-IV differentiation syndrome, hyperleuko-
cytosis, atrial dysrhythmias, and hyperglycemia were 5%
to 7.5% with ORH-2014, only one drug-related AE (grade
III) of QT prolongation was observed in one (8.3%)
patient who was taking both ORH-2014 5 mg and fluo-
rofloxacine, an antibiotic known to induce QT prolonga-
tion. The event was transient and reversible upon inter-
ruption of both drugs, and the patient was able to resume
treatment with ORH-2014, at a 5 mg dose alone with no
further cardiac conduction issues, for a total duration of
187 days on study. The fewer side effects observed with
ORH-2014 could be attributed to its lower C,.. and stead-
ier exposure profile’ prior to steady state (~day 15).
Altogether, the findings of this phase 1 study indicate that
ORH-2014 oral formulation may be safer than the
approved IV ATO formulation. The convenient oral dos-
ing could make it suitable for the treatment of APL and
other hematologic malignancies at home without the
need of daily hospital visits for IV administration.

Of note ORH-2014 also resulted in a lower incidence of
AE, especially lower liver toxicity, compared to the other
two oral arsenic formulations. Indeed, liver toxicity was
observed in 48% of the patients (26% of whom had grade
-1V toxicities) with the liquid formulation,” and 45% (all
grade I-II) with the Realgar-Indigo naturalis Formula (RIF)
formulation,” while only one (8.3%) transient grade I liver
toxicity occurred with ORH-2014, albeit this was
observed in a smaller sample population (n=12).
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Acute Lymphoblastic Leukemia

Low level CpG island promoter methylation
predicts a poor outcome in adult T-cell acute
lymphoblastic leukemia
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ABSTRACT

ancer cells undergo massive alterations in their DNA methylation

patterns which result in aberrant gene expression and malignant phe-

notypes. Abnormal DNA methylation is a prognostic marker in sev-
eral malignancies, but its potential prognostic significance in adult T-cell
acute lymphoblastic leukemia (T-ALL) is poorly defined. Here, we per-
formed methylated DNA immunoprecipitation to obtain a comprehensive
genome-wide analysis of promoter methylation in adult T-ALL (n=24) com-
pared to normal thymi (n=3). We identified a CpG hypermethylator pheno-
type that distinguishes two T-ALL subgroups and further validated it in an
independent series of 17 T-lymphoblastic [ymphoma. Next, we identified a
methylation classifier based on nine promoters which accurately predict the
methylation phenotype. This classifier was applied to an independent series
of 168 primary adult T-ALL treated accordingly to the GRAALL03/05 trial
using methylation-specific multiplex ligation-dependent probe amplifica-
tion. Importantly hypomethylation correlated with specific oncogenic sub-
types of T-ALL and identified patients associated with a poor clinical out-
come. This methylation-specific multiplex ligation-dependent probe ampli-
fication based methylation profiling could be useful for therapeutic stratifi-
cation of adult T-ALL in routine practice. The GRAALL-2003 and -2005 stud-
ies were registered at http://www.clinicaltrials.gov as #NCT00222027 and
#INCT00327678, respectively.

Introduction

T-cell acute lymphoblastic leukemias (T-ALL) are aggressive and heterogeneous
malignancies which are predominated by the 10-39-year age group where they
account for 20% of acute lymphoblastic leukemias (ALL)." T-ALL is associated with
a wide range of acquired genetic abnormalities that contribute to developmental
arrest and abnormal proliferation of malignant lymphoid progenitors.*® Despite the
diversity of observed mutations and deletions, genome wide expression®® assays
led to the identification of few oncogenic T-ALL subgroups, namely the imma-
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ture/early thymic precursor (ETP) (LyL1, MEF2C), late cor-
tical (TAL1), early cortical (TLX1/3 and NKX2.1) and
HOXA clusters. Although cancer is typically considered a
genetic disease, epigenetic aberrations also play important
roles in tumor potentiation, initiation, and progression.’
Epigenetics is defined as changes in gene expression that
are not due to changes in gene sequence, and include DNA
methylation, histone modifications, microRNA (miRNA)
and nucleosome positioning. Unlike genetic alterations,
epigenetic changes are reversible by enzymatic activity
and pharmacological treatment with small molecule
inhibitors, like those targeting enzymes involved in DNA
methylation or chromatin modifications. Altered epige-
netic states are a common feature of all cancer types and
the most studied epigenetic modification in primary can-
cer samples is DNA methylation, which is known to dis-
play characteristic changes in malignant cells compared to
normal tissue. These include diffuse hypomethylation and
focal hypermethylation changes at discrete loci potentially
associated with repression of specific genes related to can-
cer pathogenesis.

In the field of ALL, DNA methylation studies have
mostly focused on pediatric B-cell precursor ALL (BCP-
ALL) describing promoter hypermethylation and specific
methylation signatures according to the cytogenetic sub-
group.® In pediatric T-ALL, DNA methylation was ana-
lyzed by Infinium 27 K and 450 K arrays and two distinct
CpG island methylator phenotype (CIMP) groups were
identified. Patients with a CIMP-negative profile dis-
played a significantly higher cumulative incidence of
relapse (CIR) compared to CIMP-positive patients sug-
gesting a prognostic relevance of aberrant DNA methyla-
tion profiles in T-ALL.”"* Furthermore, it has more recently
been shown in a pediatric series that CIMP status corre-
lates with known oncogenic subgroups, for instance, with
higher expression of TAL1 in a CIMP-negative subgroup
(11). However such data for adult T-ALL are still lacking.
In this work, we report genome-wide promoter methyla-
tion profiling by methylation-dependent immunoprecipi-
tation (MeDIP) in a cohort of adult T-ALL. Subsequently,
a nine-promoter classifier was applied to a large series of
168 adult T-ALL included in the GRAALL 03/05 trial that
distinguished two subgroups with highly significant dif-
ferences in the clinical outcome. Thus, MeDIP profiling is
a potential candidate for risk stratification of adult T-ALL
and could provide important information in treatment
decision making and therapeutic targeting.

Methods

Patients and treatments

Adult patients (15-60 years old) included in two successive
French ALL cooperative group trials (GRAALL-2003 and
GRAALL-2005) with T-ALL, and defined according to the 2008
World Health Organisation classification, were analyzed. The
GRAALL-2003 protocol was a multicenter phase 2 trial, which
enrolled 76 adults with T-ALL between November 2003 and
November 2005 of whom 50 had sufficient diagnostic tumor
material available.”” The multicenter randomized GRAALL-2005
phase 3 trial was very similar to the GRAALL-2003 trial, with the
addition of a randomized evaluation of an intensified sequence of
hyperfractionated cyclophosphamide during induction and late
intensification.”® Between May 2006 and May 2010, 337 adults
with T-ALL were randomized in the GRAALL-2005, of which 185

had available diagnostic material. All samples contained >80%
blasts. Phenotypic and oncogenetic characteristics were as
described."'® Informed consent was obtained from all patients at
enrollment. All trials were conducted in accordance with the
Declaration of Helsinki and approved by local and multicenter
research ethical committees.

MeDIP-assay

Global DNA methylation was assessed by a MeDIP assay on an
initial series of 24 T-ALL and three human thymi and a second
(confirmatory series) of 17 T-lymphoblastic lymphomas (T-LBL)
and three human thymi. Briefly, methylated DNA was immuno-
precipitated as described previously'” using 2 ug of sonicated
genomic DNA. MeDIP samples were directly subjected to labeling
and hybridization to previously described custom human promot-
er arrays (Agilent, Santa Clara, CA, USA) covering either 17,970
promoters” (T-ALL series) or 25,490 promoters'® (T-LBL series),
following the manufacturer’s instructions. The median-normal-
ized log2 enrichment ratios (MeDIP/Input) were calculated for
each probe using the CoCAS software' and visualized using the
IGB tool (http://bioviz.org/igb). Finally, a methylation score was
computed for each promoter by calculating the median enrich-
ment ratio of overlapping probes. A summary of the methylation
scores per promoter in T-ALL and T-LBL samples is provided in
the Online Supplementary Tables S1-2, respectively.

Clustering of methylation profiles

Hierarchical clustering analysis (Average Linkage) based on the
methylation signal of the top 5% genes with highest variance was
performed with the TIGR MeV v. 4.9.0 program,” using the -1
Spearman rank correlation method. Analysis of the differential
methylation signal between the groups was performed using the
significant analysis of microarrays (SAM) algorithm (threshold
value: FDR<0.121 and delta=2.144). The graphical clustering rep-
resentation of the clustering was done with the GenePattern soft-
ware.” The list of differentially methylated promoters in T-ALL
and T-LBL is provided in Online Supplementary Table S3.

Validation of DNA methylation signature

Direct methylation levels were analyzed by methylation-specif-
ic multiplex ligation-dependent probe amplification (MS-MLPA)
with custom probes (Online Supplementary Table S4) and, SALSA®
MLPA® P200 Reference-1 probemix and EK1 reagent kits from
MRC-Holland (Amsterdam, the Netherlands), according to manu-
facturer’s recommendations. Data were analyzed with the
Coffalyser software (MRC-Holland, Amsterdam, the
Netherlands). In addition, the promoter methylation patterns
were verified by quantitative PCR (qPCR) analysis of MeDIP sam-
ples and by bisulfite sequencing using specific primers for the
MEIS1 gene promoter.

Results

DNA methylation signatures in T-ALL/T-LBL

Global promoter regions DNA methylation by MeDIP-
array was performed in a training series of 24 adult T-ALL.
Unsupervised hierarchical clustering defined two major
groups (group 1 and group 2) with distinct methylation
profiles (Figure 1A). The supervised signature of differen-
tial methylation (FDR<0.121) between these two groups
resulted in 300 unique differentially methylated gene pro-
moters with a vast majority of hypermethylated (hyperM)
promoters (297 of 300) in the so-called hyperM group. The
second group displayed an intermediate methylation



(interM) profile compared to the normal thymic tissue
(Figure 1B and Ounline Supplementary Figure S1).
Interestingly, all the TLX" cases without exception (includ-
ing six TLX1" and two TLX3' cases) clustered in the
hyperM group. Conversely, the two SIL-TAL1" cases
belonged to the interM group; suggesting a role of oncoge-
netic abnormalities in the observed methylation profiles.

A very similar differential methylation signature (Figure
2A-B) was observed in an independent series of 17 T-LBL.
One TLX1+ and five TLX3* T-LBL, as in T-ALL, were
clustered in the group with a hyperM promoter profile
(253 of 255 hyperM gene promoters). T-ALL and T-LBL
promoter methylation signatures displayed a highly sig-
nificant overlap (P<0.0001) with 97 common gene pro-
moters differentially methylated (Figure 2C and Ounline
Supplementary Table S2). Among them, the differential
methylation of MEIS1 promoter was confirmed with two
different targeted methods, MeDIP-QPCR (Online
Supplementary Figure S2A) and bisulfite sequencing (Online
Supplementary Figure S2B).

Driver oncogenes defined distinct aberrant methylation
profiles

In an effort to explore the DNA methylation profiles in
a larger T-ALL series, a minimal robust signature able to

Zscore

predict the methylation state was defined with a remain-
ing error risk inferior to 0.05. This predictor contained the
following nine gene promoters: BAMP4, HOXB7, KCNA1,
LHX1, MEIS1, PROX1, PSD3, RUNX2, SEMA6A (Figure
3A). A MS-MLPA panel was designed to explore the
methylation status of these nine gene promoters and a
methylation ratio corresponding to the methylation aver-
age of these nine differentially methylated regions (DMR)
was calculated. As expected, this predictor allowed the
separation of hyperM and interM T-ALL from the training
cohort (P=0.0016) (Figure 3B-C). We then performed this
analysis on a series of 168 primary adult T-ALL uniformly
treated according to the GRAALL03-05 trial (Figure 3D).
The methylation ratio was widely ranged (mean=0.62,
min=0.04, max=1.1) and major oncogenetic drivers (TLX1,
TLX3, SIL-TAL1, HOXA overexpression) defined distinct
methylation profiles. TLX1*and TLX3" T-ALL displayed
significantly hyperM promoters compared to the HOXA
subgroup (P=0.03 and P=0.02 respectively), to the SIL-
TAL1 subgroup (P<0.0001) or the others T-ALL
(P<0.0001). Conversely, SIL-TAL1" cases and others T-ALL
expressing high level of TAL1 had significantly
hypomethylated (hypoM) promoters (P<0.0001) com-
pared to TLX1/3*, HOXA" or others T-ALL. Unlike onco-
genetic status, immature early thymic progenitor-ALL
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Figure 1. Genome-wide promoter methylation-array hierarchical clustering in T-cell acute lymphoblastic leukemias. (A) Unsupervised hierarchical clustering of 24
adult T-cell acute lymphoblastic leukemias (T-ALL) based on the genome-wide promoter methylation (MeDIP-array). The hypermethylated (hyperM; group 1) and inter-
mediate methylated (interM; group 2) clusters are indicated. (B) Supervised clustering of T-ALL samples along with three human thymi using the differentially methy-

lated signature obtained between groups 1 and 2 (panel A).
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(ETP-ALL) lacked a significant distinct methylation signa-
ture compared to non-ETP-ALL (Figure 3E).

Low level of promoter methylation predicted a poor
outcome subgroup of adult T-ALL

T-ALL patients with the lowest methylation level (Q1,
n=42/168) were significantly more men, were younger,
and had a higher white blood cell (WBC) count at diagno-
sis than patients with higher methylation levels (Table 1).
Moreover, hypoM T-ALL demonstrated a significantly
more frequent mature phenotype (TCRaf*) and were
associated with SIL-TAL1 rearrangement. They were also

significantly associated with a low rate of NOTCH1 path-
way mutations and a high risk NOTCH1/FBXW7/RAS/
PTEN molecular classifier.” In detail, we observed a signif-
icantly lower incidence of NOTCH1/FBXW?7 mutations
and also a greater incidence of PTEN alterations (mutation
and/or deletion) in the hypoM subgroup (CIMP-neg) as
compared to the Int/High methylated cases (Online
Supplementary Table S5). Despite a better bone marrow
response at D8 (M1 status) in patients with low methyla-
tion, we did not observe any impact of methylation on
complete remission (CR) rate or post-induction minimal
residual disease (MRD) level. In univariate analysis,
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Figure 2. Genome-wide promoter methylation-array hierarchical clustering in T-lymphoblastic lymphomas. (A) Unsupervised hierarchical clustering of 17 T-lym-
phoblastic lymphomas (T-LBL) based on genome-wide promoter methylation (MeDIP-array). The hypermethylated (hyperM; group 1) and intermediate methylated
(interM; group 2) methylated clusters are indicated. (B) Supervised clustering of T-LBL samples, one thymoma and three thymi, using the differentially methylated
signature obtained between groups 1 and 2 (panel A). (C) Venn diagram representing the overlap between the differentially methylated promoters between hyperM
and interM subgroups found in T-ALL and T-LBL samples. Statistical significance was assessed by a Hypergeometric test.
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patients with low methylation levels had higher CIR (sub-
distribution hazard ratio [SHR] 1.87, 95% CI: 1.03-3.38,
P=0.04; Table 2 and Figure 4A) and a shorter overall sur-
vival (OS) (hazard ratio [HR] 1.78, 95% CI: 1.06-2.98,
P=0.083; Table 2 and Figure 4B). In multivariate analysis for
CIR, the only prognostic factor to be significantly associ-
ated  with a reduced CIR  was the
NOTCH1/FBXW7/RAS/PTEN  molecular  classifier.
However, in multivariate analysis for OS, including age,
WRBC at diagnosis, central nervous system (CNS) involve-
ment, prednisone response, the molecular classifier, and
the methylation level as covariates, a low methylation
was still independently associated with a higher risk of
death (HR 1.79, 95% CI: 1.00-3.19, P=0.05; Table 2).

Discussion

Despite recent insights into the molecular and cellular
mechanisms responsible for T-ALL onset and progression,
survival rates remain around 50% in adults, justifying the
search for novel therapeutic options or more adapted/per-
sonalized regimens. The present study focused on pro-
moter DNA methylation in a large series of adult T-ALL.
As previously reported in pediatric T-ALL,”" we showed
that DNA methylation status is also a prognostic factor in
adult T-ALL. Similarly, patients with a hypoM profile dis-

DNA methylation in T-ALL e

play an unfavorable outcome compared to hyperM
patients. Importantly, even if hypoM status is associated
with the molecular high-risk classifier,”” methylation level
remains an independent prognostic factor. Moreover,
methylation status does not seem to influence the initial
clinical response to therapy since there were no significant
differences regarding the glucosteroids and initial
chemotherapy responses (chemosensitivity or MRD)
between hypoM and hyperM patients. Methylation status
could therefore represent a relevant additional prognostic
factor for adult T-ALL. Nevertheless, further validation by
another independent series is needed. Moreover, it would
be interesting to study the prognostic impact of this
methylation signature in T-LBL, which displayed similar
methylation distortion patterns.

We used the relatively new methodology of methyla-
tion specific-multiplex ligation-dependent probe amplifi-
cation (MS-MLPA) to evaluate the promoter DNA methy-
lation level. MS-MLPA is a powerful and easy-to-perform
PCR-based technique and we demonstrated that MS-
MILPA could provide an attractive alternative way to
assess methylation classification compared to array analy-
sis. This approach permits methylation analysis of multi-
ple targets in a single experiment and has been successful-
ly used to evaluate the diagnostic relevance of different
markers in several tumor types including lung,” rectal,*
breast,” bladder, prostate,” and adrenocortical cancer.”®
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Figure 3. Targeted promoter methylation analysis in GRAALL 03/05 T-cell acute lymphoblastic leukemias series. (A) List of the nine gene promoters classifier allow-
ing methylation status prediction. (B) Representative ratio charts of methylation specific-multiplex ligation-dependent probe amplification (MS-MLPA) analysis for one

normal thymus and two T-cell acute lymphoblastic leukemias (T-ALL) from the trai

ning series belonging to the intermediate methylated (interM) subgroup and the

hypermethylated (hyperM) subgroup respectively. Top panels refer to the MLPA (undigested) reference panel and the bottom panel the MS-MLPA (digested with HhAI
restriction enzyme) panel. (C) Methylation ratio was assessed by MS-MLPA for T-ALL from the training series and according to their methylation subgroup and for
three normal thymi. (D) Methylation ratio assessed by MS-MLPA for 168 adult T-ALL included in GRAALLO3/05 trial and according to the driver oncogene involved
(TLX1, TLX3, HOXA, SIL-TAL1). (E) Methylation ratio according to the early thymic precursor (ETP) phenotype.
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Table 1. Patients’ characteristics and outcome according to methylation status.
Low methylation  Int/High methylation Pt
N=42 (Q1) N=126 (2-04)
TCR subsets analyzed
Immature (IM0. IMS. IMy)  4/36 (11%) 32111 (29%) 0.04
IMB/pre-op 20/36 (56%) 60/111 (54%) 0.9
TCRop* 11/36 (31%) 5111 (5%) <0.0001
TCRyd* 1736 (3%) 14111 (13%) 0.12
ETP immunophenotype 437 (11%) 26/110 (24%) 0.1
NOTCHI/FBXW et 18/42 (43%) 99/126 (79%) <0.0001
High Risk Classifier* 29/42 (69%) 43/125 (34%) 0.0001
Oncogenetic Category
TLX1 0/41 (0%) 35/120 (29%) <0.0001
TLX3 0741 (0%) 21/120 (18%) 0.0022
SIL-TALI 16741 (39%) 2/120 (2%) <0.0001
CALM-AF10 0741 (0%) 8/120 (7%) 0.2
None of the above 25/41 (61%) 54/120 (45%) 0.1
HOXA deregulation 3/39 (8%) 40/112 (36%) 0.0008
Clinical Subsets Analyzed
Age, median (range) 23.2 (16.6-56.2) 334 (16.3-59.1) <0.001
Sex ratio, M/F 35/1 85/41 0.05
WBC (G/L), median (range) 80 (4-604) 30 (1-645) 0.003
CNS involvement 7/42 (17%) 17/126 (13%) 0.616
Early Response
Prednisone response 23/42 (55%) 68/126 (55%) 1
Bone marrow response 29/39 (74%) 66/126 (52%) 0.02
Complete remission 38/42 (90%) 117/126 (93%) 0.739
MRD (TP1) <10-4 16/19 (84%) 48/73 (66%) 0.164
Long-term outcome
5-year CIR (95% CI) 45% (31-62) 27% (20-36) 0.04
5-year OS (95% CI) 50% (34-64) 68% (59-76) 0.03

1.00-

Cumulative Incidence of Relapse

T T
0 1
Number at risk

Q1 38 30
Q2-Q4 117 99

Overall Survival

2 3
Time(years)

23 21 19 14
87 84 67 54

P=0.03

T T
0 1
Number at risk

Q1 42 34
Q2-Q4 126 114

2 3 4 5
Time(years)

27 22 18 14
93 87 73 52

—— Hypomethylation (Q1)
———  Hypermethylation (Q2-Q4)

IM: immature; WBC (g/L): white blood cells; CNS: central nervous system; MRD (TP1): post-
induction minimal residual disease; CIR: cumulative incidence of relapse; OS: overall survival;
95%Cl:95% confidence interval; TCR:T-cell receptor; ETP: early thymic precursor. * The unfavor
able classifier includes NOTCHI, FBXW7,RAS and PTEN (Trinquand, et al. 2013). 'y’ or Mann-
Whitney tests were used where appropriate.

Figure 4. Outcome of patients according to the methylation ratio. (A) and (B)
Kaplan-Meyer graphs according to the methylation status, hypomethylated (hypoM)
cases (Q1) versus the others (Q2-Q4) for cumulative incidence of relapse (CIR) and
overall survival (0S), respectively, for patients included in the GRAALLO3-05 trial.

Table 2. Univariate and multivariate analysis for cumulative incidence of relapse and overall survival.

CIR Univariate Multivariate

SHR 95%Cl SHR 95%CI P
Age* 1.00 097 — 1.03 -
WBC** 1.00 098 — 1.04 -
CNS involvement 1.55 0.75 - 3.21 - -
Unfavorable risk classifier 3.11 2.04 - 6.98 <0.001 3.53 1.85 — 6.73 <0.001
Prednisone responder 0.71 040 - 125 - -
Bone marrow responder 0.76 043 - 1.35 - -
Low methylation (Q1) 1.87 1.03 - 3.38 1.25 0.67 — 2.34 0.49
0S Univariate Multivariate

HR 95%Cl HR 95%Cl P
Age* 1.03 1.01 - 1.06 1.04 1.02 — 1.06 0.001
WBC** 1.01 1.00 — 1.03 0.12 - -
CNS involvement 2.14 118 - 3.88 2.32 124 — 435 0.01
Favorable risk classifier 3.81 224 - 650 <0.001 2.93 1.65 - 5.21 <0.001
Prednisone responder 0.64 039 - 1.05 0.69 041 - 1.16 0.16
Bone marrow responder 0.78 047 - 127 0.31 - -
Low methylation (Q1) 1.78 1.06 — 2.98 1.79 1.00 — 3.19 0.05

WBC: white blood cell; CNS: central nervous system; CIR: cumulative incidence of relapse; OS:overall survival; HR: hazard ratio; SHR: sub-distribution hazard ratio; 95% CI:95% confidence
interval. *Age as continuous variable, SHR/HR for 1-year increment. ** WBC as continuous variable, SHR/HR for 10 g/L increment
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Additionally, MS-MLPA has the advantage of requiring lit-
tle DNA and does not require DNA bisulfite conversion or
immunoprecipitation. MS-MLPA is readily compatible
with clinical routine and could enhance prognostication

and precision medicine.

ed-therapy.
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ABSTRACT

eripheral T-cell lymphoma comprises a heterogeneous group of

mature non-Hodgkin lymphomas. Their diagnosis is challenging,

with up to 30% of cases remaining unclassifiable and referred to as
“not otherwise specified”. We developed a reverse transcriptase-multi-
plex ligation-dependent probe amplification gene expression profiling
assay to differentiate the main T-cell lymphoma entities and to study the
heterogeneity of the “not specified” category. The test evaluates the
expression of 20 genes, including 17 markers relevant to T-cell immunol-
ogy and lymphoma biopathology, one Epstein-Barr virus-related tran-
script, and variants of RHOA (G17V) and IDH2 (R172K/T). By unsuper-
vised hierarchical clustering, our assay accurately identified 21 of 21
ALK-positive anaplastic large cell lymphomas, 16 of 16 extranodal natu-
ral killer (NK)/T-cell lymphomas, 6 of 6 hepatosplenic T-cell lymphomas,
and 13 of 13 adult T-cell leukemia/lymphomas. ALK-negative anaplastic
lymphomas (n=34) segregated into one cytotoxic cluster (n=10) and one
non-cytotoxic cluster expressing Th2 markers (n=24) and enriched in
DUSP22-rearranged cases. The 63 Tyi-derived lymphomas divided into
two subgroups according to a predominant Ty, (n=50) or an enrichment
in Th2 (n=13) signatures. We next developed a support vector machine
predictor which attributed a molecular class to 27 of 77 not specified T-
cell lymphomas: 17 Ty, five cytotoxic ALK-negative anaplastic and five
NK/T-cell lymphomas. Among the remaining cases, we identified two
cell-of-origin subgroups corresponding to cytotoxic/Thl (n=19) and Th2
(n=24) signatures. A reproducibility test on 40 cases yielded a 90% con-
cordance between three independent laboratories. This study demon-
strates the applicability of a simple gene expression assay for the classi-
fication of peripheral T-cell lymphomas. Its applicability to routinely-
fixed samples makes it an attractive adjunct in diagnostic practice.
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Introduction

Peripheral T-cell lymphomas (PTCL) are a diverse
group of neoplasms representing 10-15% of all lym-
phomas worldwide, with large geographic variation.
According to the 2017 revision of the World Health
Organization (WHO) classification of lymphoid neo-
plasms, PTCL comprise up to 30 entities derived from
various subsets of mature T or natural killer (NK) cells.'
The heterogeneity and rarity of these tumors, combined
with their complex immunophenotypic profile and par-
tially overlapping features across different entities, make
their diagnosis particularly challenging. In addition,
there is a high variability in the diagnostic workup
among pathologists, which may account for relatively
poor reproducibility of the diagnoses.” Although most
cases can be ascribed to specific disease entities, approx-
imately one-third of PTCL not fulfilling the criteria for
other entities remain unclassifiable and are categorized
“by default” as PTCL-not otherwise specified (NOS).

The classification of PTCL has undergone major
changes over the past years with the incorporation of
much new information on their genetic background and
taking into account the notion that PTCL arise from dis-
crete subsets of normal T cells. In recent years, the
description of the signature and mutational landscape of
PTCL has generated novel molecular biomarkers to
refine the diagnostic criteria for some entities. Notably,
the expression of Ty markers and the presence of genet-
ic lesions associated with angio-immunoblastic T-cell
lymphoma (AITL) (such as RHOA, TET2, DNMT3A, and
IDH2 mutations), found in a significant proportion of
PTCL-NOS, " led to the reclassification of these as
“nodal PTCL with a T phenotype” (Tw-PTCL) in the
revised WHO classification." Among anaplastic large cell
lymphoma (ALCL), the identification of recurrent
rearrangements of the ALK gene led to ALK-positive
ALCL being referred to as a definitive separate entity
(ALCL ALK"), and to reconsider ALCL without ALK
rearrangement as a distinct but genetically heteroge-
neous group comprising subtypes characterized by alter-
ations of the DUSP22/IRF4 or TP63 genes with distinct
clinical, pathological and biological features." Among
the remaining PTCL-NOS category, two molecular sub-
groups defined by the expression of the TBX21 and
GATAS3 transcription factors have been proposed,'*
with a worse prognosis suggested for GATA3-positive
cases.”"® In daily diagnostic practice, however, high-
throughput technologies are difficult to integrate.
Moreover, the immunohistochemical surrogates are not
fully validated and require an increasingly large panel of
antibodies, and their evaluation may be problematic or
present limitations.>"

Here, we designed a simple targeted mRNA expres-
sion profiling assay based on reverse transcriptase-mul-
tiplex ligation-dependent probe amplification (RT-
MLPA), using a panel of molecular markers relevant to
the characterization of PTCL. We first assessed the accu-
racy of this assay in the classification of PTCL entities
other than PTCL-NOS, and then used the assay to study
the heterogeneity of PTCL-NOS. Our findings support
this RT-MLPA assay as a robust and useful tool, suitable
for the routine classification of PTCL and, therefore,
promoting an optimal clinical management of PTCL
patients.

Methods

Patients and tumor samples

A series of 270 lymphoma samples were selected within the
framework of the multicentric T-cell lymphoma consortium
(TENOMIC) of the Lymphoma Study Association (LYSA). All
cases had been reviewed by at least two expert hematopathol-
ogists, according to the criteria of the recently up-dated WHO
classification.! The series was enriched in nodal Ty-PTCL (Ty-
PTCL) defined by the expression of at least two TFH markers
among CD10, BCL6, CXCL13, PD1, ICOS and in PTCL-NOS
defined as a diagnosis of exclusion of any well-defined entity.
The design of the study is summarized in Online Supplementary
Figure S1. Briefly, a classification cohort (n=230) was used to
train a support vector machine (SVM) classifier and a diagnostic
cohort (n=40) was used to evaluate its inter-laboratory repro-
ducibility on formalin-fixed paraffin-embedded (FFPE) samples.
The study was approved by the local ethics committee (CPP Ile
de France IX 08-009).

RT-MLPA assay gene expression profiling

RNA extracted from frozen and/or FFPE tumor samples was
applied to RT-MLPA, as described” (Online Supplementary
Methods). Briefly, this targeted multiplex assay consists of the
hybridization and ligation of specific probes on cDNA, fol-
lowed by PCR amplification. We designed 41 probes (Eurofins
MWG Operon, Ebersberg, Germany) targeting 20 genes, select-
ed for their relevance to PTCL classification (Table 1). RT-MLPA
results were compared to Affymetrix HG-U133-plus-2.0 gene
expression data in 72 previously reported cases.'*”

Bioinformatic analysis

A web interface was developed for the complete analysis of
the RT-MLPA results (hutps://bioinfo.calym.org/RTNVLPA). An SVM
was developed to classify PTCL samples: two-thirds of the 184
PTCL of the classification cohort, which clustered in defined
molecular branches according to the clustering (n=230), were ran-
domly selected to train the classifier, which was validated in the
remaining one-third of cases. A bootstrap resampling process
was used to build 100 independent training and validation series.
A definitive SVM predictor was thus developed using the 184
cases. This supervised learning model assigns a class to every
PTCL sample. Therefore, we integrated the distance to the cen-
troid of the predicted class for each sample to avoid classifying
distant samples into the same group. The analytical process is
detailed in the Online Supplementary Methods.

Histopathology and molecular validation

RT-MLPA signatures were correlated to immunochemical
data, including expression of GATA3 and TBX21. The cut off
for positive immunohistochemical staining was 10% of pre-
sumed neoplastic cells (Online Supplementary Methods).
Fluorescence in situ hybridization (FISH) for DUSP22/IRF4
rearrangement was performed in 20 ALCL. Mutations were val-
idated using polymerase chain reaction (PCR) allele-specific
and/or targeted deep sequencing.”®”" Technical details are pre-
sented in the Online Supplementary Methods.

Data analysis

Affymetrix and RT-MLPA gene expression values were corre-
lated using Spearman’s correlation test. Correlations between
immunohistochemical results and RT-MLPA gene expression
values were evaluated using Wilcoxon’s rank-sum test.
Unsupervised hierarchical analysis was performed using the
Ward method.

PTCL classification using RT-MLPA assay -
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Figure 1. Unsupervised hierarchical clustering of peripheral T-cell ymphoma (PTCL) entities other than PTCL-not otherwise specified (NOS) using reverse transcrip-
tase-multiplex ligation-dependent probe amplification (RT-MLPA) (n=153). The assay was used to classify angioimmunoblastic T-cell ymphomas (AITL) (n=30), PTCL
with T-follicular helper phenotype (TFH) (n=33), anaplastic large cell ymphomas (ALCL) (n=55), adult T-cell ymphomas (ATLL) (n=13), hepatosplenic T-cell ymphoma
(HSTL) (n=6), and natural killer (NK)-TCL (n=16). Differential gene expression is depicted according to a red (positive) to blue (negative) color scale, and concordance
with histopathological diagnosis (Pathology). Two main branches were observed: the left branch divided in 6 HTSL (C1), 50 T.-PTCL/AITL (C2), 12 ATLL with 13 TFH-
PTCL (C3), and 24 ALK-negative ALCL (C4), and the right branch contained two clusters of 16 NKTCL (C5) and 31 cytotoxic ALCL (C6).

Overall and progression-free survival analysis was performed
using the Kaplan-Meier method and the log-rank test. The
Mann-Whitney test was used to analyze continuous data and
the Fisher exact test to analyze categorical data.

Results

Design and validation of the RT-MLPA assay

The study design is presented in Online Supplementary
Figure S1. The gene set and sequences of the RT-MLPA
probes are shown in Table 1 and Ounline Supplementary
Table S1, respectively. The panel was designed to include
several genes encoding immunohistochemical or genetic
markers routinely used for the diagnosis of PTCL and
genes of interest selected from previous transcriptomic
and genomic studies.”**"*"® It includes genes related to
the major CD4 and CD8 T-cell subsets, genes defining the
main subsets of Th cells [Ty (CXCL13, CXCRS5, ICOS,
BCL6), Th1 (TBX21, IFNy), Th2 (GATA3, CCR4), and Treg
(FOXP3)], as well as genes encoding cytotoxic molecules
(PRE, GZMB). CD30 and ALK were chosen to identify
ALCL and CD56 and EBER1 (Epstein-Barr virus encoding
small RNA) were selected to identify hepatosplenic T-cell
lymphoma (HSTL) and NKTCL. We also included the
RHOAG17V and IDH2R172K/T variants, as the most
prevalent hotspot mutations of Tu-derived PTCL.

We obtained RT-MLPA profiles for all 230 PTCL of the
classification cohort. Representative RT-MLPA profiles for
each entity are shown in Online Supplementary Figure S2.

Table 1. Gene panel designed for the reverse transcriptase-multiplex
ligation-dependent probe amplification assay.

Family genes and Detection method in the
other targets routine practice
Main T-cell subsets ~ CD4 Immunohistochemistry
D8 Immunohistochemistry
TCRa Not applicable
i CXCLI3 Immunohistochemistry
CXCR5 Not applicable
BCL6 Immunohistochemistry
1COS Immunohistochemistry
Thl TBX21 Immunohistochemistry
IFN Not applicable
Th2 GATA3 Immunohistochemistry
CCR4 Not applicable
Treg FOXP3 Immunohistochemistry
NK-associated CD56 Immunohistochemistry
and cytotoxic
PRF Immunohistochemistry
GZB Immunohistochemistry
Activation CD30 Immunohistochemistry
Virus EBER In situ hybridization
Mutations RHOAm G17V AS-PCR, other sequencing
methods
IDH2m RIT2K/T ~ AS-PCR, other sequencing
methods, immunohistochemistry
Other ALK Immunohistochemistry, FISH

AS-PCR: allele-specific polymerase chain reaction; NK: natural killer; FISH: fluores-
cence in situ hybridization.




Tu-PTCL profiles were characterized by the expression of
a combination of T genes (CXCL13, CXCR5, ICOS, and
BCL6), together with frequent RHOA and/or IDH2 vari-
ants. ATLL expressed Th2 markers (GATA3 and CCR4) and
ICOS, with variable levels of FOXP3. NKTCL showed high
expression of EBER1 and GZAMB, as well as Th1 markers
(IBX21 and IFNy). HSTL expressed CD56, GATA3, TBX21,
and BCL6. ALK-positive ALCL expressed ALK, CD30, PRF,
and GZMB. ALK-negative ALCL comprised two distinct
profiles, with or without expression of PRF and GZAMB.
The non-cytotoxic ALCL showed high expression of CD30
and Th2 markers (GATA3 and CCR4) but not PRF or
GZMB. Unexpectedly, RT-MLPA identified ALK expres-
sion in a case of ALCL initially considered ALK-negative
(based on negative immunostaining with the ALK1 clone),
leading to reclassification to ALK-positive ALCL. This was
further confirmed by IHC using an alternative antibody
(DSE3 clone) (Online Supplementary Figure S3).

Paired RT-MLPA profiles and Affymetrix gene expres-
sion data available in 72 cases (23 AITL and 49 PTCL-
NOS) were compared.”®” There were significant correla-
tions for each evaluable gene (TNFRSFS/CD30, PRF,
GZMB, GATA3, CXCL13, ICOS, CDS8, BCLé, CD4,

PTCL classification using RT-MLPA assay -

FOXP3, CCR4, CXCR5, and TBX21) (Online Supplementary
Figure S4). RT-MLPA and immunohistochemical data
scores also showed significant correlations for the 12
evaluable markers (Online Supplementary Figure S5). There
was also a good correlation with the EBER in situ
hybridization results, showing the capacity of the assay to
correctly detect EBV infection. RT-MLPA profiles per-
formed in duplicates in 20 PTCL on RNA extracted from
both frozen and FFPE samples, showed a strong correla-
tion (rtho>0.7, Spearman correlation test) (Online
Supplementary Figure S6).

RT-MLPA identified 33 of 33 RHOAG17V and 9 of 10
IDH2 R172K/T mutations, detected by either AS-quantita-
tive PCR and/or next-generation sequencing (NGS) studies.
The only RT-MLPA failure corresponded to an AITL with
an IDH2R172K mutant with a 2.8% allele frequency, which
was only detected by NGS (Online Supplementary Table S2).

Unsupervised analysis highlights heterogeneity among
ALK-negative ALCL and TFH-PTCL

Given the expected heterogeneity of PTCL-NOS, we
first restricted our analyses to specified PTCL entities (not
taking into account PTCL-NOS). Unsupervised hierarchi-
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Figure 2. Nodal peripheral T-cell ymphomas (PTCL) with a double T,,/Th2 phenotype and a molecular Th2 signature. (A) Diffuse proliferation of large pleomorphic
cells; this case would be classified as T, PTCL according to the World Health Organization 2017, based on the expression of 2 T, markers, i.e. PD1 (B) and BCL6
(C), but disclosed strong nuclear staining for GATA3 in virtually all tumor cells (D) and, although less uniform, FOXP3 (E). Few tumor cells also expressed CD30 (F).
Reverse transcriptase-multiplex ligation-dependent probe amplification (RT-MLPA) profile showed a Th2 signature and classified in the Th2 class by the support vector

machine (SVM).
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cal clustering performed on 153 such cases (30 AITL, 33
Ta-PTCL, 16 NKTCL, 13 ATLL, 6 HSTL, 21 ALK-positive
ALCL, and 34 ALK-negative ALCL) identified two main
branches separating cytotoxic and non-cytotoxic entities
(Figure 1).

The cytotoxic branch is divided into two clusters, one
very homogeneous cluster (C5) comprising the 16
NKTCL, and a second cluster (C6) composed of 31 cyto-
toxic ALCL (21 ALK-positive and 10 ALK-negative). The
other branch is divided into four clusters (C1-4). The C1
cluster contained the six HSTL. The 63 PTCL with a T
phenotype (AITL and Tu-PTCL) distributed along the two
clusters C2 and C3. The C2 cluster comprised a major
group of AITL/Tu-PTCL characterized by a T signature
(C2, n=50). In addition to 12 ATLL, 13 Tw-PTCL and one
AITL in the C3 cluster showed an enrichment in Tw and
Th2 markers. Interestingly, RHOA mutations were identi-
fied in 26 of 50 (52%) and 2 of 13 (15%) of the C2 and C3
clusters, respectively (P=0.027). By immunohistochem-
istry, these Tuw-PTCL in the C3 cluster showed expression
of GATAS (in more than 50% of tumor cells) in 9 of 12
(75%) contributive cases (Figure 2). The C4 cluster con-
tained 24 ALK-negative non-cytotoxic ALCL with Th2
signature, with 8 of 16 contributive cases showing
DUSP22 rearrangement by FISH.

PTCL-NOS distribute among distinct clusters using
unsupervised clustering

When applied to all 230 PTCL samples (including 77
PTCL-NOS), unsupervised clustering showed that the
majority of PTCL-NOS (n=48 of 77, 62.3%) clustered
within four of the six previous clusters as they showed
gene signatures in common with molecular Tw-PTCL (C2,
n=6), Ty/Th2 PTCL (C3, n=19), NKTCL (C5, n=5), and
cytotoxic ALCL (C6, n=18) (Figure 3). Despite a variable
expression of CD30 by immunohistochemistry, 18 PTCL-
NOS distributed within the cluster of cytotoxic ALCL
based on the expression of cytotoxic markers plus 7BX21
and [EFN, consistent with a possible Thl origin.
Accordingly, 8 of 12 of these cases tested for TBX21 by
immunohistochemistry were positive. This molecular
subgroup is further referred to as “cytotoxic/Th1 PTCL”
according to its signature. In addition, 19 other PTCL-
NOS cases, all with negative HTLV-1 serologies, clustered
with ATLL, based on an enrichment in Th2 molecules
GATAS3 and CCR4, and are referred to as molecular “Th2
PTCL”. Finally, 29 PTCL-NOS did not cluster within any
of the defined branches, and segregated with 19 other
cases (4 AITL, 12 Ty-PTCL, 1 ATLL).

Support vector machine classifier accurately classifies
specified PTCL and identifies subgroups within
PTCL-NOS

We next built a support vector machine (SVM) model
to assign each case to a class based on the RT-MLPA data
(Figure 4A). One hundred and eighty-four PTCL corre-
sponding to the molecular groups defined according to
the latter clustering (Figure 3) were used for the construc-
tion of the model and to define the molecular classes: 45
Tu-PTCL/AITL, 21 NKTCL, 42 Th2 PTCL-NOS/ATLL, 50
cytotoxic-ALCL, 20 non-cytotoxic ALCL, and the six
HSTL. The 46 PTCL which did not cluster within these
six defined branches were not considered to develop the
classifier. The SVM algorithm accurately assigned 140 of
153 specified PTCL to the correct categories: 16 of 16

Table 2. Clinical, pathological and molecular features of the two sub-
groups of TFH-peripheral T-cell lymphomas (PTCL).

TFH signature TFH and TH2 P
n=50 signatures n=13

Clinical data
Age median (range) 64.4 (54-74.6) 674 (56.7-747)  0.79
IP[>=3 71.8% (28/39) 75% (9/12) 1
PIT>=2 71% (27/38) 63.6% (7/11) 0.72
Extranodal site>=2 50% (22/44) 58.3% (7/12) 0.75
Stage>=3 100% (44/44) 91.7% (11/12) 021
PS>=2 40% (16/40) 8.3% (1/12) 0.076
LDH>IN 64% (25/39) 50% (6/12) 0.5
B signs 70.7% (29/41) 45.5% (5/11) 0.16
Hypergammaglobulinemia 37.5% (12/32) 12.5% (1/8) 0.24
Coombs 46% (12/26) 0% (0/2) 0.49
Anemia 61.5% (24/39) 41.6% (5/12) 0.32
Cutaneous rash 23.8% (10/42) 33% (4/12) 048
BM 48.8% (21/43) 33.3% (4/12) 0.51
Complete response 50% (20/40) 41.7% (5/12) 0.75
OS median (range) 22 (5.5-7) 30.5 (6-50.5) 0.91
PFS median (range) 10 (3-39) 12 (5.5-38) 0.42
Pathological data
Clear cells 65.2% (30/46) 36% (4/11) 0.1
B blasts 90% (44/49) 66% (8/12) 0.07
EBV positivity 70.2% (33/47) 58.3% (7/12) 0.5
EBV extent >5 large 29.5% (13/44) 0% (0/12) 0.049
blast-cells/high
power field
Molecular data
TET2 mutation 60.696% (20/33) 14.3% (1/7) 0.039
DNMT3A mutation 25% (8/32) 0% (0/6) 031
RHOA mutation 52% (26/50) 15.4% (2/13) 0.027
IDH2 mutation 20% (10/50) 0% (0/13) 0.1

IPI: International Prognostic Index; EBV: Epstein-Barr virus; PIT: Prognostic Index for
PTCL-not otherwise specified; PS: Performance Status; LDH: lactate dehydrogenase;
BM: bone marrow; OS: overall survival; PFS: progression-free survival.

NKTCL, 18 of 13 ATLL, 6 of 6 HSTL, 31 of 31 cytotoxic
ALCL, 24 of 24 non-cytotoxic ALK-negative ALCL cases,
and 50 of 63 AITL/T.w-PTCL. Interestingly, 11 Tw-PTCL
without RHOA mutation were classified as molecular
Th2 PTCL, one as molecular cytotoxic/Thl, and one
AITL was distant from the barycenter of the Tu/AITL
class and not classified. Of the 77 remaining PTCL-NOS,
70 (91%) were classified by the SVM as Tu/AITL (C2,
n=17), cytotoxic/Thl PTCL (C6, n=19), ALK-negative
ALCL (C6, n=5), NKTCL (C5, n=5), while 24 cases were
molecularly designated Th2 PTCL (C3). Finally, seven
cases, which were distant to the barycenter of their pre-
dicted SVM class (2 Th2, 3 Tu/AITL, 2 cytotoxic/Thl),
could not be attributed a molecular class by the SVM.
Figure 4B illustrates the subgroups of PTCL-NOS as evi-
denced in the principal component analysis (PCA). A cor-
relation of the SVM class with the histopathological data
of the 77 PTCL-NOS is presented in Online Supplementary
Figure S7.
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Figure 3. Unsupervised hierarchical clustering of peripheral T-cell ymphomas (PTCL) including PTCL-not otherwise specified (NOS) (n=230).

PTCL-NOS distributed

among six defined clusters represented by colored bars under the heat map (from left to right): C1 (red), C2 (green), C3 hepatosplenic T-cell ymphoma (HSTL) (pur-

ple), C4 angioimmunoblastic T-cell ymphomas AITL/T..-derived PTCL (blue and light blue), C5 natural killer (NK)-TCL (yellow), and “cytotoxic anaplastic large cell lym-

phomas (ALCL)” (orange and red). The 77 PTCL-NOS (gray in Pathology) are distributed among the subgroups.

Clinico-pathological correlations of the support vector
machine classes

Survival data were available for 88.7% (204 of 230) of
the patients. Median duration of follow up was 122
months [interquartile range (IQR) = 80.5-173]. Among
the 132 of 175 patients with follow-up data available
who received anthracyclin-based chemotherapy, the
median overall survival (OS) and progression-free sur-
vival (PFS) were 15 months (IQR=6-51.5) and nine
months (IQR=3-36), respectively. The outcome of PTCL
patients was poor (5-year OS=27%), except for those
with ALK-positive ALCL (5-year OS=70%) (Figure 5A).

Considering the two clusters observed among PTCL
with a TFH phenotype (Figure 1), we failed to demon-
strate any significant clinical difference (Table 2).
Interestingly, RHOAG17V mutations were found in 52%
and 15.4% respectively among the C2 (Tw) and C3 (Th2)
clusters (P=0.02). TET2 mutations were observed in
60.6% and 14.3% of the C2 and C3 clusters (P=0.039).
DNMT3A and IDH2 mutations were found respectively
in 25% and 20% of the C2 cluster but none within the
C8 (P=not significant, n.s).

Among ALCL, non-cytotoxic ALK-negative ALCL
were characterized by the expression of Th2 mRNA
(GATA3 and CCR4) and GATAS expression by immuno-
histochemistry in 11 of 12 informative cases. Non-cyto-
toxic and cytotoxic ALK-negative ALCL disclosed similar
PES and OS (Figure 5A). However, despite similar main
clinical characteristics (Online Supplementary Table S3),
patients with a DUSP22-rearrangement (n=8) tended to

have a favorable outcome (5-year OS=62.5%) close to
that of ALK-positive ALCL patients (70% 5-year OS),
compared to the very poor prognosis of patients without
DUSP22 rearrangement (n=8) (5-year 0OS=12.5%;
P=0.07) (Figure 5B). No TPé3 rearrangement was detect-
ed in this series.

Finally, within the limitations of size of the current
series, among PTCL-NOS, there was no significant dif-
ference in patient’s outcome with respect to their
“Thl/cytotoxic” or “Th2” molecular signatures (Figure
5C) or immunohistochemical profiles (Figure 5D).

Reproducibility of the RT-MLPA assay among three
centers in routine practice

We evaluated the reproducibility of the RT-MLPA
assay in the diagnostic setting by testing 40 FFPE PTCL
samples in three independent centers. A concordance in
the diagnostic class proposed by the classifier was
observed between the three centers for 36 (90%) samples
(Table 3), with a strong correlation between the RT-
MLPA values for each gene (Online Supplementary Table
S4). Among the 36 concordant samples, the SVM class
was in accordance with the pathological diagnosis for 32
cases (89%). The four discrepancies consisted of two
tumor-cell rich AITL assigned to the Th2/ATLL-like
group, as previously observed in the classification
cohort, one AITL with a prominent cytotoxic T-cell envi-
ronment assigned to the cytotoxic/Thl-like group, and
one ATLL with a double CD4/CD8 phenotype that was
not classified.

haematologica | 2020; 105(6) -



I F. Drieux et al.

® Table 3. Reproducibility of the reverse transcriptase-multiplex ligation-dependent probe amplification (RT-MLPA) assay among three laboratories
(Center 1, Center 2, and Center 3).
Pathology RT-MLPA Classification RHOAG17V/ IDH2 Mutations detected by targeted NGS
R172 status
hy RTMLPA
(m=mutated,
wt= wild-type)
Center 1 Center 2 Center 3
Concordant samples
Casel AITL AITL AITL AITL m/wt ND
Case2 AITL AITL AITL AITL m/wt RHOA, IDH2 (R7125), TET2, DNMT3a
Case3 AITL AITL AITL AITL wi/wt ND
Cased AITL AITL AITL AITL m/wt RHOA, IDH2 (R712S), TET2, DNMT3a
Caseb AITL AITL AITL AITL wt/wt ND
Caseb AITL AITL* AITL* AITL* m/wt RHOA, IDH2 (R712T), TET2
CaseT AITL AITL* AITL* AITL* wi/wt ND
Case8 AITL TH2 TH2 TH2 wt/iwt IDH2(R172S), TET2, CD28
Cased AITL TH2 TH2 TH2 wi/wt TET2, FYN
Casel0 AITL** Cytotoxic/Thl Cytotoxic/Thl Cytotoxic/Thl m/wt RHOA, TET2
Casell AITL** Cytotoxic/Thl Cytotoxic/Thl AITL m/wt ND
Casel2 AITL** AITL* TH2 AITL m/wt ND
Casel3 AITL Cytotoxic/Th1* Cytotoxic/Thl Cytotoxic/Thl wi/wt ND
Casel4 ALCL ALK- ALCL ALK- ALCL ALK- ALCL ALK- wi/wt ND
Caseld ALCL ALK- ALCL ALK- ALCL ALK- ALCL ALK- wt/wt ND
Casel6 ALCL ALK- ALCL ALK- ALCL ALK- ALCL ALK- wi/wt ND
Casel? ALCL ALK- CD30TH2* CD30TH2* CD30TH2* wi/wt TET2, TP53
Casel8 ALCL ALK+ ALCL ALK+ ALCL ALK+ ALCL ALK+ wt/wt ND
Casel9 ALCL ALK+ ALCL ALK+ ALCL ALK+ ALCL ALK+ wi/wt ND
Case20 ALCL ALK+ ALCL ALK+ ALCL ALK+ ALCL ALK+ wt/wt ND
Case?l ALCL ALK+ ALCL ALK+ ALCL ALK+ ALCL ALK+ wi/wt ND
Case22 ALCL ALK+ ALCL ALK+ ALCL ALK+ ALCL ALK+ wi/wt ND
Case23 ALCL ALK+ ALCL ALK+ ALCL ALK+ ALCL ALK+ wi/wt ND
Case24 ATLL TH2 TH2 TH2 wi/wt ND
Case2d ATLL TH2 TH2 TH2 wi/wt ND
Case26 ATLL TH2 TH2 TH2 wi/wt ND
Case2? ATLL TH2 TH2 TH2 wi/wt ND
Case28 ATLL unclassified unclassified unclassified wt/wt ND
Case29 ATLL” Failure Failure TH2 wi/wt ND
Case30 NKTCL NKTCL NKTCL NKTCL wt/wt ND
Case3l NKTCL NKTCL NKTCL NKTCL wi/wt ND
Case32 NKTCL NKTCL NKTCL NKTCL wi/wt ND
Case33 NKTCL NKTCL NKTCL NKTCL wt/wt ND
Case34 NKTCL NKTCL NKTCL NKTCL wi/wt ND
Case3d NKTCL NKTCL NKTCL NKTCL wi/wt ND
Case36 NKTCL NKTCL NKTCL NKTCL wi/wt ND
Cased? NKTCL NKTCL NKTCL NKTCL wi/wt ND
Case38 NKTCL NKTCL NKTCL NKTCL wt/wt ND
Case39 PTCL-NOS Cytotoxic/Thl Cytotoxic/Thl Cytotoxic/Thl wi/wt ND
Case40 PTCL-NOS (EBV+) NKTCL NKTCL NKTCL wt/wt ND
NGS: next-generation sequencing; m: mutated; wt: wild-type; ND: not determined. Evaluated on 40 formalin-fixed paraffin-embedded (FFPE) samples: six ALK-positive anaplastic
large cell lymphomas (ALCL-ALK"), four ALCL ALK 13 angioimmunoblastic T-cell lymphomas (AITL), nine natural killer (NK)/T-cell lymphomas (NKTCL), six adult T-cell lym-
phomas (ATLL), and two peripheral Tcell lymphomas not otherwise specified (PTCL-NOS). 'AITL tumor cell rich. *Distant of the samples of the predicted support vector
machine (SVM) class. “Among the four discrepant samples, the SVM resulted in concordance between two centers for two cases,one case showed discordant results between
the three centers,and one ATLL sample had no interpretable profile in two centers whereas the other determined a Th2 profile concordant with the diagnosis.
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Discussion tice, especially the Ty markers, resulting in a poor charac-
terization of PTCL and a high frequency of PTCL-NOS

The classification of PTCL is often challenging and poor-  diagnosed in the US.” The ligation-dependent RT-PCR
ly reproducible, with a recent study showing a 31.5% rate  assay has been reported to be a simple and robust assay
of discrepancy between the referral and expert diagnoses,” applicable to FFPE samples that can be used to classify
likely due to the complexity of these rare neoplasms and DLBCL into GCB or ABC subtypes.”* Here, we expanded
the wide range of practices among pathologists and labora-  on this as RT-MLPA can contribute to classify the main
tories.” Hsi et al. pointed out the limited number of specified categories of non-cutaneous PTCL in routine
immunohistochemical markers assessed in routine prac- practice. This assay, which can be performed relatively
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Figure 4. Bioinformatic model for the analysis of reverse transcriptase-multiplex ligation-dependent probe amplification (RT-MLPA) data. (A) The support vector
machine (SVM) model attributes a predicted (rectangle) or provisional (oval) class for each peripheral T-cell ymphoma (PTCL) sample. Post-tests based on ALK and
CD30 were designed to distinguish between the subgroups in the heterogeneous “cytotoxic/ALCL-like” category. (B) principal component analysis (PCA) plot of the
SVM classification for PTCL-not otherwise specified (NOS) (n=77) showed three main molecular categories among: T.,/angioimmunoblastic T-cell ymphomas (AITL)
(blue), Th2 (light blue), and cytotoxic/Th1 (green). The latter also comprised NKTCL:like (yellow) and anaplastic large cell ymphomas (ALCL)-like (orange) subgroups.
Seven cases were unclassified (red).
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quickly (48 hours), only requires equipment already in reg-
ular use, including a thermocycler and genetic fragment
size analyzer. The profiles are publicly accessible and easy
to interpret through a dedicated website. Finally, the assay
is cost-effective (approximately $5 per sample).® RIT-
MLPA is a useful tool in combination with pathological
evaluation to characterize PTCL, especially when
immunohistochemistry is flawed or incomplete. In addi-
tion to evaluating the expression of Th-differentiation anti-
gens and markers suitable for immunohistochemistry, the
current RT-MLPA assay also provides genetic information,
such as RHOA and IDH2 mutations, which are highly rel-
evant for the diagnosis of PTCL of Tu origin,”® even
though the RHOA G17V mutation has also been reported
in a small minority of ATLL,® as observed in one case of
our series. The accurate classification of specified PTCL
other than NOS entities in most cases corroborates the rel-
evance of the designed gene panel. Altogether, although
some markers in our RT-MLPA assay might not be useful
in every PTCL case, this “one fits all” assay evaluates diag-
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nostic markers covering the different PTCL entities in a
systematic and cost-effective way.

In addition, the RT-MLPA assay highlighted the hetero-
geneity in the gene signature of ALK-negative ALCL and
PTCL of Tu origin, as defined in the up-dated WHO clas-
sification. We observed that a significant proportion of
ALK-negative ALCL display a distinct signature, with
expression of CD30 and Th2 genes, but no cytotoxic mark-
ers. These cases showed a dense and cohesive pattern of
CD30-positive anaplastic large cells but, in contrast to
common ALCL, only a few hallmark cells, an absence of
EMA, and a frequently preserved T-cell program with most
T-cell antigens being retained. Genetically, this group
appeared heterogeneous but was enriched in cases of
DUSP22/IRF4 rearrangement (in 8 of 16 non-cytotoxic
cases vs. in only 1 of 10 cytotoxic ALK- ALCL; P=0.09).
Despite the absence of any significant morphological or
immunophenotypic difference between cases with or
without DUSP22 rearrangement, we further hypothesize
that DUSP22 status is of clinical relevance with better sur-
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Figure 5. Kaplan-Meier survival analysis. (A) Overall survival of the 108 patients corresponding of the main reverse transcriptase-multiplex ligation-dependent probe
amplification (RT-MLPA) subgroups: 11 anaplastic large cell lymphomas (ALCL) ALK*, 10 cytotoxic ALCL ALK, 24 non-cytotoxic ALCL ALK, and 63 T./angioim-
munoblastic T-cell ymphomas (AITL). (B) Overall survival of the main RT-MLPA subgroups according to the DUSP22 status within the non-cytotoxic ALCL ALK-negative
category. (C) Overall survival of 43 peripheral T-cell ymphomas (PTCL)-not otherwise specified (NOS) according to the molecular status by RT-MLPA (19 cytotoxic/TH1
and 24 TH2). (D) Overall survival of 30 PTCL-NOS according to the immunohistochemistry data (19 GATA3, 11 TBX21).
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vival of DUSP22-rearranged ALCL."* In the absence of
TP63 rearrangement (data not shown), further investigations
are needed to explore the genetic abnormalities in the
DUSP22-non rearranged cases.

Within the umbrella category of nodal PTCL of Ty deri-
vation, comprising AITL and a number of nodal PTCL pre-
viously classified under PTCL-NOS but expressing two or
more Ty markers, our study interrogates the biological and
clinical significance of two subgroups.' Indeed, whereas
the majority (79%) were attributed to the Tu/AITL class
by the molecular classifier, a minority disclosed, in addition
to Tw markers, enrichment in Th2 genes. We confirmed a
“mixed” Tw/Th2 immunophenotype for nine Tu-PTCL
showing a Th2 signature by RT-MLPA. It has been report-
ed that Th1 and Th2 cells can express TFH markers, and
conversely that T cells have the capacity to express Thl
or Th2 cytokines.®” It has also been suggested that a sub-
set of TFH cells may originate from Th2 lymphocytes in
the presence of B cells and that Ty cells can acquire GATA3
expression.”” Overall, these data raise the question of Th
cell plasticity and the specificity of the criteria required to
assess Ty-derived PTCL. Indeed, the current definition of a
Tw phenotype based on two or more Ty markers may
have some limitations in certain cases,' and the integration
of genetic markers, made possible by the RT-MLPA assay;,
may be helpful. In this respect, when comparing the
“TFH/AITL” class to the other SVM classes, it appeared
that, among the four TFH genes in our RT-MLPA panel
(BCL6, CXCL13, CXCR5, ICOS), ICOS and then BCLé6
appeared less specific than CXCL13 and CXCR5 (data not
shown). Further studies, however, are needed to determine
whether cases with a “mixed” Tw-Th2 RNA profile or
immunophenotype should be considered to be Tu-PTCL
or Th2 PTCL-NOS with associated Tw; markers. The
almost complete absence of RHOA and TET2 mutation in
the cases with a Th2-like profile may support the latter
hypothesis.

Our targeted RT-MLPA panel confirmed two subgroups
among PTCL-NOS, based on the expression of TBX21 and
cytotoxic markers or GATA3 and CCR4 in 39% and 31%
of cases, respectively, expanding the findings of previous
studies.”" The prognostic relevance of these two groups is
controversial.” Within the limits of our retrospective study;,
we failed to demonstrate any significant correlation with
outcome between the Th1 and Th2 molecular or pheno-
typic subgroups. In addition, all TBX21 cases in our series
had a cytotoxic profile by RT-MLPA and immunohisto-
chemistry. Among PTCL-NOS with a cytotoxic pheno-
type, the RT-MLPA assay highlighted a small group of
cases with an EBV signature, now referred to as “nodal
T/NK lymphoma EBV-positive” according to the revised
WHO classification.! Whether these cases, confirmed to be
EBV-positive in almost all neoplastic cells by EBER ISH, are
related to extranodal NK/T lymphoma nasal-type warrants
further investigation. Of note, the Th2 signature based on
the expression of GATA3 and CCR4 in our panel was char-
acteristic, although not specific, of ATLL. The expression
of GATA3 and CCR4 together with variable expression of
FOXP3 in ATLL is in accordance with a recent study show-
ing that the HBZ transcript induces CCR4 expression in
CD4 T cells by enhancing GATA3 expression, whereas
FOXP3 expression was inconsistent in ATLL. However, the
distinction between PTCL-NOS with a Th2-like signature
and ATLL requires an investigation into HTLV1 serology
and/or viral integration.™”

Finally, our SVM model proposed a class for most cases,
with few discrepancies. It may be a useful tool in combi-
nation with pathological evaluation, especially when
immunohistochemistry is not conclusive or not available.
In this series, 23% of cases diagnosed by default as PTCL-
NOS due to incomplete or failure in immunohistochem-
istry were classified as Tu/AITL by our assay. Unclassified
or misclassified cases by RT-MLPA were limited to Tgs-
PTCL or AITL rich in reactive CD8-positive cytotoxic cells
known to be abundant in a proportion of AITL* or cyto-
toxic PTCL with various reactive Tay cells. These cases
illustrate the contribution of the microenvironment to the
molecular signature, especially when tumor cell content is
low or heterogeneous, a common problem encountered in
all gene-expression methods. Therefore, RT-MLPA results
should be interpreted in the light of clinical context, as well
as biological and histopathological findings. It is worthy of
note that our assay does not provide a final solution for
PTCL classification, but rather a step forward that requires
extensive reworking.

Overall, this study demonstrates the applicability of a
robust and dedicated RT-MLPA assay which is easily trans-
posable to the diagnostic workflow. It is simple to use, can
be applied to FFPE and frozen samples, integrates genetic
features, and is cost-effective; these all make it an attractive
alternative to high-throughput technologies in routine
practice. Implementation of RT-MLPA in large studies in
the future, especially in the setting of clinical trials, may
confirm how this adjunct tool can help better classify
PTCL and therefore improve the management of these
patients in the era of personalized medicine.
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ABSTRACT

D4+ T-follicular helper cells are essential for the survival, proliferation,

and differentiation of germinal center B cells and have been implicat-

ed in the pathogenesis of follicular lymphoma (FL). To further define
the role of these cells in FL, we used multiparameter confocal microscopy to
compare the architecture of normal and neoplastic follicles and next genera-
tion sequencing to analyze the T-cell receptor repertoire in FL lymph nodes
(LN). Multiparameter analysis of LN showed that the proportion of T-follic-
ular helper cells (Tw;) in normal and neoplastic follicles is the same and that
the previously reported increase in Tw numbers in FL is thus due to an
increase in the number and not content of follicles. As in normal germinal
centers, Ty were shown to have a close spatial correlation with proliferating
B cells in neoplastic follicles, where features of immunological synapse for-
mation were observed. The number of Ty in FL correlate with the rate of B-
cell proliferation and Ty co-localized to activation induced cytidine deami-
nase expressing proliferating B cells. T-cell receptor repertoire analysis of FL
LN revealed that follicular areas are significantly more clonal when com-
pared to the rest of the LN. These novel findings show that neoplastic folli-
cles and germinal centers share important structural features and provide fur-
ther evidence that Tw may play a role in driving B-cell proliferation and
genomic evolution in Tw. Our results also suggest that targeting this interac-
tion would be an attractive therapeutic option.

Introduction

Follicular lymphoma (FL) is a neoplasm of germinal center B cells that is usually
characterized by the t(14;18) translocation and over-expression of BCL2."” The clin-
ical course is variable, prognosis is difficult to predict, and it is typically incurable.**
The tumor is infiltrated by numerous subsets of non-malignant T cells.”® Gene
expression profiling (GEP) studies have shown that prognosis in FL can be correlat-
ed with the signature of non-malignant T cells of the microenvironment rather than
the tumor itself, indicating that the microenvironment is important in the patho-
genesis of this disease.”” The relationship between FL B cells and their microenvi-
ronment is complex; non-malignant T cells may either promote or inhibit tumor
growth whilst the tumor itself can influence the composition of the microenviron-
ment."""” Many groups have investigated the impact of microenvironment-related
factors on outcome.'”®'® These studies have, however, yielded contradictory
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results, most likely because of differences in patient popu-
lations studied, therapy administered and technical limita-
tions of single parameter immunohistochemistry (IHC)
that preclude accurate identification of cell subsets.

In normal germinal centers (GC), B cells are critically
dependent on interactions with CD4** follicular helper
T cells (Tay),” which are characterized by expression of
PD-1, ICOS, CXCR5, CXCL13, IL-21 and IL-4 and the
transcription factor BCL6."*"* Ty provide signals neces-
sary for the survival and proliferation of GC B cells and
induce expression of activation induced cytidine deami-
nase (AID), a DNA modifying enzyme that initiates
somatic hypermutation (SHM) and class switch recombi-
nation (CSR) leading to a class-switched, high-affinity
antibody response."” "%

FL follicles and normal GC share a number of features;
FL B cells have a similar phenotype and GEP as their nor-
mal counterparts and neoplastic follicles contain both fol-
licular dendritic cells (FDC) and T cells. Studies performed
on disaggregated FL lymph nodes (LN) have previously
demonstrated an enrichment of IL-4-producing Ty in FL
with a distinct gene expression profile and the ability to
support FL B-cell growth and modify stromal cell function
in vitro.**”® The anatomic relationship between Tw and FL
B cells and how closely this mimics the situation in normal
GC has, however, not previously been studied.

In this study we compared the architecture of normal
GC and neoplastic follicles, specifically focusing on the
spatial relationship between B cells and Te using multipa-
rameter confocal immunofluorescence microscopy and
semi-automated image analysis. We found that Ty - as
identified by surface expression of CD4, PD1, and ICOS -
constitute a similar proportion of CD4 T cells in FL as
they do in normal GC. They colocalize and form synapses
with proliferating neoplastic B cells, which also express
the DNA modifying enzyme AID. Finally, T-cell receptor
(TCR) repertoire analysis revealed that T cells in neoplas-
tic follicles are significantly more clonal than those in
interfollicular areas, suggesting a role for antigen stimula-
tion in this process. Overall, our findings further highlight
the role of the microenvironment in FL and are relevant to
the mode of action of new therapies such as those target-
ing antigen receptor signaling and the PD1/PDL1 axis.”*

Methods

Patient samples

Formalin fixed paraffin embedded (FFPE) LN biopsies were
obtained from 25 patients with histologically confirmed untreated
or relapsed FL including three cases of grade IlIb FL, and eight
patients with reactive lymphadenopathy. Patients with relapsed
FL had not received any treatment for at least 12 months. Clinical
details are presented in the Ounline Supplementary Tables S1-2.
Ethical approval was obtained from the UK national research
ethics committee, reference 13/NW/0040.

Immunofluorescent confocal microscopy

FFPE LN sample preparation steps including deparaffinization,
antigen retrieval, and staining are described in the Online
Supplementary Materials and Methods. All images were acquired
on a Nikon Eclipse Ti-E microscope and analyzed using Nikon ele-
ments NIS Advanced Research software. Full descriptions of imag-
ing and analysis techniques including the use of binary layers for
image analysis are presented in the Online Supplementary Materials

and Methods and further explained in the Online Supplementary
Figure S1.

Laser micro-dissection, DNA extraction, and TCR
sequencing

Follicles were highlighted by conventional IHC staining for
BCL6. Follicular and interfollicular areas were dissected from
sequential 10 um FL sections using a laser capture microscope
(PALM, Carl Zeiss Microlmaging, Jena, Germany). After DNA
extraction, TCR sequences were subject to multiplex PCR ampli-
fication prior to next generation sequencing (Adaptive
Biotechnologies, Seattle, WA, USA).*® TCRV CDR3 regions and
their component V, D and ] segments were identified using the
IMGT definitions.** Sequences not corresponding to a CDR3 were
discarded and unique clones defined by the presence of more than
one identical productive CDR3 DNA sequence. The number and
size of each clone was determined and the richness, clonality and
overlap of the follicular and interfollicular TCR repertoires deter-
mined (see the Online Supplementary Materials and Methods).

Statistical analysis

Statistical analysis was performed using GraphPad Prism soft-
ware v5 (GraphPad Software Inc, La Jolla, CA, USA). Normally
distributed values are presented as the mean (+/- standard devia-
tion), non-normally distributed values are presented as median
(+/- interquartile range). Further details of the statistical analysis
are presented in the Online Supplementary Materials and Methods.

Results

Normal and neoplastic follicles contain similar
numbers of T,

CD47T cells were predominantly located in the inter-
follicular areas of reactive and FL LN but discrete popula-
tions were also present within the GC and malignant fol-
licles. We investigated the phenotype of these by staining
for CD4, PD-1 and ICOS simultaneously. Within GC of
reactive LN 33.05% (24.7-43.7) of CD4* T cells co-
expressed PD-1 and ICOS (T phenotype) and these were
distributed predominantly in the light zones (Figure 1A).
In FL, 25.0% (18.5-28.7) of follicular CD4* T cells
expressed both PD-1 and ICOS and were located at the
follicular border or diffusely distributed within the folli-
cles (Figure 1B). The proportion of CD4* cells co-express-
ing PD-1 and ICOS was not significantly different
between FL follicles and GC (Figure 1C). CD4*PD-
1P ICOSP™ cells were tightly restricted to the GC of reac-
tive LN and FL follicles with only 0.34% (0.26-1.13) and
3.63% (1.89-6.15) of non-GC or interfollicular FL. CD4>*
cells co-expressing PD-1 and ICOS respectively.

In FL, although 46.9% (34.7-51.9) of follicular CD4?>
cells expressed PD-1, only about 50% of these co-
expressed ICOS indicating that there are at least two dis-
tinct populations of CD4P*PD-17* cells within FL follicles,
highlighting the importance of using all three parameters
for identification of Tw. There was no difference in the
proportion of CD4"* cells that co-expressed PD-1 and
ICOS by histological grade in FL (Online Supplementary
Figure S8), however, as the number and size of neoplastic
follicles increase with histological grade, so must the
absolute number of T

To investigate differences in T cells located in the folli-
cles and interfollicular areas of FL, the intensity of CD4
and PD-1 expression were measured. CD4 expression was



30.7% lower in follicular CD4** T cells than in their inter-
follicular counterparts suggesting that these represent a
distinct population of T cells (Online Supplementary Figure
S2). Whilst CD47PD-1posICOS™ cells were restricted to
the follicles, CD4"* PD-17*ICOS™ cells were present in

C

60

%CD4+ T cells co-expressing PD1 and ICOS

FL n=113 images, n=25 samples
P=NS reactive LN n=39 images, n=8 samples
A

v

Follicular helper T cells in FL

the interfollicular area where 9.3% (5.1-26.4) of CD4>*
cells expressed PD-1. The intensity of PD-1 expression
was significantly higher in follicular PD-17 T cells than
interfollicular PD-17*T cells (Online Supplementary Figure
S2) consistent with them being T . Additional co-stain-

Figure 1. Distribution of CD4" PD-
17 |COS** cells in normal germinal
centers and follicular lymphoma.
(A1) Low power view of germinal
centers (GC) in a reactive lymph
node (LN) showing CD4"* (red) T-
cells mainly outside the GC. A popu-
lation of cells within the GC co-
express PD-1 (white) and ICOS
(green). (A2) The area highlighted by
the white rectangle has been
enlarged showing the distribution of
CD4/PD1/1COSP cells in a normal
GC where they are mainly polarized
to the light zone (A3) Intersecting
binary layer of image (A1) showing
CD4/PD-1/1C0OS™ cells (magenta) in
GC. DAPI staining (blue) highlights
cell nuclei. (A4) High power view of
the intersecting CD4/PD-1/I1COS™*
binary layer. (B1) Representative
image of follicular lymphoma (FL)
lymph node (LN) showing CD4r
(red) T cells mainly outside the folli-
cles but a population within the folli-
cles co-express PD-1 (white) and
ICOS (green). (B2) Same image as
(B1) showing only DAPI (blue) and
the intersecting binary layer of
CD4/PD-1/ICOS™ cells (magenta)
which are restricted to the follicles
where they are located predomi-
nantly in a peri-follicular pattern.
Scale bars represent 100 um. (C)
There was no significant difference
in the proportion of CD4pos cells co-
expressing PD-1 and ICOS in normal
and neoplastic follicles. There was a
small but significant increase in
CD4/PD-1/I1COS™ cells in the inter-
follicular compartment of FL com-
pared to the same area zone of
reactive LN. Horizontal lines repre-
sent median, boxes represent
interquartile range, ‘whiskers’ repre-
sent range. (D) Representative,
magnified image showing BLC6
expression in T cells in neoplastic
follicles. Four CD3** (blue) cells are
shown, three are positive for the
transcription factor BCL6 (red) and
these are also PD-1** (white) and
ICOSpos (green), indicated with
white arrows. One CD3** cell is neg-
ative for BCL6 (green arrow), and
this cell does not express PD-1 or
ICOS. Overall 89.6% (88.3-91.8) of
CD3*PD1rICOSP cells express
BCL6.
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ing experiments demonstrated that these cells had a com-
posite CD3"*, CD8"¢, PD-17* ICOS"*, BCL6”, CXCR5,
TBET™¢ phenotype further confirming their identity as Ty
(Figure 1D and Ounline Supplementary Figure S2C). Although
CXCRS has frequently been used to identify T by flow
cytometry, we found that it was unhelpful in identifying
this cellular subset by microscopy since most T cells pres-
ent within these structures were CXCR5 and it therefore
did not help to distinguish them from other GC/follicular-
ly located cells (Online Supplementary Figure S2C). It was
not possible to use CD4 in these experiments as the anti-
body is the same species as the BCL6. No BCL6™ cells

- W. Townsend et al.

were found to be CD8" therefore the substitution for
CD3 was acceptable (Online Supplementary Figure S2D).
The intensity of BCL6 staining in T was lower than that
observed in FL B-cells but higher than in other T cells
(Online  Supplementary Figure S2B). Although 25.0%
(6.028.0) of ICOS™ T cells and 4.0% (1.0-8.0) of PD-17*T
cells within FL follicles were FOXP3**, only a minority of
dual PD-1?*ICOSP* T cells expressed FOXP3, (Online
Supplementary Figure S3). In comparison to FL, very few
FOXP3P*T cells were identified within the GC of reactive
LN where they were exclusively located outside the GC
(Online Supplementary Figure S3B).

white=PDT;

WhiteZPD1,

white=PD1,

white=PD1,

C
GC Ki67pos B-cells Ki67nec B-cells Total
In contact with Trx 125 67 192
Not in contact with Trx 49 72 121
Total 174 139 313

Fisher’s exact test, P<0.0001

Figure 2. Close physical association between Ki6 7B cells and follicular helper T cells in normal germinal center light zones. (A1) Representative low power image
showing polarization of Ki67** cells to the dark zones of normal germinal centers. Ki67 (red), PD-1 (white), ICOS (green), DAPI (blue). Scale bar represents 100 um.
The area highlighted by the white rectangle is shown in high power in (A2). (A3) The close association between Ki67* FL cells (red) and PD-1" cells (white) is shown
in the light zone of another follicle whereas in the dark zone there is less interaction between Ki67* cells and PD-1"T cells. The scale bar represents
25 um. (B1) Using a different four-color panel, the Ki67™= cells (blue) were confirmed as CD20>* B cells (red) and the PD-1" cells (white) were confirmed as CD3>*
T cells (green). The scale bar represents 100 um and the area highlighted by the white rectangle has been magnified in (B2). Images representative of n=13 images
from n=4 reactive lymph node (LN) samples. (C) Contingency table showing that Ki67* B cells are significantly more likely to be in contact with follicular helper
T cells (Tr,) than Ki67™ B cells in normal germinal center (GC) light zones, as quantified by manual visual assessment. For all samples analyzed together (n=>5,
Fisher’s exact test P<0.0001).
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These findings confirm that the majority of GC or follic-
ular CD4P* cells that strongly express PD-1 and ICOS are
Tw and constitute the same proportion of CD4" cells in
normal and neoplastic follicles.

T.. co-localize with proliferating B cells

Next, we investigated if there is a spatial relationship
between proliferating B cells and Ty in reactive and neo-
plastic follicles. An ideal panel of CD20, Ki67, CD4, PD-1
and ICOS was not possible for technical reasons.
However, co-staining for CD20, Ki67, and CD3 (Online
Supplementary Figure S4) showed that in both normal GC

A

Follicular helper T cells in FL -

and neoplastic follicles the majority of Ki67"* cells are
CD20r B cells. Also, as most PD-1" cells were ICOS"™, it
enabled Ty to be identified using just two parameters;
CD4 and high PD1 expression.

In normal GC a close spatial correlation between Ki67"*
cells and CD4*PD-1" cells was evident in the light zone
of all cases (Figure 2A). Automated image analysis
showed that 63.1% +15.9 of Ki67"* cells in the light zones
were in direct contact with CD4PD-1" cells, further-
more, the high density of Te in this compartment meant
that the majority of Ki67* B cells were in close proximity
to =1 Ty The majority of these PD-1" cells were also

Figure 3. Ki67** cells are in close prox-

imity to follicular helper T cells (T;,) in

follicular lymphoma lymph nodes. (A1)
Representative image of a neoplastic
follicle showing Ki67° cells (green) in
close proximity to CD4** (red), PD-1"
(white) T cells. The scale bar represents
25 um. (A2) Binary image of (A1), the
binary layers of Ki67 (green) and the
CD4-PD-1" intersection (magenta) are
shown highlighting the close associa-
tion of Ki67°* cells to PD-1"T cells. (B1)
Representative image demonstrating
that the majority of the PD-1" cells in
contact with Ki67pos cells (red) are
also positive for ICOS (green). (B2) This
is highlighted in the binary layer 3D

white=PD1,

white=PD1,

reconstruction of the same image, PD-
1/ICOS™ (magenta) and Ki67 (green).
Images representative of n=100
images from n=23 follicular lymphoma
(FL) samples (4A), n=43 images from
n=13 samples (4B). (C1) Ki67=blue,
CD20=red, PD-1=white, CD3=green.
Low power image (x10) showing Ki67>*
and Ki67™¢ CD20"* B-cell co-localisa-
tion with PD1" CD3** T cells in FL.
Within the follicles there are areas of
low proliferation (low Ki67=blue) where
there are few PD1" (white) CD3**T cells
(green) - area highlighted by yellow oval,
whereas in areas where there is high
Ki67, there are more PD1", CD3pos T
cells (area highlighted by white circle)
and they are frequently in contact with
Ki67pos CD20pos FL B cells. Scale bar
represents 100 um. (C2) High power
image (x60) in which the close correla-
tion of Ki67pos (blue) B cells with PD1"
(white) CD3"* (green) cells can be seen,
whilst the CD20* (red), Ki67™= cells are
less frequently in contact with follicular
helper T cells (TF,). Scale bar repre-

%>595, P<0.0001

FL follicles Ki67pos B-cells Ki67nec B-cells Total sents 50 um. (C3) contingency tables
In contact with TrH 877 552 1429 showing that Ki67pos B cells are signif-
Not in contact with Tex 604 2045 2649 icantly more likely to be in contact with

TF, than Ki67™ B-cells in FL (for all
Total 1481 2597 4078 samples analyzed together [n=25

images from n=7 follicular lymphoma
specimens] x? 595, P<0.0001).
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[ICOS™ with 53.9% +14.2 of Ki67"* cells in contact with
PD-17ICOS™* cells. In GC light zones, Ki677B cells were
significantly more likely than Ki67neg B cells to be in con-
tact with T in all cases studied (P<0.005 in each GC
examined) (Figure 2C).

In the highly proliferative dark zones, there were few
Te and a very high number of Ki67" B cells. The closely
packed Ki677* B cells could not be separated by automated
image analysis and therefore accurate calculation of the
proportion of Ki67"* cells in contact with T could not be
performed in the dark zones. It is clear from visual inspec-

tion, however, that the degree of spatial correlation
between these cells is much lower in the dark zones than
in the light zones (Figure 2B).

A close spatial relationship between Ki67* B cells and
CD4PD-1"T cells was also found in FL and, in contrast
to normal GC, all areas with high Ki67 also had increased
numbers of Tw cells. In FL 41.0% =+ 13.6 of
CD207*Ki677 cells were found to be in direct contact
with CD4P*PD-1" cells, although the level of co-localiza-
tion was significantly lower than in GC (P=0.003), there
was a high level of co-localization in both settings
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Figure 4. Association between Ki67 and number of follicular helper T cells in follicular ymphoma. (A) The area of the Ki67 binary layer correlates closely with the
number of Ki67> cells automatically counted (left) and the area of the Ki67 binary layer is significantly higher in grade llla or lllb disease than in grade I-ll disease
(right), n=99 images from n=23 samples. (B) The number of Ki67>* cells correlates closely with the number of PD1><ICOS** cells (left) and there are significantly
more follicular helper T cells (T:,) (as represented by increased area of PD1/ICOS intersection) in grade llla and llIb disease than in grade I-ll disease (right), n=42
images from n=13 samples. (C) The degree of T;, - Ki67 interaction is weakly associated with the number of Ki67>* cells (left), and the proportion of Ki67°**cells in
contact with T, does not differ significantly according to histological grade disease (right) (n=42 images from n=13 samples).
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(Figure 3A). High power images and 3D Z-stack recon-
structions revealed that there was very close contact
between these cells, and Ki67"* cells were frequently
observed to be in contact with more than one CD4**PD-
1% cell simultaneously. Staining for Ki67, PD-1, and ICOS
revealed that 84.7% + 11.1 of the PD-1"CD4"* cells in

A

contact with Ki67P cells were also ICOS™ and therefore

likely to be Tuy (Figure 3B).

Ki677CD20 FL B cells were significantly more likely
than Ki67*¢CD20P* FL B cells to be in direct contact with
Tu in each case examined, (P<0.0001 for each specimen)

(Figure 3C).
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Figure 5. Close contact between Ki67"* cells and follicular helper T cells in follicular ymphoma: evidence for immune synapse formation. (A1) A Ki67" cell (red)
is seen to be in contact with 4 PD-1* (white) ICOS" (green) cells simultaneously. The PD-1"<ICOS**cells are closely associated with the Ki67** cell. (A2) Binary layer
image of A1, the binary layers of Ki67 (red) and PD-1/ICOS intersection (magenta) are shown highlighting the close spatial association. Scale bars represent 10 um.
(B1) The follicular helper T cells ( Tx,) form projections encompassing the Ki67"= cells. Scale bar represents 10 um. The perimeter of the T, has been highlighted by
the red dotted line and the intensity of CD4, PD-1 and ICOS have been measured around this line. CD4, PD1 and ICOS are more concentrated at the pole in contact
with the Ki67"* cell as seen in the representative graph of intensity of expression around the dotted line, the area of cell contact is highlighted in the shaded area
(B2). (B3) CD4, PD1, and ICOS all have significantly higher intensity of expression at the sites of cell contact than at the opposite pole, paired t-tests, n=61 cell con-
tacts, from highly magnified images in nine follicular lymphoma specimens stained with CD4/PD-1/Ki67, or PD-1/ICOS/Ki67. AUC: area under the curve.
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Relationship between Ki67, T, cells and histological

The area of the Ki67 binary layer and the corresponding
number of Ki677 cells counted by automated analysis
increased with histological grade (Figure 4A). The area of
the PD-17*ICOS"*intersection was closely correlated with
the number of Ki67"* cells and histological grade demon-
strating that, in higher grade cases with a higher prolifera-
tion rate, the absolute number of Ty, is increased (Figure
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4B). The degree of colocalization between Ki67*
B-cells and Ty was, however, similar across all histologi-
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cal grades. Thus, in cases with low Ki67 there were few
Te and in cases with high Ki67 there were more T, but
the extent of co-localization remained relatively constant
(Figure 4C). There was also a correlation between the
number of Ki67pos cells and the number of Ty in normal
GC (r=0.55, P=0.019, n=17 GC from n=4 samples; Online
Supplementary Figure S7).

Figure 6. Evidence of T-cell receptor repertoire
restriction in follicular lymphoma. (A) The clon-
ality of the T-cell receptors (TCR) in intrafollicular
areas was higher than in the interfollicular com-
partment in all cases examined, horizontal bars
represent mean of all samples, median clonality
0.062 versus 0.049 respectively, Mann Whitney,
P=0.0317. (B) Summary of TCR repertoire data
showing the proportion of the total population
accounted for by high frequency clones in the fol-
licular and interfollicular regions of follicular lym-
phoma lymph nodes. In each case, the more fre-
quent clones predominate in the follicular
regions compared to the interfollicular areas. (C)
The level of overlap of clonotypes between follic-
ular and interfollicular compartments for all
clones in paired samples (all clones) and for the
100 most frequent clones (top 100 clones).
Horizontal bars represent the mean overlap
(0.125 for all clones and 0.22 for top 100
clones)




Proliferating cells in contact with T;, express AID

Since Ty have been implicated in initiating SHM and
CSR through induction of AID in GC,”* we investigated if
there was a spatial relationship between TF,; and AID™*
cells. AID was restricted to Ki677 cells in FL, 63% +8.8 of
which were AID™ and 39.8% +9.7 of AID™Ki677 cells
were in direct contact with PD-1Hi cells. As we had estab-
lished that most PD-1" cells in contact with Ki67pos cells
were ICOSP*, we can predict that the majority of PD-1"
cells in contact with AID*Ki67* cells were Tw (Online
Supplementary Figure S5). AID was similarly restricted to
Ki67> cells of GC where close association with PD-1"
cells was evident in the light zones (Online Supplementary
Figure S5C).

PD-L1

PD-L1 has previously been reported to be absent from
the surface of FL B-cells® and we found no evidence that
PD-L1 was strongly expressed on the Ki67"* cells in con-
tact with PD-1" cells. Instead, PD-L1 was expressed main-
ly on interfollicular CD23™# cells (Online Supplementary
Figure S6). The identity of these cells was not further
investigated in this study.

Features of synapse formation

The close spatial relationship between Ki67?*FL B cells
and Tw was further investigated in high power images
where morphological features indicating the formation of
immunological synapses were identified. Features included:
Tw cell membrane projections encompassing the Ki67
cells, overlapping of the B- and T-cell membranes, distor-
tion of T-cell nuclei away from points of cell contact and
significantly increased intensity of CD4, PD-1, and ICOS
expression at points of cell contact (Figure 5).¥ The intensity
of expression of CD4, PD-1, and ICOS at points where Ty
were in contact with Ki67?* cells was formally quantified
by defining the perimeter of the T-cell membrane and
measuring the intensity of fluorescence at each pixel around
the perimeter. The area under the curve for intensity at the
point of cell contact was compared with an equivalent
length of cell membrane at the opposite pole (Figure 5B).
Similar features indicating synapse formation were identi-
fied in GC light zones but the high number of closely-
packed Ki67> cells and T in GC precluded the same ana-
lytic method being used because Ty in GC were usually in
contact with more than one Ki67" cell simultaneously.

TCR repertoire within follicles shows evidence of
antigen restriction

In view of the close spatial relationship observed
between T cells and proliferating tumor cells, we investi-
gated whether T cells within the follicles show evidence
of antigen restriction by performing TCRV next genera-
tion sequencing of genomic DNA from laser dissected fol-
licular and interfollicular areas from five FL samples. The
degree of restriction of the TCRV repertoires in FL neo-
plastic follicles and interfollicular areas was assessed in
several ways. First, we estimated the richness of the reper-
toire in each compartment by determining the number of
different clones present per ng of input DNA which, since
we were analysing genomic DNA, was proportionate to
the total cell number. The interfollicular areas contained
more T-cell clones per ng of input DNA than the intrafol-
licular regions, however, this did not quite reach statistical
significance (P=0.06, Online Supplementary Table S4). We
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also calculated the clonality index® (see the Omnline
Supplementary Matetials and Methods for further details). In
each of the five cases examined, the clonality of the follic-
ular T cells was greater than in the interfollicular areas
(P=0.0317, Figure 6A). We also calculated the proportion
of the TCR repertoire in each compartment that was
accounted for by high frequency clones.” Compared to
the interfollicular areas, the follicular regions were domi-
nated by high frequency clones (Figure 6B). For example,
the top 50 most frequent clones made up a mean of 19%
of all clones in the follicular areas (95% CI: 17-21) com-
pared to 9.8% in the interfollicular region (95% CI: 6.1-
13.4) P=0.0002, n=>.

As expected from their different phenotypes, the clones
present in the follicular and interfollicular areas of the
same sample were markedly different, indicating that the
TCR repertoires of the follicular and interfollicular areas
are distinct (Figure 6C).

Discussion

In this study we compared the structure of neoplastic fol-
licles in FL with GC in reactive LN, focusing on Tu, their
relationship with proliferating B cells and TCR repertoire.
Although Tw; have previously been reported to be present
in the FL microenvironment,”? these studies were per-
formed on disaggregated LN and this is the first time that
their spatial organization has been investigated in situ in
this way. Using multi-parameter immunofluorescent confo-
cal microscopy, we demonstrated that T — as identified by
surface expression of CD4, PD1, and ICOS - constitute a
similar proportion of CD4** T cells in FL as in reactive LN
and form synapses with proliferating Ki677* tumor cells
which express the DNA modifying enzyme AID. The num-
ber of T in neoplastic follicles correlates with the level of
tumor proliferation and histological grade, and there is evi-
dence for antigen restriction, as supported by the more
clonal TCR repertoire found within neoplastic follicles
compared to interfollicular areas.

These findings are novel and of significance for a number
of reasons. First, in contrast to previous work on disaggre-
gated FL LN, which showed an increase in the total number
of Tw,*** we found that FL follicles contain Tg; in similar
proportions to normal reactive GC. This discrepancy likely
relates to the fact that in FL, LN architecture is usually
effaced by many closely packed follicles, whereas in normal
tissues the interfollicular areas, which contain many fewer
T, are more extensive. Thus, although the overall Ty con-
tent of FL LN is increased compared to normal,® this is
because of the larger number of follicles in the tumor and
when neoplastic and normal follicles are compared directly,
the numbers are the same. This finding underlines the need
to complement data obtained from disaggregated tissues
with anatomic studies.

Our use of multiparameter microscopy permitted the
spatial relationship between Tu and B cells to be closely
investigated and this also provided new insights. T are
essential for providing normal GC B cells with signals nec-
essary for their survival, proliferation and maturation.”* To
our knowledge, this is the first time that the intimate rela-
tionship between Ki67"*B cells and Ty has been demon-
strated in situ in human LN in this way and our observa-
tions are in keeping with the pivotal role they play in the
normal GC reaction. Importantly, we also found that the
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close spatial association of Ki67* B cells and T, is recapit-
ulated in FL, as 41% of Ki677*FL B cells were in direct con-
tact with Tw and were significantly more likely to be in
direct contact with T than non-proliferating cells. The
observed close spatial correlation between the two cell
types is thus not due to chance and suggests that Ty are
involved in functionally important interactions with the
tumor. This corroborates and advances findings from previ-
ous in vitro experiments which showed that FL Ty, provide
signals for B-cell survival.*”

We also found a correlation between the numbers of Ty
and Ki67* B cells in both normal GC and neoplastic folli-
cles and that, in FL, the number of Ty increase with histo-
logical grade. The relationship between number of Ty, and
rate of B-cell proliferation observed in our study has not
been reported previously in FL but is consistent with previ-
ous data showing that the regulation of GC size and B-cell
number is critically dependent on the number of Ty.”"*
This adds to the evidence that Ty are central to the patho-
genesis of FL, just as they are essential in the normal GC
reaction. Furthermore, the degree of co-localization (the
proportion of Ki67** B cells in contact with one or more Ti)
remained constant as histological grade increased, with no
significant change in the proportion of Ki67pos cells in con-
tact with T in grade IIla or I1Ib disease compared to grade
I-II disease, suggesting that interaction with Ty remains
important regardless of histological grade.

Our studies also underline the crucial importance of using
a multi-parameter approach to define and quantify the com-
plex T-cell subsets present in the FL microenvironment. No
single antigen or transcription factor specifically identifies
T and this is the first study reporting the presence of T in
FL in situ using techniques that overcome the limitations of
traditional IHC. By using co-staining for ICOS and BCL6 we
were able to show that only half of the PD1 expressing cells
neoplastic follicles are Ty. Single parameter analysis of PD1
would therefore lead to significant overestimate of T num-
bers perhaps explaining, at least in part, why previous IHC
studies have yielded divergent results with regards to the
impact of different T-cell infiltrates on prognosis.'”***°

Previous in vitro studies have shown that peripheral blood
T cells in FL are dysfunctional and form impaired synapses
with B cells.* In the present study, however, we found
features that suggest normal synapse formation between
Ki677* tumor cells and T within the LN.* This divergence
from previous research may be because we examined the
interactions between T and Ki67pos cells in situ in human
tissue rather than in an ex vivo system using peripheral
blood derived cells. It also remains possible that there are
other subsets of non Ty cells in the FL microenvironment
that are dysfunctional and have an impaired ability to form
immunological synapses.

In addition to promoting GC B-cell proliferation, interac-
tion with Ta cells also induces AID expression which
induces somatic hypermutation and class switch recombi-
nation. Off-target action of AID has previously been pro-
posed to lead to the accumulation of mutations required for
germinal center-derived lymphomas to develop or progress
and has been associated with transformation of FL.** The
close spatial association between Ty and AIDPKi677* FL B
cells observed in the present study is compatible with this
theory.

Finally, next generation sequencing analysis of the TCR
repertoire of follicular and interfollicular areas of FL LN
showed that the neoplastic follicles are significantly more
clonal and dominated by high frequency clones compared
to the interfollicular regions. As expected from their
divergent phenotype, very little repertoire overlap
between the two compartments was present. PCR-based
analyses of TCR repertoire on small samples are known
to suffer from a number of potential limitations including
sampling effects and errors introduced during the ampli-
fication process, which may lead to apparent skewing.*
Whilst we cannot completely exclude these possibilities,
we minimized the risk by direct, intra-patient compari-
son in the same assay run, and, of note, our findings were
consistent in all five cases studied. Another possibility is
that the demonstrated differences in TCR repertoire
relate to the greater number of T cells found in the inter-
follicular regions compared to the follicles. Whilst T-cell
numbers undoubtedly do differ between these two areas,
significant difference in the clonality index, which takes
into account the number of unique clones present, were
observed (Figure 6A). Furthermore, the repertoire of the
intrafollicular area was strikingly dominated by high fre-
quency clones; for example, the top 50 clones accounted
for a mean of 19% (CI: 17-21%) of all clones present,
compared to 9.7%(CI: 6.1-13.4%) in the interfollicular
areas (P=0.0002).

Taken together, these findings suggest that the interac-
tions between B cells and activated Tr; that induce B-cell
proliferation and differentiation and lead to the generation
of high affinity antibody in normal GC may be recapitulat-
ed within the follicles of FL.**' Since Tw may be involved in
processes fundamental to disease progression, such as clon-
al expansion and genomic evolution of the tumor, our
results suggest that they would be an attractive target for
novel therapies. This is especially relevant in the era of
drugs that target antigen receptor signaling such as PI3-
kinase inhibitors, which affect both B- and T-cell receptor
pathways. Our results are also relevant to understanding
the mechanism of action of drugs that target
PD-1 expressing cells, which have been shown to be effec-
tive in FL and other lymphomas.**' It is clear that whilst
some of the PD-1 expressing cells in the FL LN are indeed
T, many are not and these may represent exhausted effec-
tor cells. Blockade of PD-1 in the latter case may unmask
antitumor immunity and lead to disease regression. The
impact of interrupting PD-1 function in Tu is, however, less
clear as the role of the PD-1 axis in T function is not fully
established. These findings add another level of complexity
to our understanding of the FL tumor microenvironment
and underline the necessity of using multi-dimensional
methods in future studies.
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ABSTRACT

n recent years, the outcome of mantle cell lymphoma (MCL) has

improved, especially in younger patients, receiving cytarabine-contain-

ing chemoimmunotherapy and autologous stem cell transplantation.
Nevertheless, a proportion of MCL patients still experience early failure. To
identify biomarkers anticipating failure of intensive chemotherapy in MCL,
we performed target resequencing and DNA profiling of purified tumor
samples collected from patients enrolled in the prospective FIL-MCL0208
phase 3 trial (high-dose chemoimmunotherapy followed by autologous
transplantation and randomized lenalidomide maintenance). Mutations of
KMT2D and disruption of TP53 by deletion or mutation associated with an
increased risk of progression and death, both in univariate and multivariate
analysis. By adding KM T2D mutations and TP53 disruption to the MIPI-c
backbone, we derived a new prognostic index, the “MIPI-genetic” (“MIPI-
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g”). The “MIPI-g” improved the model discrimination ability compared to the MIPI-c alone, defining three risk
groups: i) low-risk patients (4-year progression free survival and overall survival of 72.0% and 94.5%); ii) inter-
mediate-risk patients (4-year progression free survival and overall survival of 42.2% and 65.8%) and iii) high-
risk patients (4-year progression free survival and overall survival of 11.5% and 44.9%). Our results: i) confirm
that TP53 disruption identifies a high-risk population characterized by poor sensitivity to conventional or
intensified chemotherapy; ii) provide the pivotal evidence that patients harboring KA T2D mutations share
the same poor outcome as patients harboring 7P53 disruption; and iii) allow to develop a tool for the identi-
fication of high-risk MCL patients for whom novel therapeutic strategies need to be investigated. (Trial regis-

tered at clinicaltrials.gov identifier: NCT02354313).

Introduction

The introduction of high dose cytarabine-containing
chemoimmunotherapeutic regimens and autologous
transplantation (ASCT) have considerably improved the
outcome of young fit mantle cell lymphoma (MCL)
patients. Nonetheless, approximately 20-25% of MCL
patients demonstrate inadequate efficacy of intensified
chemoimmunotherapy as they are either primary refrac-
tory or relapse within 2 years from ASCT."

Clinical and pathological scores, including the MCL
international prognostic index (MIPI),° the Ki-67 prolifera-
tive index,” and their combination in the MIPI-c score,
stratify MCL patients in groups at different risk of relapse.’
However, none of these tools has sufficient positive pre-
dictive value to trigger the development of tailored sched-
ules specifically designed for high risk patients.’

Several recurrent mutations have been described in
MCL, affecting DNA repair genes and cell cycle regulators
(TP53, ATM, CCND1), epigenetic regulation genes
(KMT2D, WHSC1) and cell-signaling pathways genes
(NOTCH1-2, BIRC3, TRAF2)."" The proof of principle
that MCL genetics can impact on disease outcome stems
from studies that have focused on the TP53 tumor sup-
pressor gene, including both mutations and 17p dele-
tions."*"

We prospectively assessed the clinical impact of a panel
of genomic alterations in a cohort of young MCL patients
treated with high dose chemoimmunotherapy and ASCT
from the Fondazione Italiana Linfomi (FIL) MCL0208
phase 3 trial.”® The results document that KAMT2D muta-
tions associate with poor outcome in MCL and, along
with TP53 mutations and 17p deletions, might be integrat-
ed in a new prognostic score to segregate a subgroup of
patients who obtain minimal or no benefit from intensive
chemoimmunotherapy. The prognostic score was validat-
ed in an independent series of cases.

Methods

Patients series

The FIL-MCL0208 (NCT02354313) is a phase 3, multicenter,
open-label, randomized, controlled study, designed to determine
the efficacy of lenalidomide as maintenance versus observation in
young (18-65 years old), fit, advanced stage (Ann arbor II-IV) MCL
patients after first line intensified and high-dose chemo-
immunotherapy followed by ASCT. Cases of non-nodal MCL
were excluded.” The clinical trial, as well as the ancillary muta-
tional study, were approved by the Ethical Committees of all the
enrolling Centers. All patients provided written informed consent
for the use of their biological samples for research purposes, in

accordance with Institutional Review Boards requirements and
the Helsinki's declaration. Clinical results of the fist interim analy-
sis of the trial were already presented.”® Further information are

supplied in the Online Supplementary Matetials and Methods.

Biological samples

Tumor cells were sorted from the baseline bone marrow (BM)
samples by immunomagnetic beads (CD19 MicroBeads,human-
Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) and
stocked as dry pellets.

Tumor DNA was extracted according to DNAzol protocol (Life
Technologies). Germline DNA was obtained from peripheral
blood (PB) mononuclear cells collected under treatment and
proven to be tumor free by minimal residual disease (MRD) analy-
sis. Further information are supplied in the Online Supplementary
Materials and Methods.

Next generation sequencing (NGS)

A targeted resequencing panel (target region: 37’821 bp) (Online
Supplementary Table S1) including the coding exons and splice sites
of seven genes (ATA, TP53, CCND1, WHSC1, KMT2D, NOTCH1
exon 34, BIRC3) that are recurrently mutated in =5% of MCL
tumors was specifically designed."””” We also included in the panel
TRAF2® and CXCR4.** NGS libraries preparation was performed
using TruSeq Custom Amplicon sequencing assay according to
manufacturer’s protocol (Illumina, Inc., San Diego, CA, USA).
Multiplexed libraries (n=48 per run) were sequenced using 300-bp
paired-end runs on an Illumina MiSeq sequencer, (median depth of
coverage 2,356x). A robust and previously validated bioinformatics
pipeline was used for variant calling (Online Supplementary Materials
and Methods). Copy number variation analysis methods™” are sup-
plied in the Online Supplementary Materials and Methods.

MRD analysis

For MRD purposes, MCL diagnostic BM and PB samples were
investigated for immunoglobulin heavy chain (IGH) gene
rearrangements and BCL1/IGH MTC by qualitative PCR.**** Both
BM and PB samples were analyzed for MRD at specific time
points during and after treatment. Further information are sup-
plied in the Online Supplementary Matetials and Methods.

Statistical analysis

The primary outcome of the clinical study was progression-free
survival (PES) and secondary outcomes included overall survival
(0S).” The adjusted effects of mutations and exposure variables
(MIPI-c and blastoid variant) on PES and OS were estimated by Cox
regression. To compare clinical baseline features between patients
enrolled in the molecular study and patients not included in the
analysis, we used Mann-Whitney test for continuous variables and
Pearson’s 7’ test for categorical variables. Statistical analyses were
performed using Stata 13.0 and R 3.4.1. Further information are sup-
plied in the Online Supplementary Materials and Methods.
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Validation set

The Nordic Lymphoma Group MCL2 and MCL3, phase 2,
prospective trials” were used for independent validation of our
findings. In particular, the raw sequencing data of the study by
Eskelund et al. were reanalyzed according to our bioinformatics
pipeline (detailed before), to get a uniform mutation calling.

Results

Patients characteristics

Out of the 300 patients enrolled in the FIL-MCL0208
clinical trial, 186 (62%) were provided with CD19" sorted
tumor cells from the BM and were evaluable for both
mutations and copy number abnormalities. Moreover,
four more patients were provided with the copy number

abnormalities data only. Baseline features of the cases
included in the molecular study overlapped with those
cases not included in the molecular analysis because of a
lack of tumor material in the BM aspirates. As expected,
tumor cells were obtained more frequently in cases with
BM infiltration documented by morphological or flow-
cytometry analysis (Table 1). Overall, this observation did
not introduce a selection bias, since cases evaluable for
genomic studies showed a similar outcome to cases not
analyzed, both in terms of PES and OS (Ounline
Supplementary Figure S1).

Description of genomic alterations

At least one somatic non-synonymous mutation affect-
ing genes of the target region was observed in 69.8% of
patients (130 of 186) (Figure 1, Online Supplementary Figure

Table 1. Clinical and biological baseline characteristics of the patients included and not included in the molecular analysis.

Characteristics Patients analysed for Patients not analysed

mutations and/or CNV for mutations and
(n=190) CNV (n=110)

Median age 57 58 0.987

Sex 0.090
Female 47 (24.7%) 18 (16.4%)

Male 143 (75.3%) 92 (83.6%)

Ki-67 0.210
<30% 126 (71.6%) 61 (64.29%)
=30% 50 (28.4%) 34 (35.8%)

Median WBC 74500/l 75000/uL, 0.567

ECOG 0.722
0 144 (75.8%) 87 (79.2%)

1 40 (21.1%) 19 (17.3%)
2 6 (3.2%) 4 (3.6%)

Median LDH 275.5 UI/L 298 0.848

Risk class MIPI 0.562
Low 114 (60.0%) 66 (60.0%)

Intermediate 49 (25.8%) 24 (21.8%)
High 27 (14.2%) 20 (18.2%)

Risk class MIPI-c 0.685
Low 88 (50.0%) 45 (47.4%)

Low-Intermediate 49 (27.8%) 30 (31.6%)
Intermediate/High 25 (14.2%) 10 (10.5%)
High 14 (8.0%) 10 (10.5%)

BM invasion <0.001
No 26 (13.9%) 37 (33.9%)

Yes 161 (86.1%) 72 (66.1%)

Median BM invasion by flow (%) 10% 0.8% <0.0001
Histology 0.842
MCL Classic 174 (91.6%) 100 (90.9%)

MCL blastoid variant 16 (8.4%) 10 (9.1%)

Bulky mass 0.315
No 124 (65.3%) 78 (70.9%)

Yes 66 (34.7%) 32 (29.1%)

CNV: copy number variation analysis; WBC: white blood cells; ECOG: Eastern Cooperative Oncology Group; LDH: lactate dehydrogenase; MIPI: mantle cell international prognos-

tic index; MIPl-c: combined MIPI; BM: bone marrow. MCL: mantle cell lymphoma.



S2 and Ounline Supplementary Table S2). Mutated genes
were ATM (41.9%), followed by WHSC1 (15.6%),
KMT2D (12.4%), CCND1 (11.8%), TP53 (8.1%),
NOTCH1 (7.5%), BIRC3 (5.9%) and TRAF2 (1.1%).
KMT2D deletion occurred in 1.6% of patients (3 of 190)
and TP53 deletion in 13.2% patients (25 of 190). TP53 was
inactivated by mutations or deletions in 31 of 186 (16.6%)
cases, including 8 of 186 (4.3%) mutated/deleted cases, 16
of 186 (8.6%) deleted but not mutated cases, and 7 of 186
(3.7%) mutated but not deleted cases. KMT2D was inac-
tivated by mutations or deletions in 25 of 186 (13.4%)
cases, including 1 of 186 (<1%) mutated/deleted case, 2 of
186 (<1%) deleted but non mutated cases, and 22 of 186
(11.8%) mutated but not deleted cases.

KMT2D mutations and TP53 disruption associate with
poor outcome in MCL

By univariate analysis, mutations of KMT2D were asso-
ciated with poor clinical outcome in terms of both PFS and
OS. At 4 years, the PFS of KMT2D mutated patients was
33.2% versus 63.7% (P<0.001) in wild-type (WT) cases
(Figure 2A). The OS of KMT2D mutated patients was
62.3% versus 86.8% (P=0.002) in WT patients (Figure 2B).
Consistent with previous reports, both 7P53 mutations
and deletion associated with shorter PES and OS at 4 years
(Figure 2C-D and Figure 3). In detail, the negative prognos-
tic impact for TP53 disruption was equal for all the three
inactivation modalities, which were then considered as a
single group for further analyses (Online Supplementary
Figure S3). No further survival analysis was performed on
KMT2D deletions, given the low frequency of this genetic
lesion. All the other investigated mutations did not show
a strong association with PES or OS (Online Supplementary
Figure S4-6 and Online Supplementary Table S3).

Patients harboring TP53 disruption were significantly
enriched in known high-risk features of MCL. Indeed,
48.3% of the TP53 disrupted patients had Ki-67 230%,
37.9% scored in the higher MIPI-c risk classes (i.e. “inter-
mediate-high” and “high”), and 22.6% showed blastoid

14
12

morphology. Conversely, 45.5% of cases harboring
KMT2D mutations scored in the higher MIPI-c risk classes
but did not associate with Ki-67 expression or blastoid
morphology (Online Supplementary Table S4). Moreover,
KMT2D mutated patients showed slightly higher beta-2
microglobulin (B2M) median values, as well as higher
prevalence of B symptoms and bulky disease (>5 cm) than
WT patients (all P<0.05). Interestingly, also TP53 disrupt-
ed patients showed slightly higher B2M median values
(P<0.05) than WT patients (Online Supplementary Table S4)
and were associated with a high rate of disease progres-
sion during treatment (9 of 31 patients, 29%). Moreover,
TP53 disrupted patients reached lower levels of MRD neg-
ativity after ASCT, if compared with WT ones: 35% versus
58% in BM (P=0.06) and 58% versus 80% in PB (P=0.04),
respectively. Similar trends were seen for KMT2D mutat-
ed patients (46% vs. 55% in BM and 58% vs. 79%), albeit
not statistically significant (Online Supplementary Table S5).
Analogous to the Nordic Lymphoma Group MCL2 and
MCL3 trials,” also in our study morphological BM
involvement was significantly associated with the pres-
ence of mutations in any of the genes analysed (P<0.05).
However, both TP53 disruptions and KAMT2D mutations
were equally distributed in patients with and without BM
involvement (P=0.26 and P=0.32, respectively).

By multivariate analysis adjusted for the validated risk
factors MIPI-c and blastoid variant, both KAMT2D muta-
tions and TP53 disruptions maintained an independent
increased hazard of progression and death (Table 2 and
Ounline Supplementary Table S6). Patients carrying at least
one of these genetic lesions, namely KA T2D mutations,
TP53 mutations or deletion (n=49/186, 26.3%), had a 4-
year PFS of 32.0% versus 69.9% of WT patients (P<0.0001)
and a 4-year OS of 65.1% versus 90.3% (P<0.0001), respec-
tively (Figure 4).

Integration of a genetic score into the MIPI-c: the
“MIPI-g” model
In order to integrate the clinical impact of KMT2D

Mutation available= 186
Deletion available= 190

N of mutations

8 @ mi [ ] infi indel @Bfr hift  @splice site
6
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CCND1 h Il - N=22 (11.8%)
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Figure 1. Overview on prevalence and molecular spectrum of non-synonymous somatic mutations discovered in patients’ tumor DNA. Heatmap representing the
mutational profiles of 186 mantle cell lymphoma (MCL) cases, genotyped on tumor DNA (and four additional patients with copy number abnormalities data only).
Each column represents one patient, each row represents one gene. The fraction of patients with mutations in each gene is plotted on the right. The number of aber-

rations in a given patient is plotted above the heatmap.
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mutations and 7P53 disruptions into the MIPI-c prognos-
tic index (complete data available for 172 patients), we
assigned a score to each of the single variables, based on
the multivariate Cox regression analysis. MIPI-c low, low-
intermediate and intermediate-high risk classes scored 0
points, MIPI-c high-risk class scored 1 point, while
KMT2D mutations as well as TP53 disruption scored 2
points (Table 3). Patients were then grouped into three risk
classes, according to their total score, in the “MIPI-g”
index, namely: i) 0 points, low risk group (LR 121 patients,
70.3%); ii) 1-2 points, intermediate risk group (IR 38
patients, 22.1%); iii) =3 points, high risk group (HR 13
patients, 7.6%). PES and OS at 4-years for low-, interme-
diate-, and high-risk groups were 72.0%, 42.2%, 11.5%
(P<0.0001) and 94.5%, 65.8%, 44.9% (P<0.0001), respec-
tively (Figure 5). The MIPI-g index improved the model
discrimination ability, with a C-statistics of 0.675 for PES
(bootstrapping corrected 0.654) and 0.776 for OS (boot-
strapping corrected 0.747), as compared to MIPI-c alone
(C-statistics 0.592 and 0.7, respectively).

Validation set

Most KMT2D variants considered in the Nordic study
have been removed by our mutational calling, since these
were missense variants not reported in COSMIC. At the
end of the re-analysis, from the original 28 mutations, 21

were excluded. Two previously unrecognized frameshift
mutations have been identified by our bioinformatics
pipeline, overall accounting for a total of nine KMT2D
mutations (all disrupting, as expected for KMT2D) in the
Nordic validation series. In the Nordic validation series,
KMT2D mutated patients showed a similar increased risk
for OS, with a median OS of 12.7 years (95% confidenec
interval [CI] not evaluable) for WT versus 8.4 (95% CI: 0-
17.6) for mutated cases. The Nordic validation series also
replicated the MIPI-g score. The re-analysis of TP53 muta-
tions confirmed the original data of Eskelund ez al., with
median OS of 12.7 (95% CI not evaluable) for WT cases
and 2.0 years (95% CI: 1.2-2-8) for mutated cases.
Consistently, also the MIPI-g validation on the Nordic
series showed similar results: 4-year OS for LR (n=103), IR
(n=36) and HR (n=13) MIPI-g groups were 91.3%, 72.2%,
15.4%.

Discussion

To identify new molecular predictors in MCL, we per-
formed targeted resequencing and DNA profiling of puri-
fied tumor samples collected from young patients enrolled
in the ASCT-based prospective FIL-MCL0208 phase 3 trial
(NCT02354313). Our study documents that: i) KAMT2D
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Figure 2. Prognostic impact of KMT2D and TP53 mutations. Kaplan-Meier estimates of progression free survival and overall survival of KMT2D (A, B), and TP53 (C,
D) mutated versus wild-type (WT) patients. Cases harboring mutations (mut) in these genes are represented by the yellow line. Cases WT for these genes are repre-
sented by the blue line. The Log-rank statistics P-values are indicated adjacent curves.
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mutations are a novel, independent, adverse genetic bio-
marker in MCL, impacting both on PFS and OS (Figure
2A-B); ii) TP53 disruptions (both mutations and deletion)
prospectively confirm their adverse prognostic value in
young MCL patients receiving high-dose chemo-
immunotherapy followed by ASCT, both in terms of PES
and OS (Figures 2C-D and Figure 3); iii) identification of
either KMT2D mutations or TP53 disruption (or both)
defines a HR group of young MCL patients whose out-
come is still not satisfactory despite intensive
immunochemotherapy and ASCT (Figure 4); iv) these bio-
markers may be incorporated into a “MIPI-g” model,
accounting for three risk classes (Figure 5), that improves
the C-statistics discrimination ability on survival, if com-
pared to MIPI-c alone.

The adverse prognostic value of TP53 mutations in
MCL has been already observed in some retrospective
series,”" and has been recently confirmed in a combined
series from two, ASCT-based, phase 2 trials of the Nordic
Lymphoma Group.” TP53 deletions impacted on both PFS

and OS in the randomized, phase 3 European MCL ¢

Network “Younger” trial," while these data were not con-
firmed by multivariate analysis in the Nordic study, due to
the high association with TP53 mutations.” Our prospec-
tive study performed in a similar patient population of
young MCL patients demonstrates that the presence of
either 7P53 mutations or deletions or both associates with
poor prognosis. Importantly, although TP53 aberrations
associated with elevated Ki-67, higher MIPI-c classes and
blastoid morphology, their impact on survival was inde-
pendent of these known risk factors. Moreover, TP53 dis-
rupted patients show higher levels of MRD positivity after
ASCT, as described in the Online Supplementary Table S5.
Finally, some previous studies reported also a negative
impact of NOTCH1 mutations in univariate analysis,'*"
however in our cohort these mutations were not an inde-
pendent predictor of survival, as most of them co-occurred
with TP53 mutations.

In the FIL-MCL0208 trial, KMT2D mutations emerged
as a novel biomarker heralding chemo-immunotherapy
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Figure 3. Prognostic impact of TP53 deletion. Kaplan-Meier estimates of progression free survival (PFS) (A) and overall survival (OS) (B) of TP53 deleted versus wild-
type patients. Cases with TP53 deletion are represented by the yellow line. Cases without TP53 (del) deletion are represented by the blue line. The Log-rank statistics
P-values are indicated adjacent curves.

Table 2. Uniavariate and multivariate Cox-regression analysis in terms of progression free survival and overall survival.

Progression free survival Overall survival
Univariate Multivariate Univariate Multivariate

(MIPI-c and blastoid (MIPI-c and blastoid

variant adjusted) variant adjusted)
Genes HR 95% CI P HR  95% CI P HR  95%CI P HR 95% CI P
ATM mut 1.29 0.84-197 0245 119 0.77-1.83  0.432 152 0.62-251 0527 1.05  052-2.12  0.887
WHSCI mut 1.53 0.90-2.60  0.119 1.51 0.87-2.61 0.140 085 0.30-2.41  0.755 0.741 025215  0.581
CCNDI mut 0.83 041-1.66 0595 0.94 046-1.92 0.860 0.75 023-248  0.643 101 029-353  0.980
KMT2D mut 2.59 1.50-448  0.001 2.74 1.55-4.84  0.001 320 148-6.92  0.003 248 1.12-546  0.024
TP53 mut 2.84 1.57-5.13  0.001 2.55 1.36-4.78 0.003 528 2.44-1145 <0.0001 278 1.09-7.06  0.032
NOTCHI mut 1.86 0.93-3.72  0.078 1.57 0.76-3.24  0.226 134 041440 0629 061 0.17-2.12  0.609
BIRC3 mut 0.88 0.32-241 0807 0.70 0.25-1.96  0.500 184 0.56-6.08 0315 115 033-398  0.822
TP53 del 351 2.09-588 <0.0001 313 1.73-5.68 <0.001 446 2.14-929 <0.0001 265  1.06-659  0.036
TP53 dis 3.39 2.10-545 <0.0001 317 1.87-538 <0.0001 426 2.09-8.67 <0.0001 265  1.10-637  0.030

Del: deleted; dis: disrupted; HR: hazard ratio; CI: confidence interval.
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Figure 4. Prognostic impact of combined KMT2D mutations and TP53 disruption. Kaplan-Meier estimates of (A) progression free survival (PFS) and (B) overall sur-
vival (0S) of patients harboring KMT2D mutations and/or TP53 disruption (mutations and/or deletions). Cases harboring at least 1 of these 3 genetic lesions are
represented by the yellow line. Cases without these genes are represented by the blue line. The Log-rank statistics P-values are indicated adjacent curves.

failure, with a predictive value similar to that of TP53
aberrations. KMT2D (lysine methyltransferase 2D), also
known as VLL2, acts as a tumor suppressor gene mutated
in several B-cell lymphoma types, including 10-15% of
MCL.** Even though KMT2D mutated patients of the
FIL-MCL0208 trial scored in the HR MIPI-c classes, they
showed neither elevated Ki-67 nor blastoid morphology,
suggesting that KMT2D mutations capture high-risk
patients not otherwise identifiable through conventional
pathologic parameters.

To the best of our knowledge, the adverse impact on
cancer survival of KMT2D mutations has not been docu-
mented to date. No impact on survival was found for
KMT2D mutations in the Nordic study.” The lack of
impact on survival of KMT2D mutations in the Nordic
MCL series might be related to two main reasons. First, in
the Nordic series, most KMT2D mutations were missense
sequence variants (15 of 28) not reported as somatic vari-
ants in the COSMIC database, and therefore not fulfilling
the criteria of “true” mutations. Conversely, in our series
74% of KMT2D mutations were protein truncating
events, as expected.”® Second, since Eskelund ez al. per-
formed mutational analysis in unsorted BM samples, the
low or absent tumor content of many cases might lead to
underestimate® “true” mutations. By applying our bioin-
formatics pipeline to the raw sequencing data of the
MCL2 and MCL3 Nordic Lymphoma Group trials, we val-
idated the poor prognostic role of KMT2D mutations in an
independent prospective cohort.

The independent adverse prognostic value of TP53 and
KMT2D aberrations prompted us to integrate the molecu-
lar results into the MIPI-¢,® aiming at further improving its
ability to discriminate high-risk patients. The “MIPI-g”
was able to divide patients into three risk classes, on the
basis of a simple score given to each variable (namely:
MIPI-c class, TP53 disruption and KA T2D mutations).
Patients in the HR “MIPI-g” groups may deserve new
treatments, and a simple tool like the MIPI-g might be pro-
posed in a future, “tailored” trial to select HR MCL
patients for targeted experimental strategies.

Our study suffers from some limitations. The analyses
were performed only on CD19" sorted BM cells and no tis-

Table 3. The MIPI-g score.

ariables Beta-coefficients Points
KMT2D mutations 1,035,607 2
TP53 disruption 1,113,875 2
MIPI-c

Low - 0

Low-Intermediate - 0

Intermediate-High - 0

High 0.6847757 1

MIPI-c: combined mantle cell international prognostic index.

sue control is available at the moment; this issue might
represent a limit for the extrapolation of the results to
lymph-node samples, as across-compartment heterogene-
ity of the mutational landscape is described in MCL."
However, the CD19" selection approach we used, increas-
ing the purity of tumor cells and, consequently, the sensi-
tivity of our mutational approach, ensured that all the ana-
lyzed samples are representative of MCL. Therefore, we
set a variant allele frequency (VAF) threshold of 10% to
call a mutation, accordingly to ERIC guidelines for the
mutational analysis of the 7P53 gene in chronic lympho-
cytic leukemia.*” Although we acknowledge that the pres-
ent validation relies on a limited number of KMT2D
mutated patients, we noted that the Nordic trials are cur-
rently the only prospective studies with prompt available
mutational data, adequate clinical follow-up and similar
characteristics (i.e. patients age and treatment schedule), to
validate our original findings from the FIL-MCL0208 trial.

The impact of lenalidomide maintenance in the FIL-
MCLO0208 trial on the described genetic aberrations has
not been addressed, as complete data on randomization
are not available yet. However, it should be noted that due
to the high number of progressive diseases in the aberrant
TP53/KMT2D group, 27 patients have been finally ran-
domized but only nine actually started lenalidomide
maintenance. Therefore, it is unlikely that lenalidomide
might play a clear role in driving the outcome of these
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patients and the trial will probably not be able to fully
address this issue even with a longer follow-up.

In conclusion, our results show that KMT2D mutated
and/or TP53 disrupted younger MCL patients are a HR
population, characterized by poor sensitivity even to
intensified chemo-immunotherapy. Given the negative
prognostic impact of these genetic lesions, they might be
used to select HR patients for novel therapeutic approach-
es that can circumvent these detrimental genetic lesions.
As in other lymphoid disorders, novel non-chemothera-
peutic strategies specifically designed for HR patients need
to be investigated in MCL. Besides the approved drugs
lenalidomide and ibrutinib, new molecules such as the
BCL-2 inhibitor venetoclax might be very promising for
these chemorefractory patients, especially for TP53 dis-
rupted cases.®** Moreover, as the majority of KMT2D
mutated and/or TP53 disrupted patients of our series actu-
ally achieve a response, though short-lasting after ASCT,
an alternative consolidation with allogeneic transplanta-
tion deserves investigation.
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ABSTRACT

e present a laboratory-based prognostic calculator (designated

CRO score) to risk stratify treatment-free survival in early stage

(Rai 0) chronic lymphocytic leukemia (CLL) developed using a
training-validation model in a series of 1,879 cases from Italy, the United
Kingdom and the United States. By means of regression analysis, we iden-
tified five prognostic variables with weighting as follows: deletion of the
short arm of chromosome 17 and unmutated immunoglobulin heavy chain
gene status, 2 points; deletion of the long arm of chromosome 11, trisomy
of chromosome 12, and white blood cell count >32.0x10%/microliter, 1 point.
Low-, intermediate- and high-risk categories were established by recursive
partitioning in a training cohort of 478 cases, and then validated in four inde-
pendent cohorts of 144 /395 / 540 / 322 cases, as well as in the composite
validation cohort. Concordance indices were 0.75 in the training cohort and
ranged from 0.63 to 0.74 in the four validation cohorts (0.69 in the composite
validation cohort). These findings advocate potential application of our
novel prognostic calculator to better stratify early-stage CLL, and aid case
selection in risk-adapted treatment for early disease. Furthermore, they sup-
port immunocytogenetic analysis in Rai 0 CLL being performed at the time
of diagnosis to aid prognosis and treatment, particularly in today’s chemo-
free era.
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Introduction

Clinical staging using the Binet and Rai classification
systems provides a simple and inexpensive approach to
assess prognosis in chronic lymphocytic leukemia (CLL)."?
However, most patients today are diagnosed in early
stages of the disease (Binet A or Rai 0) when these prog-
nosticators fail to provide adequate risk stratification.’
Although similarly classified as early-stage CLL, Binet A
and Rai O patients demonstrate heterogeneous clinical
courses ranging from normal life expectancy in the
absence of any treatment to unexpectedly short progres-
sion-free intervals rapidly requiring clinical intervention.’

To overcome the inherent weakness of clinical staging
systems, other parameters have been sought and pro-
posed by several studies as reliable prognosticators in
CLL, including immunocytogenetic and molecular mark-
ers such as deletions of the short arm of chromosome 17
(del17p) and mutations of the TP53 gene, deletions of the
long arm of chromosome 11 (del11q), and trisomy of chro-
mosome 12 (tris12), the immunoglobulin heavy chain
(IGHV) gene mutational status as well as biochemical
parameters such as beta-2-microglobulin (B2M) and
thymidine kinase (TK) and cell surface receptors such as
the integrin CD49d.>*

Novel prognostic indices and model systems have been
developed to integrate these markers into comprehensive
scoring systems, such as the CLL International Prognostic
Index (CLL-IPI), the German CLL Study Group (GCLLSG)
index, and the MD Anderson Cancer Center (MDACC)
score."™ Although validations in the setting of early-stage
CLL and/or treatment-free-survival (TFS) prediction have
been undertaken, these indices were originally generated
to predict overall survival operating across all stages of dis-
ease.11,13,15,16

Here we present a novel laboratory-based prognostic
index specifically developed to predict TES in Rai 0 CLL,
thus allowing clinicians and researchers to uniformly and
more accurately identify cases with higher risk for need-
ing early treatment.

Methods

We applied a training-validation strategy using 1,879 cases of
phenotypically confirmed Rai 0 CLL” collected in the context of
an international effort from Italy, the United Kingdom and the
United States (Figure 1). The training cohort included 478 Rai 0
cases identified from a consecutive series of Italian multicenter
patients (1,201 cases) referred to a single center (Clinical and
Experimental Onco-Hematology Unit of the Centro Riferimento
Oncologico in Aviano, Italy) for immunocytogenetic analyses
between 2006 and 2017. Four independent Rai 0 cohorts were
used for external validation made up of three ‘real world” cohorts
from single centers, i) Gemelli Hospital in Rome, Italy (144 cases,
Gemelli cohort), ii) Cardiff University Hospital in Wales, UK (395
cases, Cardiff cohort), iii) Mayo Clinic in Rochester, MN, USA
(540 cases, Mayo cohort), and one investigational cohort from the
multicenter O-CLL1-GISL Italian prospective observational study
(O-CLL cohort; clinicaltrial.gov identifier: 00917540; 322 cases)
(Figure 1). Cases of monoclonal B lymphocytosis were excluded,
and the TFS was defined as time from diagnosis to treatment,
according to the revised 2018 International Workshop on Chronic
Lymphocytic Leukemia IWCLL) guidelines." Patient information
was obtained from the participating centers in accordance with
the Declaration of Helsinki and local ethics committee approvals
(Approvals n. IRB-05-2010, LREC #02/4806, IRB-12-000969 and
NCT00917540).

Deletions at chromosomes 13q14 (del13q), 1123 (delllq),
17p13 (dell7p), and trisomy 12 (tris12), and IGHV gene status
were determined at the different participating centers, as reported
previously.*” Cytogenetic thresholds were set at 5% for del13q,
delllq, and tris12, and 10% for dell7p, and cases were catego-
rized according to the hierarchical model proposed by Dohner et
al’ The positive fluorescence i situ hybridization (FISH) threshold
of 10% for dell7p was selected in accordance with the European
Research Initiative on CLL (ERIC) recommendations and previous
clinical studies.” IGHV status was considered unmutated (UM)
at 298%,° and CD49d positivity (only determined in the training
cohort) was set at >30%, as reported previously."” Investigation of
mutations for TP53 (exons 2-11) and NOTCH1 (exon 34) (deter-
mined in 304 of 478 cases in the training cohort) was performed

| 1879 Cases Early-Stage CLL (Rai 0) |

|

Training (n-478)
[multicenter Italian] ‘

UV/MV Analysis

|
Scoring Determination |
|

‘ Risk Category Determination
Gemelli Cardiff Mayo Clinic O-CLL
(n-144) (n-395) (n-540) (n-322)
418 cases w/B2M }———I Comparison w/CLL-IPI ‘ Comparison w/CLL-IPI }— 23\,9/;;'5\;'95

\

‘ External Validation (n-1401) |

Figure 1. Study design. Training cohort: 478 cases included for univariable (UV) and multivariable (MV) analyses, scoring determination and risk category determi-
nation; 418 of 478 cases with beta-2-microglobulin (B2M) data (w/B2M) were employed for comparison with chronic lymphocytic leukemia International Prognostic
Index (CLL:IPI) (w/CLL:IPI). Validation cohorts included 1,401 Rai O cases. The Italian prospective observational study (O-CLL) cohort had 239 of 322 cases available
for comparison to CLL-IPI. In the remaining validation cohorts, all cases were available for comparison with CLL-IPI. n: number.
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by a next-generation sequencing (NGS) approach, as previously
reported.”” In the case of TP53 mutation, cases were defined as
TP53 mutated if the variant allele frequency was >10% according
to ERIC recommendations.”

The Cox proportional hazards regression model was chosen to
assess the independent effect of co-variables on TFS, with a step-
wise procedure for selecting significant variables. All co-variables,
apart from FISH categories,” were treated as dichotomous and
evaluated at diagnosis. Independent variables were internally val-
idated using bootstrapping procedures and weighted based on the
proportion of their normalized hazard ratios (HR) rounded to the
nearest whole integer (Table 1). Risk-categories were determined
by recursive partitioning (Online Supplementary Figure S1), and
Kaplan-Meier analyses were used to generate survival curves.

In the training cohort, five cases died without treatment and
were censored at the date of death. A sensitivity analysis for com-
petitive risk, conducted on the training cohort according to the
Fine-Gray model,” reported no substantial modification in level of
risk (data not shown).

The concordance index (C-index) was used to compare our
model with the CLL-IPI" in 418 of 478 (training cohort), 144 of 144
(Gemelli cohort), 395 of 395 (Cardiff cohort), 540 of 540 (Mayo
cohort), 239 of 322 (O-CLL cohort), and 1,318 of 1,401 (composite
validation cohort) cases with available B2M data. In all cases, the
statistical significance between C-indices was evaluated by apply-
ing the Student r-test and internally validated by applying a boot-
strapping procedure. The Akaike information criterion (AIC) was
also employed as an estimator of the relative quality of the model
proposed in this study in comparison to the CLL-IPI as TFS predic-
tors. When applicable, P<0.05 was considered statistically signifi-
cant. Statistical calculations were made using MedCalc or the
open source R package (htp://www.t-project.org/) statistics software.

Results

Identification of the training cohort and construction
of a scoring system

The TFS curves of a consecutive series of 1,201 cases
from a single center, split according to Rai staging, are
reported in Figure 2A. As expected, the median [95% con-
fidence interval (CI)] TES of the 478 Rai 0 cases was signif-
icantly longer at 124 months (m) (104-183 m) compared to
that of Rai I-IV cases, with a median (95%ClI) follow up of
62 m (57-68 m 95%CI). The baseline characteristics of this
Rai 0 cohort are summarized in Online Supplementary Table
S1. When Dohner’s hierarchical model” was applied to this
Rai 0 cohort, cases bearing either dell7p, delllq or tris12
experienced the shortest TES, with no difference among
these three cytogenetic categories, while similarly longer
TFS intervals were observed for del13q cases and cases lack-
ing the four major chromosomal abnormalities (Figure 2B).

Therefore, the presence of these three chromosomal
aberrations were included, along with white blood cell
(WBC) counts, IGHV gene status, CD49d expression, gen-
der and age in a univariate analysis. For the purposes of
the present study, WBC counts were dichotomized
according to the cut off of >32x10° cells/uL (32K), as estab-
lished by a maximally selected log rank analysis carried
out in the training cohort (Online Supplementary Figure S2).
In patients with WBC counts =32K and >32K, median
(95%CI, x10° cell/uL) counts were 15.3 (15.0-16.8) versus
54.7 (49.8-58.0), respectively, without clustering around
the threshold value (Online Supplementary Figure S3).

Apart from age and gender, all of the tested variables

associated with a shorter TFS, and five of them (dell7p,
delllq, tris12, WBC and IGHV gene status) emerged as
independent predictors of short TES by multivariate
analysis (Table 1).
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Figure 2. Determination of the Rai O training cohort and laboratory-based
prognostic calculator (CRO) scoring. Kaplan-Meier curves demonstrating %
treatment-free survival (TFS) for (A) a consecutive series of 1,201 cases of
chronic lymphocytic leukemia (CLL) referred to our center between 2006 and
2017 from which our training cohort was derived; stratified by Rai stage. The
training cohort of 478 Rai O cases organized according to (B) Dohner’s hierar-
chical model and (C) CRO score. n: number; y: years. c-index: concordance
index.
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To construct a scoring system (hereafter designated as
the CRO score) using these five independent predictors, a
point value of 1 or 2 was assigned to variables according
to their respective normalized hazard ratios as follows: 1)
2 points to dell7p, and UM IGHYV,; ii) 1 point to delllq,
tris12, and WBC count >32K (Table 1). Then, three risk
groups, based on point cut offs of 0 (low risk, 218 cases),
1-2 (intermediate risk, 159 cases), and 3-5 (high risk, 101
cases) were established by recursive partitioning analysis
(Online Supplementary Figure S1). The median TES (95%CI)
was 216 m (216-216 m), 104 m (93-140 m) and 58 m (44-
68 m) (P<0.0001) for the low-, intermediate-, and high-risk
groups, respectively, with a C-index of 0.75 (Figure 2C). A
comparison with the CLL-IPI (possible in 418 of 478 cases
with available B2M data) indicated a C-index of 0.76 for
the CRO score compared to 0.69 when patient risk groups
were split according to the CLL-IPI (P<0.0001) (Online
Supplementary Figure S4A).

External validation of the CRO score

The CRO score was then validated in four independent
cohorts of Rai 0 CLL; baseline patient characteristics are
reported in Online Supplementary Table S1. These cohorts
demonstrated similar TFS survival curves when compared
to each other and the training series (Online Supplementary
Figure S5). Results were as follows (see also Figure 3):

i) the 144 cases of the Gemelli cohort (Figure 3A) had a
median (95%Cl) follow up of 91 m (83-103 m). Overall,
median (95% CI) TFS was 86 m (80-94 m) (Online
Supplementary Figure S5), while median (95%CI) TES for
the low- (96 cases), intermediate- (36 cases) and high-risk
(12 cases) groups was 239 m (range, 239-239 m), 98 m (92-
132 m) and 85 m (60-109 m), respectively (P=0.002
between low- and intermediate-risk groups, P=0.09
between intermediate- and high-risk groups). In this
cohort, the C-indices were 0.64 and 0.61 for the CRO
score and the CLL-IPI, respectively (P<0.0001) (Online
Supplementary Figure S4B);

ii) the Cardiff cohort (395 cases) had a median (95%CI)
follow up of 94 m (83-104 m). Median (95%CI) TES was
74 m (67-81 m) overall (Online Supplementary Figure S5),
and not reached (NR), 111 m (97-146 m) and 70 m (29-114
m) for the low- (206 cases), intermediate- (136 cases), and
high-risk (53 cases) groups, respectively (P<0.001 between
low- and intermediate-risk groups, P=0.009 between
intermediate- and high-risk groups) (Figure 3B); C-index

was 0.63 for both the CRO score and the CLL-IPI (P=not
significant, ns) (Online Supplementary Figure S4C);

iii) the Mayo cohort (540 cases) had a median (95 %CI) fol-
low up of 77 m (68-88 m). Median (95%CI) TFS was 127 m
(96 m-NR) overall (Online Supplementary Figure S5), and NR,
76 m (range, 64 m-NR) and 36 m (range, 31-59 m) for the
low- (278 cases), intermediate- (168 cases) and high-risk (94
cases) groups, respectively (P<0.0001) (Figure 3C); C-indices
were 0.72 and 0.68 for the CRO score and the CLL-IP],
respectively (P<0.0001) (Online Supplementary Figure S4D);

iv) the multicenter O-CLL cohort (322 cases) had a
median (95%CI) follow up of 89 m (85-95 m), while medi-
an (95%CI) TES was NR overall (Online Supplementary
Figure S5), and NR, 96 m (83-110 m) and 48 m (39-67 m)
for the low- (189 cases), intermediate- (84 cases) and high-
risk (49 cases) groups, respectively (P<0.001 between low-
and intermediate-risk groups, P=0.003 between interme-
diate- and high-risk groups; C-index 0.74) (Figure 3D). In
the 239 cases with available B2M data, the C-indices were
0.71 and 0.70 for the CRO score and the CLL-IP], respec-
tively (P<0.001) (Online Supplementary Figure S4E).

The composite TES curve included 1,401 Rai 0 cases by
combining cases from the four validation cohorts. Median
(95%CI) TES was 175 m (143-201 m) overall and NR, 106
m (96-134 m) and 45 m (39-60 m) for the low-, intermedi-
ate- and high-risk groups, respectively (P<0.0001; C-index
0.69) (Figure 3E). In the 1,318 cases with available B2M
data, the C-indices were 0.68 for the CRO score and 0.66
for the CLL-IPI (P<0.0001) (Online Supplementary Figure
56). In this context, AIC was 4,881 for the CRO score ver-
sus 4,912 for the CLL-IPI, in keeping with a relative better
quality of the former as a TES predictor.

Sub-analyses of the CRO score high-risk group

By combining the training and four validation cohorts,
309 of 1,879 cases (16%) were identified as having rela-
tively higher risk of early progression and treatment
according to the CRO score (scores 3, 4 or 5). In this sub-
set, the vast majority of cases had a CRO score of 3 (223
cases, 72%) or 4 (72 cases, 23%); however, a small minor-
ity of patients (14 cases, 4.5%) had a CRO score of 5, i.e.
presented with a WBC count >32K in the context of dis-
ease bearing both dell7p and an UM IGHV gene status
(Online Supplementary Table S2). Although the median TFS
of cases with CRO scores 3 and 4 was similar, a signifi-
cantly shortened median TFS was demonstrated in

Table 1. Univariable and reduced multivariable analysis of six factors used to generate our risk calculator.

Univariable analysis
HR 95% Cl

Reduced multivariable analysis
P HR 95% CI

Weight

WBC>32K cells/ L <0.0001 2.96 2.10-4.16 <0.0001 2.39 1.69 - 3.38 1
FISH category
dellTp <0.0001 438 246 -7.80 0.0002 3.03 1.69 - 5.44 2
delllq <0.0001 4.02 245-6.19 0.0049 2.13 1.26 - 3.62 1
tril2 <0.0001 2.85 1.84 - 442 0.025 1.7 1.07-2.71 1
UM IGHV <0.0001 4.08 2.86 - 5.80 <0.0001 291 1.97-4.29 2
CD49d* 0.001 1.78 1.27-2.51
Age>65 years 0.0536 14 0.99-1.98
Male 0.9232 0.98 0.70-1.38

Fluorescence in situ hybridization (FISH) categories were as reported by Dohner et al.” Weights were determined using the proportion of normalized hazard ratios rounded to
the nearest whole integer. HR: hazard ratio; Cl: confidence interval; WBC: white blood cell; UM: unmutated.



patients classified as high-risk with a CRO score of 5 (27.6
m, 95%CI: 14.4-28.8; P=0.01) (Online Supplementary Table
52 and Ouline Supplementary Figure S7).

Application of the CRO score in Rai | patients

To assess the generalizability of the CRO score in
patients beyond Rai 0 disease, we applied our scoring sys-
tem to a consecutive series of Italian multicenter patients
with Rai I CLL (375 cases) referred to our center for

A B
100
80
g g
£ o g
] n=39 g
S — 5
g g
£ 40 £
20|
P=0.0010
| c-index=0.64 n=15
0h 1 1 ! 1 1 !
0 5 10 15 20 25 30
Time (y)
C 100 D
80
€ %0 n=278 g
[ $
2 P<0.0001 =
: B
E 40l £
S £
< L ®
P<0.0001
201
P<0.0001
| c-index=0.72
o0h 1 1 1 !
0 5 10 15 20
Time (y)
E 100
80
g
S 60
© n=712
%’ P<0.0001
2
£
5 40
I
L P<0.0001
<0.!
i P<0.0001 n=204
c-index=0.69
Us ] 1 | 1 1 1 1
0 5 10 15 20 25 30 35

Early treatment prediction in Rai 0 CLL -

immunocytogenic analyses between 2006 and 2017. Our
prognostic calculator demonstrated excellent predictive
performance in this cohort (c-index 0.67) with a median
(95%ClI) TES of 87 m (47-57 m) (Online Supplementary
Figure S8).

CRO score variables and TP53 and NOTCH1 mutations
Data of TP53 and NOTCH1 mutations were available in
304 of 478 cases from the training cohort. Therefore, a
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Figure 3. Laboratory-based prognostic calculator (CRO) score in validation
cohorts. Kaplan-Meier curves demonstrating % treatment-free survival (TFS) in
the validation cohorts. Gemelli (A), Cardiff (B), Mayo (C), Italian prospective
observational study (O-CLL) (D), and composite validation (E) cohorts. Blue:
low-risk category; green: moderate-risk category; orange: high-risk category. n:
number; y: years; c-index: concordance index.
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multivariable analysis was performed in these cases by
including the same variables (WBC count, delllq, tris12,
IGHV gene status, CD49d, age and gender), adding
NOTCH1 and TP53 mutations and re-classifying dell7p
and/or TP53 mutated cases as TP53 disrupted.””*" As
shown in Online Supplementary Table S3, the CRO score
variables WBC count, delllq, tris12, and IGHV gene sta-
tus maintained the ability to independently predict short
TES along with TP53 disruption, in a model that included
TP53 and NOTCH1 gene mutations.

Discussion

The clinical staging systems for CLL, described by Rai
and Binet approximately 40 years ago, are still used in clin-
ical practice today to inform prognosis and guide treat-
ment decisions.”* However, their predictive powers are
limited.® For example, Pflug et al. reported C-indices of
0.56 and 0.58 for Rai and Binet systems, respectively,
when applied to a cohort of 1,948 patients.” Novel model
scoring systems developed in recent years have signifi-
cantly improved the accuracy of prognostication by incor-
porating new biomarkers and hold the potential for the
development of more individualized treatment strate-
gies,'"*” especially in the age of an increasing sophistica-
tion of novel agents alone or in combination. In this
regard, the CLL-IPI was developed as an integrative tool to
evaluate overall survival for all clinical stages of disease,
and although it demonstrated consistency in subgroup
analyses circumscribed to early-stage disease,”™™ it was
not developed specifically to predict TES.

To our knowledge, this study represents one of the
largest attempts to integrate novel biomarkers with tradi-
tional clinical factors, with the specific aim of predicting
TEFS in the setting of Rai 0 CLL. Given the multiplicity of
new biomarkers, our goals were: i) to determine which
ones individually influence TES; and ii) to develop a scor-
ing system to stratify risk in patients traditionally thought
to harbor indolent disease.

Our training cohort was selected from a consecutive
series of 1,201 CLL cases referred to a single center for
immunocytogenetic analyses between 2006 and 2017.
With respect to TES, this cohort was stratified into inde-
pendent risk groups using Rai staging; however, a satisfac-
tory further sub-stratification of Rai 0 cases was not
demonstrated using the canonical Dohner’s hierarchical
classification alone.” This observation provided the stimu-
lus to investigate the potential prognostic significance of
additional biomarkers in early-stage disease. One of our
main strategies was to integrate known prognostic mark-
ers that are commonly used in clinical practice today to
increase the accessibility and cost-effectiveness of the risk
tool.

Our results demonstrate that the CRO score is a power-
ful tool for guiding treatment prediction in patients with
Rai 0 CLL. Notably, a subset analysis of the so-called
high-risk category according to the CRO score (i.e. scores
3-5), revealed that a very small subset of cases (14 cases) in
a composite cohort of 1,879 training and validation cases,
characterized by high WBC counts in the setting of del17p
and UM IGHV gene status (i.e. CRO score 5), progressed
within two years, significantly more rapidly than the
other so-called high-risk cases with CRO scores of 3 or 4.
Conversely, in low-risk patients, the CRO score predicted

TES at 10 years of approximately 85%, arguing for its
expanded utility in allowing clinicians to confidently pro-
vide reassurance of disease quiescence to such patients.
Furthermore, in comparison to the CLL-IPL," our model
demonstrated superior performance in the training cohort
and in 3 out of the 4 validation cohorts, lending credence
to its role in the current compendium of comprehensive
risk tools in the setting of Rai 0 CLL.

We observed significant heterogeneity in patient charac-
teristics among the five cohorts included in our study
(Online Supplementary Table S1). For example, 64% of
patients in the Gemelli cohort were aged 265 years com-
pared to 30% in the O-CLL cohort, and only one patient
in the O-CLL had a B2M >3.5 mg, compared to 23% of
the patients in the Cardiff cohort. We attribute these dif-
ferences to the heterogeneity of clinical settings from
which each cohort was derived, as has been observed in
previous studies comparing ‘real world’ versus observa-
tional study patients, single versus multicenter registries,
and cases from community versus tertiary/referral centers.
% In contrast to the results in these studies, which show
inconsistent performance of several prognostic indexes
across dissimilar cohorts, our scoring system retained
powerful predictive capacity throughout, showecasing its
generalizability and strength as a clinically useful decision-
making tool.

In the training, composite and two out of the four vali-
dation cohorts, the proposed prognostic score approached
or exceeded C-index values of 0.7, a threshold necessary
to confer utility at the individual patient level.* In this
regard, however, a more precise evaluation of the individ-
ual predictive potential may require the application of
complex statistical methods, as recently proposed.”*

This study raises questions regarding the appropriate
timing of immunocytogenetic analysis in early-stage dis-
ease, which today is often postponed until the time of dis-
ease progression and first treatment. We appreciate the
cost-effectiveness of a 'watch-and-wait' approach, partic-
ularly since studies investigating the early use of chloram-
bucil and fludarabine monotherapy as well as FCR regi-
mens (fludarabine/cyclophosphamide + rituximab) have
failed to demonstrate improved outcomes in CLL
patients.””* However, the role of the novel inhibitors in
this setting remains to be elucidated,” and the results of
this study support the notion that early testing can aid
risk-adapted treatment strategies and early intervention,
particularly in the modern chemo-free era. In this regard,
the CLL12 trial (a phase III clinical study currently under-
way in Germany) is evaluating the efficacy and safety of
ibrutinib compared to a 'watch-and-wait' approach in
Binet A CLL using a similar comprehensive scoring system
to identify high-risk patients.” Another randomized phase
II study currently underway at the Mayo Clinic is compar-
ing the efficacy of the BTK inhibitor acalabrutinib alone
and in combination with the anti-CD20 obinutuzumab in
treating patients with early-stage CLL who are classified
as high- or very high-risk according to the CLL-IPI (Sameer
Parikh et al., 2018, NCT03516617). Further clinical studies
are needed to aid identification of progressive cases of
early-stage disease who may benefit from risk-adapted
treatment approaches. An important caveat to the
approach of up-front testing is that cytogenetic and TP53
mutational analysis must be repeated at the time of dis-
ease progression and/or treatment particularly in previ-
ously so-called “TP53 non-disrupted” cases to identify



those that have undergone clonal evolution which could
affect treatment decisions.

We recognize that our study has several limitations. For
example, we did not include TP53 gene mutation, an
important adverse prognostic factor that, together with
dell7p, recapitulates the so-called “TP53 disrupted”
cases.”” While the established cut off of 10% for dell7p
has little biological substantiation, its selection helps mit-
igate false positive rates. In the era of next generation
sequencing, however, TP53 mutational analysis is admit-
tedly preferred. Despite the exclusion of TP53 mutational
analysis in this study, we were able to achieve superior
prognostic power with respect to the CLL-IPI, in keeping
with the notion that the majority of dell7p cases also
bear TP53 mutations in the undeleted allele,”* and that
the clinical impact of subclonal TP53 mutations,” espe-
cially if detected alone in early-stage disease, is still not
completely understood. Furthermore, subgroup analysis
of 304 cases from the training cohort demonstrated the
preservation of CRO score variables even in the presence
of TP53 and NOTCH1 gene mutations (Online
Supplementary Table S3). We also excluded from our
analysis other gene mutations usually associated with
disease progression, namely BIRC3 and SF3B1**
although, notably, these mutations have mainly failed to
operate as independent predictors when tested in large
cohorts.>* Similarly, we did not include in our panel of
biomarkers the evaluation of serum thymidine kinase lev-
els, that, according to some studies, is a test with inde-
pendent clinical relevance as a predictor of overall sur-
vival.” This assay, however, is of limited application in
CLL and is currently not routinely employed in many US
or European clinical laboratories.

We have not overlooked the uniqueness of including
WBC count as a prognostic biomarker in this study. More
commonly, B-cell lymphocyte count is employed in the
diagnosis and response to therapy in CLL."” However, we
demonstrate here that, commensurate with previously
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published studies,” WBC count may deserve considera-
tion as a clinically useful surrogate marker of disease bur-
den particularly in the setting of untreated disease where,
alongside dell7p and unmutated IGHV gene status, it
appears to demonstrate prognostic significance. This
observation is consistent with previous data demonstrat-
ing WBC count, along with IGHYV, as independent predic-
tors of TFS in Binet A CLL.*®

Finally, CD49d, a well-proven independent prognostica-
tor in CLL,”* including in cases of early-stage disease,”
failed, perhaps surprisingly, to emerge in multivariable
analysis as an independent factor in our Rai 0 training
cohort. We hypothesize that the dropout of CD49d in
multivariate analysis was due to the close relationship
between CD49d and tris12,” the latter maintained in the
final multivariable model; this idea is supported by bivari-
ate analysis of these two variables wherein CD49d lost
significance (data not shown).

In conclusion, we present here a novel laboratory-based
scoring system for Rai 0 CLL to aid clinical decision mak-
ing in cases of early-stage disease. These findings advo-
cate a role for immunocytogenetic analysis in Rai 0 CLL at
the time of diagnosis to aid prognosis, particularly in
today’s chemo-free era where early intervention is acquir-
ing momentum in the investigative setting. Further inves-
tigation is needed to definitively validate its utility in risk-
adapted treatment.
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ABSTRACT

atients with chronic lymphocytic leukemia and unmutated

immunoglobulin heavy-chain variable region gene IGHV) have inferior

survival from time of treatment in clinical studies. We assessed real-
world outcomes based on mutational status and treatment regimen in a
nationwide population-based cohort, comprising all 4,135 patients from the
Danish chronic lymphocytic leukemia registry diagnosed between 2008 and
2017. In total, 850 patients with known mutational status received treat-
ment: 42% of patients received intensive chemoimmunotherapy consisting
of fludarabine, cyclophosphamide plus rituximab, or bendamustine plus rit-
uximab; 27 % received chlorambucil in combination with anti-CD20 anti-
bodies or as monotherapy, and 31% received other, less common treat-
ments. No difference in overall survival from time of first treatment accord-
ing to mutational status was observed, while treatment-free survival from
start of first treatment was inferior for patients with unmutated IGHV. The
median treatment-free survival was 2.5 years for patients treated with chlo-
rambucil plus anti-CD20, and 1 year for those who received chlorambucil
monotherapy. The 3-year treatment-free survival rates for patients treated
with fludarabine, cyclophosphamide plus rituximab, and bendamustine plus
rituximab were 90% and 91% for those with mutated IGHV, and 76% and
53% for those with unmutated IGHV, respectively, and the 3-year overall
survival rates were similar for the two regimens (86-88%). Thus, it appears
that, in the real-world setting, patients progressing after intensive chemoim-
munotherapy as first-line therapy can be rescued by subsequent treatment,
without jeopardizing their long overall survival. Intensive chemoim-
munotherapy remains a legitimate option alongside targeted agents, and
part of a personalized treatment landscape in chronic lymphocytic leukemia,
while improved supportive care and treatment options are warranted for
unfit patients.

Introduction

Chronic lymphocytic leukemia (CLL) is the most common type of leukemia in
the Western world and half of the patients with this condition require treatment
within 5 years of diagnosis.! According to Danish national CLL guidelines,” stan-
dard first-line treatment includes fludarabine, cyclophosphamide plus rituximab
(FCR) for younger, fit patients,*” and bendamustine plus rituximab (BR) for patients
above 65 years old.”” Furthermore, chlorambucil, either as monotherapy or com-
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bined with anti-CD20 antibodies (CD20-chlorambucil), is
recommended for unfit patients with significant comor-
bidity.® Patients with del(17p)/TP53 mutations are treated
with targeted agents (ibrutinib, idelalisib-rituximab or
venetoclax).”’ The Danish guidelines are updated biannu-
ally and the changes over time have been described previ-
ously.?

Immunoglobulin heavy-chain variable region gene
(IGHV) mutational status is an acknowledged prognostic
factor in CLL and is included in the disease-specific
International Prognostic Index (CLL-IPI)."" In previous
studies, patients with unmutated IGHV (U-CLL) had
shorter survival from diagnosis compared with patients
with mutated IGHV (M-CLL), and inferior remission dura-
tion and survival from the start of chemoimmunothera-
py'5,6,12—18

We present data on the impact of IGHV mutational sta-
tus on overall survival (OS) and treatment-free survival
(TES) from the time of treatment in the world’s largest,
nationwide, population-based cohort of consecutive, un-
selected patients with CLL receiving different treatment
regimens.

Methods

Data sources and study population

The Danish CLL registry contains data on all patients diag-
nosed with CLL in Denmark since 2008.” As of August 2017, the
registry contained information on 4,135 CLL patients, who were
included in the present study (Figure 1A). The CLL registry con-
tains data on sex, dates of birth, diagnosis, and treatment, type
of treatment, IGHV mutational status, and other disease charac-
teristics including cytogenetics, TP53 mutations, and f.-
microglobulin levels at the time of diagnosis. Information on
vital status is included in the CLL registry through regular link-
age with the Danish Civil Registration System.””” Patients with
missing data regarding key variables were excluded from the
study. Patients were followed from the date of diagnosis in
2008-2017, until the time of death, emigration, or August 2017,
whichever came first. All treatments of minimum one series
were considered. For the subset of patients who had received
first-line treatment at Odense University Hospital, in the Capital
Region, or in the Zealand Region between 2008-2016, detailed
information on second-line treatment was collected through
review of the patients’ clinical records. Together, these regions
cover over half of the Danish population. These patients were
followed from the date of diagnosis in 2008-2016, until the time
of death, emigration, or mid-2018 (ranging from May-
November, depending on the date of the patients’ record
review), whichever came first.

Statistical analysis

The patients’ characteristics are reported for those with U-
CLL and M-CLL and for treatment groups, and compared using
parametric or non-parametric descriptive statistics, depending
on the data distribution. Kaplan-Meier survival analyses were
used to assess survival. TES from the time of diagnosis (TES,)
was defined as the time to first treatment, end of follow-up, or
death, whichever came first. OS was determined starting from
either the time of diagnosis (OS,) or the time of first-line treat-
ment initiation (OS,), until death, or end of follow-up, whichev-
er came first. TFS,, defined as the time from initiation of first-line
treatment to initiation of second-line treatment, death or end of
follow-up, whichever came first, was studied for the sub-popu-

lation with detailed information on second-line treatment from
medical record review. OS, and TFS, were the primary endpoints
of the study, while OS, and TFS, were secondary endpoints. We
explored the prognostic significance of IGHV status, treatment
regimen, del(17p) status, elevated f,-microglobulin level, sex,
age, and Binet stage for risk of death or treatment, using multi-
variable Cox regression models to calculate hazard ratios (HR).
All HR presented have been adjusted for these variables, except
for TES,, which was adjusted for sex, age, del(17)p/TP53-muta-
tion, and Binet stage. Unadjusted HR were calculated but are not
presented in this paper as they were not of clinical relevance.
Log-rank tests were used to test for homogeneity of outcomes
between exposures. Data analysis was performed using STATA
(StataCorp. 2015. Stata Statistical Software: Release 15.1 College
Station: StataCorp LE, TX, USA)

Ethics

The study was approved by the Danish Health and Medicine
Authorities (jr. n. 3-3013-1141/1) and the Danish Data Protection
Agency (jr. n. RH-2015-96 03856). Results for subgroups includ-
ing fewer than five patients were reported as “less than five” to
ensure anonymity of individual patients, in accordance with
Danish legislation.

Results

Characteristics at time of diagnosis of chronic lympho-
cytic leukemia

In total, 4,135 patients with a median follow-up time of
3.5 years were available for analysis, of whom two were
excluded because of incomplete data. Information on
IGHV mutational status was available for 3,197 (77%)
patients, of whom 1,017 (32%) had U-CLL and 2,180
(68%) had M-CLL (Figure 1A). The characteristics of the
patients, divided according to mutational status, are listed
in Table 1. Among patients with unknown IGHV status,
255 (27 %) received treatment during follow-up, compared
with 481 (47%) of U-CLL and 369 (17%) of M-CLL
patients. Distributions of sex and age at diagnosis were
comparable between U-CLL and M-CLL patients, whereas
prognostic factors were unevenly distributed, with
del(13q) found in 28% of U-CLL patients and 53% of M-
CLL patients. The prevalences of del(17p) (7 %), del(11q)
(16%) and trisomy(12) (16%) were higher among U-CLL
patients than among M-CLL patients (4%, 2% and 11%,
respectively). Of the U-CLL patients, 30% were catego-
rized as having Binet stage B/C, compared with 13% of M-
CLL patients, and 19% had a high level of ,-microglobulin
(>4.0 mg/L), compared with 10% of M-CLL patients.

IGHV status and prognosis from the time of diagnosis
Patients with unmutated IGHV had shorter OS,
[HR=1.23, 95% confidence interval (95% CI): 1.01-1.50],
compared with patients with M-CLL, and shorter TFS;
(HR=2.24, 95% CI: 1.95-2.57) (Figure 2A, B). The 5-year
OS, was 71% (95% CI: 68-74) for U-CLL patients and
81% (95% CI: 79-83) for those with M-CLL. The 5-year
TES, for U-CLL patients was 31% (95% CI: 27-35), com-
pared with 68% (95% CI: 65-70) for those with M-CLL.
Patients with unknown IGHYV status had a shorter 5-year
OS, (61%, 95% CI: 57-64) than patients with U-CLL or
M-CLL, while the 5-year TES, (45%, 95% CI: 41-49) in
this group was between that of U-CLL and M-CLL
patients (data not shown). Overall, 92 (9%) patients with U-
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* CLL, 263 (12%) patients with M-CLL, and 227 (24%) Overall survival after first-line treatment

patients with unknown IGHYV status died without receiv- The median follow-up time from first-line treatment
ing CLL treatment, while the numbers of events for OS,, was 2.9 years. No difference in OS, was observed between
and TFS,, were, respectively, 263 and 573 for patients with  patients with U-CLL (171 deaths) and those with M-CLL
U-CLL, 384 and 632 for patients with M-CLL, and 360 and

482 for patients with unknown IGHYV status.

1.00
L

Characteristics of treatment groups

Among the 850 treated patients with known IGHV sta-
tus, 235 (28%) received FCR, 122 (14%) BR, 89 (10%)
CD20-chlorambucil, 139 (16%), chlorambucil alone and
265 (31%) other, less common, treatments. Outcome was
assessed separately for subgroups of patients treated with
one of the four main treatment regimens (FCR, BR, CD20-
chlorambucil and chlorambucil), as illustrated in Figure
1A. Patients who received other types of treatment were
not studied in detail because of their small numbers. A
subgroup of 99 patients received rituximab in combina-
tion with either an undefined type of chemotherapy, or 8
other treatment: these patients were not, therefore,
included in the detailed analyses. Baseline characteristics =~ Numberatisk o6 1004 s - .
for treatment subgroups are detailed in Table 2. The medi- UCLL 1017 760 445 223 7 0
an time of follow-up from treatment was 3.9 years for M-cLL u-cLL
patients given FCR, 2.8 years for those given chlorambu-
cil, and 2.1 years for patients treated with BR or CD20- B 84
chlorambucil. Patients treated with FCR were younger at
the time of treatment (median 62 years) than patients
treated with BR (median 70 years), while patients treated
with CD20-chlorambucil (median 78 years) or chlorambu-
cil (median 80 years) were the oldest. Binet B/C and U-
CLL were more common among FCR-treated patients
(56% and 64%, respectively) than among patients treated
with BR, CD20-chlorambucil, or chlorambucil (34-42%
and 52-58%, respectively). A smaller proportion of FCR-
treated patients had a high f,-microglobulin level or
high/very high CLL-IPI score, compared with the other 8]
treatment groups (Table 2). °7 2 3 5 8 10

Time from diagnosis (years)

p<0.001

0.50 0.75
! L

Overall survival

0.25
L

0 2 4 6 8 10
Time from diagnosis (years)

p<0.001

0.50 0.75
L L

Treatment-free survival

0.25
L

Number at risk
M-CLL 2180 1444 833 420 157
U-CLL 1017 475 179 65 15

oo

Table 1. Baseline characteristics and demographics at time of diagnosis for
patients with chronic lymphocytic leukemia with unmutated, mutated and
unknown IGHV mutational status from the Danish CLL registry. C

Mutational status U-CLL M-CLL Unknown IGHV| - p=0.869

Number of patients 1017 2180 936
Treated 481 (47%) 369 (17%) 255 (27%) ©
Median age (IQR), years 69 (62-76) 70 (63-77) 74 (66-82)
Male 651 (64%) 1292 (59%) 560 (60%)

Cytogenetic abnormalities
Del(17p) 70 (%) 91 (4%) 44(8%)
Del(11q) 152 (16%) 50 (2%) 47 (9%)
Trisomy 12 157 (16%) 219 (11%) 60 (11%)
Normal FISH 313 (33%) 613 (30%) 147 (28%) s
Del(13q) 269 (28%) 1088 (53%) 236 (44%) & I T ;i I ps
B2M >4.0 mg/L 151 (19%) 174 (10%) 116 (19%) ST Time from staricffstine reatment (years

M-CLL 369 247 116 47 12

Binet stage B/C 308 (30%) 292 (13%) 216 (23%) UCLL 481 387 178 70 15
Number of events OSd 263 384 360 ML ucLL

Number of events TFSd 573 632 482

Number of events OSt 171 121 133 Figure 2. Outcomes of patients with mutated or unmutated immunoglobulin
heavy-chain variable region gene chronic lymphocytic leukemia in the Danish

The figures are numbers and percentages wi_thin each C(_)lumn uqless stated otherwise. CLL registry. (A) Overall survival from the time of diagnosis. (B) Treatment-free
“Patients with missing data excluded. CLL: chronic lymphocytic leukemia; IGHV: immunoglob- survival from the time of diagnosis. (C). Overall survival from the time of first

ulin heavy-chain variable region gene; U-CLL: unmutated IGHV CLL; M-CLL: mutated IGHV CLL; treatment. M-CLL: chronic lymphocytic leukemia with mutated immunoglobulin
IQR: interquartile range; FISH; fluorescence in situ hybridization; B2M: beta-2-microglobulin; heavy-chain variable region gene: U-CLL: chronic lymphocytic leukemia with
0Sd: overall survival from time of diagnosis; TFSd: treatment-free survival from time of diagno- . utated immunoglobulin heavy-chain variable region gene.

sis; OSt: overall survival from time of first-line treatment.

- haematologica | 2020; 105(6)

M-CLL U-CLL

0.50
L

Overall survival

0.25
f

oo




(121 deaths) [3-year OS, 74% (95% CI: 70-78) and 72%
(95% CI: 66-77), respectively] (Figure 2C). Patients with
unknown IGHV status had an inferior OS, compared with
U-CLL and M-CLL patients (133 deaths) [3-year OS, 59%
(95% CI: 53- 65)] (data not shown). No impact on OS, was
observed based on unmutated IGHV status (HR=0.99,
95% CI: 0.75-1.32), Binet stage B/C at diagnosis (HR 1.01,
95% CI: 0.76-1.35), or male sex (HR=0.97, 95% CI: 0.73-
1.29). Age above 65 years at the time of treatment
(HR=8.18, 95% CI: 2.12- 4.77), high B,-microglobulin level
(HR=1.92, 95% CI: 1.42-2.60), and del(17p) (HR=1.79,

IGHV and outcome in CLL: a population-based study -

95% CI: 1.21-2.65) were statistically significantly associat-
ed with shorter OS..

During follow-up, 40 patients treated with FCR, 11 with
BR, 37 with CD20-chlorambucil and 94 with chlorambu-
cil, died. No difference was observed in 3-year OS, rates
between patients treated with FCR (88%, 95% CI: 83-
92%]) and BR (86%, 95% Cl: 75-93%) (Figure 3A), or
between those treated with CD20-chlorambucil (59%,
95% ClI: 47-70%) and chlorambucil monotherapy (53%,
95% CI: 45-61%) (Figure 3B). No statistically significant
variation by IGHV-status was found for OS,, regardless of

Table 2. Baseline characteristics of chronic lymphocytic leukemia patients from the Danish CLL registry divided by treatment group.

Treatment regimen FCR BR CD20-Clb Clb Other
Number of patients 235 122 89 139 265
Median FU time, years* 3.9 2.1 2.1 2.8 3.1
Median age (IQR)* 62 (55-67) 70 (66-75) 78 (74-82) 80 (74-84) 71 (65-78)
Male 155 (66%) 87 (71%) 60 (67%) 80 (58%) 162 (61%)
U-CLL 150 (64%) 64 (52%) 47 (53%) 80 (58%) 140 (53%)
Del(17p)® 10 (4%) 6 (6%) <5() 9 (4%) 40 (16%)
B2M >4.0 mg/Lf 25 (15%) 22 (24%) 20 (31%) 30 (31%) 37 (18%)
Clinical stage

A 103 (44%) 81 (66%) 54 (61%) 90 (65%) 154 (58%)

B/C 132 (56%) 41 (34%) 35 (39%) 49 (35%) 111 (42%)
CLL-IPI®

HighAvery high 35 (21%) 25 (28%) 22 (34%) 32 (34%) 71 (36%)

Intermediate 82 (50%) 34 (38%) 28 (44%) 42 (44%) 80 (41%)

Low 48 (29%) 31 (34%) 14 (22%) 21 (22%) 45 (23%)
Number of events OSt, U-CLL 26 6 18 58 63
Number of events OSt, M-CLL 14 5 19 36 47

Data are from time of diagnosis, and figures are numbers and percentages within each column unless otherwise stated.

“From time of treatment. *Patients with missing data excluded. FCR, fludarabine, cyclophosphamide and rituximab; BR: bendamustine and rituximab; CD20-Clb: chlorambucil
and anti-CD20 antibodies; Clb: chlorambucil; FU: follow-up; IQR: interquartile range; U-CLL: chronic lymphocytic leukemia with unmutated immunoglobulin heavy-chain variable
region gene; B2M: beta-2-microglobulin; CLL-IPI: chronic lymphocytic leukemia international prognostic index; OS;: overall survival from time of first-line treatment; M-CLL: chron-
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Figure 3. Overall survival of patients in the Danish CLL registry from the start of first-line treatment according to treatment group and immunoglobulin heavy-chain
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whether the treatment regimens were pooled or separate
[pooled: HR=1.15 (95% CI: 0.80-1.66), FCR-treated:
HR=1.21 (95% CI: 0.53-2.77), BR-treated: HR=0.78 (95%
CI: 0.14-4.15), CD20-chlorambucil-treated: HR=0.86
(95% CI: 0.38-1.91) and chlorambucil-treated: HR=1.31
(95% CI: 0.75-2.28)].

Treatment-free survival after first-line treatment
Among 5183 patients eligible for record review, 11 were
excluded because of incomplete data. Of the remaining
502 patients, 384 patients received one of the four major
treatment regimens, which were studied in detail (Figure
1B). Comparing the four main treatment regimens, also
including patients with unknown IGHV status, FCR pro-
duced the longest median TFS, (6.0 years, 95% CI: 4.5-6.7
years), followed by BR (3.9 years, 95% CI: 3.4-5.1 years)
(Figure 4A). The median TFS, for chlorambucil-treated
patients was 1 year (95% CI: 0.8-1.3 years), and that for
CD20-chlorambucil-treated patients was 2.5 years (95%
CI: 1.8-3.3) (Figure 4A). There were 39, 27, 11, and 36
events among U-CLL patients and 9, 7, 11, and 26 events
among M-CLL patients, treated with FCR, BR, CD20-

chlorambucil, and chlorambucil, respectively. TFS, was
significantly shorter for patients with U-CLL than for
those with M-CLL, following both intensive (FCR or BR)
(HR=3.46, 95% CI: 1.93-6.19) and non-intensive (CD20-
chlorambucil or chlorambucil) (HR=2.04, 95% CI: 1.24-
3.37) treatment (Figure 4B). The 3-year TES, for U-CLL
patients treated with intensive regimens (68%, 95% CI:
58-76) was inferior compared with that of M-CLL patients
(91%, 95% CI: 81-96), also when treatments were
assessed separately (FCR: HR=2.56, 95% CI: 1.19-5.50;
BR: HR=7.50, 95% CI: 2.80-20.1) (Figure 4C). This was
most evident for patients treated with BR, who had an
estimated 3-year TFS, of 91% (95% CI: 74-97 %) for those
with M-CLL and 53% (95% CI: 36-68%) for those with
U-CLL, while the difference for FCR-treated patients was
smaller (90%, 95% CI: 76-96%) and 76% (95% CI: 64-
84%), respectively (Figure 4C). For CD20-chlorambucil-
and chlorambucil-treated patients, no statistically signifi-
cant difference according to IGHV status was observed
when treatments were assessed separately (HR=2.19,
95% CI. 0.77-6.28 and HR=1.74, 95% CI: 0.97-3.12,
respectively) (Figure 4D). Out of the 502 patients studied,
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238 received second-line treatment during follow-up.
Among patients who received second-line treatment, the
mutational status was known for 167 (72%), of whom
117 (70%) had U-CLL. Of these unmutated cases, 33
(28%) received targeted treatment, compared with six
(12%) of mutated patients.

Discussion

We present real-world data on the prognosis of CLL,
from diagnosis and from time of first-line treatment,
based on IGHV mutational status from the hitherto
largest nationwide, population-based cohort. The main
novel finding is the lengthy OS, of both M-CLL and U-
CLL patients treated with either FCR or BR, despite infe-
rior TES, of U-CLL patients; reflecting U-CLL patients’
response to salvage treatment. We confirm previous find-
ings of U-CLL being associated with shorter OS, and TFS,
compared with M-CLL."***

In clinical trial reporting, progression-free survival (PES),
defined as the time until death or disease progression, is
commonly used to evaluate treatment outcome. Previous
studies have reported superior PES for M-CLL patients
compared with U-CLL>***" and M-CLL patients without
del(17p) or del(11q) in particular have long PES upon
chemoimmunotherapy.” The 3-year PES rates reported in
previous clinical trials with FCR (66-83%)>*'*** or BR
(77 % for M-CLL)** and in the real-world setting with FCR
(60-80%),"* are high, but inferior to those achieved with
ibrutinib-based treatment (83-96%).**? Upon chloram-
bucil treatment the median PFS was 9 months in a Swedish
real-world setting® and 11 months in clinical trials,”* com-
pared with 1.3-2.4 years upon CD20-chlorambucil treat-
ment in clinical trials.”*

Here we report the data for treatment-free survival,
which can be clinically more relevant as many patients do
not meet the International Workshop on CLL criteria for
treatment at disease progression.”® Our results reveal a
superior TES, for M-CLL patients compared with U-CLL
patients, when treated with FCR, BR; or non-intensive
treatment regimens. We observed high 3-year TES, rates
for M-CLL patients treated with FCR (90%) or BR (91%)
and for U-CLL patients treated with FCR (76%), similar
to the findings of a smaller retrospective study of BR-
treated patients who had a 3-year TES, of 90%.* This is
especially impressive considering the median age of 70
years of the patients treated with BR in our study. Only
6% of M-CLL patients in our study had high-risk cytoge-
netics, consistent with the long TFS, of M-CLL patients
that we observed.

A 3-year OS, of 86-88% was demonstrated for patients
treated with either FCR or BR. These findings are compa-
rable with those from randomized clinical trials of FCR
(84-91%)°51922* and BR (89-92%),°** and other real-
world studies of FCR-treated patients (83-95%)."7”
However, the overall superior OS, for M-CLL patients
previously reported as a dichotomous variable**'*” and as
a continuous variable,” was not observed in our study.
This could reflect that the follow-up time in our study
may have been too short for differences in OS, to mani-
fest, and that factors such as comorbidity and subsequent
lines of treatment may have been unevenly distributed
across groups. Furthermore, a tendency to favor FCR over
other treatment options for patients with U-CLL was
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observed. This might reflect physicians’ choice of treat-
ment intensification based on recognition of the inferior
prognosis for this group of patients. More than twice as
many U-CLL patients received second-line treatment and
more than five times as many were given targeted agents
compared with M-CLL patients. This is likely due to the
shorter TES, of U-CLL patients, again in recognition of
their inferior prognosis, and may in part explain why no
difference in OS, was observed.

A previous study demonstrated that the prognostic
impact of IGHV status upon chemoimmunotherapy is
not driven by a difference in complete remission rate, but
rather by earlier relapse due to the aggressiveness of the
disease in U-CLL patients.”” The long OS, after treatment
with FCR or BR for both U-CLL and M-CLL patients in
our study emphasizes that patients who progress after
first-line chemoimmunotherapy may be salvaged with
targeted treatment, or even repeated chemoimmunother-
apy. A recent conference presentation described superior
PES, improved OS, and less toxicity with ibrutinib plus
rituximab compared with FCR; however, subgroup
analyses indicated that the benefit was mainly for U-CLL
patients.” The findings were similar, also mainly with
impact on U-CLL patients, for ibrutinib-based regimens
in comparison with BR; although without a difference in
OS.” Cross-over was not allowed in these studies; thus, it
remains to be systematically assessed in a clinical trial
whether patients with progressive disease may be sal-
vaged with targeted agents in second-line treatment. In
view of the long period off treatment in general, and the
possibility of a clinical cure for a substantial subgroup of
M-CLL patients, chemoimmunotherapy remains a legiti-
mate treatment option with robust data on safety and
long-term outcome in the era of targeted agents. Thus,
we suggest that intensive chemoimmunotherapy should
be part of a personalized treatment landscape in CLL
alongside targeted treatment, with treatment options
adapted based on shared decision-making, guided by
robust data from clinical trials and real-world evidence.

We found that patients treated with chlorambucil as
monotherapy had a poor TES, regardless of IGHV status.
Within 1 year of initiation of first-line treatment with
chlorambucil, 50% of the patients had had an event.
Patients treated with CD20-chlorambucil, with a median
age of 78 years and representing a frail patient population,
had a median TFS, of 2.5 years. A similar median TES, of
3.4 years was observed in patients of comparable age
receiving CD20-chlorambucil in randomized controlled
trials.” The superior outcome of patients treated with
CD20-chlorambucil, compared with chlorambucil sug-
gests that chlorambucil as monotherapy must be consid-
ered obsolete. As baseline characteristics were similar
between the groups in our study, our findings indicate
that chlorambucil should be replaced by CD20-chloram-
bucil or by more effective and less toxic novel treatments.
Considering the results of our study, as well as those of
clinical trials, new treatment options and improved sup-
portive care are warranted for patients unfit for intensive
chemoimmunotherapy. The recently published studies
on venetoclax plus obinutuzumab and ibrutinib-based
frontline therapy, compared with CD20-chlorambucil,
broaden the options for these patients. Subgroup findings
indicate that mainly U-CLL patients benefit from targeted
therapy, as also seen when compared with intensive
chemoimmunotherapy regimens.”***%
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In contrast to a clinical trial setting, inclusion of patients
above 65 years and more patients with significant comor-
bidities in our cohort®" may have reduced the impact of
IGHV status as a prognostic factor.”* Clinical trial popula-
tions in CLL studies exploring IGHV status and chemoim-
munotherapy had a median age of 57-73 years,”'* com-
pared with 62-80 years in our study, further emphasizing
the importance of assessing real-world data. The higher
prevalence of elevated p,-microglobulin levels in the treat-
ment groups with a higher median age in our study may
reflect decreased renal function®* and thus the comorbid-
ity of these patients, rather than more aggressive CLL. The
impact of comorbidity and frailty in the real-world popula-
tion reported here is also reflected by a 3-year OS, of 59%
for patients treated with CD20-chlorambucil compared
with over 80% in the CLL11 trial.®

Cancer patients for whom data registration is incom-
plete have previously been found to have poorer out-
come,” which was also seen for patients with unknown
IGHV status in the present study, when comparing both
OS; and OS, in these patients with those of patients with
mutated or unmutated IGHV. Patients with unknown
IGHV status had a superior TES, compared with that of
U-CLL patients. This reflects that many patients with
unknown IGHV status die, probably due to CLL-unrelat-
ed causes, without ever receiving treatment for CLL.

The main strength of this study is its nationwide cohort,
without the selection bias introduced in clinical trials, and
the near completeness of data. Inherent in the retrospec-
tive design of the study, patients were assigned therapy by
the treating physicians based on clinical assessment of fit-
ness and clinical guidelines, in line with the described age
distribution. The discrepancy in baseline characteristics
between the treatment groups is a weakness of our study;,
although we have adjusted for known dissimilarities
between the groups. However, as stated above, factors
such as number and type of subsequent lines of treat-
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ments, and distribution of comorbidities across groups of
patients, are unknown. Uneven distribution of these fac-
tors could in part explain the discrepancy between our
results and those of previous studies regarding the signifi-
cance of IGHV status in relation to OS. More patients
were diagnosed with CLL during the latter half of the
study period, likely due to earlier detection of CLL, lead-
ing to a shorter follow-up time than anticipated. The short
median follow-up time was also driven by the high mor-
tality in this population, resulting in over half of the treat-
ed patients dying during follow-up.

Conclusions

This population-based study demonstrates excellent OS,
with FCR or BR for both U-CLL and M-CLL patients, indi-
cating that patients who progress after first-line chemoim-
munotherapy may be salvaged with second- or later-line
treatments. In view of the long treatment-free period and
the possibility of clinical cure for a substantial subgroup of
M-CLL patients, intensive chemoimmunotherapy remains
a valid treatment option and part of a personalized treat-
ment landscape in CLL alongside targeted agents. Patients
treated with chlorambucil-based regimens have a poor
outcome; thus, improved supportive care and targeted
treatment options, as seen in recent randomized con-
trolled trials, are warranted for patients who are unfit for
intensive chemoimmunotherapy.
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ABSTRACT

ultiple myeloma is a malignant plasma-cell disease, which is highly
dependent on the hypoxic bone marrow microenvironment.
owever, the underlying mechanisms of hypoxia contributing to
myeloma genesis are not fully understood. Here, we show that long non-
coding RNA DARS-AS1 in myeloma is directly upregulated by hypoxia
inducible factor (HIF)-1. Importantly, DARS-AS1 is required for the survival
and tumorigenesis of myeloma cells both in vitro and in vivo. DARS-AS1
exerts its function by binding RNA-binding motif protein 39 (RBM39),
which impedes the interaction between RBM39 and its E3 ubiquitin ligase
RNF147, and prevents RBM39 from degradation. The overexpression of
RBM39 observed in myeloma cells is associated with poor prognosis.
Furthermore, knockdown of DARS-AS1 inhibits the mammalian target of
rapamycin signaling pathway, an effect that is reversed by RBM39 overex-
pression. We reveal that a novel HIF-1/DARS-AS1/RBM39 pathway is impli-
cated in the pathogenesis of myeloma. Targeting DARS-AS1/RBM39 may,
therefore, represent a novel strategy to combat myeloma.

Introduction

Multiple myeloma (MM) is characterized by abnormal accumulation of mono-
clonal plasma cells in the bone marrow and broad clinical and pathophysiological
heterogeneity leading to a fatal outcome. Hypoxia in specific bone marrow niches
induces numerous changes in the expression of genes that contribute to the main-
tenance of myeloma cells and the progression of myeloma, leading to drug resist-
ance and cancer recurrence.' Focusing on the hypoxia-related pathogenic mecha-
nisms in myeloma may facilitate the optimization of the choice of therapeutic reg-
imen and improve clinical outcomes.

Long non-coding RNA (IncRNA) are mRNA-like transcripts that are longer than
200 nucleotides.”® Accumulating evidence indicates that IncRNA are crucial mole-
cules that participate in gene regulation at the epigenetic, transcriptional, and post-
transcriptional levels.** Aberrant expression of IncRNA can promote the development
and progression of malignant tumors through contributing to proliferation, invasion
and metastasis.”” IncRNA may, therefoe, serve as potential diagnostic biomarkers and
therapeutic targets for cancers. However, few IncRNA have been functionally studied
in MM. Many hypoxia inducible factor (HIF)-dependent protein-coding genes con-
tribute to adaptation to hypoxia. Whether IncRNA are involved in the response to
hypoxia in myeloma and the determination of their regulatory roles is important for
a better understanding of the development and progression of myeloma.
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RNA-binding motif protein 39 (RBM39) is a transcrip-
tional coactivator for the steroid nuclear receptors
ESR1/ER-a and ESR2/ER-P as well as for JUN/AP-1 and
NF-xB. RBM39 is also involved in the pre-mRNA splicing
process.”" Previous studies have pinpointed RBM39 as a
proto-oncogene with important roles in the development
and progression of numerous types of malignancies.*"*"
However, the role of RBM39 in MM is largely unknown.

By analysis of high-throughput RNA sequencing results,
we identified that IncRNA DARS-AS1 was significantly
upregulated in myeloma cells under hypoxic conditions.
We evaluated its biological role and clinical significance in
tumor progression and revealed that the novel HIF-
1/DARS-AS1/RBM39 signaling pathway is implicated in
the tumorigenesis of MM.

Methods

Cell culture and transfection

RPMI 8226, LP-1, U266, H929, and HEK293T cells were
obtained from the Cell Resource Center of Shanghai Institute for
Biological Science, Chinese Academy of Science. All the cell
lines have been authenticated using short tandem repeat geno-
type detection. Myeloma cell lines were grown in RPMI 1640
(Gibco, CA, USA) containing 1% penicillin and streptomycin
(Fisher Scientific, MA, USA), supplemented with 10% fetal
bovine serum (Sigma-Aldrich, MO, USA). The hypoxic environ-
ment (1% O,) was generated by flushing a 94% N,/5% CO,
mixture into the incubator. Retroviral particles were produced in
HEK293T cells by transient co-transfection of target gene
expression vectors, Gag-pol, and VSVG packaging plasmid,
while lentiviral particles were produced by transient co-transfec-
tion of target gene expression vectors, psPAX2 and pMD2.G
packaging plasmid, using lipofectamine 2000 (Invitrogen, MA,
USA), according to the manufacturer's instructions. Cells were
infected in culture medium supplemented with polybrene (8
ug/mlL) and 24 h later the medium was changed to RPMI 1640
with 10% fetal bovine serum. Studies were conducted in accor-
dance with the Declaration of Helsinki, and approval was
received from the relevant ethics committees.

Luciferase assay

For DARS-AS1 promoter luciferase reporter assays, luciferase
reporter constructs (100 ng) containing the potential HIF
response element (HRE) sequence [wildtype, (WT) or mutant
(MUT)], together with pSV40-renilla (10 ng), and HIF-1o overex-
pression plasmids (800 ng) were transfected into HEK293T cells
in 24-well plates. Luciferase activity assays were performed 48 h
after transfection (Promega, Madison, USA). Firefly luciferase
activity was normalized to the corresponding renilla luciferase
activity by using the Dual-Luciferase Reporter Assay System. All
experiments were performed three times.

Co-immunoprecipitation

Corresponding antibody or IgG was added to cell lysate that
was treated with A+G agarose beads (Thermo Fisher Scientific,
MA, USA). The mixture was rotated for 6 h and precipitated
beads were washed three times with phosphate-buffered saline
containing a protease inhibitor cocktail.

RNA immunoprecipitation

RNA immunoprecipitation experiments were performed
using a Magna RIP RNA-Binding Protein Immunoprecipitation
Kit (Millipore, Darmstadt, Germany) according to the manufac-
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turer’s instructions. Supernatants were incubated with 1-2 ug of
anti-Flag (Sigma, MO, USA) or mouse IgG (Invitrogen, MA,
USA) for 6 h at 4°C followed by precipitation with protein A/G
agarose (Pierce, Rockforld, IL, USA). The co-precipitated RNA
were detected by quantitative real-time reverse transcription
polymerase chain reaction (Q-PCR).

RNA pulldown and mass spectrometry analysis

Full-length DARS-AS1 were constructed by subcloning the
gene sequences into a pcDNA3.1 (+) backbone. Biotin-labeled
DARS-AS1 was synthesized using Biotin RNA Labeling Mix
(Roche; Basel, Switzerland) by T7 RNA polymerase (Promega;
WI, USA), treated with RNase-free DNase I (Promega) and puri-
fied with an RNeasy Mini Kit (QIAGEN). Thirty micrograms of
biotinylated RNA were used in each pulldown assay. The pro-
teins with biotin-labeled DARS-AS1 were pulled down with
streptavidin magnetic beads (Thermo, Fisher SCientific, MA,
USA) after incubation overnight. The samples were separated by
electrophoresis and the specific bands were identified using
mass spectrometry and a human proteomic library.

Chromatin immunoprecipitation

HEK293T cells with HIF-1a overexpression (2x107) were har-
vested and chromatin immunoprecipitation experiments were
performed using a SimpleChIP® Enzymatic Chromatin IP Kit
(Agarose Beads) (CST, MA, USA) according to the manufactur-
er’s instructions. The primers used are listed in Online
Supplementary Table S3.

Bioinformatics analysis
Uniprot (https://wwi.uniprot.org/) was used to analyze the pro-
tein-protein interactions.

Statistics

Continuous variables are expressed as the mean + standard
error (SE). For comparisons of two groups, a r-test was used.
When comparing more than two groups, analysis of variance
with the Tukey test for multiple comparisons was used.
Statistical significance is defined as: *P<0.05, **P<0.01 and
***P<0.001.

Results

DARS-AS1 is upregulated under hypoxia in myeloma
cells

To identify hypoxia-regulated IncRNA, we analyzed
the difference in the RNA-sequencing data of U266 cells
in normoxic and hypoxic culture environments (Online
Supplementary Table S4). Twenty-two upregulated
IncRNA in U266 cells were successfully identified (Figure
1A). Q-PCR revealed that two IncRNA, DARS-AS1 and
MIR210HG, were significantly upregulated under the
hypoxic condition (Figure 1B). The modulation of
MIR210HG did not have significant effects on myeloma
cell proliferation or apoptosis (Online Supplementary Figure
S1A-D). Thus, we mainly studied the function of DARS-
AS1 in myeloma.

First, we assessed the expression of DARS-AS1 in
myeloma cell lines. We found that the hypoxic environ-
ment (1% oxygen concentration) caused a significant
increase in the level of expression of DARS-AS1 in the
MM cell lines (Figure 1C). The expression of DARS-AS1 in
CD38" cells derived from bone marrow of patients with
active myeloma was significantly higher than that of nor-
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mal human bone marrow mononuclear cells after culture
in a hypoxic environment for 24 h (Figure 1D). These data
suggest that hypoxia leads to upregulation of DARS-AST.

DARS-AS1 participates in the proliferation of myeloma
cells, inhibits their apoptosis and accelerates
tumorigenesis

We next investigated the role of DARS-AS1 in myeloma
cells. Importantly, we found that the expression of short
hairpin RNA (shRNA) against DARS-AS1 in the MM cell
lines RPMI 8226 and LP-1 substantially inhibited cell pro-
liferation in the hypoxic environment (Figure 2A, B, Online
Supplementary Figure S2A), whereas the overexpression of
DARS-AS1 promoted cell proliferation (Figure 2C, D,
Ounline Supplementary Figure S2B). Furthermore, the knock-
down of DARS-AST resulted in a substantial increase in
the percentages of apoptotic cells in the hypoxic environ-
ment (Figure 2E), and DARS-AS1 overexpression reduced

the rate of apoptosis of cells starved of glucose (glucose 1
mM) (Online Supplementary Figure S2C), as evidenced by
both the increased annexin V* cell population and the
cleavage of caspase-3/PARP1 (Figure 2F Ounline
Supplementary Figure S2D, E). At the same time, DARS-
AS1 overexpression attenuated the sensitivity of myeloma
cells to bortezomib (2.5 nM) (Online Supplementary Figure
S2F). However, knockdown of DARS-AS1 did not have
significant effects on cell migration (Online Supplementary
Figure S2G), invasion (Online Supplementary Figure S2H) or
cell-cycle distribution (Online Supplementary Figure S3A-C)
of myeloma cells in the hypoxic environment. Next, we
injected RPMI 8226 cells with stable knockdown/overex-
pression of DARS-AS1 into the back flank of NOD-SCID
mice. We found that stable knockdown of DARS-AS1 in
RPMI 8226 cells remarkably inhibited the tumorigenesis
of these cells in vivo, whereas overexpression of DARS-
AS1 significantly enhanced tumor growth (Figure 2G, I,

A
== Success Figure 1. DARS-AS1 is upregulated in myeloma cells in a
Failure hypoxic environment. (A) RNA-sequencing analysis revealed
= Not suitable for design primers 77 differentially expressed long non-coding (Inc)RNA between
myeloma cells cultured in normoxic or hypoxic conditions. (B)
Twenty-two upregulated IncRNA in U266 cells were success-
fully identified by quantitative polymerase chain reaction (Q-
PCR). (C) Multiple myeloma cell lines were cultured under
hypoxic culture conditions (1% oxygen concentration) for 48 h
and DARS-AS1 expression levels were determined by Q-PCR
and normalized to those of 18S rRNA. (D) CD38" cells derived
from bone marrow of patients with active myeloma and nor-
mal human bone marrow mononuclear cells were cultured in
a hypoxic environment (1% oxygen concentration) for 24 h.
Total=77 The DARS-AS1 expression levels were determined by Q-PCR
and normalized to those of 18S rRNA. BMMC-HD: bone mar-
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Ounline Supplementary Figure S3D). Ki67 and TUNEL stain-
ing of xenografts further confirmed these findings (Figure
2H, ], Online Supplementary Figure S3F). These results indi-
cate that DARS-AS1 promotes MM cell growth and sur-
vival, and inhibits apoptosis both i vitro and in vivo.

Identification of DARS-AS1-interacting proteins

Recent studies have uncovered the involvement of
many IncRNA in signal transduction regulation through
their interactions with proteins."*** To explore the molecu-
lar mechanism by which DARS-AS1 exerts its effects on

DARS-AS1 promotes myeloma malignancy in hypoxia

MM cells, we performed biotin-labeled RNA pulldown,
followed by mass spectrometry assays to identify the
DARS-AS1-interacting proteins in RPMI 8226 and LP-1
cells (Figure 3A, B). After exclusion of the non-specifically
binding proteins present in both the sense and antisense of
DARS-AS1 precipitate, six potential target proteins were
identified, among which RBM39 and PCBP1 were of pre-
dominant interest (Online Supplementary Figure S5A). Only
RBM39 binding with DARS-AS1 in three myeloma cell
lines was detected by western blotting in three independ-
ent RNA pulldown assays (Figure 3C). The specific inter-
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Figure 2. DARS-AS1 participates in proliferation and inhibits apoptosis of myeloma cells in a hypoxic environment. (A, B) Cell growth of RPMI 8226 and LP-1 cells
with DARS-AS1 knockdown in a hypoxic environment was determined every 24 h for 72 h using an automated cell counter (Countstar). (C, D) Cell growth of RPMI
8226 and LP-1 cells with DARS-AS1 overexpression was determined every day for 7 days using an automated cell counter (Countstar). (E) The rates of annexin V*
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by western blotting of RPMI 8226 and LP-1 cells with DARS-AS1 knockdown. (G, 1) Xenograft mouse models of myeloma cells with DARS-AS1 overexpression or DARS-
AS1 knockdown in NOD-SCID mice. (H, J) Ki67 staining of xenografts of DARS-AS1 overexpressing or DARS-AS1 knockdown cells.*P<0.05 and **P<0.01, compared
with the control. Data are presented as the mean + standard error of mean from three experiments.

haematologica | 2020; 105(6) -



action between DARS-AS1 and RBM39 was also con-
firmed by an RNA immunoprecipitation assay. Plasmid-
overexpressing RBM39 with a Flag-tag was transferred
into HEK293T cells and then cultured in the hypoxic envi-
ronment for 24 h. We observed DARS-AS1 enrichment
(but not actin mRNA enrichment) using the Flag antibody
compared with a nonspecific antibody (IgG control)
(Figure 3D).

RBM39 promotes myeloma cell proliferation and
inhibits cell apoptosis in the hypoxic environment
According to the Oncomine database, the transcription
levels of RBM39 were significantly higher in patients with
smoldering myeloma (n=12) than those of bone marrow
mononuclear cells from healthy donors (n=22) (P<10%).
Data from another 74 myeloma patients also led to an
identical conclusion (Figure 4A). Consistently with the
aforementioned results, RBM39 was more highly
expressed in the tested myeloma cell lines (Figure 4B).
Importantly, patients with high expression of RBM39 had
a poor response to treatment (Figure 4C). To further eluci-
date the biological functions of RBM39 in MM cells, we
stably knocked down RBMS39 using two independent
shRNA in MM cells. The downregulation of RBM39 sig-
nificantly inhibited MM cell growth and survival, and
induced apoptosis (Figure 4D-F) under the hypoxic envi-
ronment. Of note, cell apoptosis and the inhibition of MM
cell proliferation that resulted from the downregulation of
DARS-AS1 were partially reversed by the overexpression
of RBM39 in the hypoxic environment (Figure 4G-I).
These results indicate that RBM39 may mediate the bio-

S I

logical functions of DARS-AS1 in MM in a hypoxic envi-
ronment.

DARS-AS1 regulates mammalian target of rapamycin
signaling via RBM39 under the hypoxic environment

The mammalian target of rapamycin (mTOR) signaling
pathway plays critical roles in regulating myeloma cell
proliferation and apoptosis. Previous reports suggested
that RBM39 might be involved in these pathways.'* We,
therefore, investigated the impact of RBM39 silencing on
the mTOR signaling pathway. Knockdown of RBM39
resulted in a substantial decrease in p-mTOR, p-4EBP1,
and p-P70 levels in the hypoxic environment compared to
the levels in control cells (Figure 5A, B). Similar results
were obtained in DARS-AS1-silenced cells. It is worth
noting that the inhibition of mTOR signaling that resulted
from DARS-AS1 knockdown was rescued by overexpres-
sion of RBM39 (Figure 5C, D), which suggests that the
effects of DARS-AS1 are mediated mainly by RBM39. Our
hypothesis was further supported by the increase of p-
mTOR, p-4EBP1, p-P70 and RBM39 levels (Figure SE, F)
after DARS-AS1 overexpression in myeloma cells.

DARS-AS1 inhibits RBM39 degradation in the hypoxic
environment

To further understand the mechanism of regulation
between RBM39 and DARS-AS1, we stably downregulat-
ed DARS-AS1 and RBM39 in MM cells. The downregula-
tion of the RBM39 protein did not affect the level of
DARS-AST in either RPMI 8226 or LP-1 cells in the hypox-
ic environment (Online Supplementary Figure S5B,C).
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Intriguingly, the knockdown of DARS-AS1 caused down- myeloma cells in a hypoxic environment. Moreover, the
regulation of the level of RBM39 protein without decreas-  knockdown of DARS-AST increased the ubiquitination of
ing the level of mRNA in both RPMI 8226 and LP-1 cells RBM39 in hypoxia (Figure 6C). In contrast, the overex-
in the hypoxic environment (Figure 6A). However, the pression of DARS-AS1 reduced the ubiquitination of
change in the RBM39 protein level was abolished by the RBM39 (Figure 6D). These findings indicate that DARS-
presence of the proteasome inhibitor MG132 (Figure 6B), AS1 regulates the stability of RBM39 via the ubiquitin-
suggesting that DARS-AS1 may regulate the degradation proteasome pathway in a hypoxic environment.

of RBM39 in hypoxia. We also treated the DARS-AS1- The RBM39 protein is composed of an arginine-serine
knockdown and control MM cells with the protein syn- domain at the N terminus, followed by three predicted
thesis inhibitor cycloheximide. As shown in Online RNA recognition motifs (RRM) (Figure 6E). We next con-
Supplementary Figure S5D, the degradation rate of RBM39  structed a series of RBM39 truncations (1-240, 241-400,
was significantly accelerated in DARS-AS1 knockdown  400-530, 1-400, and 241-530) to map its binding domains
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* with the DARS-AS1. The deletion-mapping analyses iden-

tified the 1-240 amino acid sequence (corresponding to the
RRM1 of RBM39) of RBM39 as required for its association
with DARS-AS1 (Figure 6E). The truncated proteins con-

taining the 1-240 amino acid fragment were downregulat-
ed, whereas the truncated RBM39 without amino acids 1-
240 could not be degraded after the knockdown of DARS-
AS1 under the hypoxic conditions (Figure 6F). These
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signaling was analyzed in RPMI 8226 and LP-1 cells with DARS-AS1 silencing or DARS-AS1 silencing and RBM39 overexpression (OE). (E, F) mTOR signaling was
analyzed in RPMI 8226 and LP-1 cells with DARS-AS1 OE.
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for 24 h, and then cell lysates were immunoprecipitated with anti-Flag antibody, followed by western blotting with anti-HA antibody. All cells were treated with MG132
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by in vitro-transcribed, biotinylated DARS-AS1. (F) The changes of truncated RBM39 after silencing DARS-AS1 were assessed using immunoblot analysis.
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results suggest that the 1-240 amino acid sequence of
RBM39 is essential for its binding to DARS-AST.

The interaction of DARS-AS1 with RBM39 inhibits
the degradation of RBM39 through RNF147

Currently, the E3 ligases responsible for the ubiquitina-
tion of RBM39 are not clear. Several E3 ligases, including
CHIP, RNE2, RNF147, and RNF113A, have been reported
as possible RBM39-interacting proteins. Intriguingly,
among the interacting proteins, the knockdown of
RNF147 increased RBM39 protein levels and the overex-
pression of RNF147 decreased RBM39 protein levels in the
hypoxic environment (Figure 7A, Online Supplementary
S6B-D). A direct association between endogenous RBM39
and RNF147 was also revealed by the co-immunoprecipi-
tation assays (Figure 7B). Using RNA pulldown assays, we
further verified the association of DARS-AS1 with both
RBM39 and RNF147 (Figure 7C). The immunoprecipita-
tion assay showed that DARS-AS1 deficiency promoted
endogenous RBM39 binding to RNF147, thereby increas-
ing RNF147-mediated RBM39 ubiquitination in the
hypoxic environment (Figure 7D, E). Additionally, in the
hypoxic environment, RNF147 bound to the RRMI1
domain of RBM39 which contains possible ubiquitin-
modified lysines (Figure 7F, Ounline Supplementary Figure
S6A). Together, these results indicate that DARS-AS1 may
function as a mediator, which weakens the RBM39-
RNF147 interaction, thereby diminishing RNF147-mediat-
ed ubiquitination and degradation of RBM39.
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To uncover the mechanisms of hypoxia-induced upreg-
ulation of DARS-AS1, we knocked down and overex-
pressed two well-known hypoxia-responsible transcrip-
tional factors in HEK293T cells, HIF-lo. and HIF-2a
(Online Supplementary Figure S7A). Overexpression of HIF-
1a, but not of HIF-2a, enhanced the expression of DARS-
AS1; in the meantime, knockdown of HIF-1a substantial-
ly attenuated the hypoxia-induced DARS-AS1 upregula-
tion (Figure 8A). HIF-1 acts by binding to an HRE upon
hypoxia. There are two possible HRE in the promoter
region of DARS-AS1 (http://jaspar.genereg.net) (Online
Supplementary Figure S7B). To determine whether HIF reg-
ulates the expression of DARS-AS1 through these HRE,
we constructed luciferase expression plasmids containing
the promoter region (2000 bp) of DARS-AS1. As expect-
ed, HIF-1a strongly increased luciferase expression from
the wildtype, but not the mutant HRE reporters (Figure
8B). At the same time, we used a chromatin immunopre-
cipitation assay to certify the binding of HIF-1 with the
predicted two HRE regions (Figure 8C). Additionally,
RNA immunoprecipitation assays showed that DARS-
AS1 did not interact directly with HIF-1o (Figure 8D).
Interestingly, the overexpression of DARS-AS1 upregulat-
ed the HIF-1a protein, whereas the knockdown of DARS-
AS1 reduced the level of HIF-1a protein which could not
be abolished by the proteasome inhibitor MG132 in the
hypoxic environment (Figure 8E, F). Moreover, DARS-

&
\& P‘\x\'s Q’é\

InputigG RBM39 InputlgG RNF147

RBM39

RNF147

RNF147

i: B-actin

RNA-pulldown

A o
D PR UL E N S o
RO $ 5ok S P\ o @ £ g
L oF s\‘qﬁ %» v»%\\ = RN ,»b,x 5 ,\ s“’
N & 3
+MG132 Qﬁ» 4«1. & P&\\oy&
3 70— - S i
5=
—— B:up  IB:RNF147 ‘--{ ‘. -.‘ RFlT T ® .. 55 ; -
40 — IB:Flag
IP:RBM39 ‘- -} “..{ RBM39 Flag e
5= 25 — =
RBM39 ‘ --‘ ‘— —— ‘ RAMSI - ®
Tnput RNF147 = 15—
- | ——
RBM39 )
Input —— | —— e | [-actin B-actin

INPUT Flag-IP

Figure 7. DARS-AS1 inhibits RBM39 ubiquitination by weakening the RBM39-RNF147 interaction in a hypoxic environment. (A) The expression of RBM39 in RNF147
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m myeloma cells were immunoprecipitated with RBM39/RNF147 antibody, followed

by western blotting with antibody against RNF147/RBM39. (C) Cell lysates from RPMI 8226 cells cultured under hypoxic conditions were incubated with in vitro-synthe-

sized, biotin-labeled sense or antisense DARS-AS1 for pulldown followed by immun:
in a hypoxic environment for 24 h, then treated with MG132 (10 uM) for 12 h. Cell ly:

oblot analysis. (D) HEK293T cells with stable knockdown of RNF147 were cultured
sates were immunoprecipitated with anti-RBM39 antibody, followed by western blot-

ting with anti-ubiquitin antibody. (E) HEK293T cells with stable overexpression of DARS-AS1 or knockdown of DARS-AS1 were treated with MG132 (10 uM) for 12 h.
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AS1 could not influence the HIF-1o. mRNA level in RPMI  Discussion

8226 cells (Online Supplementary Figure S7C). We speculat-

ed that the DARS-AST silencing inhibited the translation Hypoxia-responsive genes are involved in the malignant
of HIF-loo by suppression of the mTOR pathway.”*® progression and poor prognosis of human cancers.
Altogether, HIF-1 enhanced the transcription activity of Numerous IncRNA have been reported to show abnormal
DARS-AS1; in turn, DARS-AS1 might accelerate the expression in cancers.” In the present work, we found that
translation rate of HIF-1o expression via the mTOR path-  hypoxic-regulated DARS-AS1 was required for the sur-

way.

vival and tumorigenicity of myeloma cells i vitro and in
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formed using a Flag-antibody (exogenous HIF-1a protein with Flag-tag), and specific primers to detect DARS-AS1. (E) The expression of HIF-1a in the RPMI 8226
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interfering with E3 ligase RNF147-mediated ubiquitination. HIF-1/DARS-AS1/RBM39 signaling pathways are involved in the tumorigenesis of myeloma.
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vivo. We propose that the HIF-1a—~DARS-AS1-RBM39 axis
is a potential target for MM treatment.

DARS-AS1 is close to DARS in the genome (Online
Supplementary Figure S4A). Numerous antisense IncRNA
participate in physiological or pathological cellular
processes through the regulation of the expression of its
adjacent gene.””” By contrast, we found that the downreg-
ulation of DARS-AS1 was not associated with the expres-
sion of DARS at either transcriptional or protein levels
(Online Supplementary Figure S4B-E). The DARS-AS1 gene
has two annotated transcripts, NR_110199.1 and
NR_110200.1, in the National Center for Biotechnology
Information database (https://www.ncbi.nlm.nih.gov/), with
limited protein-coding potential (http://cpc.cbiplu.edu.cn/)
(Online Supplementary Figure S1E, F). The transcript of
DARS-AS1 #2 (NR_110200.1) is not detectable in the
myeloma cells. We, therefore, focused on DARS-AS1 #1
isoform in our gain- and loss-of-function studies.

Nutritional deficiency is common in the microenviron-
ment of tumors. HIF-1, the protein that responds to low
O, concentrations, apparently leads to increased glycoly-
sis, angiogenesis and drug resistance.' In culture with low
levels of glucose, the overexpression of DARS-AS1 sup-
pressed myeloma cell apoptosis (Online Supplementary
Figure S2D, E). More importantly, DARS-AS1 can promote
the expression of HIF-1a. Thus, DARS-AS1 and HIF-1a
may create a positive feedback, increasing the ability of
myeloma cells to survive, although the underlying mecha-
nism is not fully known. In addition, it would be interest-
ing to examine the impact of DARS-AS1 on the prognosis
of myeloma patients through the analysis of data from
large numbers of samples.

The mass spectrometry and RNA pullown data revealed
that DARS-AS1 interacts directly with RBM39, suppress-
ing the ubiquitination and subsequent degradation of
RBM39 protein, an RNA-binding protein. Dysregulation
of these types of proteins, which can lead to aberrant
expression of cancer-related genes, has been widely
observed in cancer cells.”** Previous studies suggested that
RBM39 is a proto-oncogene in multiple cancer types. Our
results extend this notion, indicating that RBAI39 is a
novel oncogene in myeloma. First, a significantly higher
mortality risk was observed in patients with high expres-
sion of RBM39 than in those with lower expression.
Second, activation of the mTOR signaling pathway
reportedly plays a critical role in the pathogenesis of
myeloma. Our results showed that the knockdown of
RBM39 inhibited mTOR signaling, thus suggesting that
RBM39 is critical for the proliferation and tumorigenesis
of MM cells and may serve as a prognostic predictor for
patients with MM. However, further investigations will
be necessary to reveal the mechanisms of the regulation of
the mTOR pathway by RBMS39. Furthermore, similar
results were observed in DARS-AS1 knockdown cells.
The overexpression of RBM39 reversed the inhibition of
mTOR signaling induced by the knockdown of DARS-
AS1. Based on these data, we propose that the aberrant
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Plasma Cell Disorders

Identification of PIKfyve kinase as a target in
multiple myeloma
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ABSTRACT

The cellular cytotoxicity of APY0201, a PIKfyve inhibitor, against mul-
t

iple myeloma was initially identified in an unbiased i vitro chemical

library screen. The activity of APY0201 was confirmed in all 25 cell
lines tested and in 40% of 100 ex vivo patient-derived primary samples, with
increased activity in primary samples harboring trisomies and lacking
t(11;14). The broad anti-multiple myeloma activity of PIKfyve inhibitors was
further demonstrated in confirmatory screens and showed the superior
potency of APY0201 when compared to the PIKfyve inhibitors YM201636
and apilimod, with a mid-point half maximal effective concentration (ECs))
at nanomolar concentrations in, respectively, 65%, 40%, and 5% of the test-
ed cell lines. Upregulation of genes in the lysosomal pathway and increased
cellular vacuolization were observed i vitro following APY0201 treatment,
although these cellular effects did not correlate well with responsiveness. We
confirm that PIKfyve inhibition is associated with activation of the transcrip-
tion factor EB, a master regulator of lysosomal biogenesis and autophagy.
Furthermore, we established an assay measuring autophagy as a predictive
marker of APY0201 sensitivity. Overall, these findings indicate promising
activity of PIKfyve inhibitors secondary to disruption of autophagy in mul-
tiple myeloma and suggest a strategy to enrich for likely responders.

Introduction

Although the survival outcomes of patients with multiple myeloma (MM) have
improved significantly, in the majority of patients the disease remains character-
ized by recurrent episodes of relapse. Identification of vulnerable targets, particu-
larly those targeting plasma cell biology, is thus an attractive approach aiming
towards advances of therapeutic strategies. Consequently, we utilized an ex vivo
chemo-genomics screening approach to identify potentially unrecognized targets
in this disease. As part of this study, and somewhat unexpectedly, PIKfyve was
identified as a vulnerable target in MM.

PIKfyve, first described in 1999," is a mammalian protein and lipid kinase that
controls complex and distinct cellular functions (reviewed by Shisheva et al?).
PIKfyve phosphorylation of protein substrates includes autophosphorylation®
while lipid kinase activity generates two phosphorylated species of phos-
phatidylinositol (PtdIns):-5-P and -3,5-P2.* PtdIns-5-P plays crucial roles in remod-
eling the actin cytoskeleton, endocytosis, and nuclear signaling, and is suggested
to be a critical signal in innate immune responses. PtdIns-3,5-P2 is involved mainly
in intracellular trafficking and lysosomal acidification and is thus crucial for the
regulation of macroautophagy (herein denominated autophagy).” Apilimod, ini-
tially identified in functional screens as negatively interfering with the production
of interleukin (IL-)12 and IL-23° and used in clinical trials of the treatment of
inflammatory diseases”"’ was subsequently characterized as a PIKfyve inhibitor."
Interestingly, apilimod inhibition has recently been described as a potentially use-
ful therapeutic approach for the treatment of non-Hodgkin lymphoma (NHL)."
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Other novel compounds targeting the PIKfyve kinase,
APY0201, YM201636, AS2677131, AS2795440, and MF4,
have followed.""* Here we report that APY0201 and
other PIKfyve inhibitors are effective inhibitors of MM
cell viability in in vitro and ex vivo models of MM, explore
their mechanisms of action, and describe the develop-
ment of a predictive assay for PIKfyve sensitivity.

Methods

PlKfyve inhibitor sensitivity

APY0201 was included in a 76-drug panel high throughput
screen and evaluated in a 7-point, 10-fold dilution of drug con-
centration, starting at 10 uM. Twenty-five human MM cell lines
(HMCL) and 15 NHL cell lines were incubated for 24 or 72 h.
Cellular viability was assessed with the CellTiter Glo (Promega)
assay for all dose-response curves. Mid-point half maximal
effective concentrations (herein denominated ECs;), maximum
inhibition, and area under the curve (AUC) were calculated.”

Twenty HMCL were treated with a 20-point 2-fold dilution of
drug concentration, starting at 40 uM, and incubated for 72 h with
APY0201 (MedChemExpress, HY-15982, Monmouth Junction, NJ,
USA), apilimod (Santa Cruz Biotechnology, sc-480051, Dallas, TX,
USA), and YM201636 (SelleckChem, S1219, Houston, TX, USA).

Ex vivo sensitivity to APY0201 was assessed after 24 h incu-
bation in 100 purified patient-derived MM samples (through
magnetic bead sorting for CD138" cells; average purity greater
than 95%). Fifteen samples were also screened against
APY0201 and apilimod in a 14-point, 3-fold dilution of drug
concentration, starting at 50 uM, and incubated for 72 h.
Leukocytes from whole bone marrow samples were incubated
for 24 h with increasing concentrations of APY0201 to measure
cytotoxicity, as described previously.”® Written informed con-
sent was obtained from the patients and samples were collected
and stored under Mayo Clinic Institutional Review Board
approval (IRB 919-04, 2207-02, 15-009436, and 18-003198).
This study was conducted in accordance with the Declaration
of Helsinki.

Immunoblotting

Anti-B-actin (#A00702-100) antibody was purchased from
GeneScript (Piscataway, NJ, USA), anti-Lamp-1 (#ab25630) was
purchased from Abcam (Cambridge, MA, USA), anti-SQSTM1
(#sc-28359) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA), and anti-cathepsin A (#AF1049) and anti-
cathepsin D (#AF1014) were purchased from R&D Systems
(Minneapolis, MN, USA). Antibodies against -tubulin (#2128),
Beclinl (#3495), Caspase 3 (#9662), GAPDH (#2118), Lamin
A/C (#4777), LC3A/B (#12741), PARP (#9542), and transcription
factor EB (TFEB, #4240) were purchased from Cell Signaling
Technology (Danvers, MA, USA).

Autophagy organelle formation

Vacuolar phenotype was evaluated by live cell differential
interference contrast (DIC) imaging. Acidic vacuoles were
identified with the LysoSensor Yellow/Blue DND-160 probe
(#L7545, Thermo Fisher Scientific, Waltham, MA, USA).
HMCL were incubated with 20 uL of the Premo Autophagy
Tandem Sensor RFP-GFP-LC3 kit (#P36239, Thermo Fisher
Scientific) for 48 h with subsequent addition of dimethylsul-
foxide (DMSO) control or APY0201 for 18 h. The Autophagy
Detection Kit (Abcam #ab139484) was used according to the
manufacturers’ recommendations. Cellular viability was meas-
ured at 72 h.

mRNA sequencing

HMCL were treated with 100 nM and patients’ sam-
ples with 50 and 500 nM of APY0201, and DMSO as a
control, for 24 h; the cells were then harvested, and total
RNA was extracted. An internally developed RNA-
sequencing analysis workflow (MAPRSeq,” v3.0.1) was
used to perform comprehensive analysis of raw RNA
sequencing paired-end reads, which were aligned by a
fast and splice-aware aligner (STAR,* v 2.5.2b) to human
genome build hg38. Quality control was performed with
RSeQC (v3.0.0)." Gene expression was quantified with
featureCounts™ from the Subread package (hitp://sub-
read.sourceforge.net/, v1.5.1). Genes were determined as
differentially expressed based on log-fold change >1, and
the Enrichr platform® was used to identify involved
pathways. The data have been deposited in the National
Center for Biotechnology Information’s (NCBI) Gene
Expression Omnibus (GEO),” accessible through GEO
series accession number GSE134598.

Results

Identification of PIKfyve as a potential target
in multiple myeloma and non-Hodgkin lymphoma

Medium throughput screening on MM and NHL cell
lines was first conducted at Nanosyn Inc. (Santa Clara,
CA, USA) using a panel of known Food and drug
Administration-approved oncology drugs, kinase
inhibitors, and epigenetic compounds assembled by the
investigators. A more refined panel of 76 drugs was then
selected and sensitivity to the single agents was evaluat-
ed in 25 MM and 15 NHL cell lines. We observed a dose
dependent inhibition of cellular viability in all of the 25
HMCL exposed to the PIKfyve inhibitor APY0201 after
72 h incubation, with a median ECs; of 55 nM and a
median maximum inhibition of cellular viability of 81%
(dose-response curves are shown in Online Supplementary
Figure S1). These results prompted a confirmatory valida-
tion screen of 20 HMCL treated with APY0201 and two
additional PIKfyve inhibitors, YM201636 and apilimod,
with an increased dose range. Dose-dependent inhibition
of cellular viability was observed in this confirmatory
screen in 20 HMCL with all three PIKfyve inhibitors after
72 h incubation. APY0201 was the most potent PIKfyve
inhibitor, followed by YM201636 and apilimod (Table 1,
Online  Supplementary — Figures S2-S4 and  Online
Supplementary Table S1).

In NHL cell lines the effect was similar; after 72 h incu-
bation, APY0201 was the most potent PIKfyve inhibitor
evaluated, with 14 of 15 tested lines (93%) having an
ECs in the nanomolar range (median 76 nM). For
YM201636, only 37.5% of eight tested NHL cell lines
were sensitive at nanomolar concentrations with a medi-
an ECs of 530 nM. Finally, for apilimod, only one of
eight tested NHL lines (12.5%) had nanomolar activity
with an ECs, of 405 nM (Online Supplementary Figures S5
and S6 and Online Supplementary Table S2).

Ex vivo anti-myeloma activity of multiple PIKfyve
inhibitors

We next tested 100 ex vivo primary CD138"-selected
patients’ samples. Dose-dependent sensitivities for
APY0201 were observed in 40% of these ex vivo samples
at 24 h, with 47% of the responsive samples exhibiting an
ECs lower than 100 nM (19% of all tested samples). The



sensitivity to both APY0201 and apilimod was then exam-
ined in 15 ex vivo primary patients’ samples after 72 h incu-
bation, and more significant anti-MM activity was noted.
Over 90% of the primary patients’ samples showed dose-
dependent inhibition of cellular viability in response to
both drugs. APY0201 was considered the more potent
PIKfyve inhibitor, with 71% of the samples exhibiting
sensitivity in the nanomolar range (median EC;, 179 nM),
while for apilimod, 93% of the samples exhibited sensitiv-
ity in the micromolar range (median ECs 22618 nM)
(Table 2 and Ounline Supplementary Table S3).

The cytotoxicity of APY0201 for different leukocyte
populations was evaluated in two primary patients’ sam-
ples with increasing drug concentrations. The plasma cell
population of the first sample was sensitive to APY0201,
with a marked decrease in cellular viability when incubat-
ed with the highest dose of the drug (Online
Supplementary Figure S7A); the second sample was consid-
ered resistant (Online Supplementary Figure S7B). We did
not observe any significant off-target effect of APY0201
in the T and B lymphocyte populations in either sample,
while some off-target effects were noted in the popula-
tion composed of monocytes, macrophages, and granulo-
cytes.

Ploidy and t(11;14) are biomarkers of sensitivity

In HMCL, APY0201 was active regardless of the pres-
ence or absence of IgH translocations, TP53 deletion,
CKS1B gain, monosomy 13, and MYC rearrangements
(Online Supplementary Figure S8). We then evaluated pos-
sible associations between APY0201 sensitivity in pri-
mary patients’ samples and clinical findings. We exam-
ined different disease stages (monoclonal gammopathy of
undetermined significance, smoldering MM, and MM),
disease status (newly diagnosed or relapsed), fluorescence
in situ hybridization cytogenetics [t(11;14), t(4;14),
t(14;16), t(6;14), deletion of 17p, CSK4B duplication,
MYC rearrangement, monosomy 13, and trisomies of one
or more odd-numbered chromosomes], flow cytometry
analysis (hyperdiploid status and S-phase), and hyper-
diploidy according to Wuilleme et al.> Despite the limited
sample size, primary patients’ samples lacking trisomies
(Fisher test, P=0.0232) and harboring t(11;14) (Fisher test,
P=0.0189) were more frequently classified as inactive to
APY0201 in the ex vivo drug screen (Figure 1A, B). With
high-risk patients defined as those with t(4;14), t(14;16),
deletion of 17p, or CSK1B duplication, no discernible dif-
ference in PIKfyve sensitivity was observed between
patients with high- or low-risk genetics.

PIKfyve inhibition in multiple myeloma -

Data publicly reported from the CoMMpass project
(these data were generated as part of the Multiple
Myeloma Research Foundation Personalized Medicine
Initiatives; hitps://research.themmtf.org and www.themmrf.org)
showed lower PIKFYVE expression levels in hyperdiploid
samples when compared to non-hyperdiploid samples (r-
test, P=0.0003) and in samples lacking t(11;14) when com-
pared to samples harboring the translocation (i-test,
P<0.0001). These findings were also confirmed in a cohort
of 487 primary MM samples (Mann-Whitney test,
P<0.0001) (unpublished data). We hypothesize that
increased PIKFYVE expression levels may be associated
with increased resistance to PIKfyve inhibitors, with high-
er concentrations of the inhibitors necessary to activate
TFEB. However, further studies are needed to support this
hypothesis.

Upregulation of lysosomal pathways in vitro
and ex vivo

To further elucidate the anti-MM mechanism of
PIKfyve inhibitors, we evaluated the mRNA-sequencing
profiles of five HMCL with low, intermediate and high
sensitivities to APY0201. When comparing RNA expres-
sion profiles from each HMCL treated with APY0201 for
24 h with its untreated control using the Enrichr platform,
gene targets of the lysosomal pathway were upregulated
in all five HMCL (P<0.01), corroborating previous find-
ings.” This is consistent with previous data from B-NHL
suggesting that apilimod impaired lysosomal function
and consequent degradation of the autophagosomal
cargo.”

Three primary patients’ samples identified as sensitive
to APY0201 (ECs, of 56.29, 101.14, and 103.36) and one
resistant sample, lacking a dose-response curve (Online
Supplementary Figure S9), were sent for mRNA-sequencing
analysis. The three sensitive patients’ samples harbored

Table 1. Cellular viability inhibition of 20 human myeloma cell lines
after 72 h of incubation with three PIKfyve inhibitors.

Mid-point EC,, HMCL
APY0201 YM201636 Apilimod
Samples % Samples % Samples %
<100 nM 5/20 25 020 0 0220 0
100-1000nM 8720 40 820 40 120 5
>1000 nM 720 35 1220 60 1920 9%

EC;,: half maximal effective conentration; HMCL: human myeloma cell lines.

Table 2. Cellular viability inhibition of ex vivo primary patients’ samples after 24 and 72 h incubation with APY0201 and apilimod.

Mid-point EC,, Ex vivo Primary Patients’ Samples
APY0201 APY0201 Apilimod
24 Hour Incubation 72 Hour Incubation 72 Hour Incubation
Samples % Samples % Samples %

<10nM 2/100 2 3/14 214 0715 0.0
10-100 nM 17/100 17.0 2/14 143 0715 0.0
100-1000 nM 11/100 11.0 5/14 35.7 1/15 6.7
>1000 nM 10/100 10.0 3/14 214 14/15 93.3
Inactive 60/100 60.0 114 7.2 0715 0.0

EC;,: half maximal effective conentration.
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Figure 1. A global overview of clinical data from 100 multiple myeloma patients with ex vivo samples tested for APY0201 activity. (A) Clinical data including diag-
nosis (monoclonal gammopathy of undetermined significance, smoldering multiple myeloma and multiple myeloma), disease status (newly diagnosed or relapsed),
fluorescence in situ hybridization data (t(11;14), t(6;14), trisomies of one or more odd-numbered chromosomes, t(4;14), t(14;16), CSK1B duplication, deletion of
17p, MYC rearrangements, and monosomy 13), and S-phase status from flow cytometry analysis. Missing data are shown in gray. (B) Primary patients’ samples with
trisomies of one or more odd-numbered chromosomes (P=0.0182) and lack of t(11;14) (P=0.0168) had increased ex vivo sensitivity to APYO201. EC,,: half maximal
effective concentration; FISH: fluorescence in situ hybridization; FC: flow cytometry; MGUS: monoclonal gammopathy of undetermined significance; SMM: smoldering

multiple myeloma; MM: multiple myeloma

trisomies of one or more odd-numbered chromosomes,
further supporting an increased sensitivity of hyper-
diploid MM to APY0201. As demonstrated in HMCL,
incubation with APY0201 at 500 nM for 24 h led to
upregulation of the lysosomal pathway in both sensitive
and resistant primary patients’ samples (P<0.01). The
transcriptional upregulation of lysosomal biogenesis in
HMCL and in primary patients’ samples warranted fur-
ther assays to evaluate the functional consequences of
PIKfyve inhibition on lysosomes and autophagy.

Of interest CCL3 was the single most upregulated gene
across all five HMCL and all four primary patients’ samples
following APY0201 treatment for 24 h. MM cells constitu-
tively secrete CCL3 (also known as MIP-1a) and the
chemokine has been directly related to osteolytic bone
lesions and poor prognosis by stimulating the proliferation,
migration and survival of MM cells (reviewed by Aggarwal
et al”). In MM harboring t(4;14), we have previously
demonstrated that CCL3 is downregulated by inhibition of
FGFR3 and is regulated by the RAS-MAPK pathway, with
overactivation of RAS-MAPK upregulating CCL3.” This
counter-intuitive link between PIKfyve inhibition, lysoso-
mal pathways and CCL3 upregulation deserves further
exploration beyond the scope of this report.

APY0201 activated TFEB, a master regulator
of lysosomal biogenesis and autophagy, and
promoted cellular vacuolization

Higher basal protein levels of TFEB, a regulator of lyso-
somal function and autophagy,” was shown in two
HMCL (KMS26 and JJN3) most sensitive to APY0201

when compared to the two most resistant HMCL (RPMI-
8226 and EJM), corroborating previous data associating
TFEB overexpression with sensitivity to apilimod in B-
cell NHL (Figure 2A, B).” Following treatment with
APY0201 for 6 h, activation of TFEB, found in its dephos-
phorylated state, was observed independently of the
HMCL sensitivity profile to the compound. Nuclear
translocation of TFEB following PIKfyve exposure was
subsequently confirmed in a subcellular localization
immunoblotting assay (Figure 2C, D). Dephosphorylated
TFEB translocates from the cytoplasm to the nucleus to
regulate the expression of target genes associated with
autophagy.” Therefore, these findings further supported
an APY0201-induced autophagy disturbance through
PIKfyve inhibition in MM.

Treatment with APY0201 led to the formation of
enlarged intracellular vacuoles in all three HMCL
(KMS26, L3683, and EJM), independently of drug sensitiv-
ity (Figure 2E). The endolysosomal swelling phenotype
has been widely related to the disruption of PIKfyve
activity' "% due to the role of the kinase in vacuole
maturation after lysosome fusion has occurred.”
Vacuolation could therefore be a phenotypic biomarker
of PIKfyve inhibition and consequent reduction of PtdIns-
3,5-P2." The acidic nature of the vacuoles was further
examined with LysoSensor staining. Blue fluorescence
found in more neutral environments was observed in the
vacuoles of all four treated HMCL (2 sensitive and 2
resistant to APY0201), indicating the prevalence of less
acidic vacuolar content and, therefore, suggesting
impaired lysosomal function. However, yellow fluores-
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Figure 2. APY0201 treatment leads to activation of TFEB, a vacuolar phenotype, and cell death by apoptosis in human myeloma cell lines. (A) Two sensitive (KMS26
and JJN3) and two resistant (RPMI-8226 and EJM) human myeloma cell lines (HMCL) were treated with dimethylsulfoxide (DMSO) or 100 nM of APY0201. Cell lysates
were harvested after 6 h of incubation with the drug and immunoblotting was performed to determine the level of transcription factor EB (TFEB) protein. (B) Basal
TFEB level was correlated to sensitivity. Two HMCL were treated with DMSO or 100 nM of APY0201 after 6 h for KMS26 (C) and 24 h for RPMI-8226 (D) with
immunoblotting performed to determine the subcellular localization of TFEB. (E) Three HMCL were or were not treated with APYO201 at 100 nM and live cell differ-
ential interference contrast (DIC) imaging was performed after 48 h with a confocal microscope Zeiss LSM 800 (63X). (F) Four HMCL were treated with DMSO (-) or
100 nM of APY0201 (+) for 48 h prior to immunoblotting for caspase-3 and poly (ADP-ribose) polymerase (PARP) protein.

cence found in more acidic environments prevailed in the
vacuoles of the two resistant HMCL, RPMI-8226 and
EJM, indicating a partial maintenance of a more acidic
content after APY0201 exposure, which is necessary for
autophagic flux maintenance (Online Supplementary Figure
510). The galectin puncta assay was performed to deter-
mine whether lysosomal cell death was critical in the
APY0201-induced cytotoxicity. Lysosomal cell death is
promoted by leakage of lysosomal contents following
permeabilization of the lysosomal membrane;” however,
no evidence of lysosomal membrane permeabilization
was observed (data not shown). APY0201 apoptosis-medi-
ated cellular toxicity was demonstrated by immunoblot-
ting of Caspase-3 and PARP cleavage in the sensitive
HMCL, KMS26 and JJN3, but not in the two resistant
HMCL, RPMI-8226 and EJM (Figure 2F).

Multiple myeloma cells resistant to PIKfyve inhibitors
partially maintain autophagic flux

To further evaluate autophagic flux, we examined key
components of lysosomes and autophagosomes. An accu-
mulation of the inactive precursor procathepsin D was
observed in all four HMCL and of procathepsin A both in
sensitive KMS26, JIN3, and in resistant EJM cells following

incubation with APY0201 (Figure 3A), demonstrating a
decrease in maturation of lysosomal proteases independ-
ent of APY0201 sensitivity. All treated HMCL exhibited an
increase in LC3 A/B-II, a protein present in autophago-
somes and autophagolysosomes; as well as lysosome-asso-
ciated membrane protein 1 (Lamp-1), a protein present in
lysosomes and autophagolysosomes. An increase in
sequestosome 1 (SQSTM1)/p62 protein levels was also
demonstrated in all four HMCL, further highlighting
impaired autophagic protein degradation (Figure 3B). We
therefore confirmed that lysosomal function, and conse-
quently autophagy, was disrupted following PIKfyve inhi-
bition and did not seem to predict drug sensitivity.
However, Beclin-1, a promoter of autophagy was
decreased in KMS26 and JJN3 (the two HMCL sensitive to
PIKfyve inhibitors) and discretely increased in RPMI-8226
and EJM (the two PIKfyve inhibitor-resistant HMCL)
(Figure 3B). The SQSTM1:Beclinl protein level ratio was
then used as an autophagy indicator, with decreased
SQSTM1 and increased Beclin-1 indicative of increased
autophagic flux, as described previously.® A higher ratio
was found in the sensitive HMCL (KMS26 and JJN3)
when compared to the resistant HMCL (Figure 3C), which
demonstrates impaired autophagic flux in drug-sensitive

PIKfyve inhibition in multiple myeloma -
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HMCL. Further evaluation with the LC3-fluorescent pro-
tein showed a reduction of the acid-sensitive green fluo-
rescent protein and maintenance of the acid-insensitive
red fluorescent protein in the representative resistant
HMCL, EJM, when compared to the sensitive HMCL,
JIN3, after 18 h of treatment with APY0201, indicating
maturation of autophagosomes to autophagolysosomes in
the resistant HMCL (Figure 3D, E).

Finally, we performed a cellular viability assay treating
the two representative resistant HMCL, RPMI-8226 and
EJM, with 1 nM and 2 nM of the autophagy inhibitor
bafilomycin Al, respectively, showing synergistic anti-

MM activity (Figure 3F G). In summary, these findings
demonstrate the key role of autophagic flux disruption in
MM cytotoxicity caused by PIKfyve inhibitors (Figure 4).
Resistant HMCL maintain functional autophagy more
efficiently, representing a mechanism of resistance to
these drugs.

APY0201 sensitivity in vitro and ex vivo was predicted
with the autophagy detection kit

Since anti-MM activity of APY0201 was associated with
disruption of lysosome function and autophagy, we
explored an autophagy detection assay, as a biomarker to
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Figure 3. APY0201 treatment leads to an increase in inactive precursors of lysosomal proteases and in autophagy organelles but decreased autophagic flux in
sensitive human myeloma cell lines. Four human myeloma cell lines (HMCL) were treated with dimethylsulfoxide (DMSO) or 100 nM of APY0201. Cell lysates were
harvested after 48 h of drug incubation and immunoblotting was performed to determine the levels of cathepsin A and D proteins (A) and Beclin-1, LC3 A/B, lyso-
some-associated membrane protein 1 (Lamp-1), and sequestosome 1 (SQSTM1)/p62 protein levels (B). (C) The ration of SQSTM1:Beclinl protein levels in two sen-
sitive (KMS26 and JIN3) and two resistant (RPMI-8226 and EJM) HMCL following 48 h of incubation with APYO201. (D) LC3 acid-sensitive green fluorescent protein
(GFP) and -insensitive red fluorescent protein (RFP) in representative sensitive and resistant HMCL (JJN3 and EJM, respectively) after 18 h of treatment with 100 nM
of APY0201; images were obtained with a Zeiss LSM 800 confocal microscope (63X) and processed with Zen Blue software. (E) Mean LC3 RFP:GFP ratio in JJN3
and EJM. (F) Treatment of the RPMI-8226 resistant HMCL with APY0201 with and without 1 nM of bafilomycin A1 after 48 h. (G) Treatment of the EJM-resistant HMCL
with APY0201 with and without 2 nM of bafilomycin Al after 48 h.
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predict sensitivity to APY0201. A more pronounced
autophagy signal occurred when three HMCL sensitive to
APY0201 (KMS26, JIN3, and FR4) were treated with the
PIKfyve inhibitor for 18 h than when three resistant HMCL

PIKfyve inhibition in multiple myeloma

(EJM, KMS28PE, RPMI-8226) were so treated (Figure 5A).
A decrease in cellular viability was confirmed as shown.
The increased autophagy signal further demonstrates the
disruption of autophagy in sensitive HMCL.**
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Figure 4. Proposed mechanism of action of PIKfyve inhibitors. PIKfyve inhibition following treatment with APYO201, activates transcription factor EB (TFEB) through
dephosphorylation leading to upregulation of autophagosome and lysosome biogenesis. Lysosomal function is disrupted by a decrease in the maturation of proteas-
es and a less acidic pH. Autophagic flux is therefore disrupted, leading to the vacuolization phenotype. We observed that resistant cell lines are able to maintain a

more acidic pH and maintain, at least partially, autophagic flux.
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Figure 5. APY0201-mediated increase in autophagic vesicles and cellular toxicity. (A) Three sensitive (KMS26, JIN3, FR4) and three resistant (EJM, KMS28PE, RPMI-
8226) human multiple myeloma cell lines treated or not with APY0201 at 100 nM for 18 h. Histogram representation of the green detection reagent detected by
flow cytometry and 3-(4,5-dimethylthiazol)-2,5-diphenyl tetrazolium bromide (MTT) assay performed following 72 h of incubation with the compound to determine cell
viability. (B) The APYO201-mediated increase in autophagic vesicles in primary patients’ samples treated or not with the compound for 18 h was inversely proportional

to the mid-point half maximal effective concentration (ECy,).
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Similarly, in primary patients’ samples, an APY0201-
mediated increase in autophagic vacuoles was inversely
proportional to the ECs for the PIKfyve inhibitor
APY0201 (Figure 5B). Analogous findings were also seen
when HMCL and primary patients’ samples were treated
for 18 h with apilimod (data not shown). This could, there-
fore, be an efficient and fast assay to predict PIKfyve
inhibitor response in MM patients.

Discussion

Although the clinical outcome of MM patients with
current therapy protocols has improved markedly,**
most patients ultimately relapse.” The identification of
novel anti-MM agents therefore remains an important
step towards disease control. We first identified the
PIKfyve inhibitor APY0201 as a promising anti-MM ther-
apeutic in a preliminary screen and included the PIKfyve
inhibitor in a 76-drug panel used for more intensive drug
screening for sensitivity. Following 24 h incubation of 25
HMCL and 100 ex vivo primary patients’ samples with
APY0201, this drug was demonstrated to have activity in
>90% and 40%, respectively. PIKfyve inhibition was then
validated with three different PIKfyve inhibitors,
APY0201, YM201636, and apilimod, generating dose-
dependent responses in 20 HMCL, while APY0201 and
apilimod showed activity in >90% of ex vivo patients’
samples with a longer 72 h incubation.

The PIKfyve selectivity of apilimod had been demon-
strated when this drug was profiled against several kinas-
es and no off-target activity was detected,”® while the
specificity of APY0201 was demonstrated against all test-
ed kinases, G-protein-coupled receptors, ion channels,
and enzymes, with APY0201 showing superior selectivity
over apilimod.” YM201636 is less selective, inhibiting
PIKfyve and insulin-induced activation of class IA PI3
kinase.” Our findings clearly demonstrated increased
inhibition of cellular viability with APY0201, when com-
pared to YM201636 and apilimod, in HMCL, NHL cell
lines, and primary ex vivo patients’ samples.

PIKfyve negatively regulates TFEB* and PIKfyve
inhibitor sensitivity has been correlated with higher base-
line levels of TFEB, a master regulator of the function of
lysosomes and autophagy.” Following APY0201 treat-
ment, TFEB was found in a dephosphorylated state
which correlated with its translocation to the nucleus in
representative sensitive and resistant HMCL, as previous-
ly noted by others.””* A PtdIns-3,5-P2-dependent regula-
tion of the activation and nuclear translocation of TFEB
has also been previously demonstrated.” In addition, the
endolysosomal swelling phenotype associated with loss
of PIKfyve function has been linked to a concomitantly
reduced number and increased volume of autophagy
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organelles after coalescence.” These findings clearly link
PIKfyve inhibitors with lysosomal and autophagic disrup-
tion and were confirmed in our analysis.

Impaired lysosomal degradation of autophagic cargo
induced by apilimod driving cell death was suggested in
B-NHL.* However, we found an accumulation of lysoso-
mal protease precursors, autophagosome and lysosome
protein markers, intracellular vacuolization, as well as
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ABSTRACT

ata on the impact of long term treatment with immunomodulatory

drugs (IMiD) on health-related quality of life (HRQoL) is limited.

The HOVON-87/NMSG18 study was a randomized, phase 3 study
in newly diagnosed transplant ineligible patients with multiple myeloma,
comparing melphalan-prednisolone in combination with thalidomide or
lenalidomide, followed by maintenance therapy until progression (MPT-T
or MPR-R). The EORTC QLQ-C30 and MY20 questionnaires were com-
pleted at baseline, after three and nine induction cycles and six and 12
months of maintenance therapy. Linear mixed models and minimal impor-
tant differences were used for evaluation. 596 patients participated in
HRQoL reporting. Patients reported clinically relevant improvement in
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global quality of life (QoL), future perspective and role and emotional functioning, and less fatigue and pain
in both arms. The latter being of large effect size. In general, improvement occurred after 6-12 months of
maintenance only and was independent of the World Health Organisation performance at baseline. Patients
treated with MPR-R reported clinically relevant worsening of diarrhea, and patients treated with MPT-T
reported a higher incidence of neuropathy. Patients who remained on lenalidomide maintenance therapy for
at least three months reported clinically meaningful improvement in global QoL and role functioning at six
months, remaining stable thereafter. There were no clinically meaningful deteriorations, but patients on
thalidomide reported clinically relevant worsening in neuropathy. In general, HRQoL improves both during
induction and maintenance therapy with immunomodulatory drugs. The side effect profile of treatment did
not negatively affect global QoL, but it was, however, clinically relevant for the patients. (Clinicaltrials.gov

identifier: NTR1630) .

Introduction

Multiple myeloma (MM) is a malignancy of the plasma
cells in the bone marrow. Patients with MM are at high
risk of developing bone destructions and fractures, hyper-
calcaemia, renal failure and anemia."” Compared to
patients with other hematological malignancies, patients
with MM report a higher incidence and severity of symp-
toms with a reduced health-related quality of life
(HRQoL) as a consequence.”” However, there is limited
data on the effect of first line treatment on HRQoL in
transplant ineligible, newly diagnosed patients with MM
(NDMM), especially throughout maintenance treatment.’
In several of these trials, the immunomodulatory drugs
(IMiDs) thalidomide and/or lenalidomide were investigat-
ed.”” HRQoL during treatment with thalidomide and
lenalidomide were compared head to head in the FIRST
and the ECOG E1A06 trials only."

The FIRST trial compared continuous therapy with
lenalidomide and dexamethasone (Rd), with Rd for 18
months, and melphalan-prednisone-thalidomide (MPT)
for 18 months." Clinically relevant changes were pub-
lished only for six HRQoL scales.” These were preselected
as they were perceived to be clinically relevant. Both Rd
and MPT resulted in a statistically significant improve-
ment in all subscales, except side effects of treatment that
worsened over time in both arms. There were no differ-
ences between arms in global quality of life (QoL), physi-
cal functioning, pain and fatigue; although Rd treated
patients reported significantly less side effects of treat-
ment and less disease symptoms at three months com-
pared to MPT. A post hoc prediction model was developed,
suggesting that HRQoL was at least maintained or further
improved beyond 18 months. Unfortunately, the effect of
Rd continuous versus 18 months only on HRQoL cannot
be deduced with certainty from this study, as HRQoL data
beyond 18 months was lacking.”

In contrast to the FIRST trial, in the ECOG E1A06 trial,
the Functional Assessment of Cancer Therapy-
Neurotoxicity Trial Outcome Index (FACT-Ntx TOI) score
was used for HRQoL evaluation, instead of the European
Organisation for Research and Treatment of Cancer
(EORTC) QLQ-C30. It was shown that melphalan-pred-
nisone-lenalidomide (MPR) followed by lenalidomide
maintenance (MPR-R) resulted in a superior HRQoL after
12 months only, compared to MPT followed by thalido-
mide maintenance (MPT-T)."” However, the HRQoL
effects of lenalidomide and thalidomide maintenance ther-
apies were not investigated separately.

The effect of MPR-R on HRQoL might be deduced
from the MM-015 trial, comparing MPR-R; MPR and mel-
phalan-prednisolone (MP).'"" After six months of mainte-
nance, patients who actually received MPR-R therapy
reported a statistically significant improvement in
HRQoL in 5 of 6 subscales, versus in 2 of 6 subscales only
in MP and MPR treated patients. However, also from this
study, HRQoL data beyond six months of maintenance
therapy is lacking.®"

Recently, the data from the MRC IX study showed that
maintenance therapy with thalidomide resulted in an
inferior global QoL after three months with a persistent
trend for detriment at six and 12 months.” This is impor-
tant as, especially after achieving disease control with
induction therapy, long-term continuation of mainte-
nance therapy may turn the pros of maintenance therapy
into cons because of side effects that negatively affect
HRQoL. The data on lenalidomide maintenance therapy;,
however, is limited."*""*"*Data from a prospective obser-
vational cohort study showed no negative impact of
lenalidomide maintenance therapy following autologous
stem cell transplantation.” To the best of our knowledge,
prospective analyses after six months of maintenance
therapy in non-transplant eligible patients with NDMM
are lacking. Only the post hoc analysis of the FIRST trial is
available.”

We here report data on all the collected HRQoL sub-
scales from the open-label, randomized HOVON-
87/NMSG18 study, thereby providing HRQoL data, not
only during induction, but also during maintenance ther-
apy with lenalidomide and thalidomide therapy.”
Although currently both IMiD-based regimens are mainly
replaced by Rd continuously, either combined with borte-
zomib during induction or not, the impact of long term
lenalidomide on HRQoL is of interest. In addition, we
discuss methods to account for the impact of differences
in discontinuation rate due to toxicity between the two
arms on the outcome of HRQoL analysis.

Methods

Study design

Study details have been published previously.”” In brief, symp-
tomatic patients with NDMM >65 years of age or transplant
ineligible patients =65 years were included. Patients were ran-
domized between nine 28-day induction cycles of MPT, fol-
lowed by thalidomide maintenance (MPT-T) or nine 28-day
induction cycles of MPR followed by lenalidomide maintenance

HRQoL with thalidomide and lenalidomide e
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(MPR-R). Maintenance treatment was given until progression,
intolerable side effects or other conditions that required treat-
ment discontinuation. The study protocol was approved by the
Ethics Committee, and written informed consent was obtained
from all participants. The study was registered at www.trialregis-

ter.nl as NTR1630.

Health-related quality of life assessments

Participation in the HRQoL reporting was optional.
Questionnaires were given to the patients at baseline (T0), after
induction cycle 3 (T1) and cycle 9 (T2), and after six (T3) and 12
(T4) months of maintenance therapy.

For HRQoL assessment, two EORTC QoL questionnaires
were used; the QLQ-C30 and the Myeloma specific QLQ-
MY20."*" The QLQ-C30 contains five functional scales, nine
symptom scales and one global QoL scale.”””! The QLQ-MY20
contains two functional and two symptom scales. For the evalu-
ation of peripheral neuropathy, question 13 of the QLQ-MY20
“Did you have tingling hands or feet¢” was used. The EORTC man-
ual’ was used to calculate all HRQoL scales. A detailed descrip-
tion of the questionnaires and neuropathy scale, data collection
and assignment of the questionnaires to T0-T4 is found in the
Online Supplementary Matetial and Methods.

Statistical analyses

Change in HRQoL over time was assessed by linear mixed
models, both “within arms” and “between arms”, from TO to T4,
as well as from T2 to T4 for patients who had at least three
months of maintenance therapy. A P-value <0.005 was consid-
ered statistically significant as multiple subscales were tested.
Model estimates were used for post hoc comparisons of changes
from baseline.” A change in mean HRQoL score was defined as
clinically meaningful if it was above the minimal important dif-
ference (MID) threshold using distribution-based MID calculat-
ed for both QLQ-C30 and MY20 subscales.” MID between arms
was defined as >5 points difference at a specific time point.” For
QLQ-C30 subscales, an additional anchor-based method by
Cocks was used, assessing whether HRQoL changes and differ-
ences were of small, medium or large effect.”®** Details are
described in the Online Supplementary Material and Methods.

To check for effect modification by the World Health
Organisation (WHO) performance, sex, age and treatment
response, linear mixed models included fixed effects for time,
WHO, sex, age, treatment response and their two-way interac-
tion and a random slope for subject.

HRQoL questionnaires were not systematically collected from
patients who discontinued treatment, which might introduce a
bias when comparing HRQoL. Therefore, we investigated the
impact of missing data due to treatment discontinuation on
changes in HRQoL over time. We compared HRQoL of i)
patients on and off protocol matched by timing, ii) patients who
discontinued therapy before or after start of maintenance, and
iii) patients who discontinued therapy because of peripheral
neuropathy versus patients still on protocol until 12 months
maintenance therapy. For a detailed description, see the Online
Supplementary Appendix Matetials and Methods.

For statistical analysis, SPSS version 22.0 was used.

Results

Ninety-four percent (596) of the 637 patients included
in the HOVON-87/NSMG18 trial gave informed consent
for participation in the HRQoL study. Only patients who
filled out a baseline questionnaire were included in the

Table 1. Demographic characteristics of the patients included in the
health-related quality of life analysis.

Demographic characteristics MPT-T MPR-R
(N=272) (N=281)

Median age, years (IQR) 72 (69-77) 73 (69-77)

Age = T6 years, N (%) 90 (33%) 98 (35%)
Sex, N (%)

Male 133 (49%) 164 (58%)

Female 139 (51%) 117 (42%)
WHO performance, N (%)

0 89 (33%) 107 (38%)

1 132 (49%) 124 (44%)

2 39 (14%) 40 (14%)

3 5 (2%) 5 (2%)

Unknown 6 (2%) 5 (2%)
M-protein subtype, N (%)

1gG 177 (65%) 176 (63%)

IgA 73 (27%) 69 (25%)

IgD 4 (2%) 1 (<0.5%)

Light chain only 17 (6%) 34 (12%)

Unknown 0 (0%) 1 (<0.5%)
1SS, N (%)

I 61 (23%) 78 (28%)

| 134 (49%) 136 (48%)

1 74 (27%) 65 (23%)

Unknown/missing 3 (1%) 2 (1%)
Lytic bone lesions, N (%)

None 86 (32%) 89 (32%)

1 25 (9%) 19 (7%)

2 15 (6%) 19 (%)

3 or more 141 (52%) 150 (53%)

Unknown/missing 5 (2%) 4 (1%)
FISH performed, N (%)

Yes 206 (76%) 220 (78%)
FISH abnormality if performed, N (%)

17p13 loss 23/188 (12%)  16/196 (8%)

t(4;14) (p16;q32) 18/199 (9%)  17/216 (8%)

t(14;16) (q32;923) 2170 (1%) 107192 (5%)

1q21 gain 56/146 (38%)  58/165 (35%)

MPTT: melphalan-prednisone-thalidomide induction and thalidomide maintenance
therapy; MPR-R: melphalan-prednisone-lenalidomide induction and lenalidomide
maintenance therapy; n: number of patients; IQR: interquartile range, WHO: World
Health Organisation; ISS: International Staging System; FISH: fluorescence in situ
hybridization.

HRQoL analysis; 272 patients in MPT-T versus 281
patients in MPR-R. The patient- and disease characteris-
tics of the HRQoL cohort (Table 1) were comparable to
the original study population.” The patient flow and
drop-out during study are presented in the CONSORT
diagram in Figure 1. Fewer patients in the MPT-T arm
started maintenance compared to patients in the MPR-R
arm, 146 (54%) versus 174 (62%). In addition, more
patients discontinued MPT-T than MPR-R (first year dis-
continuation rate; 68% vs. 30%; P<0.001). The main rea-
son for discontinuation was peripheral neuropathy for
thalidomide and hematological toxicity for lenalido-
mide.” A graphic presentation of the number of patients
on protocol and the number of completed questionnaires
at each scheduled time point, ranging from 69-87%, is
presented in the Online Supplementary Figure S1. At base-
line, no significant differences existed between the treat-
ment arms (Online Supplementary Table S1).
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Figure 1. Consort diagram. Consort diagram of the number of patients participating in the health-related quality of life (HRQoL) study, the number of answered ques-
tionnaires and the number of patients off protocol and reason for treatment discontinuation.

Percentage of patients reaching a clinically
meaningful change in HRQolL

In both arms, clinically relevant improvement in global
QoL was more prominent than deterioration (Figure 2).
During MPT induction therapy, improvement occurred in
48% of patients versus deterioration in 32%. With MPR
induction improvement was reported in 52% of patients
versus in 28% deterioration. After 1 year of thalidomide
maintenance, 54% of patients improved versus 32% dete-
riorated. For lenalidomide maintenance these figures were
61% versus 19%, respectively. The results for all other sub-
scales are presented in Figure 2. Clinically relevant deteri-
oration in peripheral neuropathy was significantly more
frequently reported in the patients treated with MPT-T
than in the patients treated with MPR-R, both after induc-
tion (55% vs. 27 %; P<0.001) and after maintenance (63%
vs. 31%; P=0.003). A significantly higher percentage of
patients treated with MPR reported clinically relevant
worsening of diarrhea, compared to MPT, however after
induction only (31% vs. 9%; P<0.001).

Changes in HRQoL within each treatment arm during
induction and maintenance

In both arms, a significant improvement in HRQoL over
time was observed for the majority of scales, irrespective

of the received treatment. Global QoL, role and emotional
functioning, fatigue, pain, and future perspective
improved clinically relevant in both arms. In addition,
patients who were treated with thalidomide reported a
clinically relevant improvement in social functioning,
insomnia and appetite loss, while physical functioning
improved in patients who were treated with lenalidomide
(see Online Supplementary Table S2 for significant changes
over time; see Figure 3 and Online Supplementary Figure S2
for clinical meaningful changes within arms). Overall,
these HRQoL changes corresponded to medium clinical
effects, except for pain reduction, which corresponded to
a large clinical effect.” In both arms, pain reduction was
observed, irrespective of the number of bone lesions (0 vs.
1-2 vs. 23) (Online Supplementary Figure S3). In general, clin-
ically meaningful improvement occurred from T3 and T4
onwards only (i.e. after six and 12 months of maintenance
therapy). In contrast, global QoL, future perspective and
pain improved already during induction therapy and was
sustained throughout the whole treatment (Figure 3 and
Ounline Supplementary Figure S2). Patients treated with
MPT-T reported a statistically significant, but not clinically
meaningful increase (small effect according to Cocks™) in
constipation and side effects of treatment (P=0.003 and
P<0.001 respectively, see Figure 3, Online Supplementary
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Table S2 and Ouline Supplementary Figure S2). Patients
treated with MPR-R reported a statistically significant and
clinically meaningful increase (small effect according to
Cocks)* in diarrhea (P<0.001, see Figure 3 and Online
Supplementary Table S2). Peripheral neuropathy worsened
in both arms (both P<0.001, see Online Supplementary Table
S2), being clinically meaningful in patients treated with
thalidomide only (Figure 3).

Clinically relevant differences between arms in HRQoL
course during induction and maintenance

During treatment, clinically meaningful differences
occurred between arms in 13 of 21 scales (Figure 3 and
Ounline Supplementary Figure S2). Patients treated with
MPT-T reported less diarrhea at all follow-up time points
(difference between arms was of medium clinical effect,
according to Cocks®), pain at T1, fatigue at T2, and insom-
nia and appetite loss at T1 and T4. MPR-R treated patients
reported better future perspective, physical and role func-
tioning at T4, better cognitive functioning at T1 and T4,
and body image at T3, compared to the patients treated
with MPT-T. In addition, patients treated with MPT-T
reported more side effects of treatment at T3 and T4 and
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more constipation and peripheral neuropathy at all fol-
low-up time points. According to the definition of Cocks,
all the differences between the arms were of small clinical
effect at the largest, except where stated differently
(Online Supplementary Table S2).%

Changes in HRQoL within and between treatment arms
during maintenance only

We performed an analysis of a subset of 242 patients
who started and continued maintenance treatment for at
least three months and of whom a T2 questionnaire was
available: 95 of 146 patients who started with thalidomide
maintenance therapy (65%) and 147 of 174 patients who
started with lenalidomide maintenance therapy (84%). At
the start of maintenance, there was already a significant
difference in HRQoL in constipation, side effects of treat-
ment and neuropathy (less in MPR treated patients) and
diarrhea (less in MPT treated patients) (Ounline
Supplementary Table S1). During maintenance treatment, a
statistically significant reduction in appetite loss was
reported in both arms (thalidomide P=0.003, lenalidomide
P<0.001). In addition, during lenalidomide maintenance, a
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Figure 2. Responders. The percentage of patients reaching a clinically relevant change in health-related quality of life (HRQoL), e.g. reaching the minimal important
difference (MID) threshold for within group change during the induction phase (T2) and induction and maintenance phase together (T4). A significant difference
between the arms with respect to the percentage of patients improving or deteriorating by more than the MID was observed for diarrhoea and peripheral neuropathy

at T2 and for peripheral neuropathy at T4.
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significant improvement was observed in global QoL
(P=0.003, clinically relevant at T3), physical- (P<0.001) and
role functioning (P<0.001, clinically relevant at T4), fatigue
(P<0.001) and dyspnea (P=0.004). In contrast, no signifi-
cant improvement occurred during thalidomide mainte-
nance. There was even statistically significant worsening
of peripheral neuropathy symptoms (P<0.001, clinically
relevant at both T3 and T4) (Online Supplementary Table S3
and Online Supplementary Figure S4). Between arms, there
were clinically meaningful differences in physical and role
functioning (better with lenalidomide), in appetite loss

(worse with lenalidomide) and in neuropathy (worse with
thalidomide) (Online Supplementary Table S4 and Online
Supplementary Figure S4). All differences in QLQ-C30
scales were of small effect size (of note for neuropathy, no
effect sizes are available).”

Analyses to account for missing data due to different
discontinuation rates between arms

Because more patients in the thalidomide arm discon-
tinued treatment compared to the lenalidomide arm?,
HRQoL of patients on protocol in the thalidomide arm
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Figure 3. Health-related quality of life change over time. Estimated change in
health-related quality of life (HRQoL) score from baseline with corresponding 95%
confidence intervals (Cl) and P-values for the five scales with a statistically signifi-
cant difference in change over time between treatment arms. Time points with clin-
ically meaningful difference between arms (minimal important difference [MID] >5
points) are marked with *. The dotted horizontal line represents the calculated
threshold for minimal important difference, the black for melphalan-prednisone-
thalidomide induction and thalidomide maintenance therapy (MPT-T) and the blue
for the melphalan-prednisone-lenalidomide induction and lenalidomide mainte-
nance therapy (MPR-R) treatment. The green arrows indicate the direction of
improvement in functional scales or reduction in symptom scales. The red arrows
indicate the direction of deterioration in functional scales or worsening of symptom
scales.
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could have been overestimated and toxicities underesti-
mated. We performed additional analyses to exclude such
a potential bias. Although it was not required, a question-
naire was available after treatment discontinuation (“off
protocol” questionnaires) from 90 patients (53 MPT-T and
37 MPR-R), of which 84 could be matched with question-
naires from patients on protocol with comparable age,
WHO, disease status, treatment arm and period. The glob-
al QoL for patients on protocol was comparable to
patients off protocol (mean score 59.9 vs. 66.3 points,
respectively, P=0.043; Online Supplementary Table S5).
Secondly, in general, the HRQoL course did not differ
between patients who discontinued therapy early (<12,
e.g. during induction) and those who discontinued therapy
late or never (>T2, e.g. from start maintenance; Online
Supplementary Table Sé and Online Supplementary Figure
S6). Lastly, global QoL over time did not differ between
patients discontinuing treatment due to investigator-
reported peripheral neuropathy and patients continuing
treatment until 12 months of maintenance therapy
(P<0.001; Online Supplementary Table S7 and Online
Supplementary Figure S6). These analyses support the
absence of bias in our analyses.

Effect modification of HRQoL change by baseline WHO
performance, gender, age and treatment response
Baseline WHO performance status appeared to be an
effect modifier of HRQoL change during treatment for 7
of 21 scales in MPT-T treated- and in 12 of 21 scales in
MPR-R treated patients (Figure 4 for global QoL and
Ounline Supplementary Table S8 and Online Supplementary
Figure S8 for other subscales). A low performance status
(WHO score =2) was associated with a statistically signif-
icant overall lower HRQoL at baseline (data not shown),
which became comparable to the HRQoL of patients with
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baseline WHO performance status 0-1 during treatment
(Online Supplementary Table S8 and Online Supplementary
Figure S7). Sex, age (<75 years vs. >75 years) and treatment
response (=partial response vs. stable/progressive disease)
did not modify HRQoL course (data not shown). The only
exception was observed for patients treated with MPT-T
<75 years of age, who experienced more peripheral neu-
ropathy during treatment compared to those >75 years
(Online Supplementary Table S9 and Online Supplementary
Figure S8).

Patient- versus investigator-reported peripheral
neuropathy

Figure 5 shows the patient-reported peripheral neuropa-
thy, as described in the method section, in comparison to
the investigator-reported CTCAE score at the given time
point. After dichotomizing peripheral neuropathy to “no”
or “mild” peripheral neuropathy versus “moderate” or
“severe neuropathy”, the kappa between patient-reported
and investigator-reported peripheral neuropathy was 0.33
(95% CI: 0.29-0.36). In 213 of 1,599 (13.3%) evaluable
questionnaires a discordance was found between neu-
ropathy grades reported by the patients versus investiga-
tors. In 76% of the cases, the investigator interpreted the
grade of neuropathy lower than experienced by the
patient.

Discussion

IMiD-based first line treatment of elderly non-trans-
plant eligible patients with NDMM improves both pro-
gression free and overall survival.”** We here show that
patients also perceive clinically relevant HRQoL benefits
of induction therapy with thalidomide and lenalidomide

Global health status/QoL: MPR-R
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Figure 4. Effect modification of global quality of life by World Health Organisation status. Mean global quality of life (QoL) course over time with corresponding 95%
confidence intervals (CI) for each time point for (A) melphalan-prednisone-thalidomide induction and thalidomide maintenance therapy (MPT-T) and (B) patients treat-
ed with melphalan-prednisone-lenalidomide induction and lenalidomide maintenance therapy (MPR-R), differentiated by baseline World health organisation (WHO)
performance status O versus 1 versus 2/3. The black curve represents patients with baseline WHO status O, the blue curve the patients with WHO status 1 and the
pink curve the patients with WHO status 2/3. The green arrows indicate the direction of improvement in functional scales and reduction in symptom scales.
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followed by maintenance therapy. Importantly, there was
a clinically relevant decrease in pain, defined as large by
Cocks et al., in both arms. Clinically meaningful diarrhea
developed in approximately 30% of patients during
lenalidomide treatment, being of medium clinical effect
and significantly higher than in patients treated with
thalidomide. Importantly, in patients who reached main-
tenance, there was no clinically relevant further deteriora-
tion of diarrhea during MPR-R therapy. In contrast, clini-
cally meaningful peripheral neuropathy developed in
approximately 60% of patients during thalidomide treat-
ment, being significantly higher than in lenalidomide-
treated patients, both during induction and maintenance.

In general, the improvement in HRQoL subscales
reached clinical relevance after six and 12 months of main-
tenance therapy only, with the exception of global QoL,
future perspective and pain, which improved early during
induction therapy and sustained during treatment. A sub-
analysis of patients who started maintenance therapy and
were treated for at least three months, showed that
lenalidomide resulted in a clinically meaningful improve-
ment in global QoL and role functioning over time, with-
out any clinically meaningful deteriorations. In contrast,
there was no clinical benefit of thalidomide maintenance
treatment, only clinically relevant worsening of peripheral
neuropathy occurred.

Importantly, patients with a poor WHO performance
status of =2 at baseline reached similar HRQoL during
treatment, compared to patients with a better WHO per-
formance status at baseline, irrespective of the treatment
arm. Although this could be explained by regression to the
mean, indicating that the most pronounced improvement
can be achieved in patients with the worst HRQoL, it is
reasonable to suppose that the performance status can be
negatively affected by the disease and therefore that treat-
ment also improves HRQoL of the physically most com-
promised patients. Therefore, treatment should not be
automatically withheld from those patients.

Our findings are in line with previous data on HRQoL
describing improvement in QoL during treatment.’ In
addition, we provide data about HRQoL during up to 1
year maintenance therapy with lenalidomide and thalido-
mide, being rarely reported in the current literature.'”**°
In view of the continuous lenalidomide treatment
approaches, our data showing clinically meaningful
improvement of global QoL during maintenance therapy
is important for clinical practice. In the FIRST trial, no such
improvement was reported; the global QoL remained sta-
ble, which might have been attributed to the higher dose
of lenalidomide and the continuation of dexamethasone,
known to be associated with side effects that can hamper
QoL In the MM-015 trial, a statistically significant, but
not clinically relevant deterioration in global QoL after six
months of maintenance therapy was observed." This can-
not be accounted for by a difference in the percentage of
patients starting maintenance, the dose of lenalidomide,
response rates or different QoL evaluation methods. The
fact that thalidomide maintenance has only limited impact
on global QoL is in line with the data of the HOVON 49
and the MRC IX data. The latter even show an inferior
global QoL at three months with a trend to further detri-
ment during maintenance treatment.®"?

A limitation of our and HRQoL studies of patients with
MM in general, is the fact that firstly, long term data
reflect a subset of patients who tolerate remaining in treat-
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ment. Secondly, we collected no data after discontinuation
of the study although such results would rather reflect the
outcome of subsequent therapies.”” Therefore, biases are
common, and comparisons between therapies with
different toxicities and discontinuation rates are difficult.
Especially, as missing data are not missing at random
when related to toxicity and cannot be corrected for.*
Such bias might be present in our sub-analyses of patients
starting maintenance therapy, showing benefit for patients
treated with lenalidomide only. Therefore, this can only
be concluded for those patients who did benefit from
MPR induction and were able to continue lenalidomide. In
addition, the low number of patients continuing thalido-
mide might be the cause of a lack of finding statistically
significant changes in their HRQoL during maintenance.
Interestingly, the higher incidence of peripheral neu-
ropathy with thalidomide, both clinically meaningful to
patients and according to CTCAE reported by physicians,
did not translate into an inferior global QoL, neither in our
study nor the FIRST trial.” Via several analyses, we exclud-
ed a bias in global QoL evaluation due to missing HRQoL
questionnaires from patients who discontinued treatment
because of peripheral neuropathy. The fact that peripheral
neuropathy did not negatively affect HRQoL was surpris-
ing. The opposite has been reported.” Our observation
might be explained by response shift, which is a well-
known phenomenon in longitudinal QoL research. It
reflects the probability that a patient’s standards and val-
ues change over time.*” Patients with MM might adapt to
their worsening function and increased symptoms and
thereby not allow these aspects to affect their global
QoL.* However, it cannot be excluded that the global
QoL scale of the EORTC QLQ-C30 questionnaire has lim-
itations in detecting the negative impact of toxicity on
HRQoL. This discussion was addressed in a meta-analysis
by Schuurhuizen and colleagues,* who also reported sim-
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Figure 5. Patient- versus investigator-reported peripheral neuropathy. Patient-
reported peripheral neuropathy compared to investigator-reported peripheral
neuropaty assessed by National Cancer Institute Common Terminology Criteria
for Adverse Events (CTCAE) version 3.0. The surface of the circles reflects the
absolute number of patients plus investigators.
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been developed by the EORTC.*** Furthermore, the PRO
version of the Common Terminologies Criteria for
Adverse Events (PRO-CTCAE) for self-reported toxicities
developed by the National Institute of Health is another
valuable tool.**

In conclusion, we found that the treatment with MPT-T
and MPR-R improved HRQoL in elderly patients with
NDMM and in general is clinically meaningful to the
patients during maintenance therapy only. This supports
the current paradigm of continuous treatment, not only
improving survival, but also maintaining, and even
improving, specific subscales of HRQoL. Although clini-
cally relevant diarrhea developed in patients treated with
lenalidomide, this did not negatively affect the global QoL
during induction and maintenance. Moreover, currently it
is known that bile acid malabsorption plays an important
role, which can be treated with bile acid sequestrants.*
Clinically significant peripheral neuropathy precluded
long term thalidomide treatment in the majority of
patients and appeared not to improve HRQoL in those
patients who continued therapy.

ilar global QoL in experimental versus control arms in
patients with colorectal cancer, despite higher toxicity
rates in the former. The authors question whether the
global QoL assessment, using the very brief two-item
global QoL scale, has sufficient measurement precision to
detect a difference in global QoL over time. However, this
has been challenged by others stating that QoL is a com-
plex and multidimensional concept, not caused by side
effects only.* Importantly, both those in favor and those
against the limitations of the global QoL scale indicate the
need for development for more sensitive patient-reported
QoL instruments.” This is also supported by our data on
peripheral neuropathy. We defined ‘tingling’ of hands or
feet as peripheral neuropathy. Although this approach is
not validated, we found a discrepancy between patient
and physician-reported neuropathy in 13% of question-
naires, the majority (76%) being explained by lower
reporting by physicians, which has been reported previ-
ously, both for neuropathy and other symptoms.” The
use of the EORTC QLQ-CIPN20 questionnaire might
improve concordance between patients and physicians.®
The need for flexible and tailored patient reported out-
come (PRO) measurements has recently also been advo-
cated by Thanarajasingam and colleagues and these have
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Glycoprotein Ib clustering in platelets can be
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ABSTRACT

latelet adhesion to the sub-endothelial matrix and damaged endotheli-
Pum occurs through a multi-step process mediated in the initial phase by

glycoprotein Ib binding to von Willebrand factor (vWEF), which leads to
the subsequent formation of a platelet plug. The plant-derived w-3 fatty acid
o-linolenic acid is an abundant alternative to fish-derived n-3 fatty acids and
has anti-inflammatory and antithrombotic properties. In this study, we
investigated the impact of a-linolenic acid on human platelet binding to vWF
under high-shear flow conditions (mimicking blood flow in stenosed arter-
ies). Pre-incubation of fresh human blood from healthy donors with a-
linolenic acid at dietary relevant concentrations reduced platelet binding and
rolling on vWE-coated microchannels at a shear rate of 100 dyn/cm’.
Depletion of membrane cholesterol by incubation of platelet-rich plasma
with methyl-p cyclodextrin abrogated platelet rolling on vVWE Analysis of
glycoprotein Ib by applying cryo-electron tomography to intact platelets
revealed local clusters of glycoprotein Ib complexes upon exposure to shear
force: the formation of these complexes could be prevented by treatment
with a-linolenic acid. This study provides novel findings on the rapid local
rearrangement of glycoprotein Ib complexes in response to high-shear flow
and highlights the mechanism of i vitro inhibition of platelet binding to and
rolling on vWF by o-linolenic acid.

Introduction

The first event leading to the formation of a platelet plug is mediated by the gly-
coprotein Ib-IX complex (Gplb-IX), the second most-abundant platelet receptor
after the integrin alIbp3."? Platelet binding to von Willebrand factor (vWF) is tight-
ly controlled in order to occur only at sites of bleeding but not in the normal circu-
lation, where it would cause thrombosis. This regulation involves activation of
vWEF only at high flow rates and binding of Gplb to the A1 domain of vWEF through
a two-step mechanism, in which a vVWF multimer first elongates, then the Al
domain transitions to a high-affinity state.”* The role of high-shear flow in the
pathogenesis of thrombosis is particularly relevant under pathological conditions
such as in stenosed, atherosclerotic arteries, where shear stress can increase above
100 dyn/cm’ (shear rate >4000/s).”® Because of its pivotal role in initiating platelet
adhesion, Gplb represents a promising antithrombotic target.

Omega-3 fatty acids (n-3 FA) are a class of naturally occurring polyunsaturated
fatty acids that include the plant-derived a-linolenic acid (ALA), whose cardiopro-
tective effects have been shown by us and others,”" which is readily available and
marine-derived n-3 FA, whose use is restricted by limited fishery resources and sea
pollution.”* n-3 FA modulate cellular responses through incorporation into plasma
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membranes and reduction in the formation of typical pro-
tein complexes/lipid rafts, among other effects."" Based
on our previous observations that ALA reduces platelet
reactivity,'*” and on studies showing the presence of Gplb
in lipid rafts,”** we hypothesized that ALA might interfere
with the distribution of Gplb on the plasma membrane in
high-shear flow and, therefore, alter binding to vWE

Methods

Blood samples

Blood from healthy volunteers was obtained from the Blood
Center of the Swiss Red Cross at the Cantonal Hospital Baden
with informed consent according to the Declaration of Helsinki.
The study was approved by the Institutional Review Board.
EDTA or citrated blood was kept at room temperature until
assays were performed (within 2 h of drawing). Blood was incu-
bated with vehicle (0.1% ethanol) or ALA 30 uM for 1 h at room
temperature before being used for subsequent experiments. The
n-3 FA dose was chosen based on a previous study showing this
to be a dietary reachable concentration.” Platelet adhesion to
vWEF was performed on a Bioflux 200 system (Fluxion Bioscience,
San Francisco, CA, USA) according to the manufacturer’s proto-
col (see the Online Supplementary Data file for details).

Immunofluorescence staining for ground state deple-
tion microscopy

Washed platelets isolated from vehicle or ALA-treated sam-
ples were fixed with 4% paraformaldehyde for 15 min, then
spun on a 1.5 coverslip in a Cytospin (Thermo Fisher Scientific,
Waltham, MA, USA) and stained for ground state depletion
(GSD) microscopy. For details, see the Online Supplementary
Data file.

Flow cytometric analysis of von Willebrand factor
binding

Platelet-rich plasma or washed platelets from vehicle- or ALA-
treated blood samples were fixed with 4% paraformaldehyde
for 15 min, then incubated with 1% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS) containing a rabbit
anti-human vWF antibody (1:500, Dako A0082) and an anti-
Gplbo-APC (BD Bioscience, San Jose, CA, USA) for 1 h. In some
experiments, exogenous human vWF (100 ug/mL, Hematologic
Technologies) was added to washed platelets. Samples were
washed three times in 1% BSA in PBS and then stained with
anti-rabbit 488 (1:250, Jackson Immunoresearch, West Grove,
PA, USA) for 30 min. After three washes in 1% BSA in PBS, sam-
ples were resuspended in 300 uL PBS and analyzed on a LSR
Fortessa (BD Bioscience).

Cryo-electron tomography

Resting and sheared platelets in Tyrode buffer were seeded
on gold grids coated with a silicon mesh (R 1/4, 200 mesh,
Quantifoil, Jena, Germany). Platelets were allowed to adhere
for 10 min and then fixed with 4% formaldehyde for 5 min at
room temperature, before being processed for cryo-ET. Gplb
and integrin allbP3 receptors were detected by immunogold
labeling (details are given in the Ounline Supplementary Data).
Data were acquired using an FEI Titan Krios. Tomograms were
acquired with a magnification of 42,000x corresponding to a
pixel size of 0.34nm. The receptor density was analyzed using
MATLAB scripts and the receptor distributions were plotted
and statistically —analyzed by Originlab software
(Northampton, MA, USA).

Statistical analysis

Data are plotted as the mean =+ standard error of mean of at least
three independent experiments. They were analyzed by a paired,
two-tailed Student r-test with GraphPad Prism version 7
(GraphPad Software, La Jolla, CA, USA). P values <0.05 were con-
sidered statistically significant.

Results

Pre-incubation of blood with the n-3 FA ALA at dietary
relevant concentrations® reduced the Gplb/vWF interac-
tion under pathological high-shear flow (10,000 s”, corre-
sponding to the flow rate in an 80% stenosed artery), as
measured by the platelet-covered area (106,963+15,892
um’ with vehicle vs. 75,519+16,254 um’ with ALA) (Figure
1A, B and Ounline Supplementary Videos S1 and S2). Analysis
of single fluorescently labeled platelets showed that their
speed was doubled when pre-incubated with ALA (Figure
1C), while the distance traveled before stopping was
increased (8.89+4.0 um with vehicle vs. 13.36+7.2 pm
with ALA) (Figure 1D, E).

It has been reported that Gplb resides in cholesterol-rich
membrane domains termed lipid rafts,*”*** and that it
appears to cluster in conditions of high-shear flow.” In
agreement with these findings, cholesterol depletion with
methyl-B-cyclodextrin (MBCD), able to remove 50-90%
of membrane cholesterol,* greatly reduced platelet adhe-
sion to vWE, demonstrating the pivotal role of membrane
cholesterol in Gplb-vWF adhesion under high-shear flow
(188+16 wm?) (Figure 1F).

To exclude that the reduced adhesion of ALA-treated
platelets was due to lower levels of membrane Gplb, vehi-
cle- and ALA-treated washed platelets were exposed to
high-shear flow in a viscometer (10,000 s* for 1 min) and
analyzed by flow cytometry. Levels of membrane Gplb
were not different between vehicle- and ALA-treated
platelets (Figure 2A); rather, pre-treatment with the n-3 FA
preserved Gplb levels, as shown by higher fluorescence
values, suggesting it had an inhibitory effect on Gplb
cleavage, as previously shown by our group.”

Next, we analyzed whether the effect on Gplb-vWF
binding was specific for Gplb, vWE, or both. Whole blood
was pre-treated with ALA or vehicle for 1 h, followed by
isolation of platelet-rich plasma and exposure to high-
shear flow (10,000 s for 1 min). Flow cytometric analysis
of platelet-bound vWF showed that pathological high-
shear flow was able to induce Gplb-vWF binding, and that
this was not influenced by the presence of ALA (Figure
2B). When the same experiment was performed with
washed platelets, we could not detect any platelet-bound
vWE, demonstrating the plasmatic origin of the bound
vWE (Figure 2C); however, addition of exogenous human
vWEF to washed platelets was able to restore vWF-platelet
binding (Figure 2C). These results show that ALA has no
effect on vWF itself, and suggest that its inhibitory effect
is exerted through platelet Gplb and is specific for binding
to anchored vWF (as typically exposed in vivo by endothe-
lial cells after injury).

High resolution imaging of Gplb receptors at the plasma
membrane of intact platelets was conducted using cryo-
ET” (Figure 3A-C). Adherent platelets were incubated
with anti-Gplb antibodies decorated with 6-nm gold-pro-
tein A and imaged with cryo-ET. The coordinates of the
gold nanoclusters were identified (Figure 3A-C). While the
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Figure 1. Platelet adhesion to von Willebrand factor is inhibited by o-linolenic acid. Blood collected into EDTA and pre-incubated with vehicle or a-linolenic acid (ALA)
for 1 h was perfused on von Willebrand factor (VWF) at high-shear rate and platelet adhesion monitored by fluorescence microscopy. Platelet-covered area measured
at the end of the perfusion (A) or every minute during the perfusion (B) was significantly reduced by the ALA treatment (n=6, P=0.0039). The first time-point in B cor-
responds to 5 s after the start of the flow. (C) Single platelet rolling velocity measurements showed an increased speed in the ALA-treated samples, and a corre-
spondingly increased distance until firm adhesion (D) (n=6, P=0.04 for C and P=0.0009 for D). (E) Representative projection images of a vehicle (VEH)- or ALA-treated
sample showing single platelets rolling over VWF. (F) Membrane cholesterol depletion by pre-incubation of EDTA-blood with methyl-f cyclodextrin MbCD) completely

abolished platelet adhesion to VWF (n=6, P<0.0001).

overall number of receptors per platelet did not differ sig-
nificantly (11550 per pm’ for the adherent platelets vs.
130+50 per wm’ in the case of the shear-activated
platelets), the distribution of receptors varied. To quantify
these changes, we analyzed the clustering properties of
Gplba by calculating, for each receptor, the number of
receptors within a 50 nm radius. Figure 3E-G shows nor-
mal distributions of neighborhood receptors, with an aver-
age of 2.5+1.8 neighbors for the adherent platelets, 3+2.3
neighbors for the shear-activated platelets and 3+1.8 for
ALA-treated platelets. While the global distribution of
receptors remained similar, 9% of the receptors (41/453)
in the shear-activated platelets had =12 neighbors (Figure
3F), while in the case of platelets treated with ALA only
3.8% of receptors (14/366) had more than 12 neighbors
(Figure 3G). As a control, we analyzed the density and

number of neighbors of the platelet integrin allbp3. This
analysis showed a much higher density of integrin recep-
tors (450+180 per wm’) and with many neighbors in com-
parison to the Gplb receptors (10+5 per um’) (Figure 3D,
H and Online Supplementary Figure S3), which is in agree-
ment with the difference in abundance of the two recep-
tors in platelets.”

Analysis of immunofluorescent-stained Gplba by GSD
super-resolution microscopy also revealed that Gplb is
abundantly expressed over the whole platelet membrane
with small local points of high density (Figure 4A). To
compare the GSD microscopy and cryo-ET findings, we
adopted a recently developed strategy.” We used an
assembly of the cryo-ET data into a 5 um x 5 pm collage
in which the coordinates of the 6 nm gold-labeled Gplb
were drawn as red dots and blurred to 20 nm resolution to
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Figure 2. High-shear induces von Willebrand factor binding in platelet-rich plasma but not in washed platelets. (A) Washed platelets were exposed to high-shear
flow and analyzed for Gplb abundance by flow cytometry, which did not reveal any difference between vehicle- and o-linolenic acid (ALA)-treated platelets (n=3). MFI:
mean fluorescence intensity. (B) Platelet-rich plasma was either left untreated or exposed to high-shear flow, and platelet-bound von Willebrand factor (vWF) analyzed
by flow cytometry. In both vehicle- and ALA-treated samples, high-shear flow induced vVWF binding, as shown by a 3-fold increase compared to that of samples not
exposed to the shear force (n=3, P<0.05). (C) Exposing washed platelets (WP) to high-shear flow did not lead to VWF binding; addition of exogenous human vWF

before shear exposure resulted in robust binding (n=3).

match the GSD data (Figure 4B). The obtained synthetic
model of platelet perimeter showed a distribution and
appearance of the receptor in agreement with the fluores-
cence data, with a high density of Gplb throughout the
membrane, but, interestingly, also local, small regions of
more densely packed complexes (Figure 4B, arrowhead).
Pre-treating blood with ALA did not cause a change in the
distribution of membrane Gplb detected by total internal
reflection fluorescence (TIRF), likely due to the small size
of Gplb clusters, which is in the same range as the resolu-
tion of the technique (Figure 5).

Discussion

ALA is a plant-derived n-3 FA readily available in certain
plant oils such as flaxseed, soybean and canola oil.
Epidemiological studies have shown an inverse correlation
between dietary ALA and cardiovascular events,"**
although the molecular mechanisms of this protection are
not completely known. Our group has investigated the
molecular basis of several cardio-protective effects of
ALA, showing that at least some of its effects are mediat-
ed by its action on endothelial cells, leukocytes and
platelets.”’*” In this study, we have focused in particular
on platelet adhesion to vWF under high-shear conditions,
which represents the first step mediating platelet activa-
tion under arterial flow and is especially important in
stenosed (atherosclerotic) arteries, where shear can reach
extremely high values (>5,000 s*).”%*

Here we show for the first time that ALA is able to par-
tially inhibit platelet adhesion to vWF under a shear flow
of 10,000 s*, when whole blood is pre-incubated for 1 h
with ALA at dietary relevant concentrations.” This is
accompanied by an increase in speed and distance traveled
by ALA-treated platelets, compared to vehicle-treated
platelets (Figure 1), and extends previous results from our
group showing a reduced aggregation of citrated platelets
over collagen at low shear.” The effect observed is specific
to anchored vWE, since vWF binding upon exposure of
platelet-rich plasm to high-shear flow could not be altered

by ALA pre-treatment (Figure 2). A similar inhibition of
platelet adhesion was obtained with the longer, marine-
derived n-3 FA eicosapentaenoic acid, while the saturated
fatty acid stearic acid had no effect (Online Supplementary
Figure S4). Although the inhibitory effect of ALA may
seem small (25% reduction in platelet adhesion), its bio-
logical implications are important, since inhibition at this
early step will reduce the number of platelets activated in
response to Gplb engagement and subsequent signaling
leading to thrombus formation. The additional inhibitory
effects of ALA at the level of intracellular signaling and
granule secretion will lead, overall, to a greater effect with
a relevant biological significance on atherothrombosis.
Since platelet binding to vWF is mediated by the Gplb
receptor, we employed state-of-the-art methods (superres-
olution microscopy by GSD and cryo-ET) to analyze Gplb
distribution on the platelet membrane at high-resolution.
The Gplb distribution analysis by cryo-ET suggests that
a significant subpopulation of receptors clustered into a
high number of neighbours in the shear activated (and to
a lesser extent in the ALA-treated) platelets, indicating that
platelet exposure to shear stress induces a local rearrange-
ment of Gplb at the platelet plasma membrane, forming
discrete small regions of high receptor density (Figure 3).
These regions presumably represent high affinity “binding
units” or even binding loci for anchoring multimeric vVWE
Our observations are in line with previous findings™
showing that under high-shear stress platelets form local
points of adhesion, termed “discrete adhesion points”,
which are the putative regions of interaction between
platelets/vWE Our functional and structural data provide
a high-resolution insight into the position of the Gplb
receptors and support a model where high-shear stress
induces a rapid, local rearrangement of Gplb receptors
into small “clusters” of 15-20 complexes. This subpopula-
tion of receptors may represent the previously described
high-affinity binding units that interact with vWF and
enable platelet rolling under arterial flow. Pre-incubation
of platelets with ALA reduces the local clustering of Gplb
receptors as shown by the virtual absence of larger com-
plexes (GPIb with =17 neighbors) (Figure 3C, G). On the
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Figure 3. High-shear induces a local rearrangement of Gplb as revealed by cryo-electron tomography. (A-C) Immunogold labeling and (E-G) neighborhood analysis for the
control (A, E), shear-activated (B, F) and a-linolenic acid (ALA)-treated shear-activated (C, G) platelets. (A-C): Projection images (~70 nm in thickness) obtained from tomo-
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bar in A is 100 nm. (E-G) Analysis of the immunogold labeling. The three-dimensional coordinates of the 6 nm gold particles from six tomograms for each condition were
selected and the distances to the “neighboring receptors” within a radius of 50 nm were calculated. The number of neighbors each receptor has is depicted in the his-
togram. (D) Integrin allbf3 immunogold labeling was performed on spread platelets and (H) the same neighboring analysis performed.
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functional side, this provides an explanation as to why palmitoylation and, consequently, reduce platelet adhe-
adhesion is significantly inhibited by ALA pre-treatment sion to vWF even more through this additional mecha-
while platelet rolling speed is increased (Figure 1A, C). nism.

Previous work has shown that w-3 FA (of marine origin) Taken together, these data provide insight into the pos-
can inhibit protein palmitoylation and, therefore, localiza-  sible mechanism of the anti-thrombotic properties of n-3
tion to lipid rafts.* Although in our experiments the pre- FA in the early phase of thrombosis at sites of arterial
incubation time was too short to achieve an analog effect,  stenosis or plaque. It may therefore represent the basis for
long-term, nutritional supplementation with ALA may a therapeutic approach that interferes with this process.
also inhibit Gplb localization to lipid rafts via reduced In conclusion, our structural data from intact platelets,

Figure 4. Comparison of Gplb labeling
by super-resolution microscopy and
cryo-electron tomography reveals a
similar receptor distribution. (A) The
Gplb receptors in shear-activated
platelets were labeled and imaged by
ground state depletion (GSD) as
described in the Methods. (B) In order to
compare the localization of the recep-
tors determined by cryo-electron tomog-
raphy and GSD microscopy, a synthetic
model of platelet perimeter was gener-
ated by merging 17 tomograms from the
gold-labeled platelets. The gold particle
coordinates from the synthetic platelets
were filtered to the same resolution as
the GSD (20 nm), represented here in
red. White arrowheads indicate local
clustering areas. Scale bar: 2.5 um for
both A and B.

vehicle
Figure 5. Analysis of Gplb distribution

by total internal reflection microscopy.
(A-D) Superresolution analysis of Gplb
in platelets treated with vehicle (A), a-
linolenic acid (ALA) (B) or methyl-$
cyclodextrin (MbCD) (C) showed no
detectable differences in the distribu-
tion of the receptor as measured by par-
ticle size (D). Scale bar: 2.5 um.

100+

mean particle area
(% of control)
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ABSTRACT

latelet aggregate formation is a multistep process involving receptor-

mediated, as well as biomechanical, signaling cascades, which are

highly dependent on actin dynamics. We have previously shown that
actin depolymerizing factor (ADF)/n-cofilin and Twinfilin 2a, members of
the ADF homology (ADF-H) protein family, have distinct roles in platelet
formation and function. Coactosin-like 1 (Cotl1) is another ADF-H protein
that binds actin and was also shown to enhance biosynthesis of pro-inflam-
matory leukotrienes (LT) in granulocytes. Here, we generated mice lacking
Cotll in the megakaryocyte lineage (Cor/1” to investigate its role in platelet
production and function. Absence of Cotll had no impact on platelet
counts, platelet activation or cytoskeletal reorganization under static condi-
tions in vitro. In contrast, Cotll deficiency markedly affected platelet aggre-
gate formation on collagen and adhesion to immobilized von Willebrand
factor at high shear rates in vitro, pointing to an impaired function of the
platelet mechanoreceptor glycoprotein (GP) Ib. Furthermore, Cot/1”
platelets exhibited increased deformability at high shear rates, indicating
that the GPIb defect may be linked to altered biomechanical properties of
the deficient cells. In addition, we found that Cotll deficiency markedly
affected platelet LT biosynthesis. Strikingly, exogenous LT addition restored
defective aggregate formation of Cot/1” platelets at high shear in vitro, indi-
cating a critical role of platelet-derived LT in thrombus formation. Inn vivo,
Cotll deficiency translated into prolonged tail bleeding times and protec-
tion from occlusive arterial thrombus formation. Together, our results show
that Cotll in platelets is an integrator of biomechanical and LT signaling in
hemostasis and thrombosis.

Introduction

Platelets are small anucleate cells that are essential for hemostasis and mainte-
nance of vascular integrity, but are also implicated in thrombosis resulting in
ischemia and infarction under pathological conditions." The classic, simplified
model of platelet-dependent arterial thrombus formation comprises sequential
steps, involving platelet deceleration on the injured vessel wall via interaction of the
platelet mechanoreceptor glycoprotein (GP) Ib with von Willebrand factor (vWF)
immobilized on the injured vessel wall. This is followed by cellular activation via
the collagen receptor GPVI and G protein-coupled receptors (GPCR) stimulated by
soluble agonists such as ADP, thromboxane A2 (TxA;) or thrombin. The final com-
mon pathway of these activatory events is the functional upregulation of integrins,
which mediate firm platelet adhesion and aggregation.
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Critical determinants of thrombus formation are the
locally prevailing rheological conditions. With increasing
shear rate, e.g. during the development of stenosis,
platelet adhesion and aggregate formation become
increasingly dependent on GPIb-vWF interactions. At sites
of very high, pathological shear rates and disturbed flow,
occlusive arterial thrombus formation can be mediated
predominantly by the GPIb-vWF interaction, does not
involve visible platelet shape change or activation, and
may thus be mediated, at least in part, by the biomechan-
ical interaction of platelets.” In accordance with this, it was
shown that vWE-mediated pulling at the GPIba receptor
under shear induces the unfolding of a juxtamembrane
mechanosensitive domain, which might contribute to
platelet mechanosensing under dynamic conditions and
GPIb-induced intracellular signaling.® Thus, it appears that
platelet-mediated thrombus formation i vivo involves
both agonist receptor and biomechanical signaling, the
interplay of which is still poorly understood.

Platelets are produced by megakaryocytes (MK) in the
bone marrow (BM) through a cytoskeleton-driven
process. The critical role of the actin cytoskeleton for
platelet production and function is illustrated by the asso-
ciation of mutations in genes encoding proteins that are
involved in actin cytoskeletal organization, such as
Diaphanous Related Formin 1 (DIAPH1)," filamin A
(FLNA),> Wiskott Aldrich syndrom protein (WASP),°
actinin 1 (ACTN1);/ or tropomyosin 4 (TPM4)° with
platelet disorders in humans and mice. In circulating
platelets, the actin cytoskeleton is essential to maintain
cell morphology and to exert key functions upon activa-
tion, such as granule release, as well as the formation of
filopodia and lamellipodia.” However, the complex protein
network orchestrating actin dynamics in platelets is not
fully understood.

The ADF homology domain (ADF-H) is one of the best-
characterized actin binding motifs. The ADF-H protein
family comprises twinfilin (Twf), ADF/n-cofilin,
Abp1/drebrin, and coactosin-like 1 (Cotl1/CLP). We have
previously shown that Twf2a and ADF/n-cofilin play dis-
tinct, critical roles in platelet formation and function.'"
Although sharing less than 20% sequence identity with
the other ADF-H family members, Cotll is structurally
highly homologous, suggesting a similar role for
cytoskeletal dynamics.” Indeed, Cotll binds F-actin, but
does not interact with actin monomers.” Furthermore,
Cotll was shown to prevent n-cofilin-mediated depoly-
merization of actin filaments, thereby promoting lamel-
lipodia formation at the immune synapse.” Besides its
interaction with F-actin, Cotl1 is implicated in the biosyn-
thesis of leukotrienes (LT),” lipid-derived pro-inflamma-
tory mediators involved in a variety of inflammatory
processes such as allergy or asthma. Cotll was shown to
interact with 5-lipoxygenase (5-LO), a key enzyme in LT
biosynthesis that catalyzes two of the initial steps, namely
the oxygenation of arachidonic acid (AA) to 5-HPETE and
the subsequent dehydration into the epoxide LTA4."
Platelet-stored LT have been shown to contribute to
inflammatory responses, e.g. during lung inflammation."®
However, the mechanism underlying this contribution, as
well as the precise role of LT for platelet function, have not
been defined.

Here, we generated conditional knockout mice lacking
Cotll in the MK lineage. We found that Cotl1 is critically
required for stable platelet thrombus formation under con-

ditions of shear flow in vitro and in vivo by modulating the
function of the mechanoreceptor GPIb, as well as platelet
LT biosynthesis.

Methods

Animals

Cotl1*" mice were generated by injection of embryonic stem cell
clone Cotl1™#EOMWEms: jnto C57Bl/6 blastocysts. Germline trans-
mission was confirmed by backcrossing of the chimeric mice with
C57Bl/6 mice. Cot/1"" mice were intercrossed with mice carrying
Flp recombinase to generate Cot/1”* mice, which were intercrossed
with mice carrying Cre recombinase under control of the platelet
factor 4 (Pf4) promoter to generate mice lacking Cotll specifically
in MK and platelets.” For all experiments, 12- to 16-week old
Cotl """ and Cotl1™ littermate controls, maintained on a C57Bl/6
background, were used. All mice were derived from the following
breeding strategy: Cot/1""# X Cotl1™.

Animal studies
Animal studies were approved by the district government of
Lower Franconia (AZ15_14; Bezirksregierung Unterfranken).
Further details of reagents and experimental procedures are
given in the Online Supplementary Appendix.

Results

Cotl1 deficiency does not affect platelet function
under static conditions

Cotl1"¥#< mice (hereon referred to as Cotl1") were
viable and bomn in the expected Mendelian ratios. The
absence of Cotll in platelets was confirmed by western
blotting (Online Supplementary Figure S1A). Cotll deficien-
cy did not affect either peripheral platelet count, size or
ultrastructure (Figure 1A-C) nor the expression of promi-
nent platelet surface receptors (Online Supplementary Table
S1). This is in contrast to deficiency in the ADF-H protein
family members Twf2a" or n-cofilin," which results in
thrombocytopenia in mice. Thus, Cot/1” mice represent
the first knockout mouse model of an ADF-H family
member with apparently normal platelet biogenesis.

A common feature of ADF-H family members is their
involvement in cytoskeletal dynamics. Consistently, n-
cofilin deficiency resulted in impaired stimulus-dependent
F-actin assembly, whereas Twf2a-deficient mice displayed
increased actin dynamics."”" According to previous stud-
ies, n-cofilin and Cotll are highly abundant in both
human and mouse platelets,” while Twf2 levels are
slightly lower. The results for Twfl and drebrin, which
was not listed in the mouse dataset, suggest that they are
expressed at a lower level. Importantly, both datasets indi-
cate that the expression of ADF-H proteins is similar in
human and mouse platelets.

We determined expression levels of the ADF-H mem-
bers Twfl/2a and n-cofilin by western blotting, but could
not detect differences in total expression levels of either
protein between W7 and Cotl1” platelets (Figure 1D and
E). Strikingly, we observed a strong (2-fold) increase in
expression of the (inactive) phosphorylated form of n-
cofilin (Ser3) in Cotl1” platelets (***P<0.001) (Figure 1E
and F). Next, we analyzed the localization of Cotll in
resting and spread platelets (Online Supplementary Figure
S1B and C). In line with previous observations,” we
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Figure 1. Cotll is not essential for platelet formation and function under static conditions in vitro. (A and B) Platelet count (A) and size (B) were determined with an
automated cell analyzer (ScilVet). (C) Visualization of platelet size and structure using transmission electron microscopy (n=4). Scale bar, 2 um. (D-F) Platelets were
left untreated, lysed, and processed for immunoblotting. Total twinfilin (D), phosphorylated n-cofilin and total n-cofilin (E) were probed with the respective antibodies

and analyzed by densitometry (F). GAPDH served as loading control. Values are meantstandard deviation (SD) (n=

3). (G) Images of the platelet cytoskeleton ultra-

structure on poly-L-lysine. (Left) WT sample. (Right) Cot/1” sample. O: intact, 1: partially disrupted, 2: strongly disrupted F-actin structures. Scale bar, 1 um. At least

158 platelets per genotype were analyzed.

observed a cytoplasmic localization which partially over-
lapped with that of F-actin and tubulin. When visualizing
the F-actin ultrastructure in resting platelets by transmis-
sion electron microscopy (TEM),” we observed that the
actin scaffold was disrupted in a significant proportion of
Cotl1-deficient platelets compared to the WT: (1) partially
disrupted: Cotl1” 17.1% versus WT 4.9%, **P>0.01; (2)
strongly disrupted: Cotl1” 8.2% vs. WT 3% (Figure 1G).
However, we could not detect changes in resting F-actin
levels or agonist-induced F-actin polymerization in Cot/1”
platelets (Online Supplementary Figure S2A and B). In addi-
tion, although Cotl1 was recently described as a regulator
of T-cell spreading at the immune synapse, Cotll defi-
ciency in platelets did not affect their ability to spread on
fibrinogen (Online Supplementary Figure S2C), as shown
by normal morphology and distribution of F-actin and
tubulin in the spread platelets (Online Supplementary Figure
52D and E).

Together, these results indicated that Cotl1 is not essen-
tial for platelet production or platelet actin remodeling.

Cotl1 is required for platelet aggregate formation
under flow conditions

We next studied the effect of Cotll deficiency on ago-
nist-induced platelet activation. Flow cytometry was used
to determine activation of the major platelet integrin
allbp3 as well as degranulation (P-selectin exposure) in
response to a panel of standard agonists (Online
Supplementary Figure S3A and B). In contrast to the hyper-
reactivity of Twif2a-deficient platelets," Cot/1” platelets
displayed unaltered responses to agonists acting on both
GPCR (thrombin, ADP, TxA, analog U46619) and
(hem)ITAM signaling (collagen-related peptide (CRP),
convulxin, rhodocytin) (Online Supplementary Figure S3A
and B). Furthermore, washed Cotl1” platelets showed
unaltered aggregation upon stimulation with thrombin,
U46619, collagen and CRP as compared to the control
(Online  Supplementary Figure S4A). Similar results were
obtained when using platelet-rich plasma (PRP) instead of
washed platelets (Online Supplementary Figure S4B). These
results demonstrated that Cotll is not required for platelet
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activation and aggregation responses under static condi-
tions in vitro.

In sharp contrast, however, Cotll deficiency markedly
affected platelet aggregation and thrombus formation
under shear flow conditions i vitro. We used a flow adhe-
sion assay where the perfusion of whole anticoagulated
WT blood over a collagen-coated surface leads to rapid
platelet adhesion, activation and three-dimensional aggre-
gate formation. While aggregate formation at low shear
(150 s™) was comparable between Cor/1” and WT samples,
we observed significantly reduced platelet adhesion, sur-
face coverage and thrombus volume in blood from Cot/1”
animals at medium and high shear rates (1 000 s*, *P<0.05;
3000 s, **P<0.01) (Figure 2A-C and Ouline Supplementary
Figure S5). Strikingly, thrombus volume and platelet sur-
face coverage were also significantly reduced in blood
from Cotl1" mice when the flow adhesion assay was car-
ried out in the presence of coagulation (Ounline
Supplementary Figure S6).

Platelet adhesion and aggregate formation under medi-
um and high shear rates is dependent on the interaction
between the mechanoreceptor GPIb and immobilized
vWE* To investigate a possible involvement of Cotll in
GPIb-mediated tethering/adhesion, we perfused blood
from WT and Cot/1" animals over a vWF-coated surface at
high shear (3,000 s”). The velocity of individual rolling
Cotl1” platelets on immobilized vWF was comparable to
the WT (Figure 2E, right); however, the number of adher-
ent Cotl1” platelets was significantly reduced (**P<0.01)
(Figure 2D and E). Our results thus indicated that Cotl1 is
required to ensure GPIb function during platelet adhesion
and aggregate formation under conditions of high shear.

Growing experimental evidence suggests that signaling
induced by the GPIb-vWF interaction involves mechan-
otransduction and transmission of forces to the actin
cytoskeleton.*”* Therefore, to assess the impact of Cotll
deficiency on platelet biomechanical properties more gen-
erally, we subjected Cotl1” platelets to the recently
described real-time deformability cytometry (RT-DC),” a
method for continuous mechanical characterization of
cells which are deformed by shear forces in a microfluidics
chamber (Figure 2F). Strikingly, we found a significantly
increased deformability of Cotl1” platelets (*P<0.05) as
compared to WT (Figure 2G and H, right). Importantly, we
could exclude the possibility that the increased deforma-
bility was due to an increased platelet size; by contrast,
the measured size of Cot/1” platelets in this assay was
even slightly decreased as compared to the control (Figure
2H, left). Together, these results indicate that Cotll sup-
ports GPIb function and thus the formation of stable
platelet aggregates under shear conditions, and that this
function may, in part, be mediated by the modulation of
platelet biomechanical properties.

Cotl1 regulates leukotriene biosynthesis in platelets
Leukotrienes are pro-inflammatory lipid mediators
mainly produced by immune competent cells such as
leukocytes, e.g. mast cells, eosinophils, neutrophils,
monocytes and basophils, and are implicated in a variety
of inflammatory responses. Interestingly, besides its func-
tion as an actin-regulatory protein, Cotll was shown to
bind and modulate the activity of the enzyme 5-lipoxyge-
nase (5-LO).”>"?* 5-LO catalyzes the two initial steps of LT
biosynthesis: (1) the oxygenation of AA to 5-HPETE; and
(2) the subsequent dehydration into leukotriene A4 (LTA4)

which is then further converted to LTB, (Ounline
Supplementary Figure S7).”* Besides serving as substrate
for LT biosynthesis, AA is converted to thromboxanes
(TxA/B,), prostacyclin (PGL), and prostaglandines (PGE/E,)
by cyclo-oxygenases in platelets (Online Supplementary
Figure 54)°'%

To investigate the effect of Cotll deficiency on LT pro-
duction in platelets, we assessed the release of 5,12-
diHETE and LTB, in the supernatant of washed CRP- or
thrombin-stimulated platelets. Strikingly, the secretion of
both lipid mediators was significantly reduced in Cot/1”
platelets upon CRP activation as compared to W7 controls
and a similar tendency was observed for thrombin-stimu-
lated platelets (*P<0.05) (Figure 3A). Of note, the total AA
amount was comparable to W71 platelets, demonstrating
that the abundance of this initial metabolite was not
affected by Cotll deficiency (Figure 3A, left). To assess
whether AA was consumed by other pathways, we ana-
lyzed TxB, levels by ELISA. Strikingly, we found signifi-
cantly increased TxB, release in thrombin-stimulated and,
to a lesser extent, CRP-stimulated Cot/1” platelets com-
pared to the control (*P<0.05), indicating that the excess of
available AA in Coil1” platelets was consumed by an
upregulation of prostaglandin biosynthesis (Ounline
Supplementary Figure S8).

To assess whether, indeed, Cotll directly influences 5-
LO activity, lysates of CRP- or thrombin-stimulated
platelets were probed for active 5-LO (S663 phosphoryla-
tion) by western blotting (Figure 3B). Of note, basal levels
of active 5-LO were comparable between Cot/1” and WT
platelets. Strikingly, while activation induced pronounced
S663 phosphorylation in WT platelets, this process was
significantly reduced in Cotl1” platelets (thrombin:
*P<0.05; CRP: **P<0.01) (Figure 3B and C). Together, these
results demonstrated that Cotll directly influences 5-LO
activity, ultimately resulting in reduced biosynthesis and,
subsequently, release of LT from Cot/1” platelets.

Defective shear-dependent thrombus formation
in Cotl1-deficient mice is rescued by exogenous
addition of leukotriene B,

We next investigated whether the reduced release of
lipid mediators in Cor/1” mice contributed to defective
platelet aggregate formation of Cot/1" platelets under flow.
We decided to focus on LTB,, one of the end products of
the LT biosynthesis pathway downstream of LTA,, which
was shown to stimulate neutrophil chemotaxis® and acti-
vation.* First, we tested whether LTB, was able to directly
induce platelet activation. As LTB, was described to
induce neutrophil aggregation and degranulation at con-
centrations of 0.1 uM®* and leukocyte aggregation,
chemotaxis and chemokinesis at a subnanomolar range of
0.39 nM,* we used concentrations of 0.025-250 nM LTB,
(Cayman Chemicals) in our assays. None of the tested
LTB, concentrations induced platelet activation under stat-
ic conditions in vitro (Online Supplementary Figures S9A and
S10A). Likewise, LTB, addition did not further enhance
integrin allbp3 activation, degranulation or aggregation of
WT or Coil1” platelets (Online Supplementary Figures S9B
and S10B).

Using the in vitro flow adhesion assay (Figure 2A-C), we
next investigated the effect of LTB4 on platelet aggregate
formation under flow. Adding concentrations of 2.5 nM or
higher interfered with aggregate formation (1,700s") in
WT blood, whereas lower concentrations had no effect
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Figure 2. Cotl1 is required for thrombus formation and stability at high shear. (A-C) Assessment of platelet adhesion (A and B) and aggregate formation (A and C) on
Horm collagen (70 ug mL?*) under flow (150-3 000 s*) in heparinized whole blood of WT and Cot/1” mice. Values are meantstandard deviation (SD) (n=12). Scale bar,
50 um. (D and E) Heparinized whole blood of WT and Cot/1” mice was perfused over a von Willebrand factor (VWF)-coated cover slip for 4 minutes (min) at a shear rate
of 3,000 s™. (D) Representative phase contrast images taken at the end of the perfusion time and (E) analysis of the number of adherent platelets per mm? +SD (left),
as well as the rolling velocity calculated from the distance a platelet covered per minute in um +SD (right) was performed. Images were acquired with a Zeiss Axiovert
200 inverted microscope (40x/0.6 oil objective). Images are representative of at least 12 animals per group. Scale bar, 50 um. Unpaired Student ttest: **P<0.01;
*P<0.05. (F-H) Real-time deformability cytometry (RT-DC),” a method for continuous mechanical characterization of cells which are deformed by deceleration at the
stagnation point of fast extensional flow. (F) Scheme depicting the principle of real-time deformability cytometry (RT-DC.) (G) Representative dot plots showing the relative

deformation, as well as the (H) the size of washed WT and Cotl/1” platelets. Values are mean+SD (n=3). *P<0.1; **P<0.01. A.U. : arbitrary units.
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(Online Supplementary Figure S11A and B). Strikingly, pre-
incubation with 0.25 nM LTB, could fully restore aggre-
gate formation of Cor/1” platelets to WT levels (Figure 4A
and B), indicating that the defect observed in untreated
Cotl1” samples was caused by impaired platelet-derived
LTB, production. To investigate whether LTB4 has a more
general function in this context, we analyzed two addi-
tional knockout mouse lines with a described defect in the
flow adhesion assay: Gro2""#“ (Grb2”) mice have normal
platelet counts but the platelets display a selective
GPVI/ITAM activation defect.” RhoA""“ (RhoA™") mice
are thrombocytopenic and deficient platelets display

impaired G protein coupled receptor (GPCR) signaling.*
Notably, the addition of LTB, to anticoagulated blood
from Grb2" mice resulted in moderately increased platelet
surface coverage (P=0.06) as compared to untreated sam-
ples, but could not restore aggregate formation to W7 lev-
els (Online Supplementary Figure S12). Furthermore, LTB,
addition had no effect on aggregate formation in platelet-
count adjusted blood of RhoA” mice (Online Supplementary
Figure S13). Together, these findings demonstrated that
addition of LTB, cannot compensate for defective platelet
aggregate formation under flow in the presence of promi-
nent platelet activation/secretion defects. At the same
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Figure 3. Cotll is a regulator of leukotriene biosynthesis in platelets. (A) For lipid mediator analysis platelets were either left untreated or stimulated with CRP [5 ug
mL*] or thrombin [0.01 U mL*] for 5 minutes (min). Subsequently, samples were spun down, pellet and supernatant were separately shock-frozen in liquid nitrogen.
Lipid abundance was assessed using liquid crystal mass spectrometry. Values are meantstandard deviation (SD) (n=15). (B and C) Platelets were either left untreat-
ed or stimulated with CRP [5 ug mL*] or thrombin [0.01 U mL*] for 5 min, lysed, and processed for immunoblotting. Total 5-LO, phospho-5-LO (S663) and GAPDH (B)
were probed with the respective antibodies and analyzed by densitometry (C). Values are mean+SD (n=4).




time, our results emphasize that reduced LTB, production
in Cotl1” platelets, which display no obvious activation
defect per se, significantly contributed to the impaired
aggregate formation in the presence of shear.

Cotll modulates thrombosis and hemostasis

To investigate whether the impaired shear-dependent
aggregate formation translated into a phenotype in vivo,
we subjected Cot/1” mice to an experimental model of
arterial thrombosis. Since it is well documented that col-
lagen is a main driver of thrombus formation in bigger
vessels, particularly in models of mechanical injury, we
chose a model where the abdominal aorta is mechanically
injured. This procedure triggers rapid platelet adhesion to
the injured vessel wall, followed by the development of a
large occlusive thrombus associated with dynamic
changes in both shear and biomechanical forces acting on
adhering platelets in the growing thrombus. Strikingly,
Cotl1” mice were profoundly protected from occlusive
thrombus formation in this model (Figure 5A and B). In

WT mice, irreversible vessel occlusion was observed
within 7 minutes (min) after injury (mean occlusion time
8.37+0.72 min). In sharp contrast, while a progressive
reduction in blood flow occurred during the first minutes
after injury in Cot/1” mice, indicative of beginning throm-
bus formation and increasing stenosis, blood flow after-
wards normalized and 9 of 11 mice displayed normal
blood flow through the injured vessel at the end of the
observation period (30 min) (***P<0.001). These results
demonstrated that Cotll is essential for occlusive arterial
thrombus formation in vivo.

To assess the hemostatic function of Cot/1” platelets,
we performed a tail bleeding assay. Notably, while tail
bleeding times were overall significantly increased in
Cotl1” mice (7.8+12.2 min in Cot/1" mice vs. 3.3£1.8 min
in WT; *P<0.05) the hemostatic defect was rather mild
given the profound protection in the arterial thrombosis
model (Figure 5C), indicating that Cotll may be particu-
larly important in settings of pathological thrombus for-
mation.

Figure 4. Defective shear-dependent thrombus
formation in Cotl1-deficient mice can be res-
cued by exogenous addition of leukotriene B,.
(A-C) Assessment of platelet adhesion (A and B)
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minutes (min) with LTB, [0.25 nM]. Images are
representatives of at least 12 mice per group.
Values are meantstandard deviation. Scale
bar, 50 um. *P<0.1; **P<0.01.
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Figure 5. Cotl1l modulates thrombosis and hemostasis. (A and B) Intravital thrombosis model. (A) Representative graph of blood flow of one WT and one Cot/1”
mouse after mechanical injury of the abdominal aorta. (B) Occlusion times after mechanical injury of the abdominal aorta. Data are mean+tstandard deviation of at
least eight mice per group. (C) Tail bleeding times in WT and Cot/1” mice (filter paper method). Each symbol represents one individual. Unpaired Student t-test:

*#**P<0.001; *P<0.05.

Discussion

Here, we demonstrate for the first time that the small
ADF-H-domain-containing actin-binding protein Cotl1 has
entirely different functions compared to the other protein
family members ADF/n-cofilin and Twi, at least in platelets.
Cotll deficiency neither had an impact on thrombopoiesis
or platelet function under static conditions i vitro, nor did it
obviously affect actin reorganization. Strikingly, we could
reveal a critical role of Cotl1 for stable thrombus formation
under conditions of shear in vitro and in vivo. Our results
point to two distinct and so far undescribed roles of Cotl1
in this process. On the one hand, the F-actin binding func-
tion of the protein is required for proper GPIb function and
possibly shear-induced biomechanical signaling. On the
other hand, the 5-LO enzyme-modulating function of Cotl1
promotes the biosynthesis of LT, which positively modu-
late thrombus formation.

The crucial role of actin cytoskeletal rearrangements for
platelet formation and reactivity has been demonstrated
in a number of studies.””**"**¥ While we have previously
shown that lack of either Twf2a or n-cofilin in the MK lin-
eage results in thrombocytopenia and distinct platelet
function defects,"" deficiency of Cotll did not affect cir-
culating platelet counts. This may be explained by the dis-
tinct actin-binding properties and biological activities of
each ADF-H member, which can be attributed to their dif-
ferent domain structure.” Hence, n-cofilin deficiency
decreased stimulus-dependent F-actin assembly, whereas
on the contrary, Twif2a-deficient mice displayed enhanced
actin dynamics.””"" Notably, we observed strongly elevat-
ed levels of phosphorylated (inactive) n-cofilin in Cotl1-
deficient platelets. This finding was unexpected given
that, in T cells, Cotll was shown to be required for
spreading at the immune synapse by protecting F-actin
from n-cofilin-mediated severing,"* which would suggest
enhanced rather than reduced n-cofilin activity in the
absence of Cotll. We still cannot explain this apparent dis-
crepancy but can exclude the possibility that it was caused
by a direct compensation by another ADF-H protein
member since expression of Twf1/2a and n-cofilin were
unaltered in Cot/1” compared to WT platelets.

Over the past few years, greater attention has been
given to the critical influence of blood rheology and its
dynamical changes on platelet adhesion and thrombus
growth, including the relevance of mechanotransduction-
based signaling in vivo. Best studied in this context is the
platelet mechanoreceptor GPIb which plays a pivotal role
for platelet adhesion, as well as thrombus formation at
high shear.”® We observed that the reduced aggregate for-
mation of Cotl1” platelets on collagen under flow in vitro
was most pronounced at high shear rates, where GPIb
becomes increasingly important. Consistently, GPIb-
mediated adhesion of Cot/1” platelets to vWF was signifi-
cantly reduced. Together, this indicates an involvement of
Cotll in basic GPIb-mediated platelet responses.

The cytoplasmic domain of the GPIba subunit is tightly
linked to the actin cytoskeleton. This interaction is critical
for the correct localization of GPIb in the plasma mem-
brane® and probably also enables mechanotransduction
upon binding of GPIb to its ligand vWF at high shear rates.
To study whether the actin-regulating function of Cotl1 in
platelets may be specifically critical under shear condi-
tions, we used a novel, quite general, approach to charac-
terize platelet biomechanical properties by assessing their
shear-induced deformability using RT-DC.” This assay
has the advantage that, in contrast to other experimental
approaches, the biomechanical function of a high cell
number can be readily analyzed, and this increases the
reliability of the results. Despite not detecting defects in
actin assembly under static conditions, strikingly, we
observed higher deformability of Cotl1-deficient platelets
in RT-DC measurements. Our results, therefore, clearly
show that biomechanical properties are significantly
altered in Cotl1-deficient platelets, which may have a sub-
stantial influence on their function i vivo, possibly also
affecting signaling of the mechanoreceptor GPIb.

Besides its interaction with F-actin, Cotll is a binding
partner of 5-LO, the key enzyme in LT biosynthesis,”
which is expressed in immune competent cells and
platelets. LT are a group of inflammatory mediators
derived from AA. Upon activation, intracellular Ca* levels
increase, free AA is liberated from membrane phospho-
lipids by phospholipases, and 5-LO is activated, leading to



the generation of intermediate LTA, and subsequently the
production of the different LT types (Online Supplementary
Figure S7).% Besides the cysteinyl (cysLT) LT (LTC4 , LTC4,
LTE4), these also include LTB,, which stimulates neu-
trophil chemotaxis,® enhances neutrophil-endothelial
interactions,” and stimulates neutrophil activation, lead-
ing to degranulation and the release of mediators,
enzymes, and superoxides.* LTB, can also act on other cell
types, e.g. by increasing interleukin (IL)-6 production by
human monocytes.” Platelet-derived LT were shown to
contribute to inflammatory responses, e.g. during acute
inflammation via activation of leukocytes,"** but only a
few very early in vitro studies indicated an impact of LT
directly on platelet aggregation.'®*

A recent comprehensive analysis of the platelet
lipidome by Peng et al. revealed that the AA/5-LO/LT
pathway is significantly induced by platelet activation.”
Therefore, to directly assess whether lack of Cotll down-
regulates 5-LO activity and hence LT biosynthesis, we
characterized platelet lipid mediator levels using mass
spectrometry.* Our data confirm previous findings from
other cell types that Cotll positively regulates 5-LO," as
lack of Cotll induced a shift from LT to prostaglandin
biosynthesis downstream from AA, leading to reduced
levels of LTA, and LTB,, but higher levels of TxB, in the
knock-out platelets. Interestingly, CRP (but not thrombin)
was able to induce significant LTB, release in W7 platelets.
This is in line with findings by Peng et al. who observed
that CRP, but not thrombin alone, was able to induce sig-
nificant changes in the platelet lipidome.” Thus, our
detailed study further shows that the AA/LTB4 pathway
is induced by GPVI/ITAM rather than GPCR signaling in
platelets.

Strikingly, our results indicate that exogenous addition
of LTB4 could fully rescue the defective aggregate forma-
tion of Cotll-deficient platelets on collagen under flow in
vitro (Figure 4). While this finding indicates that the exoge-
nous addition of LT can compensate for the GPIb function
defect in Cotl1-deficient platelets, we cannot exclude that
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GPIb signaling itself is involved in LT biosynthesis.
Notably, exogenous addition of LTB4 did not restore
aggregate formation of RhoA- or Grb2-deficient platelets,
which per se display significant activation/ secretion
defects. These results show that LTB, secretion is required
to fine-tune platelet function under flow rather than being
a strong positive regulator of thrombus formation.
However, LTB, addition could moderately increase aggre-
gate formation of Grb2-deficient platelets, which display
defective GPVI/ITAM signaling. This further suggests that
LTB, is particularly relevant for platelet aggregate forma-
tion induced through the GPIb/GPVI/ITAM axis. It will be
important to dissect the detailed signaling mechanisms
leading to LT generation, as well as the precise role of LT
and their signaling pathways for platelet thrombus forma-
tion 1 vivo in future studies.

Taken together, our study reveals that Cotll modulates
biomechanical properties of platelets and acts as a signal-
ing integrator in thrombotic processes. Given that both
GPIb and LT represent potential therapeutic targets for a
number of thrombo-inflammatory and autoimmune dis-
eases, our findings may contribute to a better understand-
ing of the molecular pathways orchestrating these
processes.
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