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1 | INTRODUCTION

Peripheral T-cell lymphoma (PTCL), not otherwise specified
(PTCL, NOS) and angioimmunoblastic T-cell lymphomas
(AITL), while accounting for the majority of peripheral NK/T
cell lymphomas in North America, are relatively rare, with inci-
dence rates <0.4 per 100,000." Approximately 2,000 patients
are diagnosed annually with PTCL, NOS, or AITL in the
United States." The rarity of these PTCL and their significant
heterogeneity has hampered progress, including their classifi-
cation. For example, approximately one-third of AITL/PTCL,
NOS cases are reclassified following expert hematopathology
review.> Unfortunately, most patients afflicted with AITL/
PTCL, NOS will ultimately succumb to their disease, as resis-
tance to initial anthracycline-based chemotherapy regimens is
common, and the responses observed with novel agents in the
relapsed/refractory setting are rarely durable or complete.*”’

Abbreviations: a-KG, alpha-ketoglutarate; AITL, angioimmunoblastic
T-cell lymphoma; AKT, protein kinase B; ALCL, anaplastic large cell
lymphoma; ALK, anaplastic lymphoma kinase; ChIP, chromosome
immunoprecipitation; CTCL, cutaneous T-cell lymphoma; CTL, cytotoxic
T cell; DNMT3A, DNA methyltransferase 3A; IDH, isocitrate
dehydrogenase; ITK, IL-2 inducible T-cell kinase; IkB, inhibitor of xB;
NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells;
NOS, not otherwise specified; PI3K, phosphoinositide 3-kinase; PTCL,
peripheral T-cell lymphoma; PTEN, phosphatase and tensin homolog;
T-ALL, T-cell acute lymphoblastic leukemia; TET, Ten-Eleven-Translocation;
TFH, T follicular helper; TME, tumor microenvironment.
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GATA-3 regulates the differentiation, proliferation, survival, and function of periph-
eral T cells and their thymic progenitors. Recent findings, reviewed here, not only
implicate GATA-3 in the pathogenesis of molecularly, genetically, and clinically
distinct T-cell lymphoproliferative disorders, but also have significant diagnostic,

prognostic, and therapeutic implications.

CTCL, GATA-3, PTCL, T-ALL

Increasingly, the proper classification and determination of
the cell of origin among the most common PTCL has therapeu-
tic implications. Therefore, we will review their respective cell
of origin and molecular pathogenesis, highlighting the emerg-
ing role for GATA-3 in a distinct subset of PTCL, NOS. While
these advances have significant therapeutic implications, they
also present future challenges that were almost unimaginable
10 years ago.

2 | AITL AND PTCL, NOS: CELL OF
ORIGIN AND CLASSIFICATION

Improved understanding of lymphocyte development and dif-
ferentiation, including the significant role played by dominant
transcriptional regulators, has influenced the classification of
most lymphomas, as molecularly distinct lymphoma subtypes
are associated with normal lymphocyte ontogeny. The normal
“cell of origin,” at least among the more common PTCLs, is
best appreciated for AITL and ontologically related PTCLs,
designated in the 2016 WHO classification as follicular T-cell
lymphomas and nodal PTCL with a T follicular helper (Tgy)
cell immunophenotype.8 Follicular helper T cells (Tgy cells)
produce specific cytokines (e.g., IL-4, IL-21) and express cell-
surface ligands (e.g., CD40L) that regulate somatic hyper-
mutation and isotype switching during the humoral immune
response. Their differentiation is orchestrated by the “master”
transcriptional repressor Bcl-6, which is inducibly expressed
upon ICOS costimuation. Chemokine (e.g., CXCL13) and
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chemokine receptor (e.g., CXCRS) expression promotes Tgy
cell colocalization with germinal center B cells and follicular
dendritic cells (reviewed in Reference 9). Inmunophenotyping
studies examining many of these, and other (e.g., CD10,
PD-1), markers led to the suggestion that malignant T cells in
AITL are Tgy cell derived.'®'” This contention was further
supported by gene expression profiling studies demonstrating
that the molecular profile of AITL most closely resembles that
observed in normal Tgy cells and is distinct from that observed
in most PTCL, NOS'®' [reviewed in Reference 20]. AITL
ontogeny likely explains the classic histologic findings
(e.g. expansion of germinal-center B cells and an expanded
meshwork of follicular dendritic cells) and clinical characteris-
tics of this PTCL (reviewed in Reference 21), and the observed
enrichment in angiogenesis, B-cell, and monocyte/macrophage
signatures (“tumor microenvironment”) observed in gene
expression profiling studies.'”

Despite the significant advances achieved in understanding
AITL, including improved understanding of the cell of origin
and genetic landscape, PTCL, NOS heterogeneity has ham-
pered progress. The classification of these PTCL has been chal-
lenging, and PTCL, NOS, remains a diagnosis of exclusion.
The largest gene expression profiling study conducted to date
included 372 PTCL cases that were reviewed by a panel of
expert hematopathologists.'® After expert hematopathology
review, 150 cases were histologically classified as PTCL,
NOS. However, among these cases, 37% were molecularly
reclassified when subtype-specific molecular classifiers were
applied. The majority (69%) of cases were molecularly
reclassified as either AITL or ALK- ALCL. Among those cases
reclassified as ALCL, further pathologic assessment of those
cases demonstrated a morphology consistent with ALCL,
high-level CD30 expression, and high-level expression of cyto-
toxic markers, thus supporting the molecular classification on
morphologic grounds. Conversely, ~25% of morphologically
classified AITL were molecularly reclassified as PTCL, NOS.
These findings highlight both the diagnostic challenges posed
by the more common PTCLs and the potential diagnostic utility
of gene expression profiling in these PTCL.*"

3 | AITL: MOLECULAR
PATHOGENESIS

Epigenetic dysregulation due to recurrent mutations in
tumor suppressor genes that regulate DNA methylation is an
emerging hallmark of Tgy-derived malignancies. Ten-Eleven-
Translocation (TET) 2 promotes DNA demethylation by
catalyzing the hydroxylation of 5-methylcytosine. Recurrent
loss-of-function mutations effecting its catalytic domain are
observed in the majority (~75%) of AITL. The mitochondrial
protein isocitrate dehydrogenase (IDH) 2 catalyzes the decar-
boxylation of isocitrate to o-ketoglutarate (a-KG) in the
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tricarboxylic acid cycle and thus indirectly regulates a-KG
dependent dioxygenases, including TET2. IDH2 is recurrently
mutated at arginine-172 in approximately one-third of AITL,
and in contrast to myeloid malignancies, is not mutually exclu-
sive with TET2 mutations, as most AITL harboring this muta-
tion are also TET2 mutated. The IDH2R'7? mutation confers
neomorphic activity such that «-KG is converted to the
R-enantiomer of 2-hydroxyglutarate, an oncometabolite that
antagonizes TET2 and histone demethylases. AITL cases har-
boring concurrent TET2 and IDH2 mutations have distinct
gene expression and epigenetic profiles, including upregulation
of Trgy-associated genes and promoter and histone
hypermethylation.”® Loss-of-function mutations in the DNA
methyltransferase DNMT3A are also observed, and usually
occur with TET2 mutations, in approximately one-third of
AITL cases.

TET2 and DNMT3A mutations are observed in hematopoi-
etic stem and progenitor cells in patients with clonal
hematopoiesis.>> > Therefore, these genetic alterations are not
restricted to malignant T cells in AITL, but are also present in
progenitor cells and constituents of the tumor microenviron-
ment. This is suggested by the higher variant allele frequencies
(VAF) observed for these mutations in AITL relative to other
recurrent mutations (e.g., RhoA, IDH2),26 and is convincingly
demonstrated by recently performed microdissection studies
demonstrating the presence of TET2-mutated B cells in AITL
biopsies.27’28 In these studies, TET2 (and/or DNMT3A) muta-
tions were observed in both microdissected B cells and malig-
nant T cells, whereas other mutations (RhoA, IDH2) were
restricted to malignant T cells.”” These observations have at
least two implications. First, mutations present within non-
malignant constituents of the tumor microenvironment may
promote lymphomagenesis in a non-cell-autonomous manner.
For example, TET?2 deficiency in lymphoma-associated macro-
phages or B cells may promote their functional polarization
and/or proliferative potential,®® and thus indirectly promote
AITL pathogenesis. Finally, TET2 and/or DNMT3 A mutations
are likely early events in disease pathogenesis that promote the
malignant transformation of T cells that acquire additional
genetic hits, including mutations involving RhoA and IDH2.
Both the cooperativity between TET2 and DNMT3A, and their
insufficiency to fully drive the malignant transformation of
CDA4* T cells, has been demonstrated in a murine bone marrow
transplant model in which recipient mice were serially
transplanted with DNMT3A mutated and TET2 deficient
hematopoietic stem cells.’® A subset of these mice, after the
first transplantation, developed AML or T-ALL within
8 months of transplant. However, a majority (9 out of 12) of
new recipients developed a T-cell lymphoproliferative disorder
resembling AITL following serial transplantation into new
recipients, albeit with a latency of ~1-1.5 years. The very few
AITL observed in primary recipients, and the relatively
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prolonged latency appreciated following 1-2 additional rounds
of serial transplantation, suggest that T cells must acquire other
epigenetic or genetic alterations prior to their malignant trans-
formation. For example, the overexpression of Notchl
observed in this model, in conjunction with its apparent wide-
spread activation in 86% of AITL,*' may implicate Notch in
AITL pathogenesis.

Conventional T cell proliferation, survival, differentiation,
and effector functions are dependent upon the integration of
both antigen-dependent and antigen-independent (e.g., costi-
mulation and cytokine-dependent) signaling. Therefore, these
signaling pathways, activated either in response to endogenous
ligands provided within the tumor microenvironment or upon
the acquisition of gain-of-function mutations in relevant recep-
tors or downstream signaling intermediates, are prime candi-
dates for the “second hits” that promote T-cell transformation.
The constellation of mutational profiling and next-generation
sequencing studies completed to date generally support this
contention [reviewed in Reference 32].

4 | PTCL,NOS: MOLECULAR
PATHOGENESIS AND THE
EMERGENT ROLE OF GATA-3

The differentiation of conventional CD4" T-cell subsets
(i.e., Thl, Th2), from which many PTCL, NOS are derived, is
controlled by a number of critically important (“master”) tran-
scription factors. For example, the zinc-finger transcription fac-
tor GATA-3 regulates the homeostatic survival, proliferation,
differentiation, and function of developing and mature T-cell
subsets, but is classically associated with Th2 differentiation
[reviewed in Reference 33]. A biased interrogation of these tran-
scription factors and a limited number of their respective gene
targets led to the observation that a majority of morphologically
classified PTCL, NOS cases are characterized by the expres-
sion of the transcription factors T-bet or GATA-3 and their
respective gene targets.>* Among the PTCL, NOS cases exam-
ined, ~50% expressed GATA-3 by immunohistochemistry, and
were enriched for Th2-associated cytokines (e.g., IL-4, IL-5,
IL-13). Hypereosinophilia, a harbinger of Th2-biased immu-
nity, was significantly associated with GATA-3 expression in
this series. In addition, GATA-3 expression was associated
with dismal survival, as no long-term disease free survivors
were observed in this cohort. The adverse outcomes observed
in GATA-3* PTCL, NOS have been attributed to GATA-
3-dependent cell-autonomous effects. Using integrated GATA-
3 ChIP and loss-of-function strategies, we have demonstrated
that GATA-3 drives the expression of relevant gene targets reg-
ulating the tumor microenvironment, cell trafficking, and sur-
vival in TCL. For example, GATA-3 dependent cytokines,
including IL-13, directly promote the growth and survival of

malignant T cells.”® These GATA-3 target genes, likely in
collaboration with the additional loci it regulates, promote a
particularly malignant and treatment resistant phenotype.>**°

In addition, GATA-3 dependent cytokines regulate constit-
uents of the tumor microenvironment and thus promote chemo-
therapy resistance in a non-cell-autonomous manner.***%3’
Normal T-cell ontogeny—including thymic selection and peri-
pheral antigen-dependent activation/differentiation—depends
upon antigen-presenting cells that regulate T-cell growth and
survival. Malignant T cells apparently retain this dependence
upon antigen-presenting cells, including lymphoma-associated
macrophages (LAM), which are most abundant within the
tumor microenvironment.>***-* These observations are con-
cordant with those in many B-cell lymphomas, where gene
expression by LAM and their density within the tumor micro-
environment explain their variable natural history.**~** GATA-
3 dependent cytokines, including IL-4/IL-13 and IL-10,
promote the pro-tumoral functions of LAM.** The survival of
tissue resident macrophages, historically conceived as quies-
cent cells that fail to proliferate or expand, are dependent upon
macrophage-colony stimulating factor (MCSF, or CSF1). Con-
sequently, CSFI1R antagonism has emerged as a therapeutic
strategy to deplete tumor-associated macrophages, and has
been investigated in many tumor models (reviewed in Refer-
ences 43 and 44). However, studies performed in selected
tumor models demonstrate that inhibition of CSF1R alone may
be insufficient to deplete tumor-associated macrophages, pre-
sumably due to the presence of hematopoietic and inflamma-
tory cytokines within the tumor microenvironment that
promote their survival. Consistent with these observations, it is
now appreciated that tissue resident macrophages proliferate
locally in an IL-4 dependent manner.*>*® Collectively, these
findings, in conjunction with the observed association between
GATA-3 expression and macrophage polarization and
density in PTCL, NOS,***’ suggest that GATA-3 promotes
the alternative polarization and expansion of LAM. While
GATA-3-dependent IL-5 production undoubtedly explains the
hypereosinophilia frequently observed in GATA-3" PTCL,
NOS,* the potential role of eosinophils in PTCL pathogenesis
is unknown and largely unexplored.47

Given the cell-autonomous and non-cell-autonomous
roles of GATA-3 in PTCL, the relatively high rate of pri-
mary refractory disease, exceeding 50%, among GATA-3*
PTCL, NOS receiving anthracycline-based induction chemo-
therapy may not be surprising.® The adverse prognostic
implications associated with GATA-3 expression were inde-
pendently validated in two subsequent studies.”’*® In the
large gene expression profiling study conducted by Igbal
et al., an “unbiased” approach was adopted. After excluding
molecularly reclassified cases, they observed that most
PTCL, NOS cases highly expressed either GATA-3 and its
gene targets (33% of cases) or TBX21 (T-bet) and its gene
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targets (49% of cases). Poor overall survival was similarly
observed in the GATA-3 subgroup. A subset of the T-bet
subgroup highly expressed CD8* cytotoxic T-cell associated
genes and was associated with poor survival, consistent with
previous findings.49 Enrichment of c-myc and PI3K/mTOR
related gene signatures were observed in GATA-3 PTCL,
whereas interferon-y and NF-kB related gene signatures
were enriched in T-bet PTCL. Collectively, these findings
suggest that GATA-3 PTCL may be Th2-derived, whereas
T-bet PTCL are heterogeneous, including Thl and cytotoxic
T-cell (CTL)-derived lymphomas.

Recently performed studies have clarified the relationship
between the genetic landscape in PTCL, NOS and the puta-
tive cell of origin in PTCL, NOS. As in AITL, TET2 muta-
tions are also observed in PTCL, NOS, but are less prevalent
(~45%),% with no obvious difference in prevalence between
GATA-3 and T-bet subsets. DNMT3A and RHOA muta-
tions are similarly observed, whereas IDH2 mutations
are rare in PTCL, NOS.”> Whether TET2 and DNMT3A
mutations are also present within nonmalignant cells within
the tumor microenvironment, as observed in AITL, and the
mechanism by which these mutations may foster lymphoma-
genesis in a non-cell-autonomous manner in that context
remains an open question. In contrast to the mutational land-
scape in these epigenetic regulators, significant differences
in clinically relevant chromosomal copy number alternations
have been observed between GATA-3 and T-bet PTCL. For
example, genomic losses (usually heterozygous) that include
relevant tumor suppressor genes, including p53, PTEN, and
CDKN2A/B, are observed in ~40-50% of GATA-3 PTCL,
while genomic losses generally were infrequently observed
in T-bet PTCL.** Genomic gains involving c-myc were
observed in ~40% of GATA-3 PTCL, and are concordant
with the enriched expression of c-myc target genes previ-
ously observed in this subset.'® The loss of relevant tumor
suppressor genes, including p53, and amplification of
c-myc, may further contribute to the high rate of primary
refractory disease observed in GATA-3 PTCL. A genomic
gain involving chromosome 17q, which includes STAT3,
was frequently observed in GATA-3 PTCL, whereas this
region was focally deleted in T-bet PTCL. A focal gain that
includes the BCLI11B gene was observed in 17% of
T-bet PTCL. This is notable, as Bcll1b is a GATA-3 bind-
ing partner that inhibits GATA-3-dependent transcription
of Th2-associated cytokines.”' The striking differences
observed in the genetic landscape between GATA-3 and
T-bet PTCL provide further evidence that these are truly dis-
tinct T-cell lymphomas. These findings have significant
therapeutic implications (see commentary’?), including the
development of targeted, and potentially subset-specific,
therapies.
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S | BEYOND PTCL: GATA-3 IN
OTHER T-CELL
LYMPHOPROLIFERATIVE
DISORDERS

Cutaneous T-cell lymphomas (CTCL) are a heterogeneous
group of extranodal lymphomas, many of which highly
express GATA-3,*>? and its target genes,”* and are resis-
tant to conventional chemotherapeutic agents,”* much like
GATA-3 PTCL. The chemokine receptor CCR4 is a GATA-
3 target gene (unpublished data) that is preferentially
expressed by Th2 and Treg cells and plays an important role
in T-cell trafficking to the skin,55 and likely contributes to
the primary cutaneous localization of CTCL and secondary
cutaneous involvement observed in =50% of patients with
GATA-3 PTCL (unpublished observation). In addition to its
role in T-cell trafficking, CCR4 may also promote cell
growth and survival, and is subject to gain-of-function muta-
tions in PTCL subsets. Furthermore, Th2-associated cyto-
kines (IL-4/IL-13) promote the alternative polarization of
lymphoma-associated macrophages, which are an abundant
source of the CCR4 ligands CCL17 and CCL22. The
CCL17/CCL22 and CCR4 axis is further maintained in
CTCL by the aberrant loss of CD26, a dipeptydil peptidase
that inactivates CCR4 ligands.>

In contrast to PTCL/CTCL, which are derived from post-
thymic (“peripheral”) T cells, T-cell acute lymphoblastic
leukemias (T-ALL) are derived from T-cell precursors
(including early thymic or thymic progenitors) at various
stages of development. Much like their mature counterparts,
T-ALL are characterized by significant genetic and molecu-
lar heterogeneity, and account for ~#25% of ALL in adults in
North America.”® While therapeutic advances and improved
outcomes have been achieved in pediatric T-ALL, outcomes
in adult T-ALL have languished, and outcomes remain poor,
particularly in the relapsed/refractory setting, due to the
emergence of chemotherapy-resistant disease.’’ While
GATA-3 plays an important role regulating the differentia-
tion of T-cell progenitors (reviewed in References 33 and
58), and its expression is regulated by oncogenes
(i.e., Notchl) with an established role in T-ALL pathogene-
sis, its role in T-ALL is largely unexplored, despite the
observation that GATA-3 is highly expressed in most
T-ALL cell lines and primary specimens (unpublished data
and Reference 59]. Notchl has a well-established role in
T-ALL pathogenesis, and GATA-3 is an important Notchl
target gene.”®® While its role in T-ALL pathogenesis is
largely unexplored, it is intriguing that the transgenic over-
expression of GATA-3 in T-cell progenitors leads to the
development of T-ALL in ~50% of transgenic mice.®'
Therefore, GATA-3's role in T-cell lymphoproliferative
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disorders may not be limited to peripheral or cutaneous
T-cell lymphomas.

6 | THERAPEUTIC
OPPORTUNITIES

Despite treatment with anthracycline-based chemotherapy,
most patients afflicted with PTCL will ultimately succumb
to disease progression within a few years of diagnosis.
Despite initial uncertainty as to the benefit of anthracycline-
based therapy,” most recent series,” including a large pro-
spective study,® demonstrate an overall survival benefit
with the inclusion of an anthracycline. Unfortunately, dis-
ease progression during initial anthracycline-based therapy
is observed in ~10-20% of patients,> >
with dismal outcomes.” Therefore, resistance to conventional
chemotherapeutic agents remains a challenge and a common
reason for treatment failure and mortality in these patients.
Despite the availability of multiple novel agents, a median
overall survival <6 months is anticipated in the setting of
relapsed/refractory disease,*® as responses with novel
agents, with only a few exceptions, are modest, rarely dura-
ble, and have not led to a discernable improvement in overall
survival since their approval. Therefore, future studies
should seek to interrogate biomarkers, including the cell of
origin, that will not only discriminate “low risk” from “high
risk” patients, but also identify those who are most likely to
benefit from currently available or investigational therapies.

Selected GATA-3 target genes, for example, are attrac-
tive therapeutic targets. Mogamulizumab, a CCR4 specific
monoclonal antibody that mediates antibody-dependent cell-
mediated cytotoxicity, depletes CCR4-expressing cells.>
Given its significant clinical activity in phase /I studies,
mogamulizumab was compared with vorinostat in a random-
ized, phase III study (MAVORIC) in CTCL and was associ-
ated with a significant improvement in progression-free
survival.** Nonetheless, its utility in PTCL expressing
GATA-3 (and CCR4) remains an open question.

The genetic landscape observed in GATA-3 PTCL is dis-
tinct and presents novel therapeutic opportunities. For exam-
ple, c-myc is highly expressed in GATA-3 PTCL, and its
stability is regulated in a proteosome-dependent manner, as
multiple phosphorylation-dependent ubiquitin ligases tag
c-myc for ubiquitination and degradation. For example,
Polo-like kinase 1 (PLK1) was recently identified in an
shRNA-based “Achilles heel” screen in CTCL.” PLKI
phosphorylates and stabilizes c-myc, and its pharmacologic
inhibition led to the loss of detectable c-myc, and induced
apoptosis in malignant T cells. PLK1 activation is regulated
by phosphorylation of a threonine residue within its kinase
domain, phosphorylation of which is mediated by Aurora A
kinase (AAK). Therefore, AAK inhibition has emerged as

and is associated

an attractive therapeutic strategy in the T-cell lymphomas
(reviewed in Reference 66). In fact, the AAK inhibitor
alisertib is associated with an overall response rate ~30% in
PTCL, which rivals the anticipated response rates observed
with currently available agents.®” The extent to which the
AAK/PLKI1 axis, GATA-3 itself, and/or c-myc are predic-
tive biomarkers for response to alisertib is unknown.

Cancers originating from a specific lineage or stage of devel-
opment may continue to require growth and survival signals
provided by cell- or development-specific pathways (e.g., estro-
gen receptor in breast cancer). Successful rearrangement of
T-cell receptor (TCR) genes and the expression of a functional
TCR is required for the generation of mature T cells within the
thymus and for their sustained homeostatic survival and func-
tion in the periphery. Most AITL and PTCL, NOS retain TCR
(and CD3) expression, while expression of many other T-cell
specific antigens is lost, and gain-of-function mutations in sig-
naling intermediates that are required for TCR signaling are
prevalent in many of these T-cell lymphomas.®* Therefore, we
examined the extent to which TCR engagement promotes the
growth and survival of malignant T cells. TCR activation in pri-
mary malignant T cells ex vivo led to dramatic changes in gene
expression that are associated with chemotherapy resistance.>®
Many of these observed effects, including NF-kB activation
and chemotherapy resistance, are dependent upon activation of
the Tec family kinase IL-2 inducible T-cell kinase (ITK). Upon
activation, ITK is autophosphorylated and phosphorylates
PLC-y1, thus promoting PKC-®/NF-kB and Ras/Raf/MAPK
activation, and is required for the proper spatiotemporal locali-
zation of the TCR signalosome.®® Therefore, Tec family
kinases, including ITK, are novel and largely unexplored thera-
peutic targets in the T-cell lymphomas.*® GATA-3 is expressed
in a TCR- and NF-xB-dependent manner in subsets of conven-
tional T cells, where it promotes their homeostatic survival.®®
Concordant with its role in conventional T cells, GATA-3
expression was upregulated in malignant T cells following
engagement of the TCR and was shown to confer resistance to
chemotherapy in a cell-autonomous manner.*® Proteasomal
inhibition indirectly inhibits NF-kB by impairing IkBa degrada-
tion, and was observed to impair GATA-3 expression in pre-
clinical studies and in an exceptional responder (with PTCL,
NOS) in a small phase II study.”” Engagement of the TCR
unleashes a signaling barrage that activates a number of path-
ways providing therapeutic opportunities, many of which are
the subject of ongoing or planned clinical trials.

A reciprocal and symbiotic relationship exists between a
malignant T cell and its environment, as the repertoire of
chemokines/cytokines malignant T cells secrete is subtype spe-
cific (e.g., Tpy-related cytokines in AITL) and regulates the
recruitment, retention, and functional polarization of non-
malignant constituents of the tumor microenvironment (TME).
Conversely, both lymphoid- and myeloid-derived constituents
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of the TME promote T-cell lymphomagenesis both directly,
by providing factors that foster the growth and survival
of malignant T cells, and indirectly, by suppressing host anti-
tumor immunity (reviewed in Reference 32). Despite this
interdependence, the relationship between the genetic land-
scape, particularly in T-bet and GATA-3 PTCL, and the TME
remains obscure, but is an area that is ripe for discovery and
therapeutic exploitation.

The genomic losses prevalent in GATA-3 PTCL, particu-
larly those involving p53, CDKN2A/B, and PTEN, have sig-
nificant implications for the TME, as these tumor suppressors
may function in a non-cell-autonomous manner to regulate the
TME. For example, p53 has been shown to promote classical
(and antitumoral) polarization of tumor-associated macro-
phages in a non-cell-autonomous manner.”' In addition, p53
directly induces the expression of miR-34 that impairs the
expression of PD-L1 and may thus license malignant cells with
intact p53 for cytotoxic T-cell (CTL) mediated elimination.’>"?

Whether p53 (and/or CDKN2A/B) deleted GATA-3 PTCL
highly express PD-L1, as has been observed in p53-deficient
solid tumors, and the extent to which this may confer sensitiv-
ity to PD-L1/PD-1 checkpoint blockade are unknown.*®’* As
PD-L1 expression is tightly regulated post-transcriptionally in
a PI3K/AKT-dependent manner, PTEN-deficient tumors also
highly express PD-L1.>”®> Collectively, these observations
might suggest that GATA-3 PTCL may be particularly suscep-
tible to immunotherapeutic strategies, including checkpoint
blockade.

7 | FUTURE CHALLENGES

Improved understanding of PTCL pathogenesis and increasing
appreciation of their genetic and molecular heterogeneity has
spawned a smorgasbord of novel agents and an expanding list
of potential therapeutic targets, yet PTCLs account for only
~10% of NHL in North America, and the pool of patients who
may benefit from novel therapies remains relatively small.
Therefore, completion of the clinical trials needed to evaluate
the rapidly expanding pool of novel therapies, either as single
agents or in combination with those that are currently
approved, is an increasingly significant challenge that must be
met if we are to select the “right treatment” for the “right
patient” and improve outcomes for these patients.

ACKNOWLEDGMENTS

This work is supported in part by the National Cancer Insti-
tute (RO1CA217994, RAW; K08-CA218460, CMZ).

CONFLICT OF INTEREST

The authors declare no potential conflict of interest.

wemB LIFE_W I LEY_L_'°

ORCID

Ryan A. Wilcox "2 https://orcid.org/0000-0002-6420-0760

REFERENCES

1. Teras LR, DeSantis CE, Cerhan JR, Morton LM, Jemal A,
Flowers CR. 2016 US lymphoid malignancy statistics by World
Health Organization subtypes. CA Cancer J Clin. 2016;66:
443-459.

2. Laurent C, Baron M, Amara N, et al. Impact of expert pathologic
review of lymphoma diagnosis: Study of patients from the French
Lymphopath Network. J Clin Oncol. 2017;35:2008-2017.

3. Vose J, Armitage J, Weisenburger D. International peripheral
T-cell and natural killer/T-cell lymphoma study: Pathology find-
ings and clinical outcomes. J Clin Oncol. 2008;26:4124—4130.

4. Mak V, Hamm J, Chhanabhai M, et al. Survival of patients with
peripheral T-cell lymphoma after first relapse or progression:
Spectrum of disease and rare long-term survivors. J Clin Oncol.
2013;31:1970-1976.

5. Briski R, Feldman AL, Bailey NG, et al. The role of front-line
anthracycline-containing chemotherapy regimens in peripheral
T-cell lymphomas. Blood Cancer J. 2014;4:e214.

6. Briski R, Feldman AL, Bailey NG, et al. Survival in patients with
limited-stage peripheral T-cell lymphomas. Leuk Lymphoma.
2015;56:1665-1670.

7. Zhang JY, Briski R, Devata S, et al. Survival following salvage
therapy for primary refractory peripheral T-cell lymphomas
(PTCL). Am J Hematol. 2018;93:394-400.

8. Swerdlow SH, Campo E, Pileri SA, et al. The 2016 revision of the
World Health Organization classification of lymphoid neoplasms.
Blood. 2016;127:2375-2390.

9. Wilcox RA, Ansell SM, Lim MS, Zou W, Chen L. The B7 homo-
logues and their receptors in hematologic malignancies. Eur J
Haematol. 2012;88:465-475.

10. Dorfman DM, Brown JA, Shahsafaei A, Freeman GJ. Programmed
death-1 (PD-1) is a marker of germinal center-associated T cells
and angioimmunoblastic T-cell lymphoma. Am J Surg Pathol.
2006;30:802-810.

11. Roncador G, Garcia Verdes-Montenegro JF, Tedoldi S, et al.
Expression of two markers of germinal center T cells (SAP and
PD-1) in angioimmunoblastic T-cell lymphoma. Haematologica.
2007;92:1059-1066.

12. Xerri L, Chetaille B, Serriari N, et al. Programmed death 1 is a
marker of angioimmunoblastic T-cell lymphoma and B-cell small
lymphocytic lymphoma/chronic lymphocytic leukemia. Hum Pat-
hol. 2008;39:1050-1058.

13. Huang Y, Moreau A, Dupuis J, et al. Peripheral T-cell lymphomas
with a follicular growth pattern are derived from follicular helper
T cells (TFH) and may show overlapping features with
angioimmunoblastic T-cell lymphomas. Am J Surg Pathol. 2009;
33:682-690.

14. Rodriguez-Justo M, Attygalle AD, Munson P, Roncador G,
Marafioti T, Piris MA. Angioimmunoblastic T-cell lymphoma
with hyperplastic germinal centres: A neoplasia with origin in the
outer zone of the germinal centre? Clinicopathological and immu-
nohistochemical study of 10 cases with follicular T-cell markers.
Mod Pathol. 2009;22:753-761.


https://orcid.org/0000-0002-6420-0760
https://orcid.org/0000-0002-6420-0760

LLW] ]_Ey_ IUBMB LIFE

15.

18.

19.
20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
30.
31.

32.

33.

MURGA-ZAMALLOA anp WILCOX

Yu H, Shahsafaei A, Dorfman DM. Germinal-center T-helper-cell
markers PD-1 and CXCL13 are both expressed by neoplastic cells
in angioimmunoblastic T-cell lymphoma. Am J Clin Pathol. 2009;
131:33-41.

Marafioti T, Paterson JC, Ballabio E, et al. The inducible T-cell
co-stimulator molecule is expressed on subsets of T cells and is a
new marker of lymphomas of T follicular helper cell-derivation.
Haematologica. 2010;95:432—439.

. Baseggio L, Traverse-Glehen A, Berger F, et al. CD10 and ICOS

expression by multiparametric flow cytometry in angioimmuno-
blastic T-cell lymphoma. Mod Pathol. 2011;24:993-1003.

de Leval L, Rickman DS, Thielen C, et al. The gene expression
profile of nodal peripheral T-cell lymphoma demonstrates a molec-
ular link between angioimmunoblastic T-cell lymphoma (AITL)
and follicular helper T (TFH) cells. Blood. 2007;109:4952-4963.
Igbal J, Wright G, Wang C, et al. Gene expression signatures
delineate biological and prognostic subgroups in peripheral T-cell
lymphoma. Blood. 2014;123:2915-2923.

Igbal J, Wilcox R, Naushad H, et al. Genomic signatures in T-cell
lymphoma: How can these improve precision in diagnosis and
inform prognosis? Blood Rev. 2016;30:89-100.

Lunning MA, Vose JM. Angioimmunoblastic T-cell lymphoma:
The many-faced lymphoma. Blood. 2017;129:1095-1102.

Wang C, McKeithan TW, Gong Q, et al. IDH2R172 mutations
define a unique subgroup of patients with angioimmunoblastic
T-cell lymphoma. Blood. 2015;126:1741-1752.

Quivoron C, Couronne L, Della Valle V, et al. TET2 inactivation
results in pleiotropic hematopoietic abnormalities in mouse and is
a recurrent event during human lymphomagenesis. Cancer Cell.
2011;20:25-38.

Genovese G, Kahler AK, Handsaker RE, et al. Clonal hematopoie-
sis and blood-cancer risk inferred from blood DNA sequence. N
Engl J Med. 2014;371:2477-2487.

Shlush LI, Zandi S, Mitchell A, et al. Identification of pre-
leukaemic haematopoietic stem cells in acute leukaemia. Nature.
2014;506:328-333.

Sakata-Yanagimoto M, Enami T, Yoshida K, et al. Somatic
RHOA mutation in angioimmunoblastic T cell lymphoma. Nat
Genet. 2014;46:171-175.

Nguyen TB, Sakata-Yanagimoto M, Asabe Y, et al. Identification
of cell-type-specific mutations in nodal T-cell lymphomas. Blood
Cancer J. 2017;7:e516.

Schwartz FH, Cai Q, Fellmann E, et al. TET2 mutations in B cells
of patients affected by angioimmunoblastic T-cell lymphoma.
J Pathol. 2017;242:129-133.

Zhang Q, Zhao K, Shen Q, et al. Tet2 is required to resolve
inflammation by recruiting Hdac2 to specifically repress IL-6.
Nature. 2015;525:389-393.

Scourzic L, Couronne L, Pedersen MT, et al. DNMT3A(R882H)
mutant and Tet2 inactivation cooperate in the deregulation of
DNA methylation control to induce lymphoid malignancies in
mice. Leukemia. 2016;30:1388—1398.

Kluk MJ, Ashworth T, Wang H, et al. Gauging NOTCHI1 activation
in cancer using immunohistochemistry. PLoS One. 2013;8:¢67306.
Wilcox RA. A three-signal model of T-cell lymphoma pathogene-
sis. Am J Hematol. 2016;91:113-122.

Tindemans I, Serafini N, Di Santo JP, Hendriks RW. GATA-3
function in innate and adaptive immunity. Immunity. 2014;41:
191-206.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wang T, Feldman AL, Wada DA, et al. GATA-3 expression iden-
tifies a high-risk subset of PTCL, NOS with distinct molecular and
clinical features. Blood. 2014;123:3007-3015.

Geskin LJ, Viragova S, Stolz DB, Fuschiotti P. Interleukin-13 is
overexpressed in cutaneous T-cell lymphoma cells and regulates
their proliferation. Blood. 2015;125:2798-2805.

Wang T, Lu Y, Polk A, et al. T-cell receptor signaling activates an
ITK/NF-kappaB/GATA-3 axis in T-cell lymphomas facilitating
resistance to chemotherapy. Clin Cancer Res. 2017;23:2506-2515.
Zhang W, Wang Z, Luo Y, Zhong D, Luo Y, Zhou D. GATA3
expression correlates with poor prognosis and tumor-associated
macrophage infiltration in peripheral T cell
Oncotarget. 2016;7:65284-65294.

Wilcox RA, Feldman AL, Wada DA, et al. B7-H1 (PD-LI,
CD274) suppresses host immunity in T-cell lymphoproliferative
disorders. Blood. 2009;114:2149-2158.

Wilcox RA, Wada DA, Ziesmer SC, et al. Monocytes promote
tumor cell survival in T-cell lymphoproliferative disorders and are

lymphoma.

impaired in their ability to differentiate into mature dendritic cells.
Blood. 2009;114:2936-2944.

Dave SS, Wright G, Tan B, et al. Prediction of survival in follicu-
lar lymphoma based on molecular features of tumor-infiltrating
immune cells. N Engl J Med. 2004;351:2159-2169.

Lenz G, Wright G, Dave SS, et al. Stromal gene signatures in
large-B-cell lymphomas. N Engl J Med. 2008;359:2313-2323.
Steidl C, Lee T, Shah SP, et al. Tumor-associated macrophages
and survival in classic Hodgkin's lymphoma. N Engl J Med. 2010;
362:875-885.

Pixley FJ, Stanley ER. CSF-1 regulation of the wandering macro-
phage: Complexity in action. Trends Cell Biol. 2004;14:628-638.
Hume DA, MacDonald KP. Therapeutic applications of macro-
phage colony-stimulating factor-1 (CSF-1) and antagonists of
CSF-1 receptor (CSF-1R) signaling. Blood. 2012;119:1810-1820.
Jenkins SJ, Ruckerl D, Cook PC, et al. Local macrophage prolifer-
ation, rather than recruitment from the blood, is a signature of TH2
inflammation. Science. 2011;332:1284—1288.

Zheng C, Yang Q, Cao J, et al. Local proliferation initiates macro-
phage accumulation in adipose tissue during obesity. Cell Death
Dis. 2016;7:e2167.

Jacobsen EA, Helmers RA, Lee JJ, Lee NA. The expanding role(s)
of eosinophils in health and disease. Blood. 2012;120:3882-3890.
Manso R, Bellas C, Martin-Acosta P, et al. C-MYC is related to
GATA3 expression and associated with poor prognosis in nodal
peripheral T-cell lymphomas. Haematologica. 2016;101:e336—e338.
Igbal J, Weisenburger DD, Greiner TC, et al. Molecular signatures
to improve diagnosis in peripheral T-cell lymphoma and prognos-
tication in angioimmunoblastic T-cell lymphoma. Blood. 2010;
115:1026-1036.

Heavican TB, Bouska A, Yu J, et al. Genetic drivers of oncogenic
pathways in molecular subgroups of peripheral T-cell lymphoma.
Blood. 2019;133:1664-1676.

Fang D, Gurram Krishna R, Cui K, et al. Bclllb, a novel
GATA3-interacting protein, regulates T-helper-2-cell differentia-
tion and function. J Immunol. 2017;198(223):213.

de Leval L, Gaulard P. Cellular origin of T-cell lymphomas.
Blood. 2014;123:2909-2910.

Wilcox RA. Cutaneous T-cell lymphoma: 2017 update on diagno-
sis, risk-stratification, and management. Am J Hematol. 2017;92:
1085-1102.



MURGA-ZAMALLOA anxp WILCOX

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hanel W, Briski R, Ross CW, et al. A retrospective comparative
outcome analysis following systemic therapy in mycosis fungoides
and Sezary syndrome. Am J Hematol. 2016;91:E491-E495.
Wilcox RA. Mogamulizumab: 2 birds, 1 stone. Blood. 2015;125:
1847-1848.

Ferrando AA, Neuberg DS, Staunton J, et al. Gene expression sig-
natures define novel oncogenic pathways in T cell acute lympho-
blastic leukemia. Cancer Cell. 2002;1:75-87.

Belver L, Ferrando A. The genetics and mechanisms of T cell
acute lymphoblastic leukaemia. Nat Rev Cancer. 2016;16:
494-507.

Hosoya T, Maillard I, Engel JD. From the cradle to the grave:
Activities of GATA-3 throughout T-cell development and differ-
entiation. Immunol Rev. 2010;238:110-125.

Dorfman DM, Morgan EA, Pelton A, Unitt C. T-cell transcription
factor GATA-3 is an immunophenotypic marker of acute leuke-
mias with T-cell differentiation. Hum Pathol. 2017;65:166—174.
Hosoya T, Kuroha T, Moriguchi T, et al. GATA-3 is required for
early T lineage progenitor development. J Exp Med. 2009;206:
2987-3000.

Nawijn MC, Ferreira R, Dingjan GM, et al. Enforced expression
of GATA-3 during T cell development inhibits maturation of CD8
single-positive cells and induces thymic lymphoma in transgenic
mice. J Immunol. 2001;167:715-723.

Carson KR, Horwitz SM, Pinter-Brown LC, et al. A prospective
cohort study of patients with peripheral T-cell lymphoma in the
United States. Cancer. 2017;123:1174-1183.

d'Amore F, Relander T, Lauritzsen GF, et al. Up-front autologous
stem-cell transplantation in peripheral T-cell lymphoma: NLG-T-
01. J Clin Oncol. 2012;30:3093-3099.

Kim YH, Bagot M, Pinter-Brown L, et al. Mogamulizumab versus
vorinostat in previously treated cutaneous T-cell lymphoma
(MAVORIC): An international, open-label, randomised, controlled
phase 3 trial. Lancet Oncol. 2018;19:1192-1204.

Murga-Zamalloa C, Polk A, Hanel W, et al. Polo-like-kinase
1 (PLK-1) and c-myc inhibition with the dual kinase-bromodomain
inhibitor volasertib in aggressive lymphomas. Oncotarget. 2017;8:
114474-114480.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

wsms LIFE_W]LEY_L"

Murga-Zamalloa C, Inamdar KV, Wilcox RA. The role of aurora a
and polo-like kinases in high-risk lymphomas. Blood Adv. 2019;
3:1778-1787.

O'Connor OA, Ozcan M, Jacobsen ED, et al. Randomized phase
III study of Alisertib or Investigator's choice (selected single agent)
in patients with relapsed or refractory peripheral T-cell lymphoma.
J Clin Oncol. 2019;37:613-623.

Singleton KL, Gosh M, Dandekar RD, et al. Itk controls the spatio-
temporal organization of T cell activation. Sci Signal. 2011;4:ra66.
Wang Y, Misumi I, Gu AD, et al. GATA-3 controls the mainte-
nance and proliferation of T cells downstream of TCR and cyto-
kine signaling. Nat Immunol. 2013;14:714-722.

Boonstra PS, Polk A, Brown N, et al. A single center phase II
study of ixazomib in patients with relapsed or refractory cutaneous
or peripheral T-cell lymphomas. Am J Hematol. 2017;92:
1287-1294.

Lujambio A, Akkari L, Simon J, et al. Non-cell-autonomous tumor
suppression by p53. Cell. 2013;153:449-460.

Wang X, Li J, Dong K, et al. Tumor suppressor miR-34a targets
PD-L1 and functions as a potential immunotherapeutic target in
acute myeloid leukemia. Cell Signal. 2015;27:443-452.

Cortez MA, Ivan C, Valdecanas D, et al. PDL1 regulation by p53
via miR-34. J Natl Cancer Inst. 2016;108:1-9.

Phillips T, Devata S, Wilcox RA. Challenges and opportunities for
checkpoint blockade in T-cell lymphoproliferative disorders.
J Immunother Cancer. 2016;4:95.

Parsa AT, Waldron JS, Panner A, et al. Loss of tumor suppressor
PTEN function increases B7-H1 expression and immunoresistance
in glioma. Nat Med. 2007;13:84-88.

How to cite this article: Murga-Zamalloa C,
Wilcox RA. GATA-3 in T-cell lymphoproliferative
disorders. I[UBMB Life. 2020;72:170-177. https://doi.
org/10.1002/iub.2130



https://doi.org/10.1002/iub.2130
https://doi.org/10.1002/iub.2130

	GATA-3 in T-cell lymphoproliferative disorders
	1  INTRODUCTION
	2  AITL AND PTCL, NOS: CELL OF ORIGIN AND CLASSIFICATION
	3  AITL: MOLECULAR PATHOGENESIS
	4  PTCL, NOS: MOLECULAR PATHOGENESIS AND THE EMERGENT ROLE OF GATA-3
	5  BEYOND PTCL: GATA-3 IN OTHER T-CELL LYMPHOPROLIFERATIVE DISORDERS
	6  THERAPEUTIC OPPORTUNITIES
	7  FUTURE CHALLENGES
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	REFERENCES


