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Abstract

Aims—Peripheral T cell lymphomas represent approximately 10%-15% of non-Hodgkin
lymphomas and are characterised by an aggressive clinical courses and poor outcomes. Ligands
provided by constituents of the tumour microenvironment engage receptors expressed by
malignant T cells, promoting tumour growth and chemotherapy resistance. In addition to
stimulatory receptors that promote the growth and survival of malignant T cells, recent studies
suggest that homologous inhibitory receptors may have an opposing effect and function as tumour
suppressors. For example, recent data suggest that programmed cell death 1 blockade may lead to
increased lymphoma growth. Therefore, the identification of alternative checkpoint receptorsin T
cell lymphoproliferative neoplasms is an important and clinically relevant question.

Methods—The checkpoint receptors T cell immunoglobulin-3 (TIM-3), V-domain Ig-containing
suppressor of T cell activation (VISTA) and lymphocyte-activation gene 3 (LAG-3) play
fundamental roles in peripheral tolerance, and their ligands are exploited by many solid tumours to
evade host immunity. However, their expression in T cell lymphoproliferative neoplasms has not
been evaluated. In this study, we evaluated the expression of TIM-3, VISTA and LAG-3 in a
cohort of peripheral T cell lymphomas cases by immunohistochemistry and flow cytometric
analysis.

Results—Our results demonstrate that TIM-3, VISTA and LAG-3 expression is rarely identified
within a large cohort of T cell lymphomas and its tumour microenvironment.

Conclusions—Our data suggest that immune-regulatory roles for TIM-3, VISTA and LAG-3
may be predominant in lymphomas subsets different than the ones analysed in the current study.
However, a potential role for these checkpoint receptors as tumour suppressors in T cell
lymphomas remains to be elucidated.
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INTRODUCTION

A role for the T cell receptor (TCR) in T cell lymphoma pathogenesis has been inferred
from the observation that many T cell lymphomas disproportionally use specific TCR
variable genes and retain TCR expression, despite the aberrant loss of other T cell antigens
that are not required for TCR signalling (reviewed by Wilcox?). Elucidation of the genetic
landscape in the most common peripheral and cutaneous T cell lymphomas has further
demonstrated that gain-of-function mutations and translocations involving kinases, and other
second messengers, required for TCR signalling in conventional (non-malignant) T cells are
recurrently observed in many T cell lymphomas (reviewed by Wilcox, Elenitoba-Johnsonl2).
Functional studies performed ex vivo in primary specimens demonstrate that TCR signalling
leads to significant changes in gene expression, induces proliferation and confers resistance
to chemotherapy3 and thus complements the molecular and genomic data implicating the
TCRin T cell lymphoma biology. At least in conventional T cells, the TCR (or ‘signal 1°)
collaborates with signalling input provided by second, costimulatory receptors, the ligands
for which are frequently provided by professional antigen-presenting cells, most of which
are abundant constituents of the tumour microenvironment (TME) among T cell lymphomas.
45 Recent studies suggest that costimulatory receptors (‘signal 2°) may play a similarly
important role in T cell lymphomagenesis, particularly in specific subsets®’ (reviewed by
Wilcox1). Unrestrained TCR and costimulatory receptor signalling, while required for fully
competent T cell immunity, would lead to significant autoimmunity, if not held in check by
coinhibitory, checkpoint receptors.8 Many tumours, expressing ligands for these inhibitory
receptors, exploit these checkpoints to evade and suppress host antitumour immunity. The
once nascent field of checkpoint blockade has spawned a revolution in immunooncology and
immunotherapy.

Ligands for checkpoint receptors, most notably programmed death-ligand 1 (PD-L1), are
highly expressed in many T cell lymphomas,® and effector T cells infiltrating these
lymphomas may be restrained by checkpoint receptors.19-12 Therefore, checkpoint blockade
is a rational therapeutic strategy in these aggressive lymphomas (reviewed by Phillips!3),
and is supported by the available, although limited, clinical data.141> However, a recently
reported study, performed in a specific murine T cell lymphoma model, suggests that the
checkpoint receptor programmed cell death 1 (PD-1) may function as a tumour suppressor,18
and rapid progression following PD-1 blockade has been observed in adult T cell leukaemia/
lymphoma patients.1” Therefore, the extent to which PD-1, and alternative checkpoint
receptors, function as tumour suppressors remains an open question. While PD-1 expression
in T cell lymphomas is well characterised,18-21 the extent to which additional checkpoint
receptors are expressed in specific T cell lymphoma subsets, and their TME is unknown.
This gap in knowledge is significant and clinically relevant, as trials targeting alternative
checkpoint receptors are planned or ongoing.

T cell immunoglobulin-3 (TIM-3), expressed by Thl cells, cytotoxic T cells, regulatory T
cells and myeloid-derived cells (including dendritic cells and monocytes), suppresses T cell
immunity on bindings its ligands galectin-9, phosphatidylserine, HMGB1 or Ceacam-1
(reviewed by Anderson?2) and has been implicated in B cell lymphomas.23 Lymphocyte-
activation gene 3 (LAG-3) is inducibly expressed on activated T cells and similarly impairs
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T cell proliferation and effector functions. Despite evidence implicating alternative ligands,
major histocompatibility complex (MHC) class |1 has long been considered the canonical
ligand for LAG-3, although fibrinogen-like protein 1 was recently demonstrated to be an
additional, high-affinity ligand for LAG-3. V-domain lg-containing suppressor of T cell
Activation (VISTA) is highly expressed on myeloid cells, including macrophages, and naive
and regulatory T cells. In contrast to TIM-3 and LAG-3, VISTA functions as both a ligand
and receptor. The context-dependent role of specific TIM-3, LAG-3 and VISTA ligands, and
the signalling cascades triggered by ligand binding, are incompletely understood and remain
areas of active investigation. Nonetheless, the therapeutic potential of antagonistic and
agonistic antibodies specific for these receptors suggests that improved understanding of
their potential role in T cell lymphomagenesis is needed. Therefore, we sought to
characterise the expression of these alternative checkpoint receptors in peripheral T cell
lymphomas (PTCLSs).

MATERIAL AND METHODS

Immunohistochemistry

Immunohistochemistry was performed with rabbit monoclonal antibody against LAG-3
(Abeam, clone EPR20261), VISTA (Cell Signaling, clone D5L5T) and TIM-3 (Cell
Signaling, clone D5D5R). Immunohistochemical stains were performed at the histolab from
Michigan State University (further details included in online supplementary data).

Tumour scoring

Scoring of tumour cells and its surrounding microenvironment was performed in cases
collected from the archives of the University of Michigan, assembled in tumour microarrays.
All the cases were rerevised and classified according to the WHO Classification of Tumours
of Haematopoietic and Lymphoid Tissues (2008 edition). Due to recent updates in PTCL
classification, only PTCL-NOS (non-otherwise specified) cases graded positive for any of
the markers tested (VISTA, TIM-3 and LAG-3) were rerevisited for T cell follicular helper
(TFH) markers (PD-1, BCL-6 and CD10); the cases with a immunohistochemical profile
consistent with TFH-PTCL were not included in the current study. For VISTA, TIM-3 and
LAG-3 grading, a z-score was calculated for all the cases analysed. TIM-3 was considered
positive if more than 13% of tumour cells were positive (z-score >1); VISTA was considered
positive if more than 15% of tumour cells were positive (z-score >1). The number of
histiocytes or lymphocytes surrounding the tumour cells was annotated from at least 10 high
power fields per case; only the cases that featured on average more than five positive cells
per high power field were annotated. Identification of tumour cells was performed by
morphological assessment or by immunohistochemical interpretation with specific tumour
markers (when applicable): PTCL-NOS (GATA3 or TBX21) or ALCL (CD30).% Tumour-
associated macrophages were identified with positive CSF1R immunostaining.2*
Morphology analysis and interpretation of immunohistochemical data were performed
independently by two haematopathologists (CAMZ and NB).
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Flow cytometry and purification of primary T cell ymphoma specimens

Antibodies for flow cytometric analysis were purchased from BD Pharmigen: LAG-3
(CD223, clone T47-530), TIM-3 (CD366, clone 7D3) and VISTA (clone MIH65). Antibody
concentrations and incubations were performed as indicated by the manufacturer
instructions using an appropriate isotype control. T cell lymphoma cells and benign
peripheral blood T cell lymphocytes were purified as previously described.3

RESULTS

TIM-3 is expressed in a minor subset of peripheral T cell ymphomas

In order to evaluate the expression of TIM-3 in PTCL and the TME, TIM-3 expression was
first evaluated in benign (reactive) lymphoid tissues. TIM-3 expression was observed in
lymphocytes and histiocytes surrounding the germinal centre but was notably absent from
the germinal centre (online supplementary figure 1). As checkpoint receptors may be
expressed in specific PTCL subsets, depending on their “‘cell of origin’, TIM-3 was
evaluated in a PTCL cohort, including peripheral T cell lymphoma nonotherwise specified
(PTCL and NOS), angioimmunoblastic T cell lymphoma (AITL), anaplastic large cell
lymphoma (ALCL), enteropathy-associated T cell lymphoma (EATL) and extranodal natural
killer T cell lymphoma (ENKTCL). TIM-3 expression was detected in lymphoma cells in a
minority of the cases analysed (figure 1), being observed in 8% of PTCL, NOS (n=37) and
in a single EATL case (table 1). TIM-3 expression was absent or minimally expressed (ie,
expression in <5% of lymphoma cells) in the remaining cases. Among TIM-3 positive cases,
the proportion of positive lymphoma cells was variable and ranged from 5% to 70% (table
1). The only case with more than 50% expression was an EATL case. TIM-3 was also
expressed by morphologically benign, infiltrating lymphocytes and macrophages in a
minority of cases (figure 1 and table 2). While the density of these TIM-3 expressing cells
was variable, a high-density (=20 positive cells per high power field) of TIM-3 + cells was
rarely observed (table 2). No cases were identified in which lymphoma cells and constituents
of the TME concurrently expressed TIM-3. TIM-3 was also evaluated by flow cytometry in
normal donor CD3+ T cells (figure 2B), in a panel of PTCIVcutaneous T-cell lymphoma
(CTCL) cell lines (n = 6; Figure 2E,F) and primary specimens isolated from patients with
leukaemic involvement (PTCL and NOS: patient A; Sezary syndrome: patient B and C;
figure 2A,C). With the exception of a single CTCL cell line (Mac-1), TIM-3 expression was
dim or negative in cell lines (figure 2A—F). Activation with CD3/CD28 beads led to TIM-3
upregulation in Sezary cells from one patient (figure 2C).

VISTA is expressed within few peripheral T cell ymphomas cases and its TME

In a similar manner, VISTA was first evaluated within benign lymphoid tissue. VISTA was
expressed by lymphocytes and rarely observed in histiocytes within the interfollicular
regions. VISTA expression by lymphocytes within primary or secondary germinal centres
was not observed (online supplementary figure 1). VISTA expression was evaluated across a
cohort of T cell lymphoma cases and was detected in 5% of PTCL-NQOS cases (n=37), 66%
cases of EATL (n=3) and 33% of AITL cases (n = 6) (figure 3 and table 1). VISTA was most
highly expressed in EATL, as the majority of lymphoma cells expressed VISTA. In contrast,
a minority of cells expressed VISTA among the positive PTCL, NOS and AITL cases
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examined. VISTA expression was absent or minimally expressed (expression in <15% of
lymphoma cells) in ALCL and ENKTCL (table 1). VISTA expression within the TME was
rarely observed (table 2), and coexpression of VISTA by both lymphoma cells and the TME
was not observed. VISTA was evaluated by flow cytometry in normal donor CD3 + T cells
(figure 2B), in a panel of PTCIVCTCL cell lines (figure 2E,F) and in primary specimens
isolated from patients with leukaemic involvement (figure 2A,C). VISTA expression was
negative or dim in these cells but was inducibly expressed on CD3/CD28 activation (figure
2A-F). As anticipated, VISTA was highly expressed by peripheral blood monocytes (figure
2).

LAG-3 expression is not detected in peripheral T cell ymphomas or its TME

In order to evaluate LAG-3 expression, reactive lymphoid tissue was analysed with a
monoclonal antibody directed against LAG-3. LAG-3 expression was expressed by
lymphocytes within germinal centres (online supplementary figure 1). Among the cohort of
peripheral lymphomas evaluated (PTCL-NOS n=41, ALCL n=11, EATL n=3, ENKTCL n=3
and AITL n=6), LAG-3 expression was not observed (online supplementary figure 1).
LAG-3 was also evaluated by flow cytometry in normal donor CD3+ Tcells, in a panel of
PTCL/CTCL cell lines (n = 6) and primary specimens isolated from patients with leukaemic
involvement. LAG-3 expression was inducible on CD3/CD28 activation in normal donor T
cells and in Sezary cells but was otherwise negative or dim.

DISCUSSION

Improved understanding of the genetic landscape among T cell lymphomas demonstrates
that both costimulatory and checkpoint receptors may be exploited by malignant T cells.
Recurrent mutations in the costimulatory receptor CD28 involving both the extracellular and
intracytoplasmic domains have been observed in PTCL.2526 Extracellular domain mutations
increase the binding affinity to CD28 ligands, whereas intracytoplasmic domain mutations
enhance binding to downstream signalling intermediates, and collectively these mutations
promote CD28 signalling. An alternative strategy used to promote CD28 signalling involves
a novel in-frame fusion between the extracellular and transmembrane domain of CTLA-4
and the intracytoplasmic domain of CD28.27-2% As the CTLA-4 extracellular domain has a
higher affinity for CD28 ligands, this novel fusion promotes ligand-dependent CD28
signalling. A patient harbouring this novel fusion transiently responded to CTLA-4
blockade.2” In contrast to CD28, which is widely expressed on naive T cells, alternative
costimulatory receptors are preferentially expressed by distinct T cell subsets. For example,
inducible T cell costimulatory (ICQOS) is highly expressed on follicular helper T (Tfh) cells
and is required for their differentiation and maintenance.30-32 Not surprisingly then, 1COS is
expressed by Tfh-derived PTCL and collaborates with the genetic landscape to promote their
growth and survival.”33 Despite the emerging role of costimulatory receptors (‘signal 2°) in
T cell lymphomagenesis, the potential role of alternative, and inhibitory, CD28 family
members in T cell lymphomagenesis has been little studied, at least until recently.

PD-1 (CD279) and its ligands, PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273), play
an important role in peripheral self-tolerance and are exploited by many tumours, including
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T cell lymphomas? to create a TME that is particularly hostile for effector T cells and
effective antitumour immunity. PD-1/PD-L1 checkpoint blockade has revolutionised the
management of many cancers and is being studied in the T cell lymphomas (reviewed by
Phillips13). The PD-1 cytoplasmic tail, by recruiting the protein tyrosine phosphatase SHP2,
inhibits proximal TCR signalling,3* leading to increased PTEN phosphatase activity and
potent inhibition of PI3K-Akt signalling.35-37 PD-1 is highly expressed in the majority of
most PTCL, including PTCL, NOS and Tfh-derived PTCL and other T cell lymphomas.
112021333839 |tg potential role as a tumour suppressor in T cell lymphomas was investigated
using mice that transgenically express a novel ITK-SYK fusion protein. This novel
translocation [t(5;9)(q33;q22)j, observed in ~20% of selected Tfh-derived PTCL,%0-43 fuses
the pleckstrin homology domain of LTK with the SYK kinase domain, culminating in TCR-
independent signalling and T cell lymphoma development when inducibly expressed in
murine T cells.*2 On ITK-SYK expression, T cells transiently expand and upregulate PD-1
before contracting, thus suggesting the presence of an intrinsic checkpoint that prevents
unrestrained proliferation. Both genetic and antibody-based approaches were used to
demonstrate that PD-1, perhaps not surprisingly, is a dominant checkpoint in this model.16
The extent to which these findings are generalisable to human PTCL remains uncertain,
however, as PD-1 expression is prevalent in many PTCL, particularly those that are Tth
derived, 112021333839 Fyrthermore, PD-1 impairs TCR signalling and proliferation in large
part by impairing PI3K/AKkt signalling in a PTEN-dependent manner. Not surprisingly then,
pharmacological PI3K inhibition significantly impaired the expansion of PD-1-deficient T
cells in this model. This is pertinent, as PTEN deletions, which presumably dissociate
PI3K/Akt signalling from PD-1 regulation, are prevalent in many PTCL.#* Of course, the
extent to which PD-1 suppresses T cell lymphomagenesis may be context dependent, as the
available clinical data addressing this question may suggest.14%17 In contrast to PD-1, the
expression and function of alternative checkpoint receptors in T cell lymphomas, including
TIM-3, LAG-3 and VISTA, have not been previously described. This is a clinically
important question, as antibodies blocking these alternative checkpoints are clinically
available. Therefore, we examined each of these checkpoints in a PTCL cohort.

In stark contrast to PD-1, these alternative checkpoints were rarely expressed in most PTCL
that we examined. However, these data should be interpreted with caution, as these
checkpoints, in contrast to PD-1, may not be ontologically linked to the cell of origin of the
PTCL subtypes that we examined. For example, two molecularly and clinically distinct
subsets of PTCL, NOS were recently described, raising the possibility that TIM-3 and
VISTA may be preferentially expressed in one of these subsets.>4> TIM-3, for example, is
preferentially expressed on Thli cells and cytotoxic T cells,*8 raising the possibility that it
may be preferentially expressed by PTCL, NOS that highly express the transcription factor
T-bet and its gene targets, including interferon-y. Alternatively, if these alternative
checkpoints are bone fide tumour suppressors in T cell lymphomas, then minimal expression
may be predicted. Of course, suitable model systems will be needed to directly interrogate
each of these checkpoints and determine their function, if any, in the T cell lymphomas. As
in conventional T cells, TCR activation may induce the expression of these checkpoints, but
it is possible that this may only occur in specific niches or in a subset of malignant T cells.
Similarly, VISTA may be inducibly expressed in a p53-dependent manner in the setting of
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genotoxic stress.*” Consequently, the prevalence of p53 deletions in many T cell
lymphomas, including a subset of PTCL, NOS,*448 may contribute to the minimal VISTA
expression we observed. In addition, we cannot exclude the possibility that
immunohistochemistry may be insufficiently sensitive to detect low level expression of these
checkpoints, as this has been observed with other T cell antigens,*® and even low-level
expression may be functionally relevant. While most antibodies targeting checkpoint
receptors and their ligands are antagonistic, agonistic antibodies targeting these receptors
may have utility in the T cell lymphomas. For example, agonistic VISTA antibodies are
profoundly immunosuppressive.29%1 Nonetheless, as both the repertoire of checkpoint
receptors, and the clinically available antibodies targeting them, continues to expand, further
studies to elucidate their role, and therapeutic potential, in the T cell lymphomas seem
warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Take home messages

. Expression of the checkpoint receptors lymphocyte-activation gene 3
(LAG-3), V-domain Ig-containing suppressor of T cell activation (VISTA)
and T cell immunoglobulin-3 (TIM-3) is rarely detected in T cell lymphomas
and within its tumour microenvironment.

. A role for LAG-3, VISTA and TIM-3 as checkpoint immune-regulators may
occur in different types of lymphomas than the ones analysed in the current
study.

. A potential role for LAG-3, VISTA and TIM-3 as tumour suppressors remains
to be elucidated in peripheral T cell lymphomas.
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Figure 1.
TIM-3 expression in PTCL. (A) and (B) Positive membranous expression of TIM-3 among

T cell lymphoma tumour cells (EATL). Right side panels (B) represent higher magnification
images (40x). The tumour cells are medium to large in size, with condensed chromatin,
irregular nuclear contours and high nuclear to cytoplasmic (N:C) ratios. (C) and (D) Positive
membranous expression of TIM-3 within T cell lymphoma cells (PTCL-NOS). Right side
panels (D) represent higher magnification images (40x). The tumour cells are medium in
size with irregular nuclear contours, open chromatin and prominent nucleoli. (E) PTCL-
NOS with TIM-3 expression within lymphoma-associated histiocytes and lymphocytes.
Corresponding H&E image demonstrates that lymphoma cells are small to medium in size
with scant cytoplasm, irregular nuclear contours and clumped chromatin (black arrows). In
contrast, histiocytes have plump nuclei with variable amounts of cytoplasm (red arrows). (F)
Representative image of an ALCL with negative expression of TIM-3. ALCL, anaplastic
large cell lymphoma; EATL, enteropathy-associated T cell lymphoma; PTCL, peripheral T
cell lymphoma; TIM-3, T cell immunoglobulin-3.
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Figure 2.

TIM-3, LAG-3 and VISTA expression evaluated by flow cytometry. (A) Patient A was
obtained from the peripheral blood of an adult male with leukaemic involvement by PTCL,
NOS. Both monocytes (CD14+) and T cell lymphoma cells (CD3+, 99% lymphoma cells)
were gated for further analysis, as indicated. (B and C) Purified CD3+ lymphocytes from a
healthy donor and purified CD4+ T cells from Sezary patients (patients B and C; 285%
lymphoma cells). Expression of TIM-3, LAG-3 and VISTA was evaluated in resting
conditions and on activation with anti-CD3/CD28 beads (24 hours), as indicated. (D) PTCL,
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NOS cell lines (TBMLZ1) were similarly evaluated in resting conditions and after CD3/CD28
activation. (E) Expression of TIM-3, LAG-3 and VISTA by different T cell lymphoma lines.
(F) Table summarises the level of expression of the proteins analysed within the different T
cell lymphoma lines. ALCL, Anaplastic large cell lymphoma; CTCL, Cutaneous T-cell
lymphoma; LAG-3, lymphocyte-activation gene 3; PTCL, peripheral T cell lymphoma;
TCR, T-cell receptor; TIM-3, T cell immunoglobulin-3; VISTA, V-domain Ig-containing
suppressor of T cell activation.
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Figure 3.
VISTA expression in PTCL. (A and B) Positive expression of VISTA within T cell

lymphoma tumour cells (EATL), at low (A) and high magnification (B, 40x). The tumour
cells are medium to large in size, with variable amount of cytoplasm, irregular nuclear
contours and condensed chromatin (black arrows). (C and D) Positive expression of VISTA
within T cell lymphoma tumour cells (PTCL-NQOS), at low (C) and high magnification (D,
40x). Tumour cells (black arrows) are small to medium in size with scant cytoplasm,
clumped chromatin, irregular nuclear contours and prominent nucleoli. (E) VISTA
expression within lymphoma-associated histiocytes and lymphocytes (ALCL). Lymphoma
cells are medium to large in size with scant cytoplasm, irregular nuclear contours, clumped
chromatin and prominent nucleoli (black arrows). In contrast, reactive lymphocytes are
small with plump nuclei (red arrows). (F) Representative image of T cell lymphoma (ALCL)
with negative expression of VISTA. ALCL, anaplastic large cell lymphoma; PTCL,
peripheral T cell lymphoma; VISTA, V-domain Ig-containing suppressor of T cell activation.
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