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ABSTRACT

with chemotherapy and/or radiation. However, 15-20% of

patients ultimately relapse and succumb to their disease.
Pathologically, classical Hodgkin lymphoma is characterized by rare
tumor-initiating Reed-Sternberg cells surrounded by a dense immune
microenvironment. However, the role of the immune microenviron-
ment, particularly T and B cells, in either promoting or restricting
Classical Hodgkin lymphoma growth remains undefined. Recent dra-
matic clinical responses seen using monoclonal antibodies against PD-1,
a cell surface receptor whose primary function is to restrict T cell activa-
tion, have reignited questions regarding the function of the adaptive
immune system in classical Hodgkin lymphoma. This review summa-
rizes what is known regarding T cells, B cells, and immune checkpoints
in classical Hodgkin lymphoma.

Classical Hodgkin lymphoma is curable in the majority of cases
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Introduction

Nearly two hundred years after Thomas Hodgkin’s initial description of “morbid
experiences of the absorbent glands and spleen”,' the underlying pathophysiology
of this eponymous disease remains highly enigmatic. While it has been established
. that the malignant Reed-Sternberg (RS) cells of classical Hodgkin lymphoma (CHL)
RS SIS A0 are of B cell %)rigin,z'3 these cells lcgomprise only a small perc%antag}g OIE CHL tumor
Accepted: April 13, 2016. bulk while the remaining tumor microenvironment is rich in T cells, non-malignant
Pre-published: no publication. B cells, granulocytes, eosinophils, and stromal cells. The contribution of the
immune microenvironment to CHL pathogenesis remains incompletely defined;
however, the recent success of novel treatments aimed at amplifying anti-tumor T
cell responses suggests a potential therapeutic role for the immune system in this
disease.*” This review will highlight both the relative contribution of non-malig-
nant T and B cells to the pathogenesis and prognosis of CHL as well as the role of
Check the online version for the most updated negative regulatory immune checkpoints in CHL pathophysiology and therapeutic
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and information on authorship & disclosures:
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The role of non-malignant T cells in CHL pathogenesis and treatment remains
poorly understood. T cells are thought to suppress the development and growth of
lymphomas; the increased incidence of lymphomas in patients receiving long-term
immunosuppressants as well as immunodeficient mice supports this hypothesis.*®
The presence of multiple tumor-infiltrating T cells “rosetting,” but failing to elimi-
nate, malignant RS cells has been well-described in CHL and is highly suggestive
F { : . . of an ineffectual T cell response in this disease.” This has been complemented by
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What explains the impaired T cell responses seen in CHL¢ First, the T cells that
accumulate within the CHL microenvironment are largely skewed towards differ-
entiation into either Th2 cells or regulatory T cells (Tregs).”* This accumulation is
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driven by a combination of selective recruitment as well as
intratumoral functional reprogramming.' RS cells produce
a variety of Th2 and Treg-selective chemoattractants,
including CCL17/TARC,” CCL22,"* CCL5,"* IL-4, IL-5,
IL-10, and IL-13.*'*? Production of these chemoattractants
is associated with inferior responses to therapy.”*
Additionally, RS cells secrete factors known to induce
functional reprogramming of tumor-infiltrating T cells into
Th2 cells and Tregs, such as galectin-1,”* macrophage
migration inhibitory factor” and IL-7.* Stromal cells with-
in the CHL microenvironment also recruit immunosup-
pressive myeloid-derived suppressor cells and Tregs by
secreting factors such as indoleamine 2,3 dioxygenase
(IDO)* (Figure 1A).

Second, effector T cells in CHL display features of
chronic ineffectual antigen encounter, a phenomenon
known as T cell “exhaustion” characterized by the upreg-
ulation of negative regulatory receptors such as the
immunoglobulin superfamily member Programmed
Death 1 (PD-1; CD279). PD-1 upregulation was initially
characterized in models of chronic viral infection™* but is
also seen in multiple lymphomas, including diffuse large
B-cell lymphoma and follicular lymphoma.** In CHL, the
expression of PD-1 on T cells is likely driven by constitu-
tive upregulation of its ligands, PD-L1 and PD-L2, on RS
cells® (Figure 1B). Accordingly, the presence of PD-1+ T
cells, both in the microenvironment and in the peripheral
blood, is a negative prognostic factor in CHL.¥*

Finally, impaired anti-tumor immunity in CHL may be
due to an inability of T cells to recognize RS cells. RS cells
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frequently lack expression of MHC-I and MHC-II, which
are required for antigen recognition by CD8+ and CD4+ T
cells, respectively. This can occur secondary to mutations,
such as in the f2M* and CIITA** genes, or via epigenetic
mechanisms at the CIITA promoter leading to decreased
transcription.” While T cells in CHL are rendered inca-
pable of mediating anti-tumor responses, there is some
evidence to suggest that they may actually support RS cell
growth and survival. CHL has been noted to develop dur-
ing the immune response to active viral infections, such as
acute Epstein-Barr virus mediated mononucleosis,® and
during immune reconstitution following the initiation of
antiretroviral therapy in HIV+ patients.” Mechanistically,
T cells in CHL can promote RS cell survival and prolifera-
tion via CD40/CD40 ligand-mediated alternative activa-
tion of NF-kB;* this growth signal may be particularly
important for the survival of RS cells, which have lost the
ability to activate NF-xB through conventional B cell
receptor-driven signals.*® The multiple mechanisms by
which RS cells and the CHL microenvironment suppress
immune responses are summarized in Figure 1; therapies
aimed at breaking this pathological cycle of T cell fueled
growth and immune evasion, primarily via checkpoint
blockade, are discussed below.

B cells: innocent bystanders or active participants?
Less is known regarding the role of non-malignant B
cells in CHL pathogenesis and response to therapy as com-
pared to T cells. Non-malignant B cells are prevalent in
lymphocyte-predominant Hodgkin lymphoma (LP-HL), a
biologically distinct disease in which the tumor-initiating
cells also express CD20; this form of Hodgkin lymphoma

CD4+ Tcell

CD8+T cell

HRS cell

Figure 1. Suppression of anti-tumor T cell responses by the CHL microenvironment. (A) RS cells and stromal cells secrete cytokines, chemokines, and other soluble
immunomodulatory factors, such as IL-10, CCL17/TARC, galectin-1, and indoleamine 2,3-dioxygenase (/DO) which both recruit Th2 and regulatory CD4+ T cells and
favor the differentiation of tumor-infiltrating T cells into regulatory and Th2 cells via the induction of lineage specific transcription factors Gata3 (Th2) and FoxP3
(Treg). (B) RS cells evade recognition by CD8+ and CD4+ T cells by downregulating expression of MHC-l and MHC-II in the majority of cases. They also express ligands
that activate negative regulatory receptors present on T cells, such as PD-1. Conversely, RS cells are able to derive growth signals from CD40L, which is present on
the majority of T cells within the microenvironment and activates CD40 on RS cells, driving NF-xB signaling and RS cell proliferation.

The immune microenvironment in Hodgkin lymphoma -
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is frequently monitored and, when requiring therapy, can
be successfully treated with radiation alone or single agent
rituximab.*” In CHL, non-malignant B cells are also gen-
erally present in the microenvironment, likely due to the
normal predominance of B cells within a non-malignant
lymph node. However, their role in facilitating CHL
growth is less established. Non-malignant B cells can eas-
ily be distinguished from RS cells, which lose expression
of classical B cell antigens including CD20, CD79a, and
PAX-5 due to mutations and/or epigenetic silencing.” The
effect of B cells within the CHL microenvironment is also
not well established; B cell production of IL-10 may sup-
press anti-tumor T cell responses;™* on the other hand,
non-malignant B cells may compete with RS cells for T
cell-derived survival signals such as CD40L, and in this
way suppress RS cell growth. In support of the latter
hypothesis, gene expression signatures consistent with
non-malignant B cells are associated with improved out-
comes in CHL, although this may simply reflect low CHL
tumor burden within an otherwise healthy LN.***

Targeting B cells within the tumor microenvironment
with rituximab has shown some clinical activity, with an
overall response rate of 22% as a single agent regardless of
RS cell CD20 expression.” In a phase 2 study of rituximab
plus ABVD (adriamycin, bleomycin, vinblastine, and
dacarbazine) in newly diagnosed CHL, five-year event-
free and overall survival rates of 83% and 96% compared
favorably with historical controls treated with ABVD ther-
apy alone.” The reasons for rituximab efficacy in CHL are
likely to be multifactorial. It has demonstrated benefit in a
subset of patients whose RS cells express CD20.” In the
majority of CHL cases, which lack CD20 expression on RS
cells, rituximab may deplete CHL precursor cells, which
have a memory-like B cell phenotype and express CD20.%
In a phase 2 study of rituximab plus ABVD (R-ABVD) in
untreated, advanced stage CHL, circulating CD20+ clonal
B cells were found in 21 out of 25 assayed patients, and
clearance of these precursor cells following treatment with
R-ABVD was associated with a reduced risk of relapse as
compared to patients in whom clonal CD20+ cells persist-
ed.” Ultimately, randomized controlled trials currently
underway evaluating R-ABVD versus ABVD in unselected
CHL patients with early stage (clinicaltrials.gov identifier:
00992030) and advanced stage (clinicaltrials.gov identifier:
00654732) disease will provide insight into the value of
depleting CD20+ malignant and non-malignant B cells in
CHL.

Immune checkpoints: breaks in the action

Broadly speaking, immune checkpoints are a diverse
group of proteins whose function is to restrict physiologic
immune cell responses in order to limit damage to host tis-
sues. These include members of the immunoglobulin
superfamily such as CTLA-4, PD-1, and LAG-3.” The
essential role for negative regulators of the immune
response was first established by the diffuse systemic
immune hyperactivation and multisystem organ failure
seen in mice lacking CTLA-4.%% Increasingly, malignant
co-opting of immune checkpoints has emerged as a mech-
anism by which tumor cells can subvert immune surveil-
lance and anti-tumor immunity.

Targeting of immune checkpoints, particularly with the
anti-PD-1 antibodies nivolumab and pembrolizumab, has
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resulted in dramatic clinical responses in CHL,** although
the mechanisms by which these drugs induce an anti-
tumor effect remain somewhat enigmatic. Furthermore,
PD-1 represents only one of multiple immune check-
points, all of which can promote immune evasion in CHL
and might be amenable to therapeutic blockade. The
specifics of individual immune checkpoints and their
potential for therapeutic intervention are discussed below.

PD-1

PD-1, a costimulatory molecule within the
immunoglobulin superfamily of receptors, was first estab-
lished as a negative regulator of T cell activation based on
the presence of a cytoplasmic inhibitory tyrosine-based
ITIM motif, as well as the development of a lupus-like
autoimmune disease in PD-1 knockout mice.”
Subsequently, PD-1 was found to be present on many
tumor-infiltrating lymphocytes (TILs),” and its ligand is
upregulated in a variety of human cancers.” Checkpoint-
mediated immune evasion was established as a hallmark
of CHL pathogenesis with the identification of amplifica-
tions of the 9p24 locus resulting in constitutive expression
of PD-L1 and PD-L2 in more than 85% of CHL patients.*
Even in patients without genetic amplifications of PD-L1
or PD-12, physiologic upregulation of these ligands likely
occurs downstream of JAK/STAT signaling, IENy produc-
tion or, in EBV-associated cases of CHL, expression of the
viral-associated protein LMP1. %

In solid tumors, PD-1 blockade acts by promoting T cell
activation via a variety of mechanisms. PD-1 blockade
reverses SHP-2-mediated dephosphorylation of the proxi-
mal T cell receptor-associated kinase ZAP-70, leading to
increased T cell activation.” Furthermore, PD-1 blockade
increases the dwell time of T cells on antigen-presenting
and target cells, increasing the opportunity for a T cell to
encounter its cognate antigen and successfully initiate an
anti-tumor response.” Indeed, the blockade of PD-1
increases the sensitivity of T cells to foreign antigens and
increases effector function and cytokine production of
both CD4+ and CD8+ T cells in models of both tumor and
virally mediated chronic T cell exhaustion.”””> PD-1 is
thought to tune T cells during the effector, rather than
priming, phase of T cell antigen encounter. This likely
underlies the lower incidence of off-target, autoimmune-
like adverse events associated with anti-PD1 as compared
to anti-CTLA-4 therapy. Indeed, PD-1 knockout mice
have a relatively mild, organ-specific autoimmune pheno-
type,” and clinical PD-1 blockade does not induce the acti-
vation of peripheral blood T cells.””

Clinically in CHL, the reversal of PD-1 mediated T cell
suppression using blocking monoclonal antibodies has
resulted in impressive and durable remissions in patients
with highly refractory disease. Nivolumab, a human IgG4
monoclonal antibody, elicited an overall response rate
(ORR) of 87 % and complete response (CR) rate of 17% in
23 patients with relapsed and refractory CHL whose dis-
ease had progressed after or were ineligible for autologous
stem cell transplant.’ Pembrolizumab, also an IgG4 mono-
clonal antibody to PD-1, had an ORR of 65% with 16%
complete remissions in 31 patients, all of whom had pro-
gressed or were ineligible for autologous stem cell trans-
plant and had progressed on brentuximab vedotin.” The
median duration of response was not reached during the
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short follow-up time of less than one year in either study;
however, recent data suggests that the majority of remis-
sions have been durable for longer than one year.”
Objective biomarkers correlating with PD-1 response in
CHL, however, have remained elusive. In some solid
tumors, PD-L1 expression correlates with response to
therapy,®” but this has not yet been demonstrated in
CHL. Similarly, somatic mutation and neoantigen burden
have been shown to correlate with anti-PD-1 response to
therapy,” but the mutational burden of CHL remains
uncharacterized. The mechanism by which anti-PD-1
therapy promotes responses in CHL is likely to have
implications in other types of lymphoma such as diffuse
large B-cell lymphoma (DLBCL), in which PD-L1 expres-
sion on tumor cells was recently demonstrated to portend
an adverse clinical outcome.” Single agent studies of
nivolumab and pembrolizumab in patients with
relapsed/refractory disease (clinicaltrials.gov identifier:
02453594), in comparison with brentuximab vedotin (c/in-
icaltrials.gov identifier: 02684292), as maintenance following
autologous transplant (clinicaltrials.gov identifier: 02362997),
and in relapsed patients following allogeneic transplant
(clinicaltrials.gov identifier: 01822509) are currently under-
way. Single agent studies of antibodies targeting PD-L1 are
also accuring patients (clinicaltrials.gov identifier: 01452334,
clinicaltrials.gov identifier: 02603419). Finally, multiple trials
combining PD-1 blockade with other checkpoint
inhibitors, targeted agents, and chemotherapy are under-
way (Table 1). Currently, anti-PD-1 therapy has only been
studied in highly refractory patients and has not yet been
FDA approved for this indication. Furthermore, the role of
anti-PD-1 therapy in untreated patients or those curable
with autologous stem cell transplant (in which it is likely
to be combined with chemotherapy) remains to be

defined.

CTLA-4

CTLA-4 was initially discovered as an additional mem-
ber of the immunoglobulin superfamily involved in cell-
cell interactions in 1987.% Subsequently, CTLA-4 was
shown to be a critical negative regulator of T cell activa-
tion based both on in vitro studies®® and in fatal lympho-
proliferative disorders seen in mice lacking CTLA-4.* The
repression of immune responses by CTLA-4 occurs via a
number of mechanisms. In effector T cells, CTLA-4 com-
petes strongly with CD28 for effective costimulation by
CD80/86, leading to impaired T cell costimulation and
functional inactivation. CTLA-4 also impairs the “stop sig-
nal” initiated by T cells upon antigen encounter leading to
impaired T cell activation.” Finally, CTLA-4 induces trans-
endocytosis of the costimulatory ligands CD80 and CD86,
restricting opportunities for further T cell activation.*

Pre-clinical rationale for targeting CTLA-4 in CHL was
seen shortly after CTLA-4 was characterized with
histopathologic demonstrations of CTLA-4+ T cells infil-
trating CHL tumors.* The best evidence to support clini-
cal activity of CTLA-4 blockade comes from a phase I trial
of patients with malignancies progressing after allogeneic
stem cell transplantation.” Two complete remissions were
seen out of 14 CHL patients treated in the study. A clinical
trial of ipilimumab, nivolumab, or both in combination
with brentuximab vedotin in patients with relapsed or
refractory CHL is currently accruing patients
(clinicaltrials.gov identifier: 01896999).

LAG-3

LAG-8 was discovered in 1990 and was initially report-
ed to be a ligand for MHC-I1.¥** Subsequently it was deter-
mined that LAG-3, like PD-1, is upregulated on T cells dur-
ing chronic antigen stimulation.” LAG-3 suppresses CD4+
T cell expansion in response to antigen,” and LAG-3 was
found to be synergistic with CTLA-4 and PD-1 in mediat-
ing T cell suppression during chronic antigenic stimula-
tion.”” Additionally, LAG-3 is important in promoting the
function of regulatory T cells.” As a result, antibodies to
LAG-3 augment CD4+ T cell expansion™ and CD8+ T cell
function® while blocking peripheral Treg differentiation
and function.”™”

In CHL, CD4+ T cells from patients with active disease
were found to express significantly higher levels of LAG-3
as compared to patients in long-term remission, and
expression of LAG-3 was associated with impaired T cell
responses to EBV-associated viral antigens LMP1 and
LMP2.” Intriguingly, LAG-3 is also expressed on natural
killer (NK) cells.” Thus, LAG-3 upregulation may suppress
antitumor immunity through effects on T cells, Tregs, and
NK cells, and is an intriguing candidate for therapeutic tar-
geting. Monoclonal antibodies to LAG-3 are currently in
clinical development, with early phase studies demon-
strating that a LAG-3 monoclonal antibody is well tolerat-
ed with objective responses both as a single agent and in
combination with chemotherapy in solid tumors.”'”
Given the established synergy between LAG-3 and PD-1,
both in double knockout mice' and with dual blockade in
mouse models,” this may be an attractive target for com-
bination therapy. A phase I study of the anti-LAG-3 anti-
body BMS-986016 is currently accruing patients (c/inicaltri-
als.gov identifier: 02061761).

Checkpoint blockade in CHL: a mechanistic conundrum

While it is clear that checkpoint blockade produces clin-
ical responses in the majority of CHL patients, the mech-
anism by which this occurs has not been fully character-
ized. As described above, checkpoint blockade enhances
T cell activation by eliminating negative regulation of
either T cell receptor signaling or positive costimulatory
signals. In solid tumors, checkpoint blockade primarily
augments CD8+ T cell responses to tumor antigens pre-

Table 1. Clinical trials investigating combination strategies with checkpoint
blockade in CHL.

The immune microenvironment in Hodgkin lymphoma -

PD-1 Antibody Combination Agent  Combination Target Identifier
Nivolumab Ipilimumab CTLA4 NCT01592370
Lirilumab KIR NCT01592370
Nivolumab Brentuximab +/~ Ipilimumab CD30 NCT01896999

CTLA4

Nivolumab AVD* Chemotherapy NCT02181738
Nivolumab Brentuximab CD30 NCT02572167
Nivolumab Epacadostat IDO1** NCT02327078
Pembrolizumab AFMI3 CD30/CD16a NCT02665650
Pembrolizumab Brentuximab CD30 NCT02408042
[CE*** Chemotherapy NCT02408042
Pembrolizumab ACP-196 Btk NCT02362035

*Adriamycin, Vinblastine, and Dacarbazine; ** Indoleamine 2,3 dioxygenase 1;*** Ifosamide,
Carboplatin, and Etoposide
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sented by MHC class I molecules on tumor cells.
Correspondingly, anti-PD-1 activity correlates with the
presence of CD8+ TILs at the invasive margin of the
tumor.” In the setting of checkpoint blockade, CD8+ T
cells can recognize tumor antigens, including self-antigens
for which T cell tolerance is incomplete, including those
with restricted tissue expression, or tumor “neoantigens”
produced by somatic mutations within tumor cells.'”*'*
Recent reports suggest that the somatic mutational and
consequent neoantigen burden correlates with response to
anti-CTLA-4 and anti-PD-1 therapy in mouse models™

well as in patients with melanoma and non-small cell lung
cancer,""" in which neoantigen-specific CD8+ T cell clon-
al expansion could be detected in the peripheral blood.

In CHL, however, there are multiple barriers to CD8+ T
cell recognition of tumor antigens in the setting of check-
point blockade. First, it is unclear whether the CHL somat-
ic mutational burden generates sufficient neoantigens to
drive anti-tumor responses. Median somatic mutational
burdens vary widely across cancers,'”and correlate strong-
ly with neoantigen burden. The mutational burden in
CHL is not well established as sequencing efforts have
thus far been hampered by the paucity of RS cells within
CHL tumors, although this can be overcome by either
flow cytometry or microdissection-based cell enrich-
ment.*'” Another intriguing option for assessment of
mutation burden is via assessment of cell-free DNA,
which can be detected in the serum of the majority of
CHL patients,'” although it is not yet clear whether cell-
free or circulating tumor DNA can be used for comprehen-
sive whole exome sequencing. More importantly, the
majority of CHL samples demonstrate a loss of beta-2
microglobulin, leading to an absence of MHC-I expression
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on RS cells.¥ As CD8+ T cells require antigen presentation
on MHC-I molecules for their effector function, they are
highly unlikely to be the primary mediators of the anti-
PD-1 response (Figure 2A).

It remains possible that CD4+ T cells could be major
contributors to the anti-PD-1-mediated anti-tumor
response in CHL. CD4+ T cells are able to mediate tumor
rejection, both through the production of pro-inflammato-
ry cytokines and via the recruitment and activation of
innate effector cells, such as macrophages and NK cells.
Both reversal of Thl anergy and an increased IFNg-
response signature are seen in iz vitro models® as well as in
patients in response to anti-PD-1 therapy, suggesting that
the amplification of effector CD4+ T cell responses may
be important to the anti-PD-1 response. Whether CD4+ T
cells exert anti-tumor immunity directly or through
recruitment of innate effector cells has yet to be estab-
lished. Arguing against a role of CD4+ T cells in mediat-
ing the anti-PD-1 response is the loss of MHC-II on RS
cells in at least 40% of patients, and likely higher in
patients with relapsed disease.” In a minority of cases this
likely results from gene fusions involving CIITA, a transac-
tivator required for MHC-II synthesis.” However, unlike
CD8+ T cell function, which requires class I antigen pres-
entation on tumor cells, CD4+ T cells could be primed in
CHL by APCs in the microenvironment or draining lymph
node, and so loss of MHC-II does not preclude a CD4+ T
cell mediated effect in anti-PD-1 treated patients (Figure
2B). Furthermore, both class I and class II restricted
neoantigens have been described with associated expan-
sion of neoantigen-specific CD4+ as well as CD8+ T
cells,"™"'" suggesting that a neoantigen-specific CD4+ T
cell response may be possible in CHL.

B _Treg
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HRS cell JL \ " '
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Figure 2. A model for anti-tumor immunity in the setting of checkpoint blockade. (A) In solid tumors, anti-tumor immunity is mediated primarily by CD8+ T cell
responses that are amplified in the setting of PD-1 blockade. However, in CHL this is mitigated by downregulation of MHC-I in the majority of cases. (B) This may pre-
dispose RS cells to killing by NK cells, which also express PD-1. Similarly, RS cell downregulation of MHC-Il may limit CD4+ T cell responses following checkpoint
blockade, but CD4+ T cells can also be primed by other APCs within the CHL microenvironment that do express MHC-II. Additionally, checkpoint blockade may impair
the immunosuppressive function of infiltrating regulatory T cells, increasing productive T cell activation.
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Checkpoint blockade may also induce anti-tumor
responses in CHL in an effector T cell-independent fash-
ion. PD-1 is expressed on NK cells as well as T cells,”'"”
and PD-1 is upregulated on NK cells in models of chronic
infection.”® PD-1 blockade may thus promote anti-tumor
immunity by facilitating NK cell recognition of MHC-I
deficient RS cells, and this effect has been seen in primary
hematopoietic cancer cells' (Figure 2A). Meanwhile,
Tregs are actually activated by PD-1 ligand binding,">"
suggesting that the suppression of Treg function may be
another potential immunomodulatory effect of anti-PD-1
therapy (Figure 2B).

Finally, blockade of the PD-1/PD-L1 interaction may
have cell autonomous effects on tumor growth, as sug-
gested by a recent study demonstrating that blockade of
PD-L1 reduces glucose consumption by tumors. This
blockade simultaneously inhibits tumor cell growth and
increases extracellular glucose availability permitting T cell
activation, proliferation, and cytokine production.'”

The lack of a defined mechanism of action for check-
point blockade in Hodgkin lymphoma has resulted in the
lack of biomarkers predicting response to therapy:.
Expression of PD-L1 is unlikely to predict response, as it is
amplified in the overwhelming majority of patients treat-
ed with checkpoint inhibitors. A recent analysis of periph-
eral blood from patients treated with the anti-PD-1 anti-
body pembrolizumab demonstrated an increase in the
absolute number of CD4+, CD8+, and NK cells with par-
allel gene expression profiles demonstrating an increased
IFNg response signature,"® but whether these changes cor-
relate with treatment response has not been established.
Future investigations into the mechanism of response to
checkpoint blockade should focus both on evaluating the
extent to which known immunosuppressive features of
RS cells and the CHL microenvironment affect response to
checkpoint blockade, as well as identifying the effector
cells responsible for mediating this response. These stud-
ies would include assessment of tumor mutational and
neoantigen burden, MHC-I and MHC-II expression, intra-
tumoral effector and regulatory T cells, and development
of clonal CD4+ and CD8+ T cell responses in response to
therapy (Table 2).

Towards rational combination strategies in Hodgkin
lymphoma

Despite the encouraging clinical responses seen with
checkpoint blockade, and particularly with anti-PD-1 ther-
apy, complete remissions to immunotherapy remain rare,
with only 15-20% of patients achieving a complete remis-

The immune microenvironment in Hodgkin lymphoma -

sion to PD-1 blockade.””* This may be due to a variety of
factors, both on RS cells and within the tumor microenvi-
ronment. Effective anti-tumor immune responses may
not be feasible in the setting of restricted antigen expres-
sion, either due to epigenetic silencing or downregulation
of antigen presentation machinery. Additionally, tumor-
infiltrating Tregs and immunosuppressive tumor-associat-
ed macrophages may effectively negate anti-tumor
responses even in the presence of checkpoint blockade.

Rational combination strategies may help to overcome
these limitations and provide sustained remissions.
Combinations of checkpoint inhibitors, including PD-1
and CTLA-4 blockade, are part of ongoing active clinical
trials (clinicaltrials.gov identifier: 01896999, clinicaltrials.gov
identifier: 01592370, clinicaltrials.gov identifier: 01592370).
Combining checkpoint blockade with agonist antibodies
against costimulatory molecules present on T cells, such as
OX40 and 4-1BB, represents an intriguing strategy to over-
come multiple mechanisms of immunosuppression
known to be present within the CHL microenvironment,
and agonist antibodies against OX40 and 4-1BB are cur-
rently being investigated in active clinical trials (c/inicaltri-
als.gov identifier: 02205333, clinicaltrials.gov identifier:
01644968,  clinicaltrials.gov  identifier: 02253992,
clinicaltrials.gov identifier: 01775631).""

An additional candidate for combination therapy with
checkpoint blockade is the family of chromatin-modifying
agents, including hypomethylating agents and histone
deacetylase (HDAC) inhibitors. These agents mediate
direct apoptosis of CHL cell lines in in vitro studies but
have additional effects that may cooperate with check-
point blockade to increase antitumor immunity.
Hypomethylating agents may increase tumor antigen
expression, leading to more diverse antigen-specific
responses that can prevent immune escape.” HDAC inhi-
bition also suppresses RS production of multiple cytokines
and chemokines favoring Th2 cell recruitment and differ-
entiation. For example, the treatment of CHL cell lines
with vorinostat was shown to reduce STAT-mediated pro-
duction of Th2 polarizing cytokines IL-5, IL-10 and IL-13
as well as the Th2 recruiting chemokine TARC.” These
findings were paralleled in phase 2 studies of mocetinostat
and panobinostat, in which treatment-induced decreases
in TARC correlated with reductions in tumor burden and
progression-free survival.”>* HDAC inhibition can also
reinvigorate exhausted T cells in CHL by upregulating
OX40 on RS cells” and by downregulating PD-1 expres-
sion on CD4+ and CD8+ T cells.” Finally, HDAC inhibi-
tion may selectively deplete Tregs by suppressing FoxP3

Table 2. Potential biomarkers under investigation to predict response to checkpoint blockade in CHL.

Potential Biomarker Assay

Tumor mutational and neoantigen burden
Clonal T cell responses

Whole exome sequencing of flow-sorted or laser capture microdissected RS cells
High throughput TCR sequencing

Effector:Regulatory T cell ratio

Flow cytometry-based quantitation of naive and memory CD4+, CD8+ effector T cells

and regulatory T cells

Loss of antigen presentation

[HC or flow cytometry-based evaluation of MHC-I, MHC-II, $2M, and CIITA

Expression of immune checkpoints
TIM3, LAG3

IHC or flow cytometry-based evaluation of PD-L1/PD-L2, 0X40/0X40L, CTLA-4, 4-1BB/4-1BBL,
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