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Abstract

Purpose of Review: This review discusses novel immunotherapeutic approaches to treat
Hodgkin lymphoma (HL), specifically PD-1 inhibitors and cellular immunotherapy.

Recent findings: PD-1 inhibitors have shown promising results in the treatment of relapsed or
refractory HL, leading to FDA approval of nivolumab and pembrolizumab, although complete
remissions are rare. Chimeric antigen receptor T cells directed against CD30 have been
investigated with preliminary clinical trials showing minimal toxicities and some responses in
heavily pre-treated patients with HL.

Summary: HL is unique as it consists of a small percentage of malignant cells (Hodgkin Reed
Sternberg cells) surrounded by an inflammatory microenvironment which promotes tumor growth
and suppresses immune responses, making it an ideal target for immunotherapeutic approaches,
such as PD-1 inhibitors and cellular immunotherapy. Current research is focused on overcoming
barriers to efficacy via rational combinations that overcome resistance to therapy.
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INTRODUCTION

Hodgkin Lymphoma (HL) is one of the most common malignancies in young adults and in
2017, there will be an estimated 8,260 new cases of HL in the Unites States with 1,070
deaths from the disease(1). Although the majority of patients are cured with first line
therapy, about 2% of patients are refractory to therapy and about 13% will relapse after
initial treatment(2). Second line therapy for HL usually involves high dose chemotherapy
and autologous stem cell transplant (ASCT). For patients who relapse after ASCT,
allogeneic stem cell transplant (alloSCT) offers the best chance for a sustained remission(3).
The prognosis for patients with relapsed or refractory disease is poor, especially if they fail
second line therapy. In addition both standard frontline therapy and salvage therapy are
associated with long-term morbidity and non-relapse mortality for survivors including risk
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of secondary malignancies(4, 5), heart failure and cardiovascular disease(6, 7),
endocrinopathies, pulmonary disease, muscle atrophy, fatigue, and infertility(7). Meanwhile,
elderly patients with HL may not be able to receive aggressive frontline and salvage
therapies due to comorbidities and have a substantially worse prognosis than younger
patients with this disease(8, 9). Novel treatment approaches for HL are needed, both to treat
patients with refractory disease who are resistant to traditional approaches and to limit long-
term treatment-related complications associated with first line and salvage therapies.

Classical HL is unique because only a small fraction (<1%) of the tumor contains malignant
Hodgkin and Reed Sternberg (HRS) cells, with the surrounding tumor microenvironment
consisting of polyclonal T cells as well as macrophages, B cells, eosinophils, plasma cells,
neutrophils, and mast cells(10-12). Numerous evidence confirms that the HL
microenvironment supports and stimulates the survival of HRS cells and is inadequate in
eliminating them(10, 13). HRS cells uniquely express CD30, which make this surface
antigen an excellent target for therapy(14). Brentuximab vedotin (BV), the antibody-drug
conjugate directed to the protein CD30, expressed by HRS cells, was approved by the FDA
in 2011 for the treatment of relapsed HL and has shown excellent promise in this
population(15). Although BV has changed the landscape of HL therapy by providing a
therapeutic option for patients with relapsed or refractory disease, it is not usually associated
with sustained remission, with less than 10% of patients achieving a durable response(16).
In addition, it requires prolonged administration and is associated with toxicities such as
neuropathy(15). Thus, novel therapies are still needed for patients who do not respond to or
who relapse post BV. Many of the therapies currently being investigated focus on taking
advantage of the unique features of HRS cells and the HL. microenvironment. This review
will mainly concentrate on two potential ways to tackle the altered immune system in HL:
checkpoint blockade, which acts on the inhibitory signals from the tumor, and adoptive
transfer of T cells to enhance cell-based immune recognition of tumor cells (antigen specific
ex vivoexpanded T cells and chimeric antigen receptor T cells (CAR-T)).

CHECKPOINT BLOCKADE

Rationale

Checkpoint molecules, such as cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) and
programmed cell death-1 (PD-1), are key players in the physiological regulation of T cell
activation and expansion. Inhibition of these pathways has been extensively investigated as
potential target for treatment of various malignancies.

The binding of B7-1 and B7-2 molecules (also known as CD80 and CD86) on antigen
presenting cells to the CD28 molecule expressed on the surface of T cells is a critical step
for lymphocyte activation(17). The CTLA-4 molecule, which is also expressed by T cells,
competes with CD28 for binding of B7-1 or B7-2 but leads, in contrast, to inhibition of T
cell activation(18).

Another important inhibitory axis involves PD-1/PD-L1(19). The interaction of PD-1, which
is expressed on T cells, with its ligands, programmed cell death ligand 1 (PD-L1) and
programmed cell death ligand 2 (PD-L2), which are expressed on antigen presenting cells,
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also causes inhibition of T cell receptor signaling resulting in decreased antitumor immune
responses while nurturing the survival of tumor cells(20).

The PD-1 pathway appears to be an important mechanism in the HL microenvironment.
PD-1 expression is increased in tumor infiltrating lymphocytes as well as peripheral T cells
in HL patients and may be one mechanism that contributes to the inhibitory HL
microenvironment and inability of T cells to destroy HRS cells(21). In addition, increased
expression of PD-1 on tumor-infiltrating lymphocytes in HL has been associated with
decreased overall survival (OS) in patients independent of disease stage(22).

HRS cells consistently express high levels of PD-L1 and PD-L2(21, 23-26), further
providing a rationale for the success of PD-1 inhibition in HL. /n vitro studies confirmed
that blockade of the PD-1 signaling cascade with anti-PD-1 antibodies restores the function
of tumor infiltrating lymphocytes, suggesting that targeting this pathway should prove
beneficial(21).

Expression of PD-L1 and PD-L2 on HRS cells is induced via amplification of the
chromosomal region 9p24.1, where the genes encoding both PD-L1 and PD-L2 are
located(23). In addition, the 9p24.1 amplification region includes the JAK2 locus, leading to
increased JAK/STAT signaling further enhancing transcription of PD-L1(23).

Some patients with classical HL have normal 9p24.1 copy number, yet they still have
increased PD-L1 expression. Another etiology for increased PD-L1 expression in classical
HL is attributed to Epstein Barr Virus (EBV) infection in HRS cells(24), present in about
40% of patients with HL, with results varying across different population groups(27). In the
cases of EBV* HL, the EBV-associated latent membrane protein-1 (LMP-1) mediates the
activation of the JAK-STAT and activator protein-1 pathways, leading to increased PD-L1
expression(24).

In addition to being expressed on HRS cells, PD-L1 can be found on tumor-infiltrating
macrophages in the tumor microenvironment, further contributing to the ineffectiveness of T
cells in eradicating HRS cells(26). This may be a contributing factor to previous reports
describing an association between increased number of tumor associated macrophages and
poor outcome in HL(12).

The anti-CTLA-4 monoclonal antibody, ipilimumab, was the first checkpoint inhibitor
approved for cancer therapy, but there have been limited studies of this therapy in HL,
largely due to its increased toxicity compared to PD-1 inhibitors. In addition, the high
importance of the PD-1/PD-L1 axis in classical HL makes this pathway an excellent
therapeutic target. Recently, two PD-1 inhibitors, nivolumab and pembrolizumab, have
shown great success for treatment of relapsed or refractory HL and have been FDA approved
for this indication.

There have been limited studies of ipilimumab, the CTLA-4 inhibitor, in HL. Ipilimumab
was evaluated in patients with relapsed hematologic malignancies post alloSCT with the
goal of increasing graft versus tumor effect. In a phase 1 study, 14 patients with relapsed HL
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post alloSCT were treated with a single dose of ipilimumab (with the option of redosing if
progression occurred after initial response) with 2 patients showing a complete response
(CR)(28). In a follow up study again looking at relapsed hematologic malignancies after
alloSCT, ipilimumab was given for 4 doses with the option of maintenance therapy for
patients with clinical benefit(29). In the 7 patients with HL included in this study, 1 patient
had a partial response and 3 patients had stable disease lasting up to 1 year. Although the
efficacy data of ipilumimab in HL is not impressive, it is important to consider that this was
a particularly refractory population. Of the 28 patients treated, 4 patients experienced graft
versus host disease (GVHD), which interestingly seems lower than that experienced in
patients receiving PD-1 inhibitors post-alloSCT, although patients with a history of GVHD
were excluded from this study. Thus, ipilimumab may be a preferable option in relapsed
patients post alloSCT who are at high risk for GVHD.

Given the overall modest results with ipilimumab in HL, there has been greater interest in
investigating PD-1 inhibition in this disease.

Nivolumab is the first PD-1 inhibitor studied in HL(25). In a phase | study of nivolumab, 23
patients with relapsed or refractory disease received 3 mg/kg every 2 weeks until disease
progression or CR or for a maximum of 2 years(25). This was a heavily pre-treated
population, with 15 patients having received at least 4 lines of therapy, 18 patients having
already been treated with BV, and 18 patients relapsing post ASCT. The overall response
rate (ORR) was 87% with 4 CR and 16 partial responses (PR) and the progression free
survival (PFS) was 86% at 6 months. Although the majority of patients did not achieve a
CR, the responses were durable and in an updated report of this study, after a median follow
up of 101 weeks, the median PFS had not been reached and the 1.5 year OS was 83%(32).

In general, the drug was well tolerated in this population with similar rates of adverse events
as seen in solid tumor trials(25). The most common adverse events were rash (5 patients)
and thrombocytopenia (4 patients). Immune-related adverse events, which have been seen in
trials with checkpoint inhibitors, were observed infrequently and did not require treatment
discontinuation.

In a phase Il study, the ORR for 80 patients treated with nivolumab who had relapsed after
BV and ASCT was 66% with 9% CR and 58% PR(33). The median PFS was 10 months
with a 6 month PFS and OS of 77% and 99%, respectively. Given some responses seen after
progression in solid tumor trials with nivolumab, 9 patients continued treatment after
progression and, in 5 patients, there was reduction in tumor burden even after appearance of
new lesions, suggesting that there may be some benefit in continuing this drug even after
initial disease progression. Again, this drug was well tolerated with the most common drug
related adverse events being fatigue (25%), infusion-related reactions (20%), and rash
(16%).

The results of this study led to the accelerated approval of nivolumab by the FDA in May,
2016 for the treatment of classical HL which had relapsed or progressed after ASCT and BV.
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Further follow up of the phase 2 study of nivolumab was reported at the American Society of
Hematology meeting in 2016(34). At a median follow up of 15.4 months, 43 patients were
still on therapy. Out of the 37 patients who discontinued therapy, the most common reasons
were disease progression (19 patients), proceeding to alloSCT (7 patients) and adverse
events (5 patients). The median duration of CR was not reached and the median duration of
PR was 13.1 months. This data further supported the use of nivolumab in heavily pretreated
patients and again showed that although the CR rate was not high, patients with a PR can
achieve a durable response and benefit from this therapy.

Pembrolizumab

Pembrolizumab, another anti-PD1 antibody, has also demonstrated promising results in
relapsed and refractory patients with classical HL. In the phase | study, 31 patients who had
progressed after prior BV therapy received 10 mg/kg of pembrolizumab every 2 weeks(35).
This was a heavily pretreated population in which 17 patients had received 5 or more prior
lines of therapy and 22 patients had received prior ASCT. The ORR was 65% with 5 patients
in CR and 15 patients in PR. After a median follow up of 24.9 months, the median PFS was
11.4 months and the median OS was not reached(36). Similarly to nivolumab, the
medication was well tolerated with no grade 4 toxicities or treatment-related deaths(35).

The phase Il study of pembrolizumab was divided into 3 cohorts(37). In the cohort of 69
patients with relapsed or refractory HL after ASCT who were also treated with BV, the ORR
was 74% with 22% CR. In the cohort of 81 patients who were ineligible for ASCT due to
chemoresistance and who failed to respond to BV, the ORR was 64% with 25% CR. In the
cohort of 60 patients with relapsed/refractory HL after ASCT who were not treated with BV,
the ORR was 70% with CR rate of 20%. Although the follow up for this study is too short to
accurately portray duration of response, the 6 month PFS was 72.4%. Based on the results of
these studies, pembolizumab was approved by the FDA in March, 2017 for treatment of
patients with refractory HL or who have relapsed after 3 or more prior lines of therapy.

Biomarkers and PD-1 Inhibitors

In an effort to further investigate the mechanism of benefit of PD-1 inhibitors in HL as well
as to explore features predictive of response to therapy, both PD-1 inhibitor clinical trials
included biomarker assessments.

In the phase I trial of nivolumab, a subgroup of 10 patients with tumor samples available for
analysis all had gain or amplification of PD-L1 and PD-L2 by FISH and increased
expression of PDL-1 and PD-L2 on HRS cells(25). In addition, tumor cells were tested for
phosphorylated STAT3 expression and all were found to be positive, signifying activation of
the JAK/STAT pathway(25).

In the 45 patients with available tumor biopsy samples in the phase 11 trial of nivolumab,
FISH analysis of HRS cells revealed alterations of the PD-L1 and PD-L2 loci in all
patients(33). In addition, as in the previous study, all evaluated patients had positive staining
of phosphorylated STAT3 in HRS cells, indicating active signaling of JAK/STAT. There was
an association between the magnitude of 9p24.1 gain and level of PD-L1 protein expression
on HRS cells. The PD-L1 “H score” was calculated by multiplying the percentage of HRS
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cells with positive staining by the average staining intensity and the results were divided into
quartiles(38). The authors noted an association between best overall response and H score,
with patients with higher PD-L1 expression on HRS cells appearing to be more responsive
to therapy. Finally, patients with 9p24.1 amplification were more responsive to therapy than
those with copy gain or polysomy. This is in contrast to a prior study, which found that
amplification of 9p24.1 and increased PD-L1 expression in HRS cells correlated with a
decreased PFS in patients treated with standard chemotherapy regimens(38). This further
supports the rationale for assessing PD-L1 expression in patients with HL and prompts
future studies to identify patients who would most benefit from immunotherapy approaches.
As the majority of patients with 9p24.1 polysomy or PD-L1 expression in the first quartile
achieved a partial response, clear cut offs for selecting candidate patients who should receive
PD-1 inhibitors remain questionable.

The phase I study of pembrolizumab also evidenced a high level of PD-L expression in the
tumor samples, with PD-L1 positivity in tumor cells for 15 of 16 patients and PD-L2
positivity of tumor cells in 9 of 10 patients assessed(36). There was a significant increase in
the absolute number of T cells, CD4 and CD8 subsets, and NK cells, as well as significant
upregulation of the IFN-y induced signature via RNA profiling from pre-treatment to post-
treatment in available samples, suggesting that PD-1 blockade stimulates the expansion of
immune cells and the activation of the IFN-vy signaling pathway(36). However, these
changes did not predict response. In the phase Il study of pembrolizumab, clinical activity
was seen even in the small group of patients with low levels of PD-L1 expression(37).
Further studies are warranted to identify biomarkers in patients receiving checkpoint
inhibitors and investigate factors associated with response.

Practical Questions about PD-1 Inhibitors

Thanks to the recent success and FDA approval of nivolumab and pembrolizumab in patients
who had been refractory to other treatments, these medications will be more extensively
used in patients with classical HL.

One remaining question is whether treatment with PD-1 inhibitors is safe for patients who
relapse post alloSCT, an exclusion criteria in the above described trials. In a retrospective
analysis of 20 patients with HL who relapsed after alloSCT and subsequently received
nivolumab, the ORR was 95% and the median PFS was not reached at a median follow up of
370 days(39). These results are encouraging in a refractory patient population who lacks
alternative treatment options. However, reactivation of GVHD remains a serious concern
with PD-1 inhibitor therapy. In this study, 13 patients had previous history of acute GVHD
post transplant, and GVHD occurred in 6 of these patients after nivolumab, resulting in 2
patient deaths. Given the remarkable response rates in this patient population and the limited
treatment options, nivolumab should still be considered in patients post alloSCT, although
we should be vigilant and closely monitor patients with a history of acute GVHD.

A second related pending problem is whether patients who proceed to alloSCT after PD-1
inhibition experience a higher rate of GVHD. Out of the 17 patients from the CheckMate
nivolumab clinical trials who underwent alloSCT, 14 experienced acute GVHD(40). There
were 2 patients with hyperacute GVHD occurring less than 2 weeks post transplant and 5
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deaths due to GVHD. Although this is a small cohort, there are concerns that prior anti-PD-1
exposure could increase the risk of GVHD post-transplant and studies in larger patient
populations would need to address this complication. Another continuing argument about
PD-1 inhibitors pertains to the length of treatment. Patients on immunotherapy regimens,
including checkpoint inhibitors, sometimes appear to initially experience progressive disease
(tumor flare or pseudo-progression) despite attaining clinical benefits(41). Pseudo-
progression is usually attributed to inflammation, edema and necrosis associated with
immune cell infiltration. New response criteria have been introduced for patients on
immunomodulatory therapy to aid in the dilemma of discriminating true progression from
pseudoprogression, and account for possible delayed responses and/or pseudo-progression
and to avoid premature discontinuation of treatment(41). However, it is unresolved if and at
what point treatment can be discontinued in responding patients. In long term follow up
studies of nivolumab, responses were maintained for more than 40 weeks in some patients
who discontinued therapy, with one patient having a late progression but still responding and
achieving a second CR after nivolumab was re-introduced(32). This argues for the potential
safe discontinuation of nivolumab in some patients who respond to therapy without
compromising efficacy, to allow a treatment-free period for these individuals. Regardless,
only additional studies would answer the remaining queries about optimal duration of
therapy in responding patients.

Future Directions

Although the introduction of PD-1 inhibitors has staged a new, relatively well tolerated
treatment option for patients with refractory HL, unanswered questions leave room for
improvements.

First of all, there is a proportion of patients refractory to checkpoint blockade, raising doubts
about the etiology of this lack of response, as well as the potential benefits for combination
therapies.

Secondly, this treatment is not curative and most patients do not achieve a sustained CR, and
eventually progress. There has been interest in combination approaches that could lead to
deeper and more sustained remissions. There are currently several clinical trials investigating
the combination of nivolumab with various other therapies such as BV, ibrutinib,
lenalidomide, and chemotherapy (Table 1). Given the promising results with the
combination approach in melanoma(30), combined immune checkpoint blockade with
ipilimumab and nivolumab has been explored in patients with lymphoma. In patients with
relapsed or refractory HL, however, the combination of ipilimumab and nivolumab did not
appear to have added benefit(31), although there is hope that other combination therapies
will have a more synergistic effect. Preliminary results of the combination of BV and
nivolumab in patients with relapsed or refractory HL were recently presented and this
combination is well tolerated and has an excellent response rate although it is too early to
comment on duration of response(42).

As PD-1 inhibitors have gained FDA approval for relapsed and refractory HL, there is
interest in where these novel therapies will fit in the current treatment paradigm for HL. If
the combination approaches described above show efficacy and durable responses, these
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treatments will likely move up in the treatment order. In addition, although the current
chemotherapy approaches are successful in most patients with HL, there are groups of
patients that would benefit from alternative first line options. These include elderly patients
who poorly tolerate chemotherapy, have limited treatment options at diagnosis, and need
alternative therapeutic strategies with a more tolerable side effect profile. Currently, a
clinical trial based on the combination of nivolumab and BV in the frontline setting for
elderly patients not eligible for standard first line therapy is underway. Incorporating PD-1
inhibitors in earlier lines of therapy is speculated to produce greater anti-tumor responses,
the rationale being that an immune system naive to multiple lines of therapy would be
healthier and more manageable to this “reinvigoration”-based strategy(19, 43). There are
currently clinical trials investigating the combination of nivolumab with conventional
chemotherapy in the treatment of newly diagnosed high risk HL. The results of the above
studies will soon elucidate the role of PD-1 inhibitors in frontline therapy. Finally, novel
agents are being developed and tested that could, in combination with checkpoint inhibitors,
stimulate improved and more durable responses.

CELLULAR IMMUNOTHERAPY

Rationale

Immune-mediated elimination of cancer cells requires the coordinated effort of effector
cells, which are responsible for the lysis and removal of transformed cells. T cells are key
players in this army and advances in the mechanisms of tumor recognition and elimination,
and our ability to ex vivo expand large quantities of these cells and improve their function by
gene engineering have significantly fostered novel accomplishments in this arena. As
evidenced by the response with PD-1 inhibitors, HL is undoubtedly susceptible to T-cell
immune-mediated elimination. This is facilitated by endogenous T cells targeting tumor
antigens, which for HL ranges from tumor specific antigens (TSA), like the EBV-associated
ones, Cancer Testis Antigens (CTA), like MAGE or PRAME, to Tumor associated antigens
(TAA), such as the CD30 molecule(44).

Antigen Specific T Cells

TSA, which arise in cancer cells, are often derived from oncogenic viral proteins or from
non-synonymous somatic mutations, and have the unique advantage of being absent from
normal cells. In HL, EBV associated antigens are an example of targetable TSA. About 40%
of patients with HL harbor EBV in HRS cells(24). As a consequence, these HRS cells
express EBV associated LMP 1 and 2 proteins, which, upon processing and presentation in
the context of the appropriate MHC provide epitopes for targeting by cytotoxic T
lymphocytes (CTL)(45). However, LMP1/2 proteins are subdominant antigens and the
frequency of circulating LMP1/2 specific CTLs is negligible, which accounts for HRS cells
being neglected by the immune system. To overcome the limited frequency of these
circulating CTLs in patients, the adoptive transfer of ex vivo reactivated polyclonal CTLs
targeting the whole arrays of EBV-antigens (EBNAs and LMPs) has been tested in relapsed
EBV* HL, resulting in CR in 5 of 14 patients as well as 1 PR and 5 patients with stable
disease(46). To maximize the potential of targeting HRS cells, LMP2 and LMP1/2-CTLs
were ex vivo enriched in the infused population(47). These strategies have resulted in
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sustained remissions for patients with HL in remission at time of T cell infusion and
prolonged clinical responses in patients with disease(48). While these therapies have
remarkable potential for patients with EBV* HL, alternative targets are desirable for patients
with EBV™ HL.

CTA are also absent on normal cells except for reproductive tissues, so are potential ideal
targetable antigens. Several of these proteins are expressed by HRS cells, including MAGE,
NY-ESO-1, PRAME, SSX, and survivin. By expanding the breadth of targeted antigens,
multi-tumor associated antigen specific T cell lines can be generated ex vivo for adoptive
transfer to make it more difficult for tumors to evade immune attack(49). This approach has
been validated for HL in a study where 3 of 7 patients with active disease at time of
treatment achieved CR (49). Targeting a range of tumor associated antigens appears to be
safe and could be beneficial for patients at high risk of relapse or for those with relapsed or
refractory disease. However, limitations remain including the ex vivo procedure itself, the
potential for generating toxicities, and immune-tolerance mechanisms.

CAR-T Cells

Failure of adoptively transferred antigen specific T cells or endogenous T cells, even
reinvigorated by checkpoint inhibitors, to eliminate transformed cells may be related to the
deficient and/or defective antigen processing and presentation by classical MHC molecules.
Deletions in the B2-microglobulin molecules are frequent in classical HL and reported to be
associated with inferior outcomes independent of 9p24.1 status(50). T cells engendered with
CAR appear specifically suited to overcome this issue. CAR-T cells consist of patient-
generated cytotoxic T cells that are engineered to express an artificial receptor molecule
created by fusing the single chain variable fragment from an antibody with the intracellular
component of the T cell receptor machinery. Through this novel chimeric molecule, T cells
can recognize a specific antigen expressed on the surface of tumor cells in an MHC
independent fashion(51). The inclusion of a costimulatory endodomain in the CAR molecule
provides improved signal and function even when tumor cells lack expression of
costimulatory molecules. Clinical antitumor activity of CAR-T cells against the CD19
molecule has been validated, with remarkable efficacy in treating B-cell acute lymphoblastic
leukemia and lymphomas(52, 53).

As stated above, HRS cells are an excellent target for antibody directed therapy, since the
CD30 antigen is expressed on the surface of virtually all HRS cells and only in small subsets
on activated lymphocytes(54), suggesting little potential for off tumor on target toxicity. BV,
the antibody drug conjugate targeting CD30, has had excellent activity with a good safety
profile in patients with relapsed or refractory HL(55, 56). However, although the responses
in some patients are durable, the majority of patients eventually progress on therapy. CAR-T
cells targeted against CD30 should provide potential advantages in terms of persistence(57,
58) and active tumor penetration(58, 59).

Two phase I clinical trials investigating CAR-T cells targeted against CD30 have been
reported. In the first published trial, the antiCD30-CAR contained a 41BB costimulatory
endodomain and was delivered into T cells via a lentiviral vector(60). Eighteen patients with
relapsed or refractory CD30* lymphoma (17 with HL, 1 with anaplastic large cell
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lymphoma) received CAR-T cells preceded by conditioning with 1 of 3 regimens, which all
included cyclophosphamide. In this study, 5 patients had received BV and 9 patients had
received prior ASCT. The treatment was overall well tolerated with no instances of cytokine
release syndrome (CRS). Out of 18 patients treated, 7 had PR and 6 had stable disease with a
median PFS of 6 months. In addition, among the 5 patients who received a second CAR-T
cell infusion, 3 patients maintained a PR and 1 patient maintained stable disease, while one
patient progressed after having stable disease. There was no significant difference in
response based on the different conditioning regimens given and the investigators found that
in general, lymph node disease appeared to respond better than extranodal disease, with an
especially poor response in pulmonary lesions. CAR-T cells, which were delivered over a 3
day course, produced CAR specific signal detectable in the circulation by polymerase chain
reaction (PCR) which peaked between 3 and 9 days post infusion. In addition, they found
increased number of CAR transgene copies in biopsied tissue from tumor sites suggesting
that CAR-T cells can traffic to tumor sites. Another dose escalation trial of CD30-CAR-T
cells has been conducted in patients with relapsed CD30* HL (7 patients) and NHL (2 with
CD30* T cell lymphoma)(61). Eight of the patients had previously received BV and
ASCT(62). In contrast to the other trial, this specific CAR contained the CD28 endodomain,
was delivered into T cells with a retroviral vector(62) and adoptive transfer was not preceded
by lymphodepletion. There were no significant adverse events noted in this trial including no
evidence of CRS. CAR-T cell expansion peaked at 1 week after infusion and was
documented both by PCR and flow cytometry. Responses were observed in 3 patients
including 2 CR, while 3 patients experienced stable disease and the remaining 3 progressed.
Although some responses with minimal toxicities were demonstrated in patients with
refractory disease who may have progressed on BV, these two studies highlight the need for
more trials based on CAR in this disease There are currently several open trials investigating
anti-CD30 directed CAR-T cell therapy in patients with HL and one trial using CAR.CD19
for HL, which will provide further information about safety and efficacy (Table 2).

Approaches to Improve Efficacy of CD30.CAR-T Cells (Figure 1)

The most logical strategy to improve the performance of T cells in HL should be sought in
its microenvironment, which consists of a multitude of suppressive cell including T helper
cells (Th2), regulatory T cells (Tregs), TAM and myeloid derived suppressor cells(63, 64).
One method of consistently disrupting these vicious surroundings is via lymphodepletion.
While cyclophosphamide and fludarabine-based regimens in part fulfil this task for
CAR.CD19-based trials(65), the ideal protocol is yet to be identified for HL(60) and may
require different drug combinations depending on the specific disease. ASCT seems
particularly versatile, as it leads to production of high levels of homeostatic cytokines, such
as IL-7 and IL-15, to sustain CAR-T cell expansion in the absence of competing endogenous
lymphoid cells(66). There is currently a clinical trial investigating CD30.CAR-T cell therapy
as consolidation after ASCT in high risk patients with HL as well as CD30* NHL (Table 2).

One rational approach for HL is to combine CAR-T cells with checkpoint inhibitors since
they have shown safety and some efficacy in HL as single agents. As described above,
checkpoint inhibitors have impressive single agent activity although CRs are rare and
responses are usually not durable. The HL microenvironment and characteristics of HRS
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cells, including PD-L1 expression, make them an excellent target for checkpoint inhibition.
In addition, a subset of CAR-T cells retain expression of PD1(62) and/or will upregulate
PD1 expression upon engagement and thus activation at the tumor site, making them
sensitive to its ligand-mediated inhibition. Therefore, combination of checkpoint inhibition
with CAR-T cell therapy is expected to improve expansion and persistence of CAR-T cells,
as well as reinvigorate endogenous tumor infiltrating cytotoxic T cells, leading to improved
anti-tumor activity. CAR-T cells could augment the efficacy of checkpoint inhibitors by
leading to targeted killing of tumor cells in an MHC-unrestricted fashion. Several pre-
clinical studies have demonstrated that combination with PD-1 blockade can improve CAR-
T cell function(67, 68). Recently, a case report and case series have shown improved CAR-T
cell expansion and persistence and clinical responses in patients who received
pembrolizumab after failing to respond to CD19-directed CAR-T cells (69), suggesting that
the combination of CD30-directed CAR-T cells and PD-1 inhibitors in HL could be
similarly safe and feasible. Considering the safety of CAR-TSs, studying synergies in clinical
trials represents a rational step forward.

Another potential improvement to CD30.CAR-T cells can be accomplished through the
enhanced trafficking of these cells to the tumor site. HRS cells produce the chemokines
thymus- and activation-regulated chemokine/CC chemokine ligand 17 (TARC/CCL17) and
macrophage-derived chemokine (MDC/CCL22) to attract Th2 cells and Tregs that express
their cognate (70)receptor CCR4(71, 72). However, CD8* effector T cells, which do not
express CCR4, do not respond to these chemokines and are indeed less commonly found
within HL tumors. As a consequence, the HL microenvironment provides not only an
inhibitory barrier (by recruiting cells producing inhibitory molecules, like Tregs, TAM, etc)
but also a physical barricade to T cells. Forced expression of CCR4 by effector T cells
increased their migration to HL cells both in /n vitro and in vivo preclinical models(73). The
addition of CCR4 expression to CD30.CAR-T cells thus represent the next rational
manipulation to improve the efficacy of this promising approach.

Other CAR Targets for HL

There has been interest in developing other targets for cellular therapy in HL. As described
above, the immunosuppressive HL microenvironment presents a challenge for therapy. TAM
are clearly playing an important role in stimulating tumor growth and inhibiting immune
responses against the tumor. In a study of diagnostic biopsies in HL patients, an increased
number of TAM was associated with shorter survival(12). In addition to exploring drugs that
directly target TAM(74), novel therapies attempt to achieve dual targeting, ideally focusing
on an antigen expressed on both HRS cells and TAM(75, 76). CD123 is one such molecule,
as it is expressed on HRS in 50-60% of patients with HL as well as on several immune cells
in the HL microenvironment, including TAM(77). In in vitro studies, CD123.CAR-T cells
were able to recognize and kill HL cells as well as TAM(75, 76). Anti-CD123 CAR-T cells
also demonstrated anti-tumor activity in a xenograft model of HL(78). As CD123.CAR-T
cells can cause myelosuppression(78), this therapy would likely be explored in the setting of
rescue ASCT(76).
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CONCLUSIONS

Although HL has a high cure rate, the treatment of relapsed and refractory disease remains a
challenge. Recently, the emphasis has been on taking advantage of the unique
microenvironment and characteristics of HRS cells. PD-1 inhibitors have shown promising
results, with manageable toxicities in heavily pretreated patients. Some patients remain
resistant to this therapy and the majority of patients will eventually progress. To counteract
resistance partially due to the multifactorial immunosuppressive tumor environment, current
clinical trials are focusing on combination therapies to achieve prolonged remissions.

CAR-T cells have shown promise in other hematologic malignancies and CD30.CAR-T
cells are now being investigated in HL patients. Although these therapies show some
efficacy in certain patients with heavily pre-treated disease, responses are still suboptimal.
Future studies with CAR-T cell therapy are warranted and should focus on overcoming
barriers to efficacy, by improving migration to tumor sites, countering inhibitory factors, and
disrupting the tumor microenvironment.
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Figure 1: Improving Efficacy of CD30-redirected CAR-T Cellsin HL
A. Lymphodepletion leads to decreased regulatory T cells and disruption of the inhibitory

tumor environment. In addition, lymphodepletion increases levels of homeostatic cytokines
such as IL-15 and 1I-7 which stimulates CAR-T cell expansion.

B. PD-L1, which is expressed on HRS cells, interacts with PD-1, which is found on T cells
including a subset of CAR-T cells, leading to inhibition of T cell receptor signaling.
Antibodies to PD-1 will counter these inhibitory factors leading to improved expansion and
persistence of CAR-T cells as well as increased activity of endogenous cytotoxic T cells.

C. HRS cells produce the chemokines TARC and MDC which attract Th2 cells and
regulatory T cells that express CCR4. Further engineering CAR T cells to express the CCR4
molecule will improve their migration to tumor cells.
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Table 1:
Current Checkpoint Inhibitor Trials for Classical Hodgkin Lymphoma
Clinicaltrials.gov | Drug Concept Phase | Disease Included
Identifier Ages
Relapsed/Refractory
NCT02603419 Avelumab PD-L1 antibody Ib cHL Adults
NCT02684292 Pembrolizumab vs BV PD-1 antibody compared to anti- 1 cHL Adults
CD30 ADC
NCT02572167 Nivolumab and BV PD-1 antibody combined with anti- | 1/I1 cHL Adults
CD30 ADC
NCT02927769 Nivolumab and BV PD-1 antibody combined with anti- | 11 cHL Children and
(followed by BV and CD30 ADC after failure of first adults (5 years to
bendamustine in those line therapy 30 years)
with suboptimal
response)
NCT02940301 Nivolumab and ibrutinib PD-1 antibody combined with I cHL and NLPHL Adults
BTK inhibitor
NCT02665650 Pembrolizumab and PD-1 antibody combined with Ib cHL Adults
AFM13 bispecific anti-CD30/CD16A
antibody
NCTO03015896 Nivolumab and PD-1 antibody and Im HL and NHL Adults
lenalidomide immunomodulator
NCT02875067 Pembrolizumab and PD-1 antibody and im HL and NHL Adults
lenalidomide immunomodulator
NCT03016871 Nivolumab and ICE PD-1 antibody and chemotherapy I cHL Adults, children
as second line therapy (15 years and
older)
NCT03077828 Pembrolizumab and ICE PD-1 antibody and chemotherapy 1 cHL Adults
NCT01896999 Nivolumab, ipilimumab, PD-1 antibody, CTLA-4 antibody | cHL Adults
BV and anti-CD30 ADC
Consolidation therapy after ASCT
NCT02362997 Pembrolizumab PD-1 antibody 1] cHL, DLBCL, PTCL | Adults
NCT03057795 Nivolumab and BV PD-1 antibody and anti-CD30 I cHL Adults
ADC
First Line
NCTO03033914 A(B)VD followed by Conventional chemotherapy | cHL (high risk) Adults (2" cohort
nivolumab followed by PD-1 antibody for patients 60
and older)
NCT03004833 AVD and nivolumab PD-1 antibody and conventional I cHL (early stage Adults (18 to 60
chemotherapy unfavorable) years)
NCT02758717 Nivolumab and BV PD-1 antibody and anti-CD30 I cHL (unable to Children, adults
ADC receive standard (focus on age 60
chemotherapy) and older)

1duosnuen Joyiny

cHL = classical Hodgkin lymphoma, BV = brentuximab vedotin, ADC = antibody drug conjugate, HL= Hodgkin lymphoma, NHL = Non-Hodgkin
lymphoma, NLPHL = nodular lymphocyte predominant Hodgkin lymphoma, ICE = ifosfamide, carboplatin, etoposide, ASCT = autologous stem
cell transplant, A(B)VD = doxorubicin, (bleomycin), vinblastine, dacarbazine
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Clinicaltrials.gov | Target Conditioning | Disease Main Inclusion Included L ocation
Identifier Regimen Criteria Ages
NCT02624258 CD19 RNA Cy HL No available curative 18-24 years University of
redirected CAR-T treatment options Pennsylvania
NCT02259556 CD30.CAR-T Cyl/flu CD30+ HL Relapse after ASCT or 16-80 years Chinese PLA
and NHL refractory to 2 multidrug General Hospital
regimens; newly diagnosed
and unable to receive
standard chemotherapy
NCT02690545 CD30.CAR-T Bendamustine | CD30+ HL Failed at least 1 salvage 18 years and University of
and NHL regimen older North Carolina
NCT02917083 CD30.CAR-T Cy/flu CD30+ HL Relapsed/refractory or Children and | Baylor College of
and NHL unable to receive standard adults Medicine
therapy
NCT03049449 CD30.CAR-T Cy/flu CD30+ HL Relapsed after 2 prior lines | 18-73 years National Cancer
and NHL of therapy including ASCT Institute
or after 3 prior lines of
therapy
NCT02274584 CD30.CAR-T CD30+ HL Relapsed/refractory and 18 years and Peking University
with self- and NHL not eligible for or relapsed older and University of
withdrawal post ASCT Florida
mechanism
(FKBP-iCasp9)
NCT02663297 CD30.CAR-T ASCT CD30+ HL Recurrent disease eligible 3 years and University of
consolidation and NHL for ASCT considered at older North Carolina
after ASCT high risk for relapse

CAR-T = chimeric antigen receptor T-cell, Cy = cyclophosphamide, flu = fludarabine, HL = Hodgkin lymphoma, NHL = Non-Hodgkin lymphoma,
ASCT = autologous stem cell transplant
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