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Introduction

Lymphomas are malignancies of lymphocytes in which the malig-
nant cell recruits and sustains a microenvironment of other
immune cells as well as stromal elements that promote malignant
cell growth and survival (1). While some immune cells may be
part of an antitumor immune response, many cells in the micro-
environment suppress immune function (2). The tumor microen-
vironment differs between different types of lymphoma, ranging
from a highly inflamed environment such as that seen in Hodgkin
lymphoma to a very anergic and immune-suppressed environ-
ment such as that seen in chronic lymphocytic leukemia (CLL) (3).
Some tumor microenvironments have a preponderance of T cells,
such as that seen in follicular lymphoma, while others have a pre-
ponderance of macrophages, such as that seen in Burkitt lympho-
ma (3). While much research continues to determine the relative
roles of cell populations in the lymphoma microenvironment and
to identify critical pathways responsible for effective immune cell
function, clinical trials have tested agents and strategies that uti-
lize the immune system to target and suppress the malignant clone.
In this Review, we summarize the clinical results with agents that
directly target the malignant cell and utilize the immune system
for effector function, as well as antibodies that deliver toxic pay-
loads to the malignant cell. We also review immunotherapies that
target nonmalignant immune cells in the tumor to activate them
and thereby promote an antitumor immune response, including
immune checkpoint-blocking antibodies and vaccine approach-
es. Finally, we review results from clinical trials using chimeric
antigen receptor (CAR) T cells that ensure immune engagement
with the malignant cell, as well as immunomodulatory drugs that
change the composition of the tumor microenvironment (Figure
1). While many of these approaches are effective as a single-agent
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strategy, the future clearly will lie in combining approaches to
improve patient outcomes.

Monoclonal antibodies

Antibodies targeting cell surface receptors have become a main-
stay of therapy in cancer treatment. In lymphoma, initial studies
targeted CD20 using a chimeric monoclonal antibody, rituximab.
Subsequent trials have targeted other cell surface receptors on the
malignant cell or have focused on modifying the Fc portion of the
antibody to engage the immune system, specifically macrophages
and other phagocytic cells, more effectively (Table 1). More recent-
ly, monoclonal antibodies have been generated that target recep-
tors on immune cells, either to prevent inhibition of their function
by immunosuppressive ligands or to directly stimulate the cell by
engaging activating receptors in an agonistic fashion.

Targeting malignant cells. Initial monoclonal antibody
approaches targeted CD20, and the first studies used a chimeric
monoclonal antibody, rituximab (4, 5). Rituximab showed signif-
icant single-agent activity in the relapsed setting in indolent lym-
phoma and rapidly became standard therapy in both the relapsed
and the front-line setting either as a single agent or in combination
with other agents, including chemotherapy. Treatment with ritux-
imab impacted not only progression-free survival (PFS) but over-
all survival as well, and rituximab has become a standard therapy
in most B cell malignancies (6, 7). Next, rituximab was combined
with other monoclonal antibodies targeting cell surface receptors
on the malignant B cell. The combination of an anti-CD20 anti-
body with antibodies targeting CD22 or CD80 also resulted in
high response rates, particularly in follicular lymphoma (8, 9).

Following the success of rituximab, a multitude of other
anti-CD20 antibodies were developed. These antibodies either
targeted a different epitope on CD20 or modified the structure
of the monoclonal antibody to promote greater complement-
dependent or antibody-dependent cytotoxicity. The most prom-
ising of these has been obinutuzumab, a glycoengineered type II
monoclonal antibody directed against CD20 that displays greater
antibody-dependent cellular cytotoxicity. Obinutuzumab, when
combined with chemotherapy, was found to be superior to rit-
uximab-based chemoimmunotherapy in follicular lymphoma
and small lymphocytic lymphoma/CLL (10-12). This was shown
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Figure 1. Overview of immunotherapy in lymphoma. ADC, antibody-drug conjugate; Ag, antigen; DC, dendritic cell; IMiDs, immunomodulatory drugs;
MDSC, myeloid-derived suppressor cell; Teff, effector T cell; TKI, tyrosine kinase inhibitors; Treg, regulatory T cell. This figure was adapted from an image

created by Arushi Khurana using BioRender.

to be true in relapsed patients refractory to rituximab, as well as
in treatment-naive patients. Unfortunately, obinutuzumab has
shown less promise in aggressive lymphomas such as diffuse
large B cell lymphoma (DLBCL), in which its combination with
chemotherapy has not proven superior to rituximab combined
with chemotherapy (13).

Other unconjugated monoclonal antibodies targeting pro-
teins on lymphoma cells have also proven promising, and this has
included targets on both malignant B cells and T cells. MOR-208,
which targets CD19 on malignant B cells, has shown particularly
promising overall response rates when combined with the immu-
nomodulatory drug lenalidomide in relapsed or refractory DLBCL.
The overall response rates, complete response rates, and PFS seen
with this combination in relapsed and refractory DLBCL have been
superior to those seen with most other regimens in this setting
(14). This has resulted in the MOR-28/lenalidomide combination
receiving breakthrough designation from the US FDA. Similarly,
mogamulizumab is a first-in-class defucosylated anti-CCR4 anti-
body with enhanced antibody-dependent cellular toxicity that has
been evaluated in T cell lymphomas (15-17). CCR4 is a chemokine
that is commonly expressed on tumor cells in T cell lymphomas,
including cutaneous T cell lymphomas (CTCLs) (16, 17). Mogam-
ulizumab was compared with vorinostat in a randomized trial of
relapsed and refractory CTCL patients, and treatment with mog-
amulizumab resulted in more durable responses and a longer PFS
(17). Based on these data, mogamulizumab was approved by the
FDA for use in patients with relapsed and refractory CTCL.

Attempts to improve on the efficacy of monoclonal antibod-
ies have subsequently included the development of antibody-drug
conjugates (ADCs), in which monoclonal antibodies are engi-
neered to deliver a toxic payload. The first ADC to demonstrate
clinical activity was brentuximab vedotin, which uses an anti-

CD30 monoclonal antibody bound to an auristatin derivative,
monomethyl auristatin E (MMAE), that disrupts microtubule
function and inhibits cell division. Excellent response rates have
been reported in both relapsed and refractory patients with Hod-
gkin lymphoma (HL) and when brentuximab vedotin is combined
with standard chemotherapy as first-line therapy (18, 19). Similar
impressive activity has been reported in patients with relapsed
anaplastic large-cell lymphoma (ALCL) (20, 21). In a randomized
trial with patients with relapsed cutaneous ALCL, brentuximab
vedotin has been shown to be superior to standard treatment (22).
In patients with systemic ALCL or other CD30-positive T cell lym-
phomas, the addition of brentuximab vedotin to standard front-
line chemotherapy prolonged survival when compared with stan-
dard chemotherapy alone. This outcome set a new standard for
the treatment of CD30-positive T cell lymphomas (23).

Using the same linker and toxin as brentuximab vedotin,
polatuzumab vedotin has been developed to target CD79b on
malignant B cells. When combined with rituximab, polatuzumab
vedotin demonstrated impressive response rates and a promising
PFS in patients with follicular lymphoma and DLBCL (24). In a
subsequent randomized trial, the addition of polatuzumab vedotin
to bendamustine and rituximab combination therapy (BR) result-
ed in a superior median PFS and overall survival in relapsed DLB-
CL when compared with BR alone. However, this benefit was not
seen in follicular lymphoma patients (25). This benefit to DLBCL
patients resulted in the combination receiving breakthrough desig-
nation from the FDA, and there is currently a randomized phase I1I
trial in progress evaluating the addition of polatuzumab vedotin to
rituximab, cyclophosphamide, doxorubicin, and prednisone com-
bination therapy (R-CHP) compared with rituximab, cyclophos-
phamide, doxorubicin, vincristine, and prednisone (R-CHOP) as
initial therapy for DLBCL (NCT03274492, ClinicalTrials.gov).
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Table 1. Selected therapeutic targets on tumor cells evaluated in
lymphoma

Therapy Target Histology
Monoclonal antibodies

Rituximab (D20 B cell lymphomas
Obinutuzumab (D20 B cell lymphomas
MOR-208 (D19 B cell lymphomas
Mogamulizumab (CR4 T cell lymphomas
Antibody-drug conjugates

Brentuximab vedotin (D30 Hodgkin lymphoma, ALCL, CTCL
Polatuzumab vedotin CD79b B cell lymphomas
Denintuzumab mafodotin D19 B cell lymphomas
Coltuximab ravtansine €b19 B cell lymphomas
Loncastuximab tesirine D19 B cell lymphomas
Pinatuzumab vedotin (D22 B cell lymphomas
Inotuzumab ozogamicin (D22 B cell lymphomas
Camidanlumab tesirine (D25  Bcelland T cell ymphoma, Hodgkin lymphoma
Bispecific antibodies

Blinatumomab (D19/CD3 B cell lymphomas
Mosunetuzumab (D20/CD3 B cell lymphomas
CD20-TCB (D20/CD3 B cell lymphomas
Odronextamab D20/CD3 B cell ymphomas

ALCL, anaplastic large-cell ymphoma; CTCL, cutaneous T cell lymphoma.

Other ADCs are in development but have not yet been approved
by the FDA. These include ADCs that target CD19 and CD22
on malignant B cells or CD25 on malignant T cells. Several anti-
CD19 ADCs have been evaluated in B cell lymphomas, including
denintuzumab mafodotin (SGN-CD19A), coltuximab ravtansine
(SAR3419), and loncastuximab tesirine (ADCT-402) (21-25). Den-
intuzumab mafodotin, a humanized anti-CD19 antibody conjugat-
ed to the drug monomethyl auristatin F (MMAF), and coltuximab
ravtansine, an anti-CD19 monoclonal antibody conjugated to the
potent cytotoxic maytansinoid drug DM4, both deliver agents that
disrupt microtubule assembly. Both agents have moderate clinical
activity in patients with relapsed and refractory B cell lymphoma
but also resulted in ocular adverse events (26-29). Treatment with
loncastuximab tesirine, an anti-CD19 ADC with a pyrrolobenzo-
diazepine (PBD) dimer payload, has resulted in response rates in
relapsed and refractory B cell lymphomas that appear higher than
response rates seen with other anti-CD19 ADCs in early-phase tri-
als (25, 30), but this will need to be confirmed in subsequent stud-
ies. In a similar fashion, two anti-CD22 ADCs have been studied
in B cell lymphomas, namely pinatuzumab vedotin, which also has
an MMAE payload, and inotuzumab ozogamicin, which has a cali-
cheamicin-based payload. Both agents have been well tolerated,
either when administered alone or in combination with rituximab,
and both have demonstrated promising response rates (24, 31-34).
Similar to loncastuximab tesirine, camidanlumab tesirine (ADCT-
301) is an anti-CD25 ADC with a PBD dimer payload that delivered
promising results in B cell lymphomas and peripheral T cell lym-
phoma (PTCL) (35). A study of camidanlumab tesirine in relapsed
and refractory PTCL and HL is ongoing (NCT02432235).

An additional way to target the malignant cell and engage the
immune system is the use of bispecific T cell engager (BiTE) anti-
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bodies. These are molecules with dual specificity targeting both
a tumor antigen and an immune cell, thereby bringing them in
close physical proximity to each other to promote an antitumor
immune response. Blinatumomab was the initial BITE antibody
directed against CD19 on B cells and the CD3e subunit of the T cell
receptor. Blinatumomab has shown promising efficacy in patients
with relapsed and refractory DLBCL but commonly results in sub-
stantial neurotoxicity (36). Other T cell-engaging antibodies that
target CD20 and CD3 are now also being evaluated in B cell lym-
phoma. A full-length CD20/CD3 antibody, mosunetuzumab, has
been tested in patients with relapsed and refractory B cell lympho-
ma and was found to be well tolerated with promising response
rates, and neurologic toxicities with this agent appeared less com-
mon (37). Other CD20/CD3 T cell-engaging antibodies, CD20-
TCB (RG6026) and odronextamab (REGN1979), have been eval-
uated in patients with B cell lymphoma, and responses have been
seen in relapsed patients, including patients who failed previous
CAR-T cell therapy (38, 39).

Targeting T cells and immune checkpoints. While many cells
present within the tumor microenvironment in lymphoma are
malignant cells, a substantial number of cells present in a malig-
nant lymph node are effector T cells. Most of these cells have been
rendered immunologically ineffective and are unable to kill the
malignant cells (3). Most of the T cells exhibit features of immune
exhaustion, in large part due to signaling through immune check-
point receptors, particularly the PD-1 receptor. Therapies that tar-
get T cells and block inhibitory signals through the PD-1 receptor
have resulted in dramatic responses in certain lymphoma patients,
particularly patients with HL. In other B cell lymphoma subtypes,
PD-1blockade has demonstrated some antitumor activity, but the
efficacy has varied substantially by lymphoma subtype (Table 2).

Signaling via the PD-1 receptor is an immune checkpoint that
normally serves to dampen immune responses, and tumor cells
can co-opt this pathway to evade attack by the host immune system
(40). This is particularly true in HL, in which copy number gain
or genetic amplification of chromosome 9p24.1 in the malignant
Reed-Sternberg cell results in overexpression of PD-L1 on the cell
surface (41). Furthermore, incorporation of the Epstein-Barr virus
(EBV) into the Reed-Sternberg cell genome activates the JAK/
STAT pathway, resulting in overexpression of PD-L1 on the cells
(42). Similarly, subsets of non-Hodgkin lymphomas overexpress
PD-L1, and molecular analyses have demonstrated similar genetic
alterations involving the PD-1ligands in certain lymphoma histol-
ogies. Overexpression of PD-1 ligands has also been shown to be
critical in the pathogenesis of primary mediastinal B cell lympho-
ma (PMBCL) and EBV-associated post-transplant lymphoprolifer-
ative disorders (41, 42), and blockade of PD-1/PD-L1 signaling has
proven to be highly effective in treating these diseases (43).

In HL, the use of two PD-1-blocking monoclonal antibod-
ies, nivolumab and pembrolizumab, in patients with relapsed
and refractory disease has resulted in remarkably high clinical
response rates (44-48). Initial phase I clinical trials of these agents
suggested that at least two-thirds of patients with HL responded
to this treatment (44, 46), and this was confirmed in subsequent
phase 1I trials (45, 47, 48). However, while most patients respond
to these treatments, only a minority of patients have a complete
response to treatment. More recently, very promising results
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Table 2. Selected trials evaluating PD-1 blockade in relapsed Hodgkin and non-Hodgkin lymphoma

Agent Phase Population N ORR
Nivolumab /1 R/RHL Ph.1: 23 Ph. I: 87%
Ph. II: 243 Ph. II: 69%
Pembrolizumab Ib/Il R/RHL Ph.1: 31 Ph. I: 65%
Ph.11: 210 Ph. I: 69%
Nivolumab | R/RFL Ph.1:10 Ph. I: 40%
Nivolumab /1 R/R DLBCL Ph.I: 11 Ph. I: 36%
Ph.I1:121  Ph. Il (SCT-failed) 10%
Pembrolizumab Ib, Il R/R PMBCL Ph. Ib: 21 48%
Ph. II: 53 45%
Pembrolizumab Il RT 9 44%
Nivolumab | R/RPTCL 5 40%
Pembrolizumab Il R/R MF/SS 24 38%
Pembrolizumab Il R/R NKTL 7 100%
Pembrolizumab Il R/R NKTL 7 57%

(R DOR (median)  PFS (median) Ref.
Ph. I:17% Ph. I: NA Ph. I: NA Ansell et al. 2015 (44), Armand
Ph. I1: 16% Ph.I:166mo  Ph.I:14.7 mo et al. 2018 (45)
Ph. I: 16% Ph. I: NA Ph. I: NA Armand et al. 2016 (46), Chen
Ph.11: 224%  Ph.II: not reached Ph. Il: NA etal. 2017 (47)
Ph. I: 10% Ph. I: NA Ph. I: not reached  Lesokhin et al. 2016 (53)
Ph. I:18% Ph. I: NA Ph.1: 7 mo Lesokhin et al. 2016 (53),
Ph. I1: 3% Ph. Il: 11 mo Ph. II:1.9 mo Ansell et al. 2019 (54)
33% Not reached 10.4 mo Armand et al. 2018 (132)
13% 5.5 mo
1% NA 5.4 mo Ding et al. 2017 (55)
0% NA 14 mo Lesokhin et al. 2016 (53)
4% NA Not reached Khodadoust et al. 2016 (59)
100% 10 mo Not reached Kwong et al. 2017 (133)
29% 41mo 4.8mo Liet al. 2018 (56)

CR, complete response; DLBCL, diffuse large B cell ymphoma; DOR, duration of response; FL, follicular ymphoma; HL, Hodgkin lymphoma; MF, mycosis
fungoides; NA, not available; NKTL, NK T cell ymphoma; ORR, overall response rate; PFS, progression-free survival; PMBCL, primary mediastinal large B
cell ymphoma (ref. 132); R/R, relapsed or refractory; RT, Richter transformation; SCT, stem cell transplant; SS, Sézary syndrome.

with three newer anti-PD-1 antibodies, sintilimab, tislelizumab,
and camrelizumab, have been reported in HL patients (49-51).
All three of these antibodies have demonstrated very high over-
all response rates, but, interestingly, more than half the patients
treated with these antibodies have had complete responses. While
most results have been reported with anti-PD-1 antibodies, prom-
ising clinical benefit has also been seen with an antibody directed
against PD-L1, avelumab, suggesting that blockade of either the
receptor or the ligands inhibits suppressive PD-1 signaling (52).

Although responses to PD-1 blockade have been seen in the
majority of HL patients, clinical outcomes with PD-1 blockade in
other types of lymphoma have been far less impressive (53-55).
Response rates to nivolumab or pembrolizumab in patients with
DLBCL or indolent lymphomas have been rather disappoint-
ing. The only subgroups of patients with these diseases who had
meaningful numbers of clinical responses are those with diseas-
es with amplifications or copy number gain of the PD-L1/2 locus
or presence of EBV (43, 56). Diseases such as PMBCL, mediasti-
nal gray zone lymphoma, or primary CNS lymphoma frequently
have amplifications of chromosome 9p24.1 (43, 57, 58). In these
rare entities, responses have been seen in more than a third of
patients. In contrast, clinical trials of PD-1 blockade in patients
with DLBCL, CLL, multiple myeloma, or follicular lymphoma
have found that very few patients respond (53-55). In patients
with T cell lymphomas, a promising number of responses to pem-
brolizumab have been seen in patients with CTCL (59). However,
response rates in PTCL have been modest, and hyperprogression
of the disease has been seen in some patients. While amplifica-
tion of the PD-1 ligands appears to be associated with responses
to PD-1-targeting therapies (60), additional biomarkers will need
to be developed to identify other lymphoma patients who benefit
from this treatment.

Targeting macrophages. The mononuclear phagocyte system
is critical in the host’s response to pathogens and inflammation.
In lymphoma, monocytic cells are central components of the

innate immune system, and the prevalence of monocytes in the
peripheral blood, as well as that of lymphoma-associated mac-
rophages in malignant lymph nodes, is associated with the prog-
nosis of patients (61, 62). Macrophage-mediated phagocytosis
is an important mechanism to eliminate diseased and damaged
cells, and lymphoma cells, by overexpressing CD47, provide a
“don’teat me” signal and thereby avoid eradication. CD47 binds
to signal-regulatory protein-o (SIRPa) to suppress macrophage
phagocytosis, and antibodies that block CD47/SIRPa signaling
have been developed to promote phagocytosis of lymphoma
cells and subsequent increased presentation of tumor antigens
to the immune system.

Hu5F9-G4 (5F9) is a first-in-class monoclonal antibody that
targets CD47. This antibody has demonstrated promising safe-
ty and activity in patients with B cell lymphoma, particularly
when administered in combination with rituximab. In an initial
clinical trial, this combination resulted in an encouragingly high
response rate with complete responses in approximately a quar-
ter of patients. Responses were seen in both follicular lymphoma
and DLBCL patients (63). Promising results were also seen with
TTI-621 (SIRPaFc), which consists of the CD47 binding domain of
human SIRPa linked to the Fc region of human IgG. This molecule
is also designed to block CD47 signaling and engage macrophage
Fcy receptors to enhance phagocytosis and promote antitumor
activity. Initial results show activity in both B cell and T cell lym-
phomas, and similarly encouraging results have been seen in com-
bination with rituximab (64).

Small-molecule inhibitors

While not specifically designed to target cells in the tumor micro-
environment, a number of small-molecule inhibitors modulate
immune effects in lymphoma patients. It is likely that a number of
other chemotherapy treatments also change the composition of the
microenvironment or specifically affect subsets of cells within lymph
nodes. Two categories of drugs, however, bear special mention.
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Table 3. Summary of CD19 CAR-T therapies that are in late-phase testing or available as standard-of-care practice

ZUMA-1*
Treatment Axicabtagene ciloleucel
CAR construct (D19(FMC63)-CD3¢-(D28
CAR-T composition Unmanipulated
LD chemotherapy Cyclophosphamide/fludarabine
Bridging therapy (if needed for disease control) Steroid only
Study outcome
Enrolled (infused), (%) 111 (91%)
Median time from enrollment to infusion, days 17
mITT best response”, ORR/CR, % 82%/54%
ITT best response®, ORR/CR, % 75%/49%
12-Month 0S 59%

Approved histologies

DLBCL, high-grade B cell lymphoma, DLBCL
arising from follicular lymphoma, PMBCL

JULIET®
Tisagenlecleucel
(D19(FMC63)-CD3¢-418B
Unmanipulated
Cyclophosphamide/fludarabine or
bendamustine

TRANSCEND®
Lisocabtagene maraleucel
(D19(FMC63)-CD3¢-41BB

Fixed ratio of CD4 and CD8 T cells
Cyclophosphamide/fludarabine

Allowed Allowed
165 (67%) 134 (85%)
52
52%/40% 75%/55%
35%/27% 64%/43%
49% 63%

DLBCL, high-grade B cell lymphoma,
DLBCL arising from follicular lymphoma

Not applicable

ANeelapu et al. 2017 (97), Locke et al. 2019 (100). 8Schuster et al. 2019 (98). “Abramson et al. 2018 (99). °mITT best responses were published as noted in the
table, based on response rate among patients who were infused. EITT best response represents the calculated response from all patients enrolled in the
study. ITT, intent to treat; LD, lymphodepletion; mITT, modified intent to treat; OS, overall survival.

Immunomodulatory drugs. Lenalidomide and other immuno-
modulatory drugs (IMiDs) have pleotropic effects, including tar-
geting the tumor microenvironment in lymphoma. Lenalidomide
has single-agent activity in lymphoma patients, and the combi-
nation of lenalidomide plus rituximab (R?) has been particularly
effective (65, 66). This combination produced high response rates
that were durable in patients with relapsed and refractory disease
(67). In previously untreated patients, the R? combination has pro-
duced results similar to that achieved with chemoimmunotherapy,
but potentially with fewer side effects (68). This has led to R? being
considered a standard treatment option for indolent lymphomas.

BTK inhibitors. Ibrutinib, an approved therapy for B cell
malignancies, is a covalent inhibitor of Bruton tyrosine kinase
(BTK), a member of the B cell receptor (BCR) signaling pathway
that is critical for the survival of malignant B cells. Interestingly,
this drug also inhibits IL-2-inducible kinase (ITK), an essential
enzyme in Th2 T cells. By inhibiting ITK, ibrutinib can shift the
balance between Thl and Th2 T cells and potentially enhance
antitumor immune responses (69). It has been shown that the
combination of an anti-PD-L1 antibody and ibrutinib suppresses
tumor growth in mouse models of lymphoma that are intrinsically
insensitive to ibrutinib (70). Current studies are evaluating this
combination and also evaluating the use of ibrutinib in combina-
tion with cellular therapies.

Vaccines

Since B cell lymphoma cells express a clonal BCR with an idiotype
(Id) in the variable domain, the targeting of Id as a tumor anti-
gen with vaccine approaches has been investigated for indolent
lymphomas. Protein vaccines with keyhole limpet hemocyanin
(KLH) or with KLH and granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) were tested as adjuvant therapy after
chemotherapy or rituximab for follicular lymphoma in three ran-
domized phase III trials (71-73). In general, cellular and humoral
anti-Id responses could be identified in some patients, and those

jci.org  Volume130  Number4  April 2020

with anti-Id responses had prolonged PFS (73). However, the pri-
mary endpoints were not met for two of the phase III trials, with
no difference in PFS or time to progression between the vaccine
and placebo arms (71, 73). In a third trial, the disease-free surviv-
al was statistically significantly increased for patients in the vac-
cine arm, although it did not meet the prespecified significance
(72). Study design and conduct issues including unbalanced
arms for the number of follicular lymphoma patients with poor-
er prognostic features (71), as well as early stopping of accrual
(72), likely contributed to lack of positive findings. Nevertheless,
some limitations of the protein vaccine approach were identified,
including laborious and costly manufacturing, which can take up
to 8 months, and decreased activity in patients with active dis-
ease compared with patients in remission. DNA vaccines could
be more rapidly manufactured, and this is being examined in
clinical testing (74, 75).

Cellular vaccines using dendritic cells (DCs) have been stud-
ied as a more direct method of priming antigens and eliciting
adaptive cellular immunity. Initial trials using DCs pulsed with Id
protein demonstrated the ability to induce antilymphoma immu-
nity with a memory response (76, 77). To circumvent potential
tumor antigen downregulation or escape and to stimulate a broad-
er immune response, DCs have also been loaded with multiple
commonly shared tumor antigens, tumor cells, lysates, and RNA
(78-80). Modest clinical responses were seen in indolent lympho-
ma, usually in patients with less bulky disease, as the DC priming
is likely still limited by the lymphoma-associated mechanisms
of immune suppression (77, 80). Combination immunotherapy
approaches are now being explored, particularly with intratu-
mor manipulation to generate immunogenic cell death and reset
microenvironment immune suppression. Localized tumor treat-
ment such as radiation combined with intratumor loading with
DCs or immune agonists such as TLR9 agonists or FLT3L were
able to generate abscopal responses, confirming the promise of
combination approaches (81-85).
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Adoptive cell therapies

Given the importance of the effector T cell response in antitumor
immunity with immunotherapy approaches, adoptive transfer of
antigen-specific T cells has been studied. These approaches have
focused on expanding T cells that appear to be tumor specific, or
specifically engineering T cells to bind to the malignant clone.

Non-engineered adoptive cell therapies. EBV-targeted T cells,
both autologous and allogeneic, have had the most success as
a non-engineered adoptive T cell therapy to treat EBV-associ-
ated lymphoma, including post-transplant lymphoproliferative
disorders (86, 87), HL, and non-Hodgkin lymphomas such as
NK/T cell lymphoma (88-90). To optimize the cytotoxic effect,
cytoreduction with chemotherapy remains important to increase
the effector/tumor cell ratio and increase effector cell prolifera-
tion. Using the same rationale, adoptive transfers of T cells have
also been given post-autologous stem cell transplant (91, 92).
In addition, NK cells are innate effector cells capable of tumor
killing without MHC-mediated antigen presentation. While NK
cell manufacturing can be challenging, recent advances have
enabled phase I/II studies using autologous cells (93, 94), hap-
loidentical cells (95), or the NK cell line NK-92 (96) to treat B cell
lymphoma. Increased serum levels of IL-15, a cytokine that pro-
motes proliferation, were associated with clinical response (95),
indicating a role for combining this cytokine with immune cell
therapy to promote its efficacy.

CAR-T cell therapy. CAR-T cell therapy has garnered the most
excitement as the first FDA-approved cellular therapy in lympho-
ma. In this individualized therapy, the patient’s own T cells are
genetically transduced with lentiviral or retroviral vectors ex vivo
to express a CAR that enables the CAR-positive T cells to bypass
MHC presentation for recognition of antigens and activation of
T cells with fused intracellular CD3¢ and costimulatory signaling
domains. Two CD19-targeting CAR-T approaches, axicabtagene
ciloleucel (Axi-cel) and tisagenlecleucel, are approved to treat
relapsed, refractory aggressive B cell non-Hodgkin lymphoma,
specifically high-grade B cell lymphoma, DLBCL, transformed
follicular lymphoma, and PMBCL (Axi-cel only) (97, 98). A third
CD19 CAR-T therapy, lisocabtagene maraleucel (liso-cel), is
anticipated to be reviewed by the FDA in early 2020 (99). All three
CAR-Ts use the same single-chain variable fragment domain
(scFv) in the extracellular domain to recognize CD19, and differ
in the intracellular cosignaling domain, with CD28 for Axi-cel
and 41BB for tisagenlecleucel and liso-cel. Liso-cel is also admin-
istered in a fixed 1:1 ratio of CD4 and CD8 CAR-T cells. Patients
receive lymphodepletion chemotherapy, most commonly with
cyclophosphamide and fludarabine, or bendamustine (tisagenlec-
leucel), before infusion of CAR-T cells. Results from the three piv-
otal trials for these CAR-T therapies showed impressive response
rate and durable responses in a subset of patients, including ongo-
ing complete remissions with up to 2 years of follow-up (98, 100).
The response rate was not affected by poor prognostic factors
including age, International Prognostic Index (IPI) score, cell of
origin, and refractory status (97, 98). While longer follow-up is
needed to understand whether there are differences in the dura-
bility of response and survival across the three CD19 CAR-T ther-
apies, the rate of leukapheresed patients receiving CAR-T dosing,
which can be affected by manufacturing logistics and the aggres-
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siveness of the patient’s disease during the manufacturing time,
is a feasibility issue and impacts the intent-to-treat response rates
among the three CAR-T therapies (Table 3). Since its FDA approv-
al, real-world practice outcomes have been reported for Axi-cel
(101, 102). Even though approximately half of the treated patients
did not meet pivotal trial eligibility criteria for performance sta-
tus or organ function, the manufacturing success rate and the
response rate remain comparable to the trial results.

Cytokine release syndrome (CRS) and neurotoxicities (immune
cell-associated neurologic syndromes, or ICANS) most common-
ly present in the first month after infusion. With current severity-
based management approaches that use cytokine blockade and ste-
roids, CRS and ICANS are usually completely reversible and only
rarely fatal (97, 98, 103-106). However, the specialized expertise
required to manage these complications has limited the adminis-
tration of CAR-T therapies to tertiary centers. Multiple investiga-
tions are planned to examine alternative management for CRS and
ICANS (107-109). Long-term toxicities include B cell aplasia and
associated hypogammaglobulinemia. Unlike B cell acute lympho-
blastic leukemia, B cell and immunoglobulin recovery can occur in
B cell lymphoma patients and is not associated with increased risk
of relapse (98, 100). Secondary malignancies remain a potential
risk with this gene therapy, although longer follow-up is needed to
understand the true risk.

Ongoing investigations of CD19-targeted CAR-T include
its use in earlier lines of therapy: in a second-line setting in a
randomized control study comparing with autologous stem cell
transplant (NCT03391466, NCT03575351, NCT03570892)
and in a first- and second-line setting for patients with high-risk
disease or patients who are not eligible for stem cell transplant
(NCT03761056, NCT03483103). The use of CAR-T cell therapy
is being tested in other B cell non-Hodgkin lymphomas, includ-
ing mantle cell lymphoma, follicular lymphoma, and marginal
zone lymphoma.

Multiple strategies are also being investigated to improve
response rates in CAR-T therapy. Lymphodepletion chemothera-
py was recognized early on as an important contributor to CAR-T
expansion, persistence, and associated response (110, 111); how-
ever, it also contributes to prolonged cytopenia and infection and
likely to secondary malignancy. Alternative immune-modulating
methods such as radiation are being explored as lymphodepletion
approaches (112). The intrinsic functional capacity and immuno-
suppressive signaling of CAR-T have been found to be associated
with decreased response (113). CAR engineering with additional
costimulatory signaling, increased paracrine signaling by stimula-
tory cytokines such as IL-15 and IL-12, or editing to remove inhib-
itory signaling is in development (114-116). Combination thera-
pies with checkpoint blockade (NCT03310619, NCT03630159,
NCT02926833) and immune modulators such as ibrutinib,
41BB agonist, and CC-122 (NCTO03310619, NCT03331198,
NCTO03704298) are just a few of the strategies being investigat-
ed. Tumor antigen escape has also been implicated in lymphoma
relapse (97, 117-119). To overcome this, alternative antigen and
dual antigen targeting with CD20 and CD22 CAR-T have shown
promising responses (120-124).

Clinical responses to the CAR-T approach beyond B cell
non-Hodgkin lymphoma have not been as impressive to date.
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CD30 CAR-T cells have been tested in HL and T cell lymphoma
(125, 126), but responses may have been restricted by the immu-
nosuppressive microenvironment that limits CAR-T trafficking
and activation (125, 127). CD5 and CD7 CAR-T cells have been
tested in T cell lymphoma (128, 129). Interestingly, while both
CD5 and CD7 are expressed on normal T cells, fratricide from
CD5 CAR-T is only seen transiently, while malignant T cells were
effectively killed in vitro and in vivo (128, 129). The disparate
killing effect was found to be due to differential sensitivities to
granzyme or Fas-mediated killing between malignant and non-
malignant T cells (128, 129). Early results of a phase I clinical tri-
al suggest that CD5 CAR-T cells also do not induce complete T
cell aplasia, although completion of the study is needed to fully
define the efficacy and toxicity profile (NCT03081910). For CD7-
targeting CAR-T cells, gene editing approaches such as CRISPR
to block endogenous CD7 expression were effective at prevent-
ing fratricide while maintaining cytotoxicity against malignant
cells in a preclinical model (128, 129). Several studies have begun
enrolling patients and are testing CD7 CAR-Ts (NCT03690011,
NCT04033302, NCT04004637). Alternatively, TCRB1-targeting
CAR-T is being tested in clinic to target T cell lymphoma that only
expresses TCRBI in the malignant clone (130).

To overcome the intrinsic defective capacity of autologous
T cells in lymphoma patients, allogeneic CAR-T could be gener-
ated from a healthier T cell, could be more readily available off-
the-shelf, and could thereby bypass the manufacturing wait time.
Early results for allo-CAR-T in B cell malignancies are encour-
aging (131). Finally, CAR-NK cells are also being tested, as NK
cells may have innate antitumor immunity capacity beyond the
CAR-induced activities. Umbilical cord blood, haploidentical allo-
geneic donors, and the NK cell line NK-92 are being explored as
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potential sources for therapeutic development (NCT02742727,
NCT02892695, NCT03056339, NCT03579927).

Conclusion

Since the introduction of rituximab, immunotherapy has been
central to the treatment of lymphoma. The armamentarium of
novel immunotherapies continues to expand, with the intro-
duction of newer monoclonal antibodies that are engineered to
enhance tumor cell killing or that target different cellular anti-
gens; effective new ADCs; optimized CAR-T cells; and antibodies
that block new immune checkpoints. The ongoing development
of new and effective immunotherapies presents both important
therapeutic opportunities and new challenges regarding how to
introduce these drugs into the clinic. Many unanswered questions
remain, including how to sequence these novel immunotherapies,
how to combine them with cellular immunotherapies, and when
to administer them in the course of a patient’s therapy. Finally,
the reality is that despite the promising antitumor activity exhib-
ited by many novel immunotherapies, there are many patients
who do not respond to these agents. It will therefore be important
to identify predictive biomarkers for immunotherapeutic agents
and combinations, so as to treat the subset of patients most likely
to benefit from these approaches and avoid toxicity and cost in
the remaining patients. With a rapidly expanding range of effec-
tive immunotherapy options for the treatment of lymphoma,
optimizing immunotherapy for lymphoma patients will remain a
critically important task.
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