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Immune checkpoint inhibitors (ICIs) have revolutionized the therapeutic strategies
of multiple types ofmalignancies including lymphoma. However, efficiency of ICIs
varies dramatically among different lymphoma subtypes, and durable response
can only be achieved in a minority of patients, thus requiring unveiling the
underlying mechanisms of ICI resistance to optimize the individualized
regimens and improve the treatment outcomes. Recently, accumulating
evidence has identified potential prognostic factors for ICI therapy, including
tumormutation burden and tumormicroenvironment (TME). Given the distinction
between solid tumors and hematological malignancies in terms of TME, we here
review the clinical updates of ICIs for lymphoma, and focus on the underlying
mechanisms for resistance induced by TME, which play important roles in
lymphoma and remarkably influence its sensitivity to ICIs. Particularly, we
highlight the value of multiple cell populations (e.g., tumor infiltrating
lymphocytes, M2 tumor-associated macrophages, and myeloid-derived
suppressor cells) and metabolites (e.g., indoleamine 2, 3-dioxygenase and
adenosine) in the TME as prognostic biomarkers for ICI response, and also
underline additional potential targets in immunotherapy, such as EZH2, LAG-3,
TIM-3, adenosine, and PI3Kδ/γ.
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1 Introduction

Over the past decades, inhibition on immune brakes effects of cytotoxic T lymphocyte-
associated protein 4 (CTLA-4) and the programmed cell death protein 1 (PD-1) by using
immune checkpoint inhibitors (ICIs) have revolutionized the therapeutic strategies of cancer
treatment, and become routine part of care for more than 20 different indications, including
solid tumors and hematological malignancies (Schoenfeld and Hellmann, 2020). However,
as increasing attention has been attracted, accumulating evidence suggests that durable
response is only achieved by a small percentage of patients, while the majority of patients do
not respond initially (primary resistance) or experienced disease progress afterward
(acquired resistance) (Antonia et al., 2019; Fradet et al., 2019; Mok et al., 2019).
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Notably, in lymphoma, the efficiency of ICIs varies dramatically
among different lymphoma subtypes (Hatic et al., 2021). In some
subtypes, initial responsiveness to ICIs is remarkably high, whereas
primary resistance predominates in others (Hatic et al., 2021). On
the other hand, the primary responders may usually experience
disease progression over time as acquired resistance develops (Chen
et al., 2019). Generally, the overall long-term control rate with ICIs is
disappointing for lymphoma.

After numerous investigations on the large individual
differences among patients in terms of treatment outcomes of
ICIs, a series of biomarkers have been identified particularly for
solid tumors, including clinical features (e.g., age and gender),
tumoral characteristics (e.g., tumor mutation burden and PD-L1
expression) (Yan et al., 2018; Havel et al., 2019). On the other hand,
tumor microenvironment (TME) is a complex network around
tumor cells, participating in multiple processes, including tumor
pathogenesis, progression and metastasis (Liu et al., 2021). TME
not only play instrumental effect on carcinogenesis, but can also
contribute to the resistance mechanisms of immunotherapy
according to the increasing evidence (Lei et al., 2020; Liu et al.,
2021). Given that lymphoma cells originate and spread in
lymphoid organs, where immune cells are produced and reside,
and where anti-tumor immune responses are typically triggered
(Curran et al., 2017), lymphoma exhibited different TME
characteristics compared to solid cancer (Fowler et al., 2016).
Here, we systematically review the efficiency of ICIs and the
current knowledge of TME’s roles in ICI resistance in

lymphoma, aiming to underline the potential specific TME
components as potential biomarkers for ICI treatment.

2 Efficiency of ICIs in lymphoma

Both efficiency and toxicity of ICI vary among patients with
lymphoma. However, host factors rather than the malignant cells/
TME are the main dominant to ICI-related toxicity, such as HLA
types (Hasan Ali et al., 2019; Zhou et al., 2021). Additionally, the
incidence and distribution of ICI-specific immune related adverse
events is approximately similar between solid tumor and hemato-
oncology in general (Hradska et al., 2021). Therefore, we mainly
focus on the varied efficiency of ICIs in lymphoma and its different
subtypes, which exhibited diverse primary resistance and duration of
response (DOR) (Table 1).

2.1 B cell lymphoma

Anti–PD-1/PD-L1 antibodies are proven to be remarkably
beneficial in Hodgkin lymphoma (HL). In phase I/II clinical
trials with nivolumab and pembrolizumab (humanized
immunoglobulin G4 monoclonal antibodies targeting PD-1) in
patients with relapsed and refractory classic HL (r/r cHL), the
overall response rates (ORRs) were between 58% and 87%, with
12%–45% of patients achieving complete remission (CR) (Ansell

TABLE 1 The primary resistance rates and the medians of DOR of ICIs in lymphoma.

Lymphoma
subtype

Therapy Primary resistance
rate

Median of
DOR m)

References

r/r cHL Pembrolizumab 28%–35% 16.5 Armand et al. (2016), Chen et al. (2017), Chen et al. (2019)

Nivolumab 13%–42% 7.8–24.3 Ansell et al. (2015), Younes et al. (2016), Armand et al. (2018), Bekoz
et al. (2020)

Sintilimab 20% NR Shi et al. (2019)

Tislelizumab 13% NR Song et al. (2020)

Camrelizumab 24% NR Song et al. (2019)

Avelumab 58% 6.9 Herrera et al. (2021)

Newly diagnosed cHL Nivolumab 16% NA Ramchandren et al. (2019)

r/r PMBCL Pembrolizumab 52%–55% NR Armand et al. (2019)

r/r DLBCL Nivolumab 90%–96% NR Ansell et al. (2019)

r/r FL Nivolumab 96% 10.9 Armand et al. (2021)

r/r CTCL Pembrolizumab 62% NR Khodadoust et al. (2020)

r/r NK/T cell lymphoma Pembrolizumab 0%–43% 4.1 Kwong et al. (2017), Li et al. (2018)

Sintilimab 25% 4.1 Tao et al. (2021)

Avelumab 62% NA Frigault et al. (2020)

r/r PTCL Nivolumab 67% 3.6 Bennani et al. (2022)

Geptanolimab 59.6% 11.4 Shi et al. (2021)

r/r mature T cell
lymphoma

Pembrolizumab 67% 2.9 Barta et al. (2019)
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et al., 2015; Armand et al., 2016; Younes et al., 2016; Chen et al.,
2017; Armand et al., 2018; Chen et al., 2019; Bekoz et al., 2020). The
medians of progression-free survival (PFS) were 11–15 months.
Base on a favorable safety profile and long-term benefits, both
drugs are clinically approved for the treatment of r/r cHL by the
US Food and Drug Administration (FDA). Other anti-PD-
1 antibodies, including sintilimab, tislelizumab and
camrelizumab, also showed impressive effectiveness in phase II
clinical trials in patients with r/r cHL, with ORRs of 80.4%,
87.1%, and 76.0%, respectively (Shi et al., 2019; Song et al., 2019;
Song et al., 2020; Wu et al., 2022). Similarly, patients also received
clinical benefits from anti–PD-L1 inhibitor (e.g., Avelumab). In a
phase I clinical trial of 31 patients with r/r cHL treated with
avelumab, the ORR was 41.9%, with a CR rate of 19.4% (Herrera
et al., 2021). In newly diagnosed cHL patients, promising results
were also achieved using PD-1 blockade alone or in combination
with chemotherapy (Ramchandren et al., 2019; Allen et al., 2021).
However, in cHL, although the initial responsiveness to PD-1
blockade was remarkably high, during long-term follow-up,
relapse of disease was emerged, and ongoing responses were only
sustained in less than one-third of all responders (Armand et al.,
2018; Chen et al., 2019). The medians of DOR were
6.9–24.3 months. The majority of responders suffered from
acquired resistance.

High responsiveness to PD-1 inhibitors has also been observed
in primary mediastinal large B cell lymphoma (PMBCL). The ORRs
were between 45%–48% in relapsed/refractory (r/r) PMBCL patients
treated with pembrolizumab (Armand et al., 2019). Pembrolizumab
was subsequently approved for the treatment of r/r PMBCL patients
by FDA. In Phase II CheckMate 436 Study, the combination of
nivolumab and brentuximab vedotin for r/r PMBCL patients
resulted in an ORR of 73%, with a 37% CR rate (Chen et al.,
2019). Similarly, acquired resistance to PD-1 blockade was also
observed during follow-up. Benefits of PD-1 inhibitors were
documented for patients with other subtypes of B cell
lymphomas, including four patients with r/r primary central
nervous lymphoma, one patient with primary testicular
lymphoma (Nayak et al., 2017), and three patients with
mediastinal gray-zone lymphoma (Melani et al., 2017).
Nevertheless, safety and efficacy of PD-1 inhibitors in these
subtypes requires to be testified by clinical trials with large
patient size.

In sharp contrast, the responsiveness to ICIs was modest in
diffuse large B cell lymphoma (DLBCL), follicular lymphoma (FL),
and chronic lymphocytic leukemia/small lymphocytic lymphoma
(CLL/SLL). In a phase II study in 121 patients with r/r DLBCL,
administration of nivolumab resulted in an objective response rate
of 10% in the autologous stem cell transplantation (ASCT)-failed
cohort, and 3% in the ASCT-ineligible cohort. Only three patients
had durable response (Ansell et al., 2019). In another phase II study,
deploying pembrolizumab as post-ASCT consolidation in patients
with r/r DLBCL did not seem to increase therapeutic benefit
(Frigault et al., 2020). In FL, the activity of PD-1 inhibitors is
also very limited. According to the CheckMate 140 trial, a phase
2 study of nivolumab for relapsed/refractory FL, the objective
response rate was 4% (4 of 92 patients) (Armand et al., 2021). As
for CLL/SLL, benefit of PD-1 inhibitor was only observed in Richter
transformation. In a phase II study designed to test the efficacy and

safety of pembrolizumab in CLL, objective response was observed in
44% (4 out of 9) patients with Richter transformation, while no
responder was found in 16 relapsed CLL patients (Ding et al., 2017).

2.2 T- and NK-cell lymphoma

PD-1 inhibitors also showed their benefits in treating cutaneous
T cell lymphoma (CTCL). In a multicenter phase II trial of
pembrolizumab in 24 patients with advanced r/r mycosis
fungoides or Sézary syndrome, the ORR was 38%, including
2CRs. The median DOR was not reached, with a median
response follow-up time of 58 weeks (Khodadoust et al., 2020).

In the case of peripheral T cell lymphoma (PTCL), as it
comprises highly heterogeneous subtypes of lymphoma that
originate from mature T/NK cells, the responses to ICIs vary
among different subtypes. Anti–PD-1/PD-L1 antibodies were
reported to be efficient by several studies for r/r NK/T cell
lymphoma. ORR of 100% was reported by a study of seven
patients administered with pembrolizumab, with five reached CR,
remission of which lasted during a median follow-up of 6 months
(Kwong et al., 2017). In another study of pembrolizumab in r/r NK/
T cell lymphoma, an ORR of 57% (4 of 7) was documented (Li et al.,
2018). In a phase 2 study of sintilimab in 28 patients, the objective
response rate reached 75%, whereas the median DOR was only
4.1 months (Tao et al., 2021). In a phase 2 study evaluating avelumab
in 21 patients, the ORR was 38%, with five CRs. However, the
median PFS was only 2.7 months because of frequent early
progression (Frigault et al., 2020). In general, in patients with r/r
NK/T cell lymphoma, although the initial response rate to ICIs were
comparatively high, only a small fraction of patients achieved
durable response.

In other subtypes of PTCL, nivolumab and pembrolizumab is
less efficient. Modest activity and cases of hyper-progression were
reported by a phase II study of nivolumab for r/r PTCL (Bennani
et al., 2022). The study enrolled 12 patients, 6 with
angioimmunoblastic T cell lymphoma (AITL), 3 with PTCL-
NOS, and one patient each with anaplastic lymphoma kinase
negative anaplastic large cell lymphoma (ALK-ALCL),
enteropathy associated T cell lymphoma and hepatosplenic
gamma delta T cell lymphoma. The ORR was 33%, with 2 CRs
in patients with ALCL-ALK negative and AITL, whereas the median
DOR was short at 3.6 months. Astonishingly, except for one CR, the
remaining 3 out of 4 patients with AITL suffered from
hyperprogressive disease, defined as time-to-treatment failure of
equal or less than 1month of therapy with symptomatic progression.
In another phase 2 study investigating nivolumab in adult T cell
leukemia/lymphoma (ATLL), the first three patients showed
hyperprogressive disease after the first dose and the study was
subsequently discontinued (Ratner et al., 2018). Similarly, the
result of another phase 2 study of pembrolizumab for r/r mature
T cell lymphomas was also suboptimal. The study enrolled
17 patients, including seven with PTCL-NOS, four with follicular
T cell lymphoma. The ORR was 33%, whereas the DOR was only
2.9 months. The trial was halted early for futility, as the PFS at
3 months was below 50% (Barta et al., 2019). Surprisingly,
geptanolimab, another anti-PD-1 humanized monoclonal
antibody, showed much better result in a phase II study in
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patients with r/r PTCL from 41centers in China (Shi et al., 2021). Of
102 patients enrolled, 41 had PTCL-NOS, 23 had NK/T cell
lymphoma, 12 had ALK-ALCL, 7 had ALK + ALCL, and 19 had
other PTCL subtypes. The ORR was 40.4%, while the median DOR
was 11.4 months, significantly longer than the median DORs
observed in studies of nivolumab and pembrolizumab.
Interestingly, the study initially excluded AITL patients to avoid
possibility of hyperprogressive disease. However, a central pathology
review revealed that four patients had AITL, and all of them had
disease control, including two PRs and two SDs. No
hyperprogressive disease was observed. Therefore, the application
of PD-1 blockade in AITL is controversial and merits further
investigation. Differences in efficiency may partially be attributed
to the heterogeneity of PTCL, and requires further validation in
larger randomized trials in PTCL subtypes. Predictive biomarkers
for better responders are urgently needed.

In summary, in lymphoma, durable response to ICIs can be
achieve only in a limited proportion of patients. In some subtypes,
such as DLBCL and FL, primary resistance to ICIs occurs in the vast
majority of patients, while in some other subtypes, such as NK/T cell
lymphoma, although the sensitivity is relatively high, the benefits of
ICIs is remarkably hindered by acquired resistance. Unveiling the
mechanisms of primary and acquired resistance is fundamentally
important to improve the benefits of ICIs in multiple aspects,
including the identification of predictive biomarkers of response,
and development of the combination therapies that reverse the
resistance mechanisms.

3 Resistance mechanisms to immune
checkpoint inhibition

Similar with solid cancer, the responsiveness to anti-PD-
1 therapies in lymphoma is also mainly determined by
underlying biologic features of the lymphoma cell itself, such as
overexpression of PD-1 ligands (i.e., PD-L1 encoded by CD274), as
well as the composition of the TME (Kline et al., 2020). However,
overexpression of PD-L1 in lymphoma is commonly attributed to
copy number gain of 9p24.1 (contained CD274) (Xu-Monette et al.,
2018), which is rarely seen in solid cancer (Rooney et al., 2015). On
the other hand, Epstein-Barr virus (EBV) infection is also commonly
observed in lymphoma subtypes, and patients with both high PD-L1
expression and EBV infection are sensitivity to PD-1 blockade
(Ansell et al., 2015; Ansell, 2021). Given the detailed mechanisms
of these two prognostic factors have been well-established and
reviewed, we mainly focus on the influence of the TME on the
treatment outcomes in this review.

Accumulating evidence implies that TME plays a fundamental
role in immune surveillance, and contributes to the pathogenesis of
malignancies (Liu et al., 2021). In solid cancer, resistance to ICIs is
related to a non-inflamed TME, where effector T cells are physically
excluded, or deprived of normal anti-tumor function via several
kinds of mechanisms, including defects in neoantigen presentation,
defective IFN-γ signaling pathway, upregulation of other inhibitory
checkpoint molecules, and immunosuppressive metabolites and cell
populations in the TME (Lei et al., 2020; Schoenfeld and Hellmann,
2020). Therefore, we here review the reported mechanisms of ICI-
resistance in lymphoma and highlight their similarities and

differences to those found in solid cancer, particularly the roles
of the TME (Figure 1; Table 2).

3.1 Inadequate T cell influx into the TME

The goal of ICI-based therapy is to reactivate the immune
system and generate an effective antitumor immune response
that targets lymphoma cells. Both CTLA-4 and PD-1 blockades
reinvigorate the pre-existing antitumor T cell responses by removal
of inhibitory signals (Wei et al., 2017). Similar to solid cancer, high
level of tumor infiltrating lymphocytes (TILs) also predicts better
response to anti-PD-1 therapy in lymphoma (Tumeh et al., 2014).
The predict value of TILs is remarkable in B cell lymphoma, whereas
the correlation of TILs level and sensitivity to ICIs is less preeminent
in T- and NK-cell lymphoma, because of their heterogenous nature
(Kline et al., 2020). In lymphoma, there are initially enough T cells in
the TME because lymphoma cells originate from lymphoid organs
where immune cells are produced. However, the innate high
proliferative rate of tumor cells that can physically excludes the
immune cells from entering the tumor core, and prevents an
effective immune response (Fridman et al., 2012). For example,
in high grade B cell lymphoma and Burkitt lymphoma, with strong
cell autonomous growth and survival programs, tumor cells exhibit a
high proliferative rate, which leads to aggressive clinical course and
poor response to therapy (Kline et al., 2020; Que et al., 2021).

3.2 Inadequate T cell activation and impaired
function

Given that lymphoma is a unique disease setting compared to
solid cancer, as lymphoma cells originate from lymphoid organ, the
mechanism underlying the dysfunction of effector T cells is
different. It is suggested that tumor-specific T cells are primed in
solid tumor, but become functionality compromised in the TME,
whereas in lymphoma, tumor-specific T cells are never fully
activated but are instead deleted or anergized upon initial antigen
encounter (Curran et al., 2017).

The initial step of tumor-specific T cells activation is the proper
presentation of neoantigens. Neoantigens are tumor-specific
antigens derived mainly from genes mutated in tumor cells, and
are targets of T cell mediated anti-tumor immune response.
Neoantigens can also be produced by viral infection, alternative
splicing and gene rearrangement (Wang et al., 2020; Zhang et al.,
2021). Neoantigen depletion and defects in antigen presentation can
both contribute to ICI resistance. Tumor mutational burden (TMB)
is defined as the quantity of acquired mutations in the tumor
genome. In solid tumor, high TMB can lead to a potential
increase in the presentation of neoantigens, and result in an
increase in the responsiveness to ICIs (Le et al., 2015; Le et al.,
2017; Tang et al., 2019; Wu et al., 2020). In fact, a series of
bioinformatic approaches have been developed to predict
potential mutation-based neoantigens (O’Donnell et al., 2020;
Reynisson et al., 2020; Hao et al., 2021), and successfully applied
to clinical trials (Ott et al., 2017; Sahin et al., 2017; Ott et al., 2020;
Ding et al., 2021), suggesting the crucial role of neoantigen in
immunotherapy. Attempts have been made to stratify patients
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with lymphoma by TMB (Liang et al., 2019), categorized patients
with HL into three subgroups according to TMB measured by
comprehensive genomic profiling (Chen et al., 2021). A panel of
69 genes have been designed in DLBCL, and higher panel-TMB
predicted inferior survival in patients treated with traditional
chemotherapy. High TMB can be mostly caused by loss-of-
function changes in DNA repair genes, and the inability to repair
DNA mistakes is intimately tied to the instability of microsatellites
(MSI). Therefore, MSI status is also a useful biomarker to predict
clinical benefit from ICI therapy (Le et al., 2015), which has been
studied in multiple lymphoma subtypes (Cuceu et al., 2018; Tian
et al., 2020; Risinskaya et al., 2022). However, in the aforementioned
studies in lymphoma, the clinical responses to ICIs in the stratified
patients by TMB or MSI were not investigated.

Notably, compared to many solid tumors, next-generation
sequencing revealed that lymphomas have a relatively small
number of somatic mutations (Alexandrov et al., 2013).
Particularly, the median number of somatic mutations observed
in cHL is lower than many solid tumors (Reichel et al., 2015). In
sharp contrast with this is the remarkably high sensitivity to PD-1

blockade in cHL, suggesting that the quality of neoantigen is as
important as quantity in terms of responsiveness to ICIs in
lymphoma. Additionally, EBV infection is closely related to
multiple subtypes of lymphoma, providing an extra source of
neoantigen and can improve the sensitivity to ICIs. For example,
the response rate of pembrolizumab was higher in EBV-positive r/r
non-Hodgkin lymphoma patients (Kim et al., 2019). In general,
TMB and MSI might be useful biomarkers to screen patients with
high sensitivity to ICIs, whereas TMB/MSI-based predictive system
warrants further investigation in lymphoma. At the same time,
identifying high quality neoantigens besides those provided by
EBV infection is of the same importance.

The key step in T cell mediated immunity is the recognition of
antigens on human leukocyte antigen (HLA) molecules of antigen-
presenting cells. In solid tumors, ICIs eliminate tumor cells mainly
by means of reactivating CD8+ cytotoxic T cells, via the presentation
of antigen by HLA class I (Tumeh et al., 2014; Im et al., 2016). B2-
microglobulin (β2M) is essential in stabilizing cell surface expression
of HLA class I. Studies suggested that genomic alterations in B2M
were related to both primary and acquired resistance to ICIs in some

FIGURE 1
Proposed roles of TME in the mechanisms of ICI resistance. The immune response against lymphoma cells starts in the TME where neoantigens
released by lymphoma cells are captured by antigen-presenting cells, followed by antigen presentation to T cells. Activated T cells kill lymphoma cells via
IFN-γ signaling pathway. Inadequate activation and impaired function of effector T cells can be caused by insufficient neoantigen, aberrant HLA
expression and defective IFN-γ signaling pathway. Moreover, the activation of effector T cells is inhibited by upregulation of other inhibitory
checkpoint molecules, immunosuppressive metabolites and pro-tumorigenic cell populations in the TME. The major differences between lymphoma
and solid cancer are highlighted: 1) The main effector T cells are CD4+T cells instead of CD8+T cells in some subtypes of lymphoma, and resistance to
ICIs can be induced by aberrant expression of HLA II. Moreover, the characteristics of neoantigens in lymphoma are distinct from solid tumor. (Showed
with red characters with white background). 2) Tregs may be anti-tumorigenic in some lymphoma subtypes, possibly due to the direct suppression of
lymphoma cells (showed with red dash line).
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solid tumors, including melanoma and lung cancer (Gettinger et al.,
2017; Sade-Feldman et al., 2017; Betof Warner et al., 2019; Lei et al.,
2020). However, in cHL, it is suggested that the main effector cell of
ICIs is CD4+ T cell instead of CD8+ cytotoxic T cell. First of all, the
TME around Hodgkin Reed-Sternberg (HRS) cells is dominated by
CD4+ T cells, and PD-L1+ HRS cells are more likely to be in direct
contact with PD-1+CD4+ T cells than PD-1+CD8+ T cells (Carey
et al., 2017). Moreover, lymphomas exhibit abnormally high B2M
mutation rates compared with solid cancer, and about half of the
patients carrying B2M aberrations show bi-allelic inactivating
alterations (de Charette and Houot, 2018). Particularly, in
contrast with the high responsiveness of anti-PD-1 therapy in
patients with cHL, the HLA class I cell surface expression is lost
in up to 70% of cHL cases (Oudejans et al., 1996; Liu et al., 2014;
Nijland et al., 2017; Liang et al., 2019). Furthermore, expression of
HLA class II but not HLA class I in HRS cells was predictive for CR
or PFS after nivolumab therapy (Roemer et al., 2018). Patients with
HLA class II–negative HRS cells were highly likely to experience
primary resistance to ICIs. Notably, a subset of patients with MHC
class II–negative HRS cells were responsive to nivolumab, but the
DORs were rather short, indicating that the loss of HLA class II
expression was also related to acquired resistance to ICIs, which
appears in around 40% of cHL cases (Liu et al., 2014). The
inactivation of the major histocompatibility complex class II
transactivator (CIITA) is the common cause of aberrant HLA
class II expression (Steidl et al., 2011). In addition, in HLA class
II positive cHL cases, HLA-DM expression is lost in around a half of
patients, leading to a functional loss of HLA class II, as HLA-DM is
required to displace the class II invariant chain peptide and allow

antigen loading into HLA class II (Nijland et al., 2017). In summary,
in cHL, the mechanism of antitumor immunity depends on HLA
class II–mediated antigen presentation to CD4+ T cells. Resistance to
ICIs is closely relevant to dysfunction of HLA class II. Interestingly,
unlike solid cancer cells, B cells can present antigens in the context of
HLA class II molecules, recurrent HLA class II loss or
downregulation may be an important mechanism of immune
escape in B cell lymphomas (Curran et al., 2017).

The main effector cell in other lymphoma subtypes is less clear.
PMBCL shares biological and clinical features with the nodular
sclerosis variant of cHL (Rosenwald et al., 2003; Giulino-Roth,
2018), and also exhibited common loss of HLA class expression
(Steidl et al., 2011). Multiple recurrent alterations have been
reported, including B2M mutations, focal copy number losses of
B2M and the MHCI/MHCII loci, and structure variants of CIITA
and EZH2 (Chapuy et al., 2019). EZH2 mutation is linked to both
loss of HLA class I and HLA class II expression, and a reduced TIL in
TME (Ennishi et al., 2019). In some other lymphoma subtypes, loss
of HLA expression was also common, including 62% of DLBCL,
77% of PCNSL and 87% of testicular lymphoma cases (Nijland et al.,
2017). In DLBCL, the most frequent aberrant HLA expression is the
loss of both HLA class I and HLA class II (35%). The underlying
genomic alterations including B2M mutations/deletions,
chromosome 6p21.32deletions, CIITA alterations and EZH2
mutations (Riemersma et al., 2000; Challa-Malladi et al., 2011;
Steidl et al., 2011; Ennishi et al., 2019). Recently, EZH2 appears
to be a novel target for cancer treatment. In 2020, EZH2 inhibitors
was approved by the FDA as a third-line option in r/r FL with
EZH2 mutation (Cahill and Smith, 2022). Moreover, as

TABLE 2 Comparation of lymphoma and solid cancer in resistance mechanisms to immune checkpoint inhibition.

Category Solid cancer Lymphoma References

Inadequate T cell influx High proliferative rate of tumor cells
Other physical barriers against T cell
priming

High proliferative rate of tumor
cells

Fridman et al. (2012), Kline et al. (2020), Que et al. (2021)

Neoantigen presentation More somatic mutations Less somatic mutations
Neoantigen provided by EBV
infection

Alexandrov et al. (2013), Reichel et al. (2015), Kim et al.
(2019)

Aberrant HLA expression on
Effector T cells

Aberrant HLA class I expression on
CD8+ T cells

Aberrant HLA class II expression
on CD4+ T cells (cHL)

Liu et al. (2014), Carey et al. (2017), Nijland et al. (2017),
Roemer et al. (2018), Liang et al. (2019)

Defective IFN-γ signaling
pathway

mutations of JAK1 or JAK2 No direct evidence yet Lei et al. (2020), Schoenfeld and Hellmann (2020)

Upregulation of other inhibitory
checkpoint molecules

LAG-3, TIM-3, VISTA, etc. Similar Aoki et al. (2020), Keane et al. (2020), Takata et al. (2020),
El Halabi et al. (2021), Michot et al. (2021)

Immunosuppressive metabolites IDO and adenosine Similar Ohta et al. (2006), Stagg et al. (2011), Masaki et al. (2018),
Sugio et al. (2018), Wang et al. (2019), Kim et al. (2020b),
Allard et al. (2022), Sun et al. (2022), Zhang et al. (2022)

Pro-tumorigenic cell populations Treg Anti-tumorigenic (cHL, FL,
DLBCL)

Fowler et al. (2016), Peng et al. (2020), Maharaj et al.
(2022)

Pro-tumorigenic (CLL) Maharaj et al. (2022)

TAM Similar Armand et al. (2021), Gusak et al. (2021)

MDSC Similar Liu et al. (2021)

CAF Anti-tumorigenic (DLBCL) Kieffer et al. (2020), Liu et al. (2021)

Pro-tumorigenic (FL)
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EZH2 inhibitors also has activity in patients without an EZH2 gene
mutation, it is also used in r/r FL without other treatment options
(Cahill and Smith, 2022). EZH2 orchestrates the regulation of the
innate and adaptive immune systems of the TME (Kim et al., 2020a).
EZH2 inhibitors can significantly restore HLA expression in EZH2-
mutated human DLBCL cell lines, suggesting that complementary
therapeutic approaches combining ICIs with epigenetic
reprogramming may reverse the resistance to ICIs (Ennishi et al.,
2019). Clinical trials combining EZH2 inhibitors and ICIs are
emerging. Disappointingly, according to the result of a phase Ib
study, the combination of PD-L1 inhibitor and EZH2 inhibitor has
modest anti-tumor activity in r/r DLBCL (Palomba et al., 2022).

The final step of effector T cells induced tumor cell death is via
releasing proinflammatory cytokines, such as interferon-γ (IFN-γ)
(Müller-Hermelink et al., 2008). IFN-γ triggers a signaling cascade
in tumor cells via the JAK-STAT pathway that mediates both MHC
class I and PD-L1 expression (Bach et al., 1997). In solid tumor,
inactivating mutations of JAK1 or JAK2 contributed to both primary
and acquired resistance to ICIs (Lei et al., 2020; Schoenfeld and
Hellmann, 2020). Similarly, in a murine model of B cell lymphoma,
the therapeutic effect of both PD-1 and CTLA-4 blockade was fully
abrogated after ablation of IFN-γ (Ahmetlic et al., 2021). However,
the direct evidence of the relationship of defective IFN-γ signaling
pathway and ICI-resistance in lymphoma await to be addressed.
Interestingly, in cHL and PMBCL, the recurrent copy gains of
chromosome 9p24.1, resulting in co-amplification of JAK2 and
CD274 (Green et al., 2010). Therefore, it is possible that the
enhanced JAK2 activity also contributes to the high sensitivity of
cHL and PMBCL to anti-PD-1 therapy.

3.3 Upregulation of other inhibitory
checkpoint molecules in the TME

In solid tumor, upregulation of other immune checkpoint
molecules in the TME have been documented, including
lymphocyte activation gene-3 (LAG-3) (Gettinger et al., 2017),
T cell immunoglobulin and mucin-domain containing-3 (TIM-3)
(Koyama et al., 2016) and V-domain immunoglobulin suppressor of
T cell activation (VISTA) (Kakavand et al., 2017). Elevated level of
other immune checkpoint molecules is closely associated with
resistance to PD-1 blockade (Koyama et al., 2016; Johnson et al.,
2018). Several preclinical and clinical studies have demonstrated
that the combination of LAG-3 or TIM-3 and PD-1 blockade
overcome drug resistance and achieved good efficacy in solid
tumor (Tian and Li, 2021; Wei and Li, 2022).

Similarly, the expression of LAG-3 and TIM-3 has been reported
in multiple lymphoma subtypes. For example, in HL, LAG-3 is
frequently found in the immune cells in TME, mainly CD4+ T cells,
and appears to be higher in regions adjacent to HRS cells (El Halabi
et al., 2021), whereas the expression of TIM3 is relatively low
(Duffield et al., 2017). In PMBCL, high expression of LAG-3 in
TME has also been reported, and the majority of LAG-3 positive
cells are CD8+ T cells (Takata et al., 2020). In DLBCL,
LAG3 expression have been observed on multiple immune cell
types in TME, with highest expression on CD4+ regulatory
T cells (Keane et al., 2020), and the expression of TIM-3 in
immune T cells is also increased compared with healthy controls

(Xiao et al., 2014). Moreover, expression of LAG-3 and TIM3 is
remarkably elevated in NK/T cell lymphoma (Feng et al., 2018).

The role of LAG-3 in resistance to PD-1 blockade has been
indicated by several studies in HL. First of all, overexpression of
LAG-3 was observed on CD4+ T lymphocytes in TME after exposing
to anti-PD-1 therapy (Michot et al., 2021). Moreover, using single
cell RNA sequencing, a cluster of type 1 T regulatory (Treg) cells was
identified to highly express LAG-3 but not PD-1, exhibiting a
significant immunosuppressive effect on T cell (Aoki et al., 2020).
Interestingly, this group of cells appeared to be spatially located close
to HRS tumor cells with loss of MHC-II that can escape from the
anti-tumor function of CD4+ T cells. In summary, similar to solid
cancer, in lymphoma, upregulation of other immune checkpoint
molecules may be related to drug resistance to PD-1 blockade via
expressing on different T cell populations in TME. Currently,
clinical trials evaluating the safety and efficacy profiles of anti-
LAG-3 and anti-TIM-3 therapy in combination with PD-1
blockade in lymphoma is ongoing, such as NCT03311412 and
NCT02061761, and results are eagerly awaited (Wei and Li, 2022).

3.4 Immunosuppressive and pro-
tumorigenic cell populations in the TME

Besides the alterations in effector T cells, multiple TME cell types
are involved in checkpoint blockade as immunosuppressor or pro-
tumorigenic factors. As a subpopulation of CD4+ T cells, Tregs have
immunosuppressive properties and depend on constitutive
expression of FOXP3 transcription factor (Fontenot et al., 2005).
In solid cancer, increased Treg cell frequency in the TME often
correlates with poorer prognosis (deLeeuw et al., 2012). Higher
density of Treg in the TME also predicts non-responsiveness to anti-
PD-1/PD-L1 therapy in several types of solid tumor (Wu et al., 2018;
Kumagai et al., 2020). However, the role of Tregs is complicated in
lymphoma. Increased number of FOXP3+ Tregs is associated with
superior outcome in cHL (Fowler et al., 2016). In general, higher
FOXP3+ Treg level is associated with better outcomes in FL and
DLBCL (Maharaj et al., 2022), but is controversial with conflicting
evidence (Farinha et al., 2010; Cioroianu et al., 2019; Maharaj et al.,
2022). Therefore, a meta-analysis including a total of 2,269 patients
of various subtypes of lymphoma were conducted, revealing a
significantly positive association of Treg with prolonged OS and
PFS (Peng et al., 2020). However, in CLL, increased Tregs was found
to be an adverse prognostic factor (Maharaj et al., 2022). Taken
together, these studies indicate Tregs may play diverse role in
different subtypes of lymphoma compared with solid tumor. The
underlying mechanism is not clear, and it is possible that Tregs may
directly suppress lymphoma cells (Fowler et al., 2016). Moreover, the
predictive value of Tregs in lymphoma with anti-PD-1/PD-
L1 therapy is unclear, which has been investigated with a few
studies. For example, in a study investigating B-NHL patients
treated with rituximab/ipilimumab (an anti-CTLA-4 antibody),
CD45RA− Treg to Treg ratio was elevated in responders
compared to non-responders at baseline and following therapy
(Tuscano et al., 2019).

Additionally, multiple TME cell types exhibit pro-tumorigenic
characteristics, and actively participate in carcinogenesis, including
M2 tumor-associated macrophages (TAMs), myeloid-derived
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suppressor cells (MDSCs), and N2 tumor-associated neutrophils
(TANs). These cells are correlated with poor prognosis in various
subtypes of lymphoma (Liu et al., 2021). In solid cancer, the presence
of these pro-tumorigenic cell populations can provide an
immunosuppressive environment to facilitate the resistance of
cancer cells to ICIs treatment (O’Donnell et al., 2019; Genova
et al., 2021). During tumorigenesis, TAMs transformed from the
anti-tumorigenic M1 phenotype to the pro-tumorigenic
M2 phenotype, which contributed to T cell dysfunction and
exhaustion through secretion of cytokines and metabolites, and
increased PD-L1 expression in tumor cells and other
immunosuppressive cells (Mantovani et al., 2017; Dong et al.,
2021; Pu and Ji, 2022). In multiple types of solid tumors, high
degree of M2 macrophage infiltration in the TME were correlated to
drug resistance of PD-1 blockade (Toulmonde et al., 2018; Kim et al.,
2020a; Zhu et al., 2020). As a possible mechanism demonstrated in
mouse model, PD-1 monoclonal antibodies (mAbs) were captured
within minutes from the T cell surface by PD-1 negative TAM via
interaction between FcγR on the surface of TAM and Fc domain of
the PD-1 mAbs. Blockade of FcγRs prior to PD-1 mAb
administration remarkably prolonged the binding of PD-1 mAb
to CD8+ T cells and promoted tumor regression (Arlauckas et al.,
2017). Similarly, a lower M2 macrophage level correlated with
higher PFS and CR during nivolumab treatment in cHL (Gusak
et al., 2021), while high expression of a set of TAM genes was
associated with reduced PFS in FL (Armand et al., 2021). Therefore,
the level of M2 macrophage and related gene signature may also
serve as a potential predictive biomarker of responsiveness in
lymphoma.

Cancer-associated fibroblasts (CAFs) are also pro-tumorigenic
in solid tumor, and contain heterogenous subsets with distinct
markers (Kieffer et al., 2020). Via single-cell sequencing analysis,
correlation of some CAF subsets with resistance to PD-1 blockade
was revealed in multiple cancer types, such as urothelial carcinoma
(Luo et al., 2022). However, the roles of CAFs in lymphoma are
ambiguous. For example, CAFs were recognized to be pro-
tumorigenic in FL and related with inferior clinical outcome,
whereas they were associated with favorable prognosis in DLBCL
(Liu et al., 2021). The difference may be related to heterogenous
nature of CAFs, and further investigation of subsets is required.
Recently, singled-cell sequencing has also been utilized to
characterize CAFs in lymphoma, identifying a novel subgroup of
CAFs characterized by high expression of EGR genes, which
facilitates T and NK cell expansion via epidermal growth factor
receptor (Joo et al., 2022). In summary, the predictive value of CAFs
in ICIs treatments remains to be elucidated in lymphoma.

Recent studies have verified that targeting pro-tumorigenic cell
populations can efficiently improve the efficacy of ICIs (DeNardo
and Ruffell, 2019). In fact, a series of phase I/II clinical trials
targeting various types of pro-tumorigenic TME cells is currently
ongoing in lymphoma (Liu et al., 2021). For example, tenalisib, by
targeting PI3Kδ/γ, can significantly inhibit MDSCs and repolarize
TAMs into M1 phenotype, and consequently lead to tumor
regression (Locatelli et al., 2019). In a phase I/Ib study in
patients with r/r T cell lymphoma, the ORR was 45.7% and
median DOR was 4.9 months (Huen et al., 2020). In another
phase I study of tenalisib, 35 patients with varied types of r/r
hematologic malignancies including B cell and T cell lymphoma

were enrolled. The ORR was 19% and the disease-control rate was
61%, with a median DOR of 5.7 months (Carlo-Stella et al., 2020).
However, the phase I/II study, NCT03471351, assessing the
combination of tenalisib and pembrolizumab in r/r cHL was
terminated early, and the data was not published. More clinical
trials are required to evaluate the safety and efficacy profiles of
combination therapies of ICIs and agents targeting pro-tumorigenic
cells in lymphoma.

3.5 Immunosuppressive metabolites in
the TME

Besides the cell-cell interaction between TME and malignant
cells, particular metabolites are also involved in inducing ICI
resistance, and closely linked to aforementioned
immunosuppressive cell populations. For example, indoleamine 2,
3-dioxygenase (IDO) can be expressed by TAMs. Tryptophan,
which plays a fundamental role in cancer innate and adaptive
immune tolerance, is a substrate of IDO via the kynurenine
degradation pathway (Mbongue et al., 2015). Thus, IDO can
induce a highly tolerogenic TME characterized by reduced T
effector lymphocytes and NK cells, and an increased number of
functionally active Treg cells and MDSCs (Ricciuti et al., 2019). The
upregulation of IDO is involved in primary resistance to anti-CTLA-
4 and anti-PD-1 therapy in solid tumor (Holmgaard et al., 2013;
Botticelli et al., 2018; Brown et al., 2018; Kocher et al., 2021). IDO
inhibitors had limited activity on their own but greatly enhanced the
function of PD-1 blockade in phase I/II clinical trials (Prendergast
et al., 2018). However, surprisingly, the combination of IDO
inhibitors and PD-1 blockade failed in phase III trials with no
benefit but increased adverse drug reaction events (Yan et al., 2018;
Long et al., 2019). Nevertheless, recent promising reports
demonstrated a remarkable efficacy of a immune-modulatory
vaccine against IDO/PD-L1 combined with nivolumab in
metastatic melanoma in a phase I/II trial (Kjeldsen et al., 2021).
Further validation in larger randomized trials is required to confirm
the clinical potential of this immunomodulating approach.
Similarly, immune suppressive effect of IDO has also been
documented in lymphoma. According to the recent study, 80% of
mature T/NK cell neoplasms and around 30% of mature B cell
lymphomas were IDO positive in immunohistochemistry (Kim et
al., 2020a), and upregulated IDO expression in DLBCL was
associated with a poor prognosis (Sun et al., 2022). In addition,
inhibition of IDO suppressed DLBCL cell proliferation in vitro and
impeded xenograft tumorigenesis in vivo (Sun et al., 2022). In HL,
IDO was produced by macrophages and dendritic cells (DCs), and
high IDO level was related to shorter OS (Masaki et al., 2018). In
PTCL-NOS, high level of IDO was also found in tumor-infiltrating
macrophages in a subgroup of patients with poor prognosis (Sugio
et al., 2018). These studies indicated that IDO level influenced the
outcome in multiple lymphoma subtypes, and IDO inhibitor might
be beneficial. Taken together, it should be interesting to further
investigate the contribution of IDO in ICI resistance in lymphoma.
However, the unsatisfactory efficiency of IDO inhibitor plus anti-
PD-1 therapy in solid tumor suggest that the addition of IDO
inhibitor alone may be inadequate to reverse the mechanism of
ICI resistance.
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Another well reported immunosuppressive metabolite is
extracellular adenosine, levels of which are high in hypoxic
TME, but low in normal microenvironments (Leone et al.,
2015). The ectonucleotidases (e.g., CD39 and CD73) can be
expressed by MDSCs, and is capable to catabolize ATP to
adenosine, and promote intracellular signaling through G
protein-coupled receptors (GPCR), such as A2AAR and A2BAR
(Augustin et al., 2022). The adenosine GPCRs can be found on all
cell components of TME, including multiple types of immune
cells, stromal cells and endothelial cells, with over-arching
signaling effects leading to immune tolerance and malignant
proliferation (Allard et al., 2020; Augustin et al., 2022). In
addition, NAD+ shares structural features with ATP, and can
also be metabolized to adenosine via an alternative pathway
involving CD38, CD203a and CD73 (Horenstein et al., 2013).
In fact, abnormality in adenosine metabolism that induces
increased level of adenosine, is an alternative mechanism to
explain ICI resistance in solid tumor. For example,
CD73 expression suppressed lymphocyte functions, and
increased in subsets of patients with melanoma progressing
under anti-PD-1 therapy (Reinhardt et al., 2017; Turiello et al.,
2022). In preclinical models of different solid tumors, the
resistance to anti-PD-1/PD-L1 antibody was mediated by the
upregulation of CD38 by the induction of both all-trans
retinoid acid and IFN-β (Chen et al., 2018). CD38 expression
on immune cells, especially macrophages, predicted response to
ICIs in hepatocellular carcinoma (Panda et al., 2020), and
combination of ICIs with anti-CD39 reverse the drug resistance
to PD-1 blockade in a series of T cell poorly infiltrated tumor
models (Li et al., 2019). In addition, blocking adenosine generation
or signaling via CD73 or A2AAR, can also increase sensitivity of
cancer cells to anti-PD-1 therapies (Vijayan et al., 2017).
Currently, several clinical programs directed at A2 adenosine
receptor (A2AAR and A2BAR), CD73 and CD39 are in
development, and some clinical benefit was noted in solid
cancer (Augustin et al., 2022; Chiappori et al., 2022). Similarly,
adenosine pathway is also closely related to immune evasion in
lymphoma. For instance in DLBCL, the numbers of CD8+ T cells
with PD-1 and A2AAR expression were positively correlated with
the number of dysfunctional CD8+ T cell, and worse clinical
outcome (Zhang et al., 2022). Consistently, patients with
CD73+ on tumor cells as well as A2AAR+ on tumor-infiltrating
lymphocytes exhibited inferior survival in DLBCL (Wang et al.,
2019). Moreover, pre-clinical studies have proved the anti-tumor
effect of blocking adenosine pathway. For example, knocking-out
A2AAR could significantly decrease tumor growth in a T cell
lymphoma mouse model (Ohta et al., 2006), whereas CD73-
deficient mice had increased antitumor immunity against
inoculated lymphoma cells compared with wild-type mice
(Stagg et al., 2011). More recently, CD73 deficiency was found
to significantly delay CLL progression and prolonged survival in
Eµ-TCL1 transgenic mice, and was associated with increased
accumulation of IFN-γ+ T cells and effector-memory CD8+

T cells (Allard et al., 2022). Furthermore, adenosine pathway is
also involved in drug resistance to immunotherapy for lymphoma.
According to the recent study, adenosine critically impeded the
therapeutic efficacy of anti-CD20 monoclonal antibodies against
B cell lymphoma by impairing antibody-mediated cellular

phagocytosis by macrophages and limiting the generation of
anti-lymphoma CD8+ T cells (Nakamura et al., 2020). Based on
these studies, it is reasonable to deduce that adenosine pathway
might reduce the efficiency of ICIs in lymphoma in a manner
similar to that in solid cancer. Currently, in lymphoma, the study
concerning the combination of inhibitors targeting adenosine and
ICIs in pre-clinical or clinical settings is scarce, and further
investigation is in urgent need.

4 Conclusion and future perspectives

In lymphoma, the benefit of ICIs is significantly weakened by
primary or acquired drug resistance. Based on current findings,
TME may participate in ICI resistance by various mechanisms.
Some of these mechanisms are similar to those found in solid
tumors, while others differ. Efforts are still required to develop a
deeper understanding of these resistance mechanisms, and translate
current knowledge to clinical applications. Combination of therapies
that reverse these resistance mechanisms may significantly improve
the efficacy the ICIs. Based on current knowledge, EZH2, LAG-3,
TIM-3, adenosine, and PI3Kδ/γ are additional potential targets in
immunotherapy. The safety and efficiency of combinations of these
targets with ICIs should be further testified in future studies.
Moreover, several biomarkers are highlighted for better
prediction of responders to ICIs. A predictive system for
treatment response to ICIs should be constructed in future
studies, and multiple measurements should be included, such as
TILs levels, TMB and MSI, EBV infection, copy number gain of
9p24.1, expression of HLA, levels of other immune checkpoint
molecules, and levels of immunosuppressive cell populations and
metabolites in the TME.

Author contributions

CZ drafted the manuscript and designed the figures. LW and CX
edited the manuscript. HX and YW reviewed, revised, and
supervised the work.

Funding

This work was supported by grants from the National Key R&D
Program of China (Nos 2021YFA1301203, 2018YFC2000305), and
1.3.5 Project for Disciplines of Excellence, West China Hospital,
Sichuan University (Nos ZYYC20003, ZYYC20007). 1·3·5 project
for disciplines of excellence–Clinical Research Incubation Project,
West China Hospital, Sichuan University’ and the Sichuan
Provincial Academic and Technical Support Funding Project
(2022YFS0191).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Pharmacology frontiersin.org09

Zhang et al. 10.3389/fphar.2023.1079924

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1079924


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ahmetlic, F., Fauser, J., Riedel, T., Bauer, V., Flessner, C., Hömberg, N., et al. (2021).
Therapy of lymphoma by immune checkpoint inhibitors: The role of T cells, NK cells
and cytokine-induced tumor senescence. J. Immunother. Cancer 9 (1), e001660. doi:10.
1136/jitc-2020-001660

Alexandrov, L. B., Nik-Zainal, S., Wedge, D. C., Aparicio, S. A., Behjati, S., Biankin, A.
V., et al. (2013). Signatures of mutational processes in human cancer.Nature 500 (7463),
415–421. doi:10.1038/nature12477

Allard, B., Allard, D., Buisseret, L., and Stagg, J. (2020). The adenosine pathway in
immuno-oncology. Nat. Rev. Clin. Oncol. 17 (10), 611–629. doi:10.1038/s41571-020-
0382-2

Allard, D., Chrobak, P., Bareche, Y., Allard, B., Tessier, P., Bergeron, M. A., et al.
(2022). CD73 promotes chronic lymphocytic leukemia. Cancers (Basel) 14 (13), 3130.
doi:10.3390/cancers14133130

Allen, P. B., Savas, H., Evens, A. M., Advani, R. H., Palmer, B., Pro, B., et al. (2021).
Pembrolizumab followed by AVD in untreated early unfavorable and advanced-stage
classical Hodgkin lymphoma. Blood 137 (10), 1318–1326. doi:10.1182/blood.
2020007400

Ansell, S. M. (2021). Checkpoint blockade in lymphoma. Checkp. Blockade
Lymphoma 39 (5), 525–533. doi:10.1200/jco.20.01522

Ansell, S. M., Lesokhin, A. M., Borrello, I., Halwani, A., Scott, E. C., Gutierrez, M.,
et al. (2015). PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s
lymphoma. N. Engl. J. Med. 372 (4), 311–319. doi:10.1056/NEJMoa1411087

Ansell, S. M., Minnema, M. C., Johnson, P., Timmerman, J. M., Armand, P., Shipp, M.
A., et al. (2019). Nivolumab for relapsed/refractory diffuse large B-cell lymphoma in
patients ineligible for or having failed autologous transplantation: A single-arm, phase II
study. J. Clin. Oncol. 37 (6), 481–489. doi:10.1200/jco.18.00766

Antonia, S. J., Borghaei, H., Ramalingam, S. S., Horn, L., De Castro Carpeño, J.,
Pluzanski, A., et al. (2019). Four-year survival with nivolumab in patients with
previously treated advanced non-small-cell lung cancer: A pooled analysis. Lancet
Oncol. 20 (10), 1395–1408. doi:10.1016/S1470-2045(19)30407-3

Aoki, T., Chong, L. C., Takata, K., Milne, K., Hav, M., Colombo, A., et al. (2020).
Single-cell transcriptome analysis reveals disease-defining T-cell subsets in the tumor
microenvironment of classic Hodgkin lymphoma. Cancer Discov. 10 (3), 406–421.
doi:10.1158/2159-8290.Cd-19-0680

Arlauckas, S. P., Garris, C. S., Kohler, R. H., Kitaoka, M., Cuccarese, M. F., Yang, K. S.,
et al. (2017). In vivo imaging reveals a tumor-associated macrophage-mediated
resistance pathway in anti-PD-1 therapy. Sci. Transl. Med. 9 (389), eaal3604. doi:10.
1126/scitranslmed.aal3604

Armand, P., Engert, A., Younes, A., Fanale, M., Santoro, A., Zinzani, P. L., et al.
(2018). Nivolumab for relapsed/refractory classic Hodgkin lymphoma after failure of
autologous hematopoietic cell transplantation: Extended follow-up of the multicohort
single-arm phase II CheckMate 205 trial. J. Clin. Oncol. 36 (14), 1428–1439. doi:10.
1200/jco.2017.76.0793

Armand, P., Janssens, A., Gritti, G., Radford, J., Timmerman, J., Pinto, A., et al.
(2021). Efficacy and safety results from CheckMate 140, a phase 2 study of nivolumab
for relapsed/refractory follicular lymphoma. Blood 137 (5), 637–645. doi:10.1182/blood.
2019004753

Armand, P., Rodig, S., Melnichenko, V., Thieblemont, C., Bouabdallah, K., Tumyan,
G., et al. (2019). Pembrolizumab in relapsed or refractory primary mediastinal large
B-cell lymphoma. J. Clin. Oncol. 37 (34), 3291–3299. doi:10.1200/jco.19.01389

Armand, P., Shipp, M. A., Ribrag, V., Michot, J. M., Zinzani, P. L., Kuruvilla, J., et al.
(2016). Programmed death-1 blockade with pembrolizumab in patients with classical
Hodgkin lymphoma after brentuximab vedotin failure. J. Clin. Oncol. 34 (31),
3733–3739. doi:10.1200/JCO.2016.67.3467

Augustin, R., Leone, R., Naing, A., Fong, L., Bao, R., and Luke, J. (2022). Next steps for
clinical translation of adenosine pathway inhibition in cancer immunotherapy.
J. Immunother. Cancer 10 (2), e004089. doi:10.1136/jitc-2021-004089

Bach, E. A., Aguet, M., and Schreiber, R. D. (1997). The IFN gamma receptor: A
paradigm for cytokine receptor signaling. Annu. Rev. Immunol. 15, 563–591. doi:10.
1146/annurev.immunol.15.1.563

Barta, S. K., Zain, J., MacFarlane, A. W. t., Smith, S. M., Ruan, J., Fung, H. C., et al.
(2019). Phase II study of the PD-1 inhibitor pembrolizumab for the treatment of
relapsed or refractory mature T-cell lymphoma. Clin. LymphomaMyeloma Leuk. 19 (6),
356–364. doi:10.1016/j.clml.2019.03.022

Bekoz, H., Ozbalak, M., Karadurmus, N., Paydas, S., Turker, A., Toptas, T., et al.
(2020). Nivolumab for relapsed or refractory Hodgkin lymphoma: Real-life experience.
Ann. Hematol. 99 (11), 2565–2576. doi:10.1007/s00277-020-04077-4

Bennani, N. N., Kim, H. J., Pederson, L. D., Atherton, P. J., Micallef, I. N.,
Thanarajasingam, G., et al. (2022). Nivolumab in patients with relapsed or
refractory peripheral T-cell lymphoma: Modest activity and cases of
hyperprogression. J. Immunother. Cancer 10 (6), e004984. doi:10.1136/jitc-2022-
004984

Betof Warner, A., Palmer, J. S., Shoushtari, A. N., Goldman, D. A., Panageas, K.,
Callahan, M. K., et al. (2019). Responders to anti-PD1 therapy: Long-term outcomes
and responses to retreatment in melanoma (mel). J. Clin. Oncol. 37 (15), 9513. doi:10.
1200/JCO.2019.37.15_suppl.9513

Botticelli, A., Cerbelli, B., Lionetto, L., Zizzari, I., Salati, M., Pisano, A., et al. (2018).
Can Ido activity predict primary resistance to anti-PD-1 treatment in NSCLC? J. Transl.
Med. 16 (1), 219. doi:10.1186/s12967-018-1595-3

Brown, Z., Yu, S., Heinrich, B., Ma, C., Fu, Q., Sandhu, M., et al. (2018). Indoleamine
2,3-dioxygenase provides adaptive resistance to immune checkpoint inhibitors in
hepatocellular carcinoma. Cancer Immunol. Immunother. 67 (8), 1305–1315. doi:10.
1007/s00262-018-2190-4

Cahill, K. E., and Smith, S. M. (2022). Follicular lymphoma: A focus on current and
emerging therapies. Oncol. Willist. Park) 36 (2), 97–106. doi:10.46883/2022.25920946

Carey, C. D., Gusenleitner, D., Lipschitz, M., Roemer, M. G. M., Stack, E. C., Gjini, E.,
et al. (2017). Topological analysis reveals a PD-L1-associatedmicroenvironmental niche
for Reed-Sternberg cells in Hodgkin lymphoma. Blood 130 (22), 2420–2430. doi:10.
1182/blood-2017-03-770719

Carlo-Stella, C., Delarue, R., Scarfo, L., Barde, P. J., Nair, A., Locatelli, S. L., et al.
(2020). A first-in-human study of tenalisib (RP6530), a dual PI3K δ/γ inhibitor, in
patients with relapsed/refractory hematologic malignancies: Results from the European
study. Clin. Lymphoma Myeloma Leuk. 20 (2), 78–86. doi:10.1016/j.clml.2019.10.013

Challa-Malladi, M., Lieu, Y. K., Califano, O., Holmes, A. B., Bhagat, G., Murty, V. V.,
et al. (2011). Combined genetic inactivation of β2-Microglobulin and CD58 reveals
frequent escape from immune recognition in diffuse large B cell lymphoma. Cancer Cell.
20 (6), 728–740. doi:10.1016/j.ccr.2011.11.006

Chapuy, B., Stewart, C., Dunford, A. J., Kim, J., Wienand, K., Kamburov, A., et al.
(2019). Genomic analyses of PMBL reveal new drivers and mechanisms of sensitivity to
PD-1 blockade. Blood 134 (26), 2369–2382. doi:10.1182/blood.2019002067

Chen, C., Liu, S., Jiang, X., Huang, L., Chen, F., Wei, X., et al. (2021). Tumor mutation
burden estimated by a 69-gene-panel is associated with overall survival in patients with
diffuse large B-cell lymphoma. Exp. Hematol. Oncol. 10 (1), 20. doi:10.1186/s40164-
021-00215-4

Chen, L., Diao, L., Yang, Y., Yi, X., Rodriguez, B. L., Li, Y., et al. (2018). CD38-
Mediated immunosuppression as a mechanism of tumor cell escape from PD-1/PD-
L1 blockade. Cancer Discov. 8 (9), 1156–1175. doi:10.1158/2159-8290.Cd-17-1033

Chen, R., Zinzani, P. L., Fanale, M. A., Armand, P., Johnson, N. A., Brice, P., et al.
(2017). Phase II study of the efficacy and safety of pembrolizumab for relapsed/
refractory classic Hodgkin lymphoma. J. Clin. Oncol. 35 (19), 2125–2132. doi:10.
1200/JCO.2016.72.1316

Chen, R., Zinzani, P. L., Lee, H. J., Armand, P., Johnson, N. A., Brice, P., et al. (2019).
Pembrolizumab in relapsed or refractory Hodgkin lymphoma: 2-year follow-up of
KEYNOTE-087. Blood 134 (14), 1144–1153. doi:10.1182/blood.2019000324

Chiappori, A. A., Creelan, B., Tanvetyanon, T., Gray, J. E., Haura, E. B., Thapa, R.,
et al. (2022). Phase I study of taminadenant (PBF509/nir178), an adenosine 2A receptor
antagonist, with or without spartalizumab (PDR001), in patients with advanced non-
small cell lung cancer. Clin. Cancer Res. 28 (11), 2313–2320. doi:10.1158/1078-0432.
Ccr-21-2742

Cioroianu, A. I., Stinga, P. I., Sticlaru, L., Cioplea, M. D., Nichita, L., Popp, C., et al.
(2019). Tumor microenvironment in diffuse large B-cell lymphoma: Role and
prognosis. Anal. Cell. Pathol. (Amst) 2019, 8586354. doi:10.1155/2019/8586354

Cuceu, C., Colicchio, B., Jeandidier, E., Junker, S., Plassa, F., Shim, G., et al. (2018).
Independent mechanisms lead to genomic instability in Hodgkin lymphoma:
Microsatellite or chromosomal instability (†). Cancers (Basel) 10 (7), 233. doi:10.
3390/cancers10070233

Curran, E. K., Godfrey, J., and Kline, J. (2017). Mechanisms of immune tolerance in
leukemia and lymphoma. Trends Immunol. 38 (7), 513–525. doi:10.1016/j.it.2017.04.004

Frontiers in Pharmacology frontiersin.org10

Zhang et al. 10.3389/fphar.2023.1079924

https://doi.org/10.1136/jitc-2020-001660
https://doi.org/10.1136/jitc-2020-001660
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.3390/cancers14133130
https://doi.org/10.1182/blood.2020007400
https://doi.org/10.1182/blood.2020007400
https://doi.org/10.1200/jco.20.01522
https://doi.org/10.1056/NEJMoa1411087
https://doi.org/10.1200/jco.18.00766
https://doi.org/10.1016/S1470-2045(19)30407-3
https://doi.org/10.1158/2159-8290.Cd-19-0680
https://doi.org/10.1126/scitranslmed.aal3604
https://doi.org/10.1126/scitranslmed.aal3604
https://doi.org/10.1200/jco.2017.76.0793
https://doi.org/10.1200/jco.2017.76.0793
https://doi.org/10.1182/blood.2019004753
https://doi.org/10.1182/blood.2019004753
https://doi.org/10.1200/jco.19.01389
https://doi.org/10.1200/JCO.2016.67.3467
https://doi.org/10.1136/jitc-2021-004089
https://doi.org/10.1146/annurev.immunol.15.1.563
https://doi.org/10.1146/annurev.immunol.15.1.563
https://doi.org/10.1016/j.clml.2019.03.022
https://doi.org/10.1007/s00277-020-04077-4
https://doi.org/10.1136/jitc-2022-004984
https://doi.org/10.1136/jitc-2022-004984
https://doi.org/10.1200/JCO.2019.37.15_suppl.9513
https://doi.org/10.1200/JCO.2019.37.15_suppl.9513
https://doi.org/10.1186/s12967-018-1595-3
https://doi.org/10.1007/s00262-018-2190-4
https://doi.org/10.1007/s00262-018-2190-4
https://doi.org/10.46883/2022.25920946
https://doi.org/10.1182/blood-2017-03-770719
https://doi.org/10.1182/blood-2017-03-770719
https://doi.org/10.1016/j.clml.2019.10.013
https://doi.org/10.1016/j.ccr.2011.11.006
https://doi.org/10.1182/blood.2019002067
https://doi.org/10.1186/s40164-021-00215-4
https://doi.org/10.1186/s40164-021-00215-4
https://doi.org/10.1158/2159-8290.Cd-17-1033
https://doi.org/10.1200/JCO.2016.72.1316
https://doi.org/10.1200/JCO.2016.72.1316
https://doi.org/10.1182/blood.2019000324
https://doi.org/10.1158/1078-0432.Ccr-21-2742
https://doi.org/10.1158/1078-0432.Ccr-21-2742
https://doi.org/10.1155/2019/8586354
https://doi.org/10.3390/cancers10070233
https://doi.org/10.3390/cancers10070233
https://doi.org/10.1016/j.it.2017.04.004
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1079924


de Charette, M., and Houot, R. (2018). Hide or defend, the two strategies of
lymphoma immune evasion: Potential implications for immunotherapy.
Haematologica 103 (8), 1256–1268. doi:10.3324/haematol.2017.184192

deLeeuw, R. J., Kost, S. E., Kakal, J. A., and Nelson, B. H. (2012). The prognostic value
of FoxP3+ tumor-infiltrating lymphocytes in cancer: A critical review of the literature.
Clin. Cancer Res. 18 (11), 3022–3029. doi:10.1158/1078-0432.Ccr-11-3216

DeNardo, D. G., and Ruffell, B. (2019). Macrophages as regulators of tumour
immunity and immunotherapy. Nat. Rev. Immunol. 19 (6), 369–382. doi:10.1038/
s41577-019-0127-6

Ding, W., LaPlant, B. R., Call, T. G., Parikh, S. A., Leis, J. F., He, R., et al. (2017).
Pembrolizumab in patients with CLL and Richter transformation or with relapsed CLL.
Blood 129 (26), 3419–3427. doi:10.1182/blood-2017-02-765685

Ding, Z., Li, Q., Zhang, R., Xie, L., Shu, Y., Gao, S., et al. (2021). Personalized
neoantigen pulsed dendritic cell vaccine for advanced lung cancer. Signal Transduct.
Target Ther. 6 (1), 26. doi:10.1038/s41392-020-00448-5

Dong, L., Chen, C., Zhang, Y., Guo, P., Wang, Z., Li, J., et al. (2021). The loss of RNA
N(6)-adenosine methyltransferase Mettl14 in tumor-associated macrophages promotes
CD8(+) T cell dysfunction and tumor growth. Cancer Cell. 39 (7), 945–957. e10. doi:10.
1016/j.ccell.2021.04.016

Duffield, A. S., Ascierto, M. L., Anders, R. A., Taube, J. M., Meeker, A. K., Chen, S.,
et al. (2017). Th17 immune microenvironment in epstein-barr virus-negative Hodgkin
lymphoma: Implications for immunotherapy. Blood Adv. 1 (17), 1324–1334. doi:10.
1182/bloodadvances.2017007260

El Halabi, L., Adam, J., Gravelle, P., Marty, V., Danu, A., Lazarovici, J., et al. (2021).
Expression of the immune checkpoint regulators LAG-3 and TIM-3 in classical
Hodgkin lymphoma. Clin. Lymphoma Myeloma Leuk. 21 (4), 257–266. e3. doi:10.
1016/j.clml.2020.11.009

Ennishi, D., Takata, K., Béguelin, W., Duns, G., Mottok, A., Farinha, P., et al. (2019).
Molecular and genetic characterization of MHC deficiency identifies EZH2 as
therapeutic target for enhancing immune recognition. Cancer Discov. 9 (4),
546–563. doi:10.1158/2159-8290.Cd-18-1090

Farinha, P., Al-Tourah, A., Gill, K., Klasa, R., Connors, J. M., and Gascoyne, R. D.
(2010). The architectural pattern of FOXP3-positive T cells in follicular lymphoma is an
independent predictor of survival and histologic transformation. Blood 115 (2),
289–295. doi:10.1182/blood-2009-07-235598

Feng, Y., Zhong, M., Liu, Y., Wang, L., and Tang, Y. (2018). Expression of TIM-3 and
LAG-3 in extranodal NK/T cell lymphoma, nasal type. Histol. Histopathol. 33 (3),
307–315. doi:10.14670/hh-11-931

Fontenot, J. D., Rasmussen, J. P., Williams, L. M., Dooley, J. L., Farr, A. G., and
Rudensky, A. Y. (2005). Regulatory T cell lineage specification by the forkhead
transcription factor foxp3. Immunity 22 (3), 329–341. doi:10.1016/j.immuni.2005.
01.016

Fowler, N. H., Cheah, C. Y., Gascoyne, R. D., Gribben, J., Neelapu, S. S., Ghia, P., et al.
(2016). Role of the tumor microenvironment in mature B-cell lymphoid malignancies.
Haematologica 101 (5), 531–540. doi:10.3324/haematol.2015.139493

Fradet, Y., Bellmunt, J., Vaughn, D. J., Lee, J. L., Fong, L., Vogelzang, N. J., et al. (2019).
Randomized phase III KEYNOTE-045 trial of pembrolizumab versus paclitaxel,
docetaxel, or vinflunine in recurrent advanced urothelial cancer: Results of >2 years
of follow-up. Ann. Oncol. 30 (6), 970–976. doi:10.1093/annonc/mdz127

Fridman, W. H., Pagès, F., Sautès-Fridman, C., and Galon, J. (2012). The immune
contexture in human tumours: Impact on clinical outcome. Nat. Rev. Cancer 12 (4),
298–306. doi:10.1038/nrc3245

Frigault, M. J., Armand, P., Redd, R. A., Jeter, E., Merryman, R. W., Coleman, K.
C., et al. (2020). PD-1 blockade for diffuse large B-cell lymphoma after autologous
stem cell transplantation. Blood Adv. 4 (1), 122–126. doi:10.1182/bloodadvances.
2019000784

Genova, C., Dellepiane, C., Carrega, P., Sommariva, S., Ferlazzo, G., Pronzato, P., et al.
(2021). Therapeutic implications of tumor microenvironment in lung cancer: Focus on
immune checkpoint blockade. Front. Immunol. 12, 799455. doi:10.3389/fimmu.2021.
799455

Gettinger, S., Choi, J., Hastings, K., Truini, A., Datar, I., Sowell, R., et al. (2017).
Impaired HLA class I antigen processing and presentation as a mechanism of acquired
resistance to immune checkpoint inhibitors in lung cancer. Cancer Discov. 7 (12),
1420–1435. doi:10.1158/2159-8290.Cd-17-0593

Giulino-Roth, L. (2018). How I treat primary mediastinal B-cell lymphoma. Blood 132
(8), 782–790. doi:10.1182/blood-2018-04-791566

Green, M. R., Monti, S., Rodig, S. J., Juszczynski, P., Currie, T., O’Donnell, E., et al.
(2010). Integrative analysis reveals selective 9p24.1 amplification, increased PD-1 ligand
expression, and further induction via JAK2 in nodular sclerosing Hodgkin lymphoma
and primary mediastinal large B-cell lymphoma. Blood 116 (17), 3268–3277. doi:10.
1182/blood-2010-05-282780

Gusak, A., Fedorova, L., Lepik, K., Volkov, N., Popova, M., Moiseev, I., et al.
(2021). Immunosuppressive microenvironment and efficacy of PD-1 inhibitors in
relapsed/refractory classic Hodgkin lymphoma: Checkpoint molecules landscape
and macrophage populations. Cancers (Basel) 13 (22), 5676. doi:10.3390/
cancers13225676

Hao, Q.,Wei, P., Shu, Y., Zhang, Y. G., Xu, H., and Zhao, J. N. (2021). Improvement of
neoantigen identification through convolution neural network. Front. Immunol. 12,
682103. doi:10.3389/fimmu.2021.682103

Hasan Ali, O., Berner, F., Bomze, D., Fässler, M., Diem, S., Cozzio, A., et al. (2019).
Human leukocyte antigen variation is associated with adverse events of checkpoint
inhibitors. Eur. J. Cancer 107, 8–14. doi:10.1016/j.ejca.2018.11.009

Hatic, H., Sampat, D., and Goyal, G. (2021). Immune checkpoint inhibitors in
lymphoma: Challenges and opportunities. Ann. Transl. Med. 9 (12), 1037. doi:10.
21037/atm-20-6833

Havel, J. J., Chowell, D., and Chan, T. A. (2019). The evolving landscape of biomarkers
for checkpoint inhibitor immunotherapy. Nat. Rev. Cancer 19 (3), 133–150. doi:10.
1038/s41568-019-0116-x

Herrera, A. F., Burton, C., Radford, J., Miall, F., Townsend, W., Santoro, A., et al.
(2021). Avelumab in relapsed/refractory classical Hodgkin lymphoma: Phase 1b results
from the JAVELIN hodgkins trial. Blood Adv. 5 (17), 3387–3396. doi:10.1182/
bloodadvances.2021004511

Holmgaard, R. B., Zamarin, D., Munn, D. H., Wolchok, J. D., and Allison, J. P. (2013).
Indoleamine 2,3-dioxygenase is a critical resistance mechanism in antitumor T cell
immunotherapy targeting CTLA-4. J. Exp. Med. 210 (7), 1389–1402. doi:10.1084/jem.
20130066

Horenstein, A. L., Chillemi, A., Zaccarello, G., Bruzzone, S., Quarona, V., Zito, A.,
et al. (2013). A CD38/CD203a/CD73 ectoenzymatic pathway independent of
CD39 drives a novel adenosinergic loop in human T lymphocytes. Oncoimmunology
2 (9), e26246. doi:10.4161/onci.26246

Hradska, K., Hajek, R., and Jelinek, T. (2021). Toxicity of immune-checkpoint
inhibitors in hematological malignancies. Front. Pharmacol. 12, 733890. doi:10.3389/
fphar.2021.733890

Huen, A., Haverkos, B. M., Zain, J., Radhakrishnan, R., Lechowicz, M. J., Devata, S.,
et al. (2020). Phase I/Ib study of tenalisib (RP6530), a dual PI3K δ/γ inhibitor in patients
with relapsed/refractory T-cell lymphoma. Cancers (Basel) 12 (8), 2293. doi:10.3390/
cancers12082293

Im, S. J., Hashimoto, M., Gerner, M. Y., Lee, J., Kissick, H. T., Burger, M. C., et al.
(2016). Defining CD8+ T cells that provide the proliferative burst after PD-1 therapy.
Nature 537 (7620), 417–421. doi:10.1038/nature19330

Johnson, D. B., Nixon, M. J., Wang, Y., Wang, D. Y., Castellanos, E., Estrada, M. V.,
et al. (2018). Tumor-specific MHC-II expression drives a unique pattern of resistance to
immunotherapy via LAG-3/FCRL6 engagement. JCI Insight 3 (24), e120360. doi:10.
1172/jci.insight.120360

Joo, E. H., Bae, J. H., Park, J., Bang, Y. J., Han, J., Gulati, N., et al. (2022).
Deconvolution of adult T-cell leukemia/lymphoma with single-cell RNA-seq using
frozen archived skin tissue reveals new subset of cancer-associated fibroblast. Front.
Immunol. 13, 856363. doi:10.3389/fimmu.2022.856363

Kakavand, H., Jackett, L. A., Menzies, A. M., Gide, T. N., Carlino, M. S., Saw, R. P. M.,
et al. (2017). Negative immune checkpoint regulation by VISTA: A mechanism of
acquired resistance to anti-PD-1 therapy in metastatic melanoma patients.Mod. Pathol.
30 (12), 1666–1676. doi:10.1038/modpathol.2017.89

Keane, C., Law, S. C., Gould, C., Birch, S., Sabdia, M. B., Merida de Long, L., et al.
(2020). LAG3: A novel immune checkpoint expressed by multiple lymphocyte subsets
in diffuse large B-cell lymphoma. Blood Adv. 4 (7), 1367–1377. doi:10.1182/
bloodadvances.2019001390

Khodadoust, M. S., Rook, A. H., Porcu, P., Foss, F., Moskowitz, A. J., Shustov, A., et al.
(2020). Pembrolizumab in relapsed and refractory mycosis fungoides and sézary
syndrome: A multicenter phase II study. J. Clin. Oncol. 38 (1), 20–28. doi:10.1200/
jco.19.01056

Kieffer, Y., Hocine, H. R., Gentric, G., Pelon, F., Bernard, C., Bourachot, B., et al.
(2020). Single-cell analysis reveals fibroblast clusters linked to immunotherapy
resistance in cancer. Cancer Discov. 10 (9), 1330–1351. doi:10.1158/2159-8290.Cd-
19-1384

Kim, H. J., Cantor, H., and Cosmopoulos, K. (2020a). Overcoming immune
checkpoint blockade resistance via EZH2 inhibition. Trends Immunol. 41 (10),
948–963. doi:10.1016/j.it.2020.08.010

Kim, M. S., Park, T. I., Son, S. A., and Lee, H. W. (2020b). Immunohistochemical
features of indoleamine 2,3-dioxygenase (Ido) in various types of lymphoma: A single
center experience. Diagn. (Basel) 10 (5), 275. doi:10.3390/diagnostics10050275

Kim, S. J., Hyeon, J., Cho, I., Ko, Y. H., and Kim, W. S. (2019). Comparison of efficacy
of pembrolizumab between epstein-barr virus‒positive and ‒negative relapsed or
refractory non-hodgkin lymphomas. Cancer Res. Treat. 51 (2), 611–622. doi:10.
4143/crt.2018.191

Kim, Y. J., Won, C. H., Lee, M. W., Choi, J. H., Chang, S. E., and Lee, W. J. (2020c).
Correlation between tumor-associated macrophage and immune checkpoint molecule
expression and its prognostic significance in cutaneous melanoma. J. Clin. Med. 9 (8),
2500. doi:10.3390/jcm9082500

Kjeldsen, J., Lorentzen, C., Martinenaite, E., Ellebaek, E., Donia, M., Holmstroem, R.,
et al. (2021). A phase 1/2 trial of an immune-modulatory vaccine against Ido/PD-L1 in
combination with nivolumab in metastatic melanoma. Nat. Med. 27 (12), 2212–2223.
doi:10.1038/s41591-021-01544-x

Frontiers in Pharmacology frontiersin.org11

Zhang et al. 10.3389/fphar.2023.1079924

https://doi.org/10.3324/haematol.2017.184192
https://doi.org/10.1158/1078-0432.Ccr-11-3216
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1182/blood-2017-02-765685
https://doi.org/10.1038/s41392-020-00448-5
https://doi.org/10.1016/j.ccell.2021.04.016
https://doi.org/10.1016/j.ccell.2021.04.016
https://doi.org/10.1182/bloodadvances.2017007260
https://doi.org/10.1182/bloodadvances.2017007260
https://doi.org/10.1016/j.clml.2020.11.009
https://doi.org/10.1016/j.clml.2020.11.009
https://doi.org/10.1158/2159-8290.Cd-18-1090
https://doi.org/10.1182/blood-2009-07-235598
https://doi.org/10.14670/hh-11-931
https://doi.org/10.1016/j.immuni.2005.01.016
https://doi.org/10.1016/j.immuni.2005.01.016
https://doi.org/10.3324/haematol.2015.139493
https://doi.org/10.1093/annonc/mdz127
https://doi.org/10.1038/nrc3245
https://doi.org/10.1182/bloodadvances.2019000784
https://doi.org/10.1182/bloodadvances.2019000784
https://doi.org/10.3389/fimmu.2021.799455
https://doi.org/10.3389/fimmu.2021.799455
https://doi.org/10.1158/2159-8290.Cd-17-0593
https://doi.org/10.1182/blood-2018-04-791566
https://doi.org/10.1182/blood-2010-05-282780
https://doi.org/10.1182/blood-2010-05-282780
https://doi.org/10.3390/cancers13225676
https://doi.org/10.3390/cancers13225676
https://doi.org/10.3389/fimmu.2021.682103
https://doi.org/10.1016/j.ejca.2018.11.009
https://doi.org/10.21037/atm-20-6833
https://doi.org/10.21037/atm-20-6833
https://doi.org/10.1038/s41568-019-0116-x
https://doi.org/10.1038/s41568-019-0116-x
https://doi.org/10.1182/bloodadvances.2021004511
https://doi.org/10.1182/bloodadvances.2021004511
https://doi.org/10.1084/jem.20130066
https://doi.org/10.1084/jem.20130066
https://doi.org/10.4161/onci.26246
https://doi.org/10.3389/fphar.2021.733890
https://doi.org/10.3389/fphar.2021.733890
https://doi.org/10.3390/cancers12082293
https://doi.org/10.3390/cancers12082293
https://doi.org/10.1038/nature19330
https://doi.org/10.1172/jci.insight.120360
https://doi.org/10.1172/jci.insight.120360
https://doi.org/10.3389/fimmu.2022.856363
https://doi.org/10.1038/modpathol.2017.89
https://doi.org/10.1182/bloodadvances.2019001390
https://doi.org/10.1182/bloodadvances.2019001390
https://doi.org/10.1200/jco.19.01056
https://doi.org/10.1200/jco.19.01056
https://doi.org/10.1158/2159-8290.Cd-19-1384
https://doi.org/10.1158/2159-8290.Cd-19-1384
https://doi.org/10.1016/j.it.2020.08.010
https://doi.org/10.3390/diagnostics10050275
https://doi.org/10.4143/crt.2018.191
https://doi.org/10.4143/crt.2018.191
https://doi.org/10.3390/jcm9082500
https://doi.org/10.1038/s41591-021-01544-x
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1079924


Kline, J., Godfrey, J., and Ansell, S. J. B. (2020). The immune landscape and response
to immune checkpoint blockade therapy in lymphoma. Blood 135 (8), 523–533. doi:10.
1182/blood.2019000847

Kocher, F., Amann, A., Zimmer, K., Geisler, S., Fuchs, D., Pichler, R., et al. (2021).
High indoleamine-2,3-dioxygenase 1 (Ido) activity is linked to primary resistance to
immunotherapy in non-small cell lung cancer (NSCLC). Transl. Lung Cancer Res. 10
(1), 304–313. doi:10.21037/tlcr-20-380

Koyama, S., Akbay, E. A., Li, Y. Y., Herter-Sprie, G. S., Buczkowski, K. A., Richards,
W. G., et al. (2016). Adaptive resistance to therapeutic PD-1 blockade is associated with
upregulation of alternative immune checkpoints. Nat. Commun. 7, 10501. doi:10.1038/
ncomms10501

Kumagai, S., Togashi, Y., Kamada, T., Sugiyama, E., Nishinakamura, H., Takeuchi, Y.,
et al. (2020). The PD-1 expression balance between effector and regulatory T cells
predicts the clinical efficacy of PD-1 blockade therapies. Nat. Immunol. 21 (11),
1346–1358. doi:10.1038/s41590-020-0769-3

Kwong, Y. L., Chan, T. S. Y., Tan, D., Kim, S. J., Poon, L. M., Mow, B., et al. (2017).
PD1 blockade with pembrolizumab is highly effective in relapsed or refractory NK/
T-cell lymphoma failing l-asparaginase. Blood 129 (17), 2437–2442. doi:10.1182/blood-
2016-12-756841

Le, D. T., Durham, J. N., Smith, K. N., Wang, H., Bartlett, B. R., Aulakh, L. K., et al.
(2017). Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade.
Science 357 (6349), 409–413. doi:10.1126/science.aan6733

Le, D. T., Uram, J. N., Wang, H., Bartlett, B. R., Kemberling, H., Eyring, A. D., et al.
(2015). PD-1 blockade in tumors with mismatch-repair deficiency. N. Engl. J. Med. 372
(26), 2509–2520. doi:10.1056/NEJMoa1500596

Lei, Q., Wang, D., Sun, K., Wang, L., and Zhang, Y. (2020). Resistance mechanisms of
anti-PD1/PDL1 therapy in solid tumors. Front. Cell. Dev. Biol. 8, 672. doi:10.3389/fcell.
2020.00672

Leone, R. D., Lo, Y. C., and Powell, J. D. (2015). A2aR antagonists: Next generation
checkpoint blockade for cancer immunotherapy. Comput. Struct. Biotechnol. J. 13,
265–272. doi:10.1016/j.csbj.2015.03.008

Li, X., Cheng, Y., Zhang, M., Yan, J., Li, L., Fu, X., et al. (2018). Activity of
pembrolizumab in relapsed/refractory NK/T-cell lymphoma. J. Hematol. Oncol. 11
(1), 15. doi:10.1186/s13045-018-0559-7

Li, X. Y., Moesta, A. K., Xiao, C., Nakamura, K., Casey, M., Zhang, H., et al. (2019).
Targeting CD39 in cancer reveals an extracellular ATP- and inflammasome-driven tumor
immunity. Cancer Discov. 9 (12), 1754–1773. doi:10.1158/2159-8290.Cd-19-0541

Liang, W. S., Vergilio, J. A., Salhia, B., Huang, H. J., Oki, Y., Garrido-Laguna, I., et al.
(2019). Comprehensive genomic profiling of Hodgkin lymphoma reveals recurrently
mutated genes and increased mutation burden.Oncologist 24 (2), 219–228. doi:10.1634/
theoncologist.2018-0058

Liu, Y., Abdul Razak, F. R., Terpstra, M., Chan, F. C., Saber, A., Nijland, M., et al.
(2014). The mutational landscape of Hodgkin lymphoma cell lines determined by
whole-exome sequencing. Leukemia 28 (11), 2248–2251. doi:10.1038/leu.2014.201

Liu, Y., Zhou, X., and Wang, X. (2021). Targeting the tumor microenvironment in
B-cell lymphoma: Challenges and opportunities. J. Hematol. Oncol. 14 (1), 125. doi:10.
1186/s13045-021-01134-x

Locatelli, S. L., Careddu, G., Serio, S., Consonni, F. M., Maeda, A., Viswanadha, S.,
et al. (2019). Targeting cancer cells and tumor microenvironment in preclinical and
clinical models of Hodgkin lymphoma using the dual PI3Kδ/γ inhibitor RP6530. Clin.
Cancer Res. 25 (3), 1098–1112. doi:10.1158/1078-0432.Ccr-18-1133

Long, G. V., Dummer, R., Hamid, O., Gajewski, T. F., Caglevic, C., Dalle, S., et al.
(2019). Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in
patients with unresectable or metastatic melanoma (ECHO-301/KEYNOTE-252): A
phase 3, randomised, double-blind study. Lancet Oncol. 20 (8), 1083–1097. doi:10.1016/
s1470-2045(19)30274-8

Luo, H., Xia, X., Huang, L. B., An, H., Cao, M., Kim, G. D., et al. (2022). Pan-cancer
single-cell analysis reveals the heterogeneity and plasticity of cancer-associated
fibroblasts in the tumor microenvironment. Nat. Commun. 13 (1), 6619. doi:10.
1038/s41467-022-34395-2

Maharaj, K., Uriepero, A., Sahakian, E., and Pinilla-Ibarz, J. (2022). Regulatory T cells
(Tregs) in lymphoid malignancies and the impact of novel therapies. Front. Immunol.
13, 943354. doi:10.3389/fimmu.2022.943354

Mantovani, A., Marchesi, F., Malesci, A., Laghi, L., and Allavena, P. (2017). Tumour-
associated macrophages as treatment targets in oncology. Nat. Rev. Clin. Oncol. 14 (7),
399–416. doi:10.1038/nrclinonc.2016.217

Masaki, A., Ishida, T., Maeda, Y., Ito, A., Suzuki, S., Narita, T., et al. (2018). Clinical
significance of tryptophan catabolism in Hodgkin lymphoma. Cancer Sci. 109 (1),
74–83. doi:10.1111/cas.13432

Mbongue, J. C., Nicholas, D. A., Torrez, T. W., Kim, N. S., Firek, A. F., and
Langridge, W. H. (2015). The role of indoleamine 2, 3-dioxygenase in immune
suppression and autoimmunity. Vaccines (Basel) 3 (3), 703–729. doi:10.3390/
vaccines3030703

Melani, C., Major, A., Schowinsky, J., Roschewski, M., Pittaluga, S., Jaffe, E. S., et al.
(2017). PD-1 blockade in mediastinal gray-zone lymphoma. N. Engl. J. Med. 377 (1),
89–91. doi:10.1056/NEJMc1704767

Michot, J. M., Mouraud, S., Adam, J., Lazarovici, J., Bigenwald, C., Rigaud, C., et al.
(2021). CD8+ T lymphocytes immune depletion and LAG-3 overexpression in Hodgkin
lymphoma tumor microenvironment exposed to anti-PD-1 immunotherapy. Cancers
(Basel) 13 (21), 5487. doi:10.3390/cancers13215487

Mok, T. S. K., Wu, Y. L., Kudaba, I., Kowalski, D. M., Cho, B. C., Turna, H. Z., et al.
(2019). Pembrolizumab versus chemotherapy for previously untreated, PD-L1-
expressing, locally advanced or metastatic non-small-cell lung cancer (KEYNOTE-
042): A randomised, open-label, controlled, phase 3 trial. Lancet 393 (10183),
1819–1830. doi:10.1016/s0140-6736(18)32409-7

Müller-Hermelink, N., Braumüller, H., Pichler, B., Wieder, T., Mailhammer, R.,
Schaak, K., et al. (2008). TNFR1 signaling and IFN-gamma signaling determine whether
T cells induce tumor dormancy or promote multistage carcinogenesis. Cancer Cell. 13
(6), 507–518. doi:10.1016/j.ccr.2008.04.001

Nakamura, K., Casey, M., Oey, H., Vari, F., Stagg, J., Gandhi, M. K., et al. (2020).
Targeting an adenosine-mediated "don’t eat me signal" augments anti-lymphoma
immunity by anti-CD20 monoclonal antibody. Leukemia 34 (10), 2708–2721.
doi:10.1038/s41375-020-0811-3

Nayak, L., Iwamoto, F. M., LaCasce, A., Mukundan, S., Roemer, M. G. M., Chapuy, B.,
et al. (2017). PD-1 blockade with nivolumab in relapsed/refractory primary central
nervous system and testicular lymphoma. Blood 129 (23), 3071–3073. doi:10.1182/
blood-2017-01-764209

Nijland, M., Veenstra, R. N., Visser, L., Xu, C., Kushekhar, K., van Imhoff, G. W., et al.
(2017). HLA dependent immune escape mechanisms in B-cell lymphomas:
Implications for immune checkpoint inhibitor therapy? Oncoimmunology 6 (4),
e1295202. doi:10.1080/2162402x.2017.1295202

O’Donnell, J. S., Teng, M. W. L., and Smyth, M. J. (2019). Cancer immunoediting and
resistance to T cell-based immunotherapy. Nat. Rev. Clin. Oncol. 16 (3), 151–167.
doi:10.1038/s41571-018-0142-8

O’Donnell, T. J., Rubinsteyn, A., and Laserson, U. (2020). MHCflurry 2.0: Improved
pan-allele prediction of MHC class I-presented peptides by incorporating antigen
processing. Cell. Syst. 11 (1), 42–48. doi:10.1016/j.cels.2020.06.010

Ohta, A., Gorelik, E., Prasad, S. J., Ronchese, F., Lukashev, D., Wong, M. K., et al.
(2006). A2A adenosine receptor protects tumors from antitumor T cells. Proc. Natl.
Acad. Sci. U. S. A. 103 (35), 13132–13137. doi:10.1073/pnas.0605251103

Ott, P. A., Hu, Z., Keskin, D. B., Shukla, S. A., Sun, J., Bozym, D. J., et al. (2017). An
immunogenic personal neoantigen vaccine for patients with melanoma. Nature 547
(7662), 217–221. doi:10.1038/nature22991

Ott, P. A., Hu-Lieskovan, S., Chmielowski, B., Govindan, R., Naing, A., Bhardwaj, N.,
et al. (2020). A phase Ib trial of personalized neoantigen therapy plus anti-PD-1 in
patients with advanced melanoma, non-small cell lung cancer, or bladder cancer. Cell.
183 (2), 347–362. doi:10.1016/j.cell.2020.08.053

Oudejans, J. J., Jiwa, N. M., Kummer, J. A., Horstman, A., Vos, W., Baak, J. P. A., et al.
(1996). Analysis of major histocompatibility complex class I expression on reed-
sternberg cells in relation to the cytotoxic T-cell response in epstein-barr virus-
positive and -negative hodgkin’s disease. Blood 87 (9), 3844–3851. doi:10.1182/
blood.V87.9.3844.bloodjournal8793844

Palomba, M. L., Cartron, G., Popplewell, L., Ribrag, V., Westin, J., Huw, L. Y., et al.
(2022). Combination of atezolizumab and tazemetostat in patients with relapsed/
refractory diffuse large B-cell lymphoma: Results from a phase Ib study. Clin.
Lymphoma Myeloma Leuk. 22 (7), 504–512. doi:10.1016/j.clml.2021.12.014

Panda, A., Rosenfeld, J. A., Singer, E. A., Bhanot, G., and Ganesan, S. (2020). Genomic
and immunologic correlates of LAG-3 expression in cancer. Oncoimmunology 9 (1),
1756116. doi:10.1080/2162402x.2020.1756116

Peng, F., Qin, Y., Mu, S., Li, J., Ai, L., and Hu, Y. (2020). Prognostic role of regulatory
T cells in lymphoma: A systematic review and meta-analysis. J. Cancer Res. Clin. Oncol.
146 (12), 3123–3135. doi:10.1007/s00432-020-03398-1

Prendergast, G. C., Malachowski, W. J., Mondal, A., Scherle, P., and Muller, A. J.
(2018). Indoleamine 2,3-dioxygenase and its therapeutic inhibition in cancer. Int. Rev.
Cell. Mol. Biol. 336, 175–203. doi:10.1016/bs.ircmb.2017.07.004

Pu, Y., and Ji, Q. (2022). Tumor-associated macrophages regulate PD-1/PD-
L1 immunosuppression. Front. Immunol. 13, 874589. doi:10.3389/fimmu.2022.874589

Que, Y., Wang, J., Zhu, J., Li, N., Huang, J., Lu, S., et al. (2021). Combination therapy
with anti-PD-1 or PD-1 antibody alone in asian pediatric patients with relapsed or
refractory cancer. Front. Immunol. 12, 647733. doi:10.3389/fimmu.2021.647733

Ramchandren, R., Domingo-Domènech, E., Rueda, A., Trněný, M., Feldman, T. A.,
Lee, H. J., et al. (2019). Nivolumab for newly diagnosed advanced-stage classic Hodgkin
lymphoma: Safety and efficacy in the phase II CheckMate 205 study. J. Clin. Oncol. 37
(23), 1997–2007. doi:10.1200/jco.19.00315

Ratner, L., Waldmann, T. A., Janakiram, M., and Brammer, J. E. (2018). Rapid
progression of adult T-cell leukemia-lymphoma after PD-1 inhibitor therapy. N. Engl.
J. Med. 378 (20), 1947–1948. doi:10.1056/NEJMc1803181

Reichel, J., Chadburn, A., Rubinstein, P. G., Giulino-Roth, L., Tam, W., Liu, Y., et al.
(2015). Flow sorting and exome sequencing reveal the oncogenome of primary Hodgkin
and Reed-Sternberg cells. Blood 125 (7), 1061–1072. doi:10.1182/blood-2014-11-610436

Reinhardt, J., Landsberg, J., Schmid-Burgk, J. L., Ramis, B. B., Bald, T., Glodde, N.,
et al. (2017). MAPK signaling and inflammation link melanoma phenotype switching to

Frontiers in Pharmacology frontiersin.org12

Zhang et al. 10.3389/fphar.2023.1079924

https://doi.org/10.1182/blood.2019000847
https://doi.org/10.1182/blood.2019000847
https://doi.org/10.21037/tlcr-20-380
https://doi.org/10.1038/ncomms10501
https://doi.org/10.1038/ncomms10501
https://doi.org/10.1038/s41590-020-0769-3
https://doi.org/10.1182/blood-2016-12-756841
https://doi.org/10.1182/blood-2016-12-756841
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.3389/fcell.2020.00672
https://doi.org/10.3389/fcell.2020.00672
https://doi.org/10.1016/j.csbj.2015.03.008
https://doi.org/10.1186/s13045-018-0559-7
https://doi.org/10.1158/2159-8290.Cd-19-0541
https://doi.org/10.1634/theoncologist.2018-0058
https://doi.org/10.1634/theoncologist.2018-0058
https://doi.org/10.1038/leu.2014.201
https://doi.org/10.1186/s13045-021-01134-x
https://doi.org/10.1186/s13045-021-01134-x
https://doi.org/10.1158/1078-0432.Ccr-18-1133
https://doi.org/10.1016/s1470-2045(19)30274-8
https://doi.org/10.1016/s1470-2045(19)30274-8
https://doi.org/10.1038/s41467-022-34395-2
https://doi.org/10.1038/s41467-022-34395-2
https://doi.org/10.3389/fimmu.2022.943354
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1111/cas.13432
https://doi.org/10.3390/vaccines3030703
https://doi.org/10.3390/vaccines3030703
https://doi.org/10.1056/NEJMc1704767
https://doi.org/10.3390/cancers13215487
https://doi.org/10.1016/s0140-6736(18)32409-7
https://doi.org/10.1016/j.ccr.2008.04.001
https://doi.org/10.1038/s41375-020-0811-3
https://doi.org/10.1182/blood-2017-01-764209
https://doi.org/10.1182/blood-2017-01-764209
https://doi.org/10.1080/2162402x.2017.1295202
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1016/j.cels.2020.06.010
https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1038/nature22991
https://doi.org/10.1016/j.cell.2020.08.053
https://doi.org/10.1182/blood.V87.9.3844.bloodjournal8793844
https://doi.org/10.1182/blood.V87.9.3844.bloodjournal8793844
https://doi.org/10.1016/j.clml.2021.12.014
https://doi.org/10.1080/2162402x.2020.1756116
https://doi.org/10.1007/s00432-020-03398-1
https://doi.org/10.1016/bs.ircmb.2017.07.004
https://doi.org/10.3389/fimmu.2022.874589
https://doi.org/10.3389/fimmu.2021.647733
https://doi.org/10.1200/jco.19.00315
https://doi.org/10.1056/NEJMc1803181
https://doi.org/10.1182/blood-2014-11-610436
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1079924


induction of CD73 during immunotherapy. Cancer Res. 77 (17), 4697–4709. doi:10.
1158/0008-5472.Can-17-0395

Reynisson, B., Alvarez, B., Paul, S., Peters, B., and Nielsen, M. (2020). NetMHCpan-
4.1 and NetMHCIIpan-4.0: Improved predictions of MHC antigen presentation by
concurrent motif deconvolution and integration of MSMHC eluted ligand data. Nucleic
Acids Res. 48 (W1), W449–W454. doi:10.1093/nar/gkaa379

Ricciuti, B., Leonardi, G. C., Puccetti, P., Fallarino, F., Bianconi, V., Sahebkar, A., et al.
(2019). Targeting indoleamine-2,3-dioxygenase in cancer: Scientific rationale and
clinical evidence. Pharmacol. Ther. 196, 105–116. doi:10.1016/j.pharmthera.2018.
12.004

Riemersma, S. A., Jordanova, E. S., Schop, R. F., Philippo, K., Looijenga, L. H.,
Schuuring, E., et al. (2000). Extensive genetic alterations of the HLA region, including
homozygous deletions of HLA class II genes in B-cell lymphomas arising in immune-
privileged sites. Blood 96 (10), 3569–3577. doi:10.1182/blood.v96.10.3569.h8003569_
3569_3577

Risinskaya, N., Mangasarova, Y., Nikulina, E., Kozhevnikova, Y., Chabaeva, J.,
Yushkova, A., et al. (2022). STR profiling reveals tumor genome instability in
primary mediastinal B-cell lymphoma. Curr. Oncol. 29 (5), 3449–3459. doi:10.3390/
curroncol29050278

Roemer, M. G. M., Redd, R. A., Cader, F. Z., Pak, C. J., Abdelrahman, S., Ouyang, J.,
et al. (2018). Major histocompatibility complex class II and programmed death ligand
1 expression predict outcome after programmed death 1 blockade in classic Hodgkin
lymphoma. J. Clin. Oncol. 36 (10), 942–950. doi:10.1200/jco.2017.77.3994

Rooney, M. S., Shukla, S. A., Wu, C. J., Getz, G., and Hacohen, N. (2015). Molecular
and genetic properties of tumors associated with local immune cytolytic activity. Cell.
160 (1-2), 48–61. doi:10.1016/j.cell.2014.12.033

Rosenwald, A., Wright, G., Leroy, K., Yu, X., Gaulard, P., Gascoyne, R. D., et al.
(2003). Molecular diagnosis of primary mediastinal B cell lymphoma identifies a
clinically favorable subgroup of diffuse large B cell lymphoma related to Hodgkin
lymphoma. J. Exp. Med. 198 (6), 851–862. doi:10.1084/jem.20031074

Sade-Feldman, M., Jiao, Y. J., Chen, J. H., Rooney, M. S., Barzily-Rokni, M., Eliane,
J. P., et al. (2017). Resistance to checkpoint blockade therapy through inactivation of
antigen presentation. Nat. Commun. 8 (1), 1136. doi:10.1038/s41467-017-01062-w

Sahin, U., Derhovanessian, E., Miller, M., Kloke, B. P., Simon, P., Löwer, M., et al.
(2017). Personalized RNA mutanome vaccines mobilize poly-specific therapeutic
immunity against cancer. Nature 547 (7662), 222–226. doi:10.1038/nature23003

Schoenfeld, A. J., and Hellmann, M. D. (2020). Acquired resistance to immune
checkpoint inhibitors. Cancer Cell. 37 (4), 443–455. doi:10.1016/j.ccell.2020.03.017

Shi, Y., Su, H., Song, Y., Jiang,W., Sun, X., Qian,W., et al. (2019). Safety and activity of
sintilimab in patients with relapsed or refractory classical Hodgkin lymphoma
(ORIENT-1): A multicentre, single-arm, phase 2 trial. Lancet Haematol. 6 (1),
e12–e19. doi:10.1016/s2352-3026(18)30192-3

Shi, Y., Wu, J., Wang, Z., Zhang, L., Wang, Z., Zhang, M., et al. (2021). Efficacy and
safety of geptanolimab (GB226) for relapsed or refractory peripheral T cell lymphoma:
An open-label phase 2 study (Gxplore-002). J. Hematol. Oncol. 14 (1), 12. doi:10.1186/
s13045-021-01033-1

Song, Y., Gao, Q., Zhang, H., Fan, L., Zhou, J., Zou, D., et al. (2020). Treatment of
relapsed or refractory classical Hodgkin lymphoma with the anti-PD-1, tislelizumab:
Results of a phase 2, single-arm, multicenter study. Leukemia 34 (2), 533–542. doi:10.
1038/s41375-019-0545-2

Song, Y., Wu, J., Chen, X., Lin, T., Cao, J., Liu, Y., et al. (2019). A single-arm,
multicenter, phase II study of camrelizumab in relapsed or refractory classical
Hodgkin lymphoma. Clin. Cancer Res. 25 (24), 7363–7369. doi:10.1158/1078-0432.
Ccr-19-1680

Stagg, J., Divisekera, U., Duret, H., Sparwasser, T., Teng, M. W., Darcy, P. K., et al. (2011).
CD73-deficient mice have increased antitumor immunity and are resistant to experimental
metastasis. Cancer Res. 71 (8), 2892–2900. doi:10.1158/0008-5472.Can-10-4246

Steidl, C., Shah, S. P., Woolcock, B. W., Rui, L., Kawahara, M., Farinha, P., et al.
(2011). MHC class II transactivator CIITA is a recurrent gene fusion partner in
lymphoid cancers. Nature 471 (7338), 377–381. doi:10.1038/nature09754

Sugio, T., Miyawaki, K., Kato, K., Sasaki, K., Yamada, K., Iqbal, J., et al. (2018).
Microenvironmental immune cell signatures dictate clinical outcomes for PTCL-NOS.
Blood Adv. 2 (17), 2242–2252. doi:10.1182/bloodadvances.2018018754

Sun, C., Li, M., Zhang, L., Sun, F., Chen, H., Xu, Y., et al. (2022). Ido1 plays a
tumor-promoting role via MDM2-mediated suppression of the p53 pathway in
diffuse large B-cell lymphoma. Cell. Death Dis. 13 (6), 572. doi:10.1038/s41419-022-
05021-2

Takata, K., Aoki, T., Chong, L. C., Milne, K., Miyata-Takata, T., Singh, K., et al. (2020).
Identification of LAG3+ T cell populations in the tumor microenvironment of classical
Hodgkin lymphoma and B-cell non-hodgkin lymphoma. Blood 136 (1), 19. doi:10.1182/
blood-2020-141462

Tang, B., Yan, X., Sheng, X., Si, L., Cui, C., Kong, Y., et al. (2019). Safety and clinical
activity with an anti-PD-1 antibody JS001 in advanced melanoma or urologic cancer
patients. J. Hematol. Oncol. 12 (1), 7. doi:10.1186/s13045-018-0693-2

Tao, R., Fan, L., Song, Y., Hu, Y., Zhang, W., Wang, Y., et al. (2021). Sintilimab for
relapsed/refractory extranodal NK/T cell lymphoma: A multicenter, single-arm, phase

2 trial (ORIENT-4). Signal Transduct. Target Ther. 6 (1), 365. doi:10.1038/s41392-021-
00768-0

Tian, T., Li, J., Xue, T., Yu, B., Li, X., and Zhou, X. (2020). Microsatellite instability and
its associations with the clinicopathologic characteristics of diffuse large B-cell
lymphoma. Cancer Med. 9 (7), 2330–2342. doi:10.1002/cam4.2870

Tian, T., and Li, Z. (2021). Targeting tim-3 in cancer with resistance to PD-1/PD-
L1 blockade. Front. Oncol. 11, 731175. doi:10.3389/fonc.2021.731175

Toulmonde,M., Penel, N., Adam, J., Chevreau, C., Blay, J. Y., Le Cesne, A., et al. (2018). Use
of PD-1 targeting, macrophage infiltration, and Ido pathway activation in sarcomas: A phase
2 clinical trial. JAMA Oncol. 4 (1), 93–97. doi:10.1001/jamaoncol.2017.1617

Tumeh, P. C., Harview, C. L., Yearley, J. H., Shintaku, I. P., Taylor, E. J. M., Robert, L.,
et al. (2014). PD-1 blockade induces responses by inhibiting adaptive immune
resistance. Nature 515 (7528), 568–571. doi:10.1038/nature13954

Turiello, R., Capone, M., Morretta, E., Monti, M. C., Madonna, G., Azzaro, R., et al.
(2022). Exosomal CD73 from serum of patients with melanoma suppresses lymphocyte
functions and is associated with therapy resistance to anti-PD-1 agents. J. Immunother.
Cancer 10 (3), e004043. doi:10.1136/jitc-2021-004043

Tuscano, J. M., Maverakis, E., Groshen, S., Tsao-Wei, D., Luxardi, G., Merleev, A. A.,
et al. (2019). A phase I study of the combination of rituximab and ipilimumab in
patients with relapsed/refractory B-cell lymphoma. Clin. Cancer Res. 25 (23),
7004–7013. doi:10.1158/1078-0432.Ccr-19-0438

Vijayan, D., Young, A., Teng, M. W. L., and Smyth, M. J. (2017). Targeting
immunosuppressive adenosine in cancer. Nat. Rev. Cancer 17 (12), 709–724. doi:10.
1038/nrc.2017.86

Wang, G., Kang, X., Chen, K. S., Jehng, T., Jones, L., Chen, J., et al. (2020). An
engineered oncolytic virus expressing PD-L1 inhibitors activates tumor neoantigen-
specific T cell responses. Nat. Commun. 11 (1), 1395. doi:10.1038/s41467-020-15229-5

Wang, X., Zhang, T., Song, Z., Li, L., Zhang, X., Liu, J., et al. (2019). Tumor CD73/
A2aR adenosine immunosuppressive axis and tumor-infiltrating lymphocytes in diffuse
large B-cell lymphoma: Correlations with clinicopathological characteristics and clinical
outcome. Int. J. Cancer 145 (5), 1414–1422. doi:10.1002/ijc.32144

Wei, S. C., Levine, J. H., Cogdill, A. P., Zhao, Y., Anang, N. A. S., Andrews, M. C., et al.
(2017). Distinct cellular mechanisms underlie anti-CTLA-4 and anti-PD-1 checkpoint
blockade. Cell. 170 (6), 1120–1133. doi:10.1016/j.cell.2017.07.024

Wei, Y., and Li, Z. (2022). LAG3-PD-1 combo overcome the disadvantage of drug
resistance. Front. Oncol. 12, 831407. doi:10.3389/fonc.2022.831407

Wu, J., Song, Y., Chen, X., Lin, T., Cao, J., Liu, Y., et al. (2022). Camrelizumab for
relapsed or refractory classical Hodgkin lymphoma: Extended follow-up of the
multicenter, single-arm, Phase 2 study. Int. J. Cancer 150 (6), 984–992. doi:10.1002/
ijc.33852

Wu, S. P., Liao, R. Q., Tu, H. Y., Wang, W. J., Dong, Z. Y., Huang, S. M., et al. (2018).
Stromal PD-L1-positive regulatory T cells and PD-1-positive CD8-positive T cells define the
response of different subsets of non-small cell lung cancer to PD-1/PD-L1 blockade
immunotherapy. J. Thorac. Oncol. 13 (4), 521–532. doi:10.1016/j.jtho.2017.11.132

Wu,Y., Xu, J., Xu, J.,Wang, Y.,Wang, L., Lv,W., et al. (2020). The predictive value of tumor
mutation burden for immune checkpoint inhibitors therapy in non-small cell lung cancer is
affected by patients’ age. Biomark. Res. 8, 9. doi:10.1186/s40364-020-00188-2

Xiao, T., Zhang, L., Chen, L., Liu, G., Feng, Z., and Gao, L. (2014). Tim-3 expression is
increased on peripheral T cells from diffuse large B cell lymphoma. Tumour Biol. 35 (8),
7951–7956. doi:10.1007/s13277-014-2080-0

Xu-Monette, Z. Y., Zhou, J., and Young, K. H. (2018). PD-1 expression and clinical
PD-1 blockade in B-cell lymphomas. Blood 131 (1), 68–83. doi:10.1182/blood-2017-07-
740993

Yan, X., Zhang, S., Deng, Y., Wang, P., Hou, Q., and Xu, H. (2018). Prognostic factors
for checkpoint inhibitor based immunotherapy: An update with new evidences. Front.
Pharmacol. 9, 1050. doi:10.3389/fphar.2018.01050

Younes, A., Santoro, A., Shipp, M., Zinzani, P. L., Timmerman, J. M., Ansell, S.,
et al. (2016). Nivolumab for classical hodgkin’s lymphoma after failure of both
autologous stem-cell transplantation and brentuximab vedotin: A multicentre,
multicohort, single-arm phase 2 trial. Lancet Oncol. 17 (9), 1283–1294. doi:10.
1016/s1470-2045(16)30167-x

Zhang, T., Liu, H., Jiao, L., Zhang, Z., He, J., Li, L., et al. (2022). Genetic characteristics
involving the PD-1/PD-L1/L2 and CD73/A2aR axes and the immunosuppressive
microenvironment in DLBCL. DLBCL 10 (4), e004114. doi:10.1136/jitc-2021-004114

Zhang, Z., Lu, M., Qin, Y., Gao, W., Tao, L., Su, W., et al. (2021). Neoantigen: A new
breakthrough in tumor immunotherapy. Front. Immunol. 12, 672356. doi:10.3389/
fimmu.2021.672356

Zhou, X., Yao, Z., Bai, H., Duan, J., Wang, Z., Wang, X., et al. (2021). Treatment-
related adverse events of PD-1 and PD-L1 inhibitor-based combination therapies in
clinical trials: A systematic review and meta-analysis. Lancet Oncol. 22 (9), 1265–1274.
doi:10.1016/s1470-2045(21)00333-8

Zhu, Z., Zhang, H., Chen, B., Liu, X., Zhang, S., Zong, Z., et al. (2020). PD-L1-
Mediated immunosuppression in glioblastoma is associated with the infiltration and
M2-polarization of tumor-associated macrophages. Front. Immunol. 11, 588552. doi:10.
3389/fimmu.2020.588552

Frontiers in Pharmacology frontiersin.org13

Zhang et al. 10.3389/fphar.2023.1079924

https://doi.org/10.1158/0008-5472.Can-17-0395
https://doi.org/10.1158/0008-5472.Can-17-0395
https://doi.org/10.1093/nar/gkaa379
https://doi.org/10.1016/j.pharmthera.2018.12.004
https://doi.org/10.1016/j.pharmthera.2018.12.004
https://doi.org/10.1182/blood.v96.10.3569.h8003569_3569_3577
https://doi.org/10.1182/blood.v96.10.3569.h8003569_3569_3577
https://doi.org/10.3390/curroncol29050278
https://doi.org/10.3390/curroncol29050278
https://doi.org/10.1200/jco.2017.77.3994
https://doi.org/10.1016/j.cell.2014.12.033
https://doi.org/10.1084/jem.20031074
https://doi.org/10.1038/s41467-017-01062-w
https://doi.org/10.1038/nature23003
https://doi.org/10.1016/j.ccell.2020.03.017
https://doi.org/10.1016/s2352-3026(18)30192-3
https://doi.org/10.1186/s13045-021-01033-1
https://doi.org/10.1186/s13045-021-01033-1
https://doi.org/10.1038/s41375-019-0545-2
https://doi.org/10.1038/s41375-019-0545-2
https://doi.org/10.1158/1078-0432.Ccr-19-1680
https://doi.org/10.1158/1078-0432.Ccr-19-1680
https://doi.org/10.1158/0008-5472.Can-10-4246
https://doi.org/10.1038/nature09754
https://doi.org/10.1182/bloodadvances.2018018754
https://doi.org/10.1038/s41419-022-05021-2
https://doi.org/10.1038/s41419-022-05021-2
https://doi.org/10.1182/blood-2020-141462
https://doi.org/10.1182/blood-2020-141462
https://doi.org/10.1186/s13045-018-0693-2
https://doi.org/10.1038/s41392-021-00768-0
https://doi.org/10.1038/s41392-021-00768-0
https://doi.org/10.1002/cam4.2870
https://doi.org/10.3389/fonc.2021.731175
https://doi.org/10.1001/jamaoncol.2017.1617
https://doi.org/10.1038/nature13954
https://doi.org/10.1136/jitc-2021-004043
https://doi.org/10.1158/1078-0432.Ccr-19-0438
https://doi.org/10.1038/nrc.2017.86
https://doi.org/10.1038/nrc.2017.86
https://doi.org/10.1038/s41467-020-15229-5
https://doi.org/10.1002/ijc.32144
https://doi.org/10.1016/j.cell.2017.07.024
https://doi.org/10.3389/fonc.2022.831407
https://doi.org/10.1002/ijc.33852
https://doi.org/10.1002/ijc.33852
https://doi.org/10.1016/j.jtho.2017.11.132
https://doi.org/10.1186/s40364-020-00188-2
https://doi.org/10.1007/s13277-014-2080-0
https://doi.org/10.1182/blood-2017-07-740993
https://doi.org/10.1182/blood-2017-07-740993
https://doi.org/10.3389/fphar.2018.01050
https://doi.org/10.1016/s1470-2045(16)30167-x
https://doi.org/10.1016/s1470-2045(16)30167-x
https://doi.org/10.1136/jitc-2021-004114
https://doi.org/10.3389/fimmu.2021.672356
https://doi.org/10.3389/fimmu.2021.672356
https://doi.org/10.1016/s1470-2045(21)00333-8
https://doi.org/10.3389/fimmu.2020.588552
https://doi.org/10.3389/fimmu.2020.588552
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1079924

	Resistance mechanisms of immune checkpoint inhibition in lymphoma: Focusing on the tumor microenvironment
	1 Introduction
	2 Efficiency of ICIs in lymphoma
	2.1 B cell lymphoma
	2.2 T- and NK-cell lymphoma

	3 Resistance mechanisms to immune checkpoint inhibition
	3.1 Inadequate T cell influx into the TME
	3.2 Inadequate T cell activation and impaired function
	3.3 Upregulation of other inhibitory checkpoint molecules in the TME
	3.4 Immunosuppressive and pro-tumorigenic cell populations in the TME
	3.5 Immunosuppressive metabolites in the TME

	4 Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


