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Abstract: In lymphomas of B-cell origin, cancer cells orchestrate an inflammatory microenvironment
of immune and stromal cells that sustain the tumor cell survival and growth, known as a tumor
microenvironment (TME). The features of the TME differ between the different lymphoma types,
ranging from extremely inflammatory, such as in Hodgkin lymphoma, to anergic, leading to immune
deficiency and susceptibility to infections, such as in chronic lymphocytic leukemia. Understanding
the characteristic features of the TME as well as the interactions between cancer and TME cells has
given insight into the pathogenesis of most lymphomas and contributed to identify novel therapeutic
targets. Here, we summarize the preclinical data that contributed to clarifying the role of the immune
cells in the TME of different types of lymphomas of B-cell origin, and explain how the understanding
of the biological background has led to new clinical applications. Moreover, we provide an overview
of the clinical results of trials that assessed the safety and efficacy of drugs directly targeting TME
immune cells in lymphoma patients.

Keywords: B-cell lymphoma; tumor microenvironment; immune cells; T cells; PD-1; PD-L1;
macrophages; CD47; Hodgkin lymphoma

1. Introduction

Lymphomas are a heterogeneous group of cancers arising from lymphocytes, typically involving
lymphoid organs. Many subtypes exist, defined by the current World Health Organization (WHO)
classification primarily based on tumor cell morphology, immune phenotype and genetic alterations [1].
The cell of origin, identified based on the microscopic appearance and immune phenotype of the
tumor cells, is the basis for subtyping. Two main groups are defined: B-cell lymphomas, and T-cell
and natural killer (NK)-cell lymphomas. Hodgkin lymphoma represents an independent entity, but,
given its B-cell origin, it is discussed together with B-cell lymphomas here. Lymphomas account for
approximately 3.5% of new cancer cases worldwide, with B-cell lymphomas and Hodgkin lymphoma
accounting for 80% and 10% of all lymphoma cases, respectively [2].
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In general, it is assumed that the major oncogenic genetic events accumulate prior to or at
the cell-of-origin stage of B-cell development and contribute to hampering further maturation [3].
The presence of somatic hypermutation (SHM) allows us to determine whether the lymphoma cell has
experienced the germinal center (GC) or not. The presence of SHM in both primary mediastinal large
B-cell lymphoma (PMBCL) and classical Hodgkin lymphoma (cHL), for example, supports the GC or
post-GC origin of these lymphoma types. Mantle cell lymphoma (MCL) cells, instead, have features
that are evocative of naive B cells, even if SHM is found in one third of the cases [4], while Burkitt
lymphoma (BL), follicular lymphoma (FL) and GC B-cell (GCB) diffuse large B-cell lymphoma (DLBCL)
have features that are suggestive of GC B-cell derivation. The activated B cell-like (ABC) DLBCLs are
also GC-experienced, but the cell of origin in this case is suggestive of plasmablast cell differentiation.
Marginal zone lymphoma (MZL) cells have a microscopic appearance and immune phenotype that
is reminiscent of B cells from the marginal zone of the B-cell follicles. The cell of origin in chronic
lymphocytic leukemia (CLL), on the other hand, is still a matter of debate. According to initial theories,
CLL cases with mutated immunoglobulin (Ig) heavy-chain variable region genes (IGHV) would derive
from a GC-experienced B cell while cases with unmutated IGHV would derive from a naive B cell, but
this issue is still widely disputed [5].

In the past decades, lymphoma pathogenesis has been better understood, with increasing focus
put on non-malignant cells residing in the tumor, primarily immune and stromal cells, which constitute
the so-called tumor microenvironment (TME) [6]. This knowledge has provided the rationale for new
clinical applications and therefore the opportunity to address unmet clinical needs.

In this review, we summarize the available pre-clinical data on the role of the immune cells in
the TME and provide an overview of the clinical trials with drugs targeting TME immune cells in
lymphoma patients.

2. Immune Cells in the Tumor Microenvironment

Lymphoma TME can vary substantially among the different lymphoma types. A summary of the
key pathological features of the different lymphomas of B-cell origin, including the TME composition,
is provided in Table 1.

The TME composition somehow mirrors the degree of dependence of tumor cells on TME cells
for survival and proliferation. Indeed, the cancer cells can actively shape the TME composition by, for
example, expressing chemokines and adhesion molecules that attract certain immune cells rather than
others, or favor their homing to the lymph nodes rather than extra-nodal dissemination. Scott and
Gascoyne defined three extreme patterns of TME composition, named ‘re-education’, ‘recruitment” and
‘effacement’, which are exemplified by FL, cHL and BL respectively [3]. Beside these major patterns,
variable degrees of interplay between malignant cells and immune cells in the TME are observed in the
different lymphoma subtypes.

Besides sustaining tumor cell survival and growth, these interactions also contribute to the
inhibition of an effective anti-tumor immune response by various mechanisms. The overexpression
of the so-called immune checkpoints, co-signaling receptors that participate in the regulation of T
cell-driven immune responses, is one of these mechanisms. Programmed death-1 (PD-1) is an immune
checkpoint which inhibits T-cell functions upon binding to the ligands PD-L1 and PD-L2 [7]. PD-L1
is lowly expressed in normal tissues, but highly expressed on various tumors and can be further
enhanced by tumor environmental factors [8,9]. Strategies aiming at unleashing anti-tumor immunity
by blocking these immune checkpoints, including the so-called immune checkpoint blockade (ICB),
has been implemented in cancer treatment during the past decade.
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Table 1. Key pathological features of lymphomas of B-cell origin.
Characteristic . .
Diagnosis Immuno-Phenotype = Chromosomal Typical Neoplastic Immune T M E
. Changes Composition
Aberrations
NK cells
CD20*CD5~ DCs
DLBCL CD23~ i ) macrophages
T cells
CLL CD20*CD5* jig;q)) iiil(l?r’r?)/ ) Macrophages
CD23* b eomy T cells
FDCs
CD20*CD10* ) ) BCL2 T cells (TFH)
FL BCL2*BCL6* t(14;18)(q32;p21) overexpression macrophages
normal B cells
T cells
macrophages
cHL CD30*CD15* eosinophils
mast cells
neutrophils
normal B cells
T cells
CD20*CD5~ FDCs
MALT CD10~ macrophages
normal B cells
CD20*CD5*
MCL D10 ¢D23" t11;14)(q13:432) overceierZszlsion macl;cf eﬂz es
CCND1* P Phag
PMBCL CD20*CD3*slg™ - - T cells
macrophages
T cells
CD20*CD5~ normal B cells
SMZL CD10CD23" FDCs
macrophages
CD20*CD10* MYC
BL BCL27BCL6* H8/14)(q24932) overexpression macrophages
FDCs
CD20*CD5~ macrophages T
NMZL CD10-CD23- ] ) cells
normal B cells
+ _ T cells
LPL CD20*CD10 ) ) mast cell
CD23" S
macrophages
normal B cells
CD20*CD30~ FDCs
NLPHL CD15-BCL6™* macrophages
T cells
CD20*EMA* T cells
THRLBCL BCL2*BCL6* i ) macrophages

DLBCL = diffuse large B-cell lymphoma; CLL = chronic lymphocytic leukemia; FL = follicular lymphoma; cHL =
classical Hodgkin lymphoma; MALT = extranodal marginal zone lymphoma of mucosa associated lymphoid tissue;
MCL = mantle cell lymphoma; PMBCL = primary mediastinal large B-cell lymphoma; SMZL = splenic marginal
zone lymphoma; BL = Burkitt lymphoma; NMZL = nodal marginal zone lymphoma; LPL = lymphoplasmacytic
lymphoma; NLPHL = nodular lymphocyte predominant Hodgkin lymphoma; THRLBCL = T-cell/histiocyte rich
large B-cell lymphoma; slg = surface Immunoglobulin; NK = natural killer; DC = dendritic cell; TFH = follicular

helper T cells; FDC = follicular dendritic cell.

2.1. Diffuse Large B-Cell Lymphoma

This subtype is the most common B-cell lymphoma, accounting for 30% of all lymphomas [10].
In general, DLBCL is recognized by a diffuse growth pattern of large CD20* cells, with additional
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immune phenotypes varying among the different subtypes [11]. By comparing the transcriptional
profiles of primary DLBCL cells with healthy B cells, two distinct genetic subgroups were identified
suggesting the initiating cell type: DLBCL arises from GC and post-GC B cells. Regarding the gene
expression profile, the GCB-DLBCL subtype resembles the GC cells and the ABC-DLBCL subtype is
reminiscent of in vitro-activated B cells and of plasma cells, with the latter subtype having a much
poorer prognosis [12].

Typically, the tumor cell content is 60%-80% [13], corresponding to a rather ‘effaced” TME
composition pattern, as proposed by Scott and Gascoyne [3]. The tumor cells have acquired genetic
mutations that render them relatively independent from survival and proliferation signals from their
microenvironment [3]. Immune cells in the TME of DLBCL include natural killer (NK) cells (+/—20%
of total cell content), dendritic cells (DCs) (+/-15%), M2-type macrophages (+/-15%), CD4+ T cells
(+/-10%) and CD8* T cells (< 5%) [13].

The contribution of monocyte-derived cells, such as tumor-associated macrophages (TAMs) and
myeloid-derived suppressor cells (MDSCs), to the pathophysiology of DLBCL and their prognostic
impact remain highly controversial [14]. Two general studies in B-cell non-Hodgkin lymphoma (NHL)
show that patients with increased ratios of circulating CD14*HLA-DR°"/~ monocytes have more
aggressive disease and suppressed immune functions and that the expansion of this population may
be mediated by interleukin (IL)-10 [15,16]. Interestingly, CD47, a surface molecule that inhibits cellular
phagocytosis, is upregulated on primary DLBCL cells and predicts poor prognosis [17]. CD47 also
enables extranodal dissemination. Targeting this protein with an agonistic antibody could prevent
dissemination and induce tumor cell phagocytosis [17,18].

In the TME of DLBCL, T cells have emerged as good tools for predicting prognosis and they possibly
play a large role in lymphomagenesis. Low general T-cell infiltration correlates with poor survival
in DLBCL [19-22]. Both a high percentage (> 6%) of tumor infiltrating CD8* T cells [23] and a high
CD4* T-cell infiltration have been correlated to increased survival [24]. These CD4" tumor-infiltrating
lymphocytes (TILs) were mostly CD4"CD45RO* memory T cells [24,25]. The prognostic value of a
high CD4:CDS8 ratio among tumor-infiltrating T cells remains unclear, as it has been associated with
both better and worse survival in different studies [21,22]. On the other hand, no significant prognostic
correlation has been found with regulatory T cells (Tregs) [19,26,27].

Through gene set enrichment analysis, 3 subsets of DLBCL were identified, among which the ‘host
response’ (HR) subset. These HR tumors had increased expression of immune effector cell markers
and higher numbers of CD3* TILs and interdigitating S100* DCs [28]. These findings were confirmed
in a study where S100* DCs were found together with CD45RO™ T cells in the tumor periphery
correlating to increased numbers of granzyme B* TILs [29]. Interestingly, macrophage and CD8" T-cell
infiltration in the bone marrow is more common in high-risk DLBCL patients and CD8" T-cell bone
marrow infiltration is a negative prognostic indicator independent of bone marrow involvement [30].
Furthermore, CD40 expression on tumor cells correlated with a longer overall survival (OS), suggesting
that the interaction between tumor cells and CD40L" CD4" T cells could stimulate antigen presentation
and lymphoma-specific T-cell responses [31].

The importance of T-cell infiltration in the prediction of patient outcome in this disease suggests
a potential benefit of treatment with ICB. The expression pattern of CTLA-4 in the DLBCL TME
is understudied, but it is thought to play a role in T-cell priming rather than peripheral tolerance.
Non-GC DLBCL in particular has a high expression of immune escape genes and immune checkpoint
molecules in the TME [32]. Overall, PD-L1 expression on tumor cells has been reported in only a subset
of DLBCL patients, mainly in those with a non-GC subtype and Epstein-Barr virus (EBV)-associated
disease [33-37]. Genetic alterations in the PD-L1/PD-L2 locus are a common cause of overexpression [38].
PD-L1 is also expressed by macrophages in the DLBCL TME and the infiltration of PD-1* lymphocytes
was associated with a superior survival in a cohort of patients receiving standard chemo-immunotherapy
treatment (R-CHOP; rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone) [39].
Both tumor-specific PD-L1 expression and soluble PD-L1 correlate with poor prognosis [40—42].
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Tissue PD-L1 expression, PD-1 expression on T cells and PD-1/PD-L1 interaction are negative
prognostic indicators in patients with high T-cell infiltration, i.e., >3.5% of all cells [20].

Primary mediastinal large B-cell lymphoma is an official subtype of DLBCL, although it shares
more histopathological and gene expression patterns with the nodular sclerosis subtype of cHL [11].
In PMBCL, frequent rearrangements (20% of cases) of the PDL locus 9p24.1 have been found, that
lead to increased expression of PD-L1, PD-L2 and Janus Kinase (JAK)2 transcripts [33,34,37,43—-45].
Overexpression of JAK2 could further enhance overexpression of PD-L1 [46].

The composition of the TME is slightly different in DLBCL cases that occur at the so-called
immune-privileged sanctuary sites. Compared to nodal DLBCL, primary central nervous system
(CNS) lymphoma (PCNSL) has a lower infiltration of S100* DCs and cytotoxic T cells (poor prognostic
indicator). The presence of infiltrating S100* DCs was correlated with infiltrating T cells in a rimming
pattern [47]. Low expression of a T-cell gene signature and a low infiltration of CD4* and CD8*
predict inferior survival in primary testicular lymphoma (PTL) [48]. PD-L1 is frequently expressed on
tumor cells and macrophages in the TME of PCNSL [49]. Copy number alterations and translocations
involving the 9p24.1 locus, as a basis for PD-L1 overexpression, are also common in PCNSL and
PTL [50,51].

Besides expression of immune suppressive molecules on T cells, ineffective antigen presentation
by tumor cells can also contribute to hampering anti-tumor immune responses. B-cell lymphomas
usually express major histocompatibility complex (MHC) class II molecules, reminiscent of their cell of
origin. However, there is ample evidence of antigen presentation and immune recognition defects in
DLBCL. CD4" T cells with cytotoxic capabilities occur in DLBCL and their presence correlates with
the MHC class II expression by tumor cells. Even though these T cells can kill DLBCL cells in vitro
in an MHC class II-dependent manner, no correlation was found with patient survival [52]. In an
extensive immunohistochemistry study, the loss of CD86, CD54, MHC class I and II expression on
DLBCL cells were all associated with low tumor infiltration by CD8* T cells [53]. Moreover, loss
of MHC class II expression on DLBCL tumor cells correlates with poor patient survival and lower
numbers of TILs [54-56].

In particular, PCNSL and PTL cases have commonly lost MHC class I and II expression, frequently
caused by homozygous deletions in the MHC class II genes [57]. Loss of MHC class I and II expression
in PTL was also found to correlate with low T-cell infiltration [48].

The loss of MHC class II expression in nodular DLBCL cases, however, is not commonly caused
by deletions, suggesting transcriptional or post-transcriptional regulation [58]. Decreased class
I transactivator (CIITA) expression emerged as the most common mechanism of MHC class 1I
downregulation [59]. Normal B cells physiologically lose MHC class II expression through plasma cell
differentiation. Accordingly, MHC class II expression is high in GCB-DLBCL, low in ABC-DLBCL and
negative in plasmablastic lymphoma (PBL). An inverse correlation exists between the expression of
MHC class II and plasma cell markers. These observations collectively suggest physiological plasma
cell differentiation as another mechanism of downregulation and loss of MHC class II expression in
DLBCL [60]. In PMBCL, decreased MHC class II expression is related to poor patient survival [61].
In this DLBCL subtype, genomic rearrangements in CIITA occur frequently, which correlates with a
shorter disease-specific survival. CIITA gene fusions lead to reduced MHC class II surface expression
and overexpression of PD-1 ligands PD-L1 and PD-L2 [62,63].

Other molecular mechanisms contributing to defective antigen presentation have also been
suggested. The expression of gamma-interferon-inducible lysosomal thiol reductase (GILT), a facilitator
of endocytic binding of peptides to MHC class I, correlates with better patient survival [64]. Besides,
in an in vitro model for ABC-DLBCL, FOXP1 has been shown to reduce the expression of MHC class II
and CD74 [65].

Inactivating mutations and deletions in the 32-Microglobulin (B2M) gene, crucially impairing
MHC class I assembly and cell surface expression, occur in 29% of DLBCL cases. The lack of MHC
class I helps tumor cells escape from recognition by CD8* cytotoxic T cells, yet trigger recognition



Cancers 2019, 11,915 6 of 31

by NK cells. However, concurring genetic lesions in CD58 occur in 21% of cases, aiding escape from
NK cell-mediated cytotoxicity. A mere 61% of DLBCL cases lack both MHC class I and CD58 surface
expression [66].

Several targetable epigenetic regulators and other enzymes interfere with the antigen presentation
machinery in DLBCL. In GCB-DLBCL cells, CIITA transcription is epigenetically regulated by histone
deacetylases (HDAC) and HDAC inhibitors can reverse this process [67]. cAMP response element
binding protein (CREB) binding protein (CREBBP) mutant GC lymphomas have reduced MHC class II
expression through epigenetic silencing by HDACS3 [68,69]. Moreover, EZH2, an epigenetic repressor,
is frequently mutated in both MHC class I- and II-negative GC B-cell lymphomas. MHC expression can
be restored by the EZH?2 inhibitor tazemetostat in vitro [70]. Furthermore, an inhibitor of the protein
mucosa associated lymphoid tissue (MALT)1, a paracaspase crucial in B-cell activation, suppresses
the growth of ABC-like DLBCL cells in vitro and in vivo. MALT1 drives JAK/signal transducer and
activator of transcription (STAT) signaling and inhibits type I interferon and MHC class Il expression [71].
Besides, MALT1 facilitates PD-L1 expression on ABC-DLBCL cells [72]. Interestingly, MHC class II
was lost and PD-L1 was upregulated in a nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB)-driven and p53-deficient ABC-like murine DLBCL model. PD-1 blockade enhanced the
efficacy of anti-CD20 antibody treatment in this immunocompetent ABC-DLBCL model [73].

2.2. Follicular Lymphoma

The development of the indolent lymphoma subtype FL is linked to normal B-cell development,
hence the FL cell retains features from its normal progenitor, the GC B cell, such as somatic
hypermutation (SHM) and CD10 expression [74]. Like the GC B cell, the FL cell is completely
dependent on its microenvironment and therefore cell lines have been difficult to establish [75]. When
FL spreads to the bone marrow, it appears to both recruit T-cell subsets and train local stroma cells
to nurture it [76]. Very common neoplastic changes in FL cells are: t(14;18)(q32;p21), leading to
overexpression of B-cell lymphoma 2 (BCL2) [74], glycan modification of the B-cell receptor (BCR) [77]
and mutations in epigenetic regulators [78].

Normally, only GC B cells selected for their BCR will survive and differentiate, while the others
will go into apoptosis. However, the aberrant and abundant expression of BCL2 protects FL cells from
this destiny. Upon recognition of an antigen, the BCR launches important downstream survival signals
in a normal B cell. It is noteworthy that FL cells always express the BCR (with its surface Ig), even
though one allele has been consumed by the BCL2 translocation. This suggests that FL needs the BCR
to survive. In idiotype-vaccine experiments, resistance in FL arose through new mutations in the Ig
gene, not through loss of BCR/Ig expression [79,80]. In about a fourth of the cases, the BCR in FL
recognizes auto-antigens, such as vimentin [81,82]. However, most FLs appear to be dependent on
BCR signaling without any extant antigen. In over 80% of cases of FL, somatic mutation has introduced
N-glycosylation in the antigen-binding Ig variable region of the BCR [77]. These added mannoses
interact with lectins of the mannose receptor and CD209, expressed by cells in the microenvironment,
and ultimately, escape the normal BCR selection [83]. Almost-always present are one or several
mutations that cause deregulation of the epigenome (reviewed extensively in reference [78]), impairing
the FL cell’s ability to differentiate beyond the GC phenotype. Additionally, the 60%—-70% of FLs with
CREBBP mutations decrease MHC class II expression, associated with a reduced frequency of various
infiltrating T-cell subsets [84].

The immune microenvironment in FL partly resembles the normal GC B-cell environment, with
the FL cell (like the GC B cell) being dependent on follicular helper T cells (TFHs) and follicular dendritic
cells (FDCs). Macrophages are more common in FL than in normal GCs and they express lectin, possibly
upregulated by IL-4, which also stimulates FL survival through the BCR [85]. IL-4 is highly expressed
in the FL milieu [86], produced by local TFHs [87]. The abnormally high production of IL-4 by FL TFHs
has been shown to be induced by FDCs and fibroblastic reticular cells, through the overexpression
of stromal cell-derived factor-1 (SDF-1, also known as CXCL12) [88]. The normal function of the
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chemokine CXCL12 is to polarize the GC to dark (centroblast) and light (centrocyte) zones [89], with
the CXCL12-receptor CXCR4 highly expressed in centroblasts but not in centrocytes [90]. The effect of
CXCL12 in FL appears to be mostly mediated through CXCR4* TFHs. The TFHs also express CD40L,
another important survival signal for FL [91]. FDCs provide a scaffold and secrete besides CXCL12
also CXCL13, which attracts FL cells and TFHs through ligation of CXCR5, to make them move around
the FDC [92]. The FL cells seem to trigger the recruitment, polarization, and maintenance of their
microenvironment, with the exact mechanisms yet to be uncovered. For example, patients with FL
involvement of the bone marrow, which occurs in about 50% of the cases, have a deranged bone marrow
microenvironment, which is not found in patients without bone marrow involvement. However,
patients who will later develop bone marrow involvement already show a deranged bone marrow
environment at diagnosis, in which the bone-marrow FL-cells have recruited CD4* and PD-1* T cells at
the expense of CD8" T cells, and have subverted local stromal cells to an CD21* FDC phenotype [93].

Intratumoral CD4" T cells that have a high PD-1 expression are mainly found in the lymph
node follicles, have a TFH phenotype, are CXCR5*, BCL6*, TIM-3", secrete IL-21 and support the
proliferation of B cells. The CD4" T cells that have a low PD-1 expression, in contrast, are arranged in
an interfollicular pattern, do not express CXCR5 and BCL6, yet do express exhaustion marker TIM-3.
Furthermore, these CD4* or CD8* PD-1°% T cells correlated with inferior OS [94]. High tissue PD-1
expression has been associated with good clinical outcome [95], though PD-1 expression has also been
correlated to inferior patient survival [96-98].

Numerous studies have been published on the prognostic properties of immune cell subsets in
the microenvironment of FL, but their prognostic values have been difficult to reproduce [92]. This
difficulty is aggravated by the enormous survival improvements in the last decades, and the median
OS in this indolent disease is now at least 15 years [99-101]. The changing therapeutic paradigms
(most importantly, the advent of rituximab) have probably also changed the prognostic properties of
the immune cells in the TME since the effect of rituximab is partly dependent on some immune cells.
Finally, it might be possible that circulating immune cells are more important than local TME cells
when rituximab is used [102].

2.3. Chronic Lymphocytic Leukemia

Chronic lymphocytic leukemia is the most common leukemic lymphoma, and is characterized by
the presence of lymphocytosis (>5.0 X 10°/L) and a typical immune phenotype of clonal B cells that
express CD5, CD19 and CD23. The disease is incurable, with a highly variable clinical course, ranging
from indolent and not requiring treatment, to active, treatment-requiring disease due to progressive
marrow failure, symptomatic lymphadenopathy, splenomegaly or disease-related symptoms. Typically,
the majority of CLL cells are in a resting state. The anatomical site of CLL cell proliferation is thought
to be the so-called proliferation centers in the lymph nodes [103].

The TME of CLL is complex and multidimensional. Relevant interactions between immune cells
and tumor cells take place in all the tumor compartments, yet mainly in the lymph nodes and the bone
marrow and to a lesser extent in the peripheral blood. CLL cells and immune cells in the TME exert a
reciprocal influence on each other. Monocytes, macrophages and T cells are the immune cells most
commonly found in the TME, in very variable frequencies.

Monocyte-derived nurse-like cells (NLCs) attract CLL cells in vitro through the secretion of
the CXCR4 ligand CXCL12 [104], and the CXCRS5 ligand CXCL13 [105]. NLCs can be generated
from monocytes in vitro by co-culturing them with CLL cells, potentially mediated by CLL-secreted
HMGBI [106] and M-CSF [107]. These in vitro-generated cells upregulate the TAM markers CD68 and
CD163 in vivo [108] and patients with high serum levels of soluble CD163 have shorter treatment-free
survival and OS [109]. Genes that are specifically altered by CLL cells in these monocyte-derived
cells are involved in the ability to process and present antigens [110]. CLL cells receive survival cues
from NLCs, which rescues them from spontaneous apoptosis in vitro and drug-induced apoptosis
in vivo [111]. The survival signals to CLL cells include, but are not limited to, the expression of
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CXCL12 [104], CD31, plexin B [112], a proliferation-inducing ligand (APRIL), B-cell-activating factor
(BAFF), [113], BCR stimulation [114] and CD2 expression [115] by NLCs. These interactions have
recently been reviewed by ten Hacken and Burger [116]. Ligation of the chemokine receptors CXCR4
and CXCRS5 (by CXCL12 and CXCL13, respectively) leads to endocytosis and down-regulation of
their surface expression [117,118]. Antigenic stimulation of the BCR makes CLL cells migrate towards
CXCL12 and CXCL13, secrete CCL3 and CCL4 (T cell-attracting chemokines) and downmodulate
CXCR4 expression. These BCR-dependent mechanisms that create the protective niche for CLL cells
could be abrogated downstream (such as by a Syk-inhibitor in vitro [119]).

The protection by NLCs is akin to the role of bone marrow stromal cells (BMSCs) [120,121],
where CXCR4 is also an important chemoattractant for CLL cells [122], yet they evoke distinct gene
expression profiles in CLL cells. NLCs activate expression of genes within the BCR and NF«B signaling
pathways [114], while BMSCs upregulate TCL1 and FOS/JUN expression [123].

It is well established that CLL cells are inadequate antigen-presenting cells (APCs) [124,125].
Additionally, viral and bacterial infections are a common cause of disease-related morbidity, which
displays an acquired deficiency of the adaptive immune system [126,127]. Peripheral blood CD4* T
cells have defective helper functions and suppressive activity [128] and CD8" cells have substantial
reduction in CD3 zeta chain and CD28 expression [129]. Compared to healthy controls, T cells in CLL
patients have downregulated genes encompassing cell differentiation (CD4"), cytoskeleton formation,
vesicle trafficking and cytotoxicity (CD8"). Similar gene expression profiles could be provoked in
healthy donor T cells through co-culture (in direct contact) with CLL cells [130]. T cells are suppressed
by CD200 expression on the surface of CLL cells [131]. Furthermore, circulating CD4* and CD8*
have a “pseudoexhausted” phenotype [132-134], with upregulation of BLIMP1, CD160, CD244, and
PD1, most notably in effector T cells. CD8" T cells have deficient proliferation and cytotoxicity,
caused by defective vesicle packaging of granzyme B and faulty formation of immune synapses with
non-polarized degranulation [135,136]. CD200, B7-H3, HVEM and PD-L1 were all shown to mediate
the development of immune synapse defects [137]. CLL cells exhibit reduced motility, which is crucial
for immune synapse formation, through inhibition of Rho GTPase signaling [138]. Immune synapses
between APCs and T cells in CLL were reported to be restored by the immune modulating drug
lenalidomide [136-138]. Interestingly, inferior OS was associated with increased PD-1 expression by T
cells in the lymph nodes [137].

Increased frequencies of Tregs (10% of total CD4* T cells) have also been reported in the peripheral
blood of CLL patients, especially in advanced disease [134,139].

In the tissue niches where CLL cells proliferate, T cells play a major role too [140]. CCL22 is
secreted by CLL cells in the bone marrow and lymph nodes, yet not by those in the peripheral blood.
This chemokine attracts CD4" T cells expressing the CCL22 receptor CCR4 and CD40L that support
survival [141,142]. Typically, CLL cells proliferate in “‘pseudofollicles’, where they are expressing high
levels of CD38 and are in tight contact with CD4" T cells [143]. Furthermore, CLL cells secrete the
T-cell chemokines CCL3 and CCL4 upon BCR stimulation by NLCs, so NLCs indirectly contribute
to the attraction of chronically activated (CD57%) T cells to these protective tumor niches [114,144].
CCL3 and CCL4 levels are also elevated in CLL patients’ plasma [114,145]. Moreover, these high CCL3
levels predict a short time to first treatment, highlighting its pathogenic relevance of attracting T cells
and myeloid cells to the TME [146].

Natural killer (NK) cells are increased in number, yet are functionally impaired in the peripheral
blood of CLL patients [147,148]. The mechanisms by which NK cells are inhibited in CLL are poorly
understood. NK cell suppression through cell-cell contact could occur through the expression of the
tolerogenic MHC class I subtype HLA-G [149] and CD137L (4-1BB ligand) on CLL cells [150]. CLL cells
can disrupt the lytic immune synapse formation between NK cells and their target cells [151]. NK cells
appear to have an influence on disease progression, as the number of NK cells relative to the size of the
CLL clone is related to time to first treatment [152].
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Two BCR-related kinases, Bruton’s tyrosine kinase (BTK) and phosphoinositide 3-kinase 5 (PI3K9),
have been targeted with unparalleled clinical success (by the drugs ibrutinib and idelalisib, respectively).
Syk, another kinase in the BCR signaling pathway, has also been investigated as a druggable target
in CLL. It has become apparent that the clinical efficacy of these drugs relies on more than just the
abrogation of BCR-dependent survival and proliferation signals. In addition to its role in BCR signaling,
BTK is also involved in the signaling of other receptors related to B-cell migration and adhesion,
such as the CXCR4 and CXCR5 chemokine receptors and adhesion molecules (integrins) [153-155].
BTK inhibition with ibrutinib has elegantly been shown to reduce the surface expression of CXCR4,
resulting in reduced anchoring of CLL cells in the TME of lymphoid organs and their subsequent release
into the peripheral blood. This phenomenon explains the rapid escalation of lymphocytosis paralleled
by early lymph node shrinkage at the start of ibrutinib treatment in CLL patients. These circulating
CLL cells fail to upregulate CXCR4, preventing them from re-entering the tissue niches. This effectively
deprives them of survival signals, which eventually causes cell death [156]. Furthermore, ibrutinib
treatment leads to an immediate downregulation of a plethora of chemokines in the plasma, mainly
through alteration of CLL cells and TME cells in the lymph nodes [157]. The immunomodulatory
effects of BCR signaling inhibitors has recently been reviewed by Maharaj et al. [158]. Interestingly,
IL-4 expression increases surface IgM expression and reduces CXCR4 and CXCR5 and seems to
render CLL cells resistant to BCR-signaling inhibitors ibrutinib and idelalisib [159]. In retrospect, the
downmodulation of CXCR4 and CXCR5 by IL-4 might explain the lymphocytosis that was observed in
an early clinical trial testing IL-4 therapy in CLL patients [160].

2.4. Classical Hodgkin Lymphoma

Classical Hodgkin lymphoma exemplifies an extreme tumor composition pattern, labelled
‘recruitment’ [3]. Only a small minority of cells in the tumor (approximately 1%) are the malignant
Hodgkin Reed-Sternberg (HRS) cells, which are embedded in an inflammatory environment of immune
cells making the tissue dissimilar to healthy lymph nodes. HRS cells most likely derive from GC
B cells, but have a heavily reprogrammed gene expression profile with a loss of most of the typical
B-cell genes and cell surface molecules, though they do express CD30 almost uniformly. While driving
mutations and major transforming events are still poorly understood, recurrent genetic aberrations in
constituents of the JAK/STAT and NF«B signaling pathways resulting in increased activity are common
features [161].

Among the immune cells that are recruited to the microenvironment by HRS cells, T cells are the
most frequent. CD4* T cells are attracted through the secretion of CCL5 (also known as RANTES),
CCL17 (also known as TARC), CCL20 and CCL22 [162-164]. These CD4™" T cells are predominantly of
the Treg and T2 subtype [165-167]. Compared to reactive lymph nodes, cHL lymph nodes feature
an expansion of active PD-1" Tregs and exhausted PD-1" Ty 1-polarized effector T cells, collectively
contributing to immunosuppression [168].

The secretion of IL-5, CCL5 and CCL28 by HRS cells attracts eosinophils, CCL5 also recruits mast
cells and HRS-secreted IL-8 recruits neutrophils [162]. HRS cells also support their own survival by
secreting CCL5 [164].

The survival and proliferation signals that HRS cells get from the microenvironment are
induced by CD40 ligation and IL-3 production by CD40L-expressing CD4" T cells, activation of
CD30 by CD30L-expressing eosinophils and mast cells, and BCMA activation by APRIL-expressing
neutrophils [161,169].

Multiple immune editing and immune evasion mechanisms are active in cHL. HRS cells can drive
the differentiation of CD4* T cells towards Tregs [170]. Tregs are abundant in cHL affected lymph
nodes and they are suppressive to CD8* cytotoxic T cells [165,167]. Paradoxically, the presence of
Tregs has been associated with superior patient survival [171-173]. HRS cells themselves express the T
cell-suppressive molecules TGF(, IL-10, PGE2 and galectin 1 [162,167,174,175]. HRS cells also express
PD-L1 to suppress T cells [176]. Moreover, analogous to PMBCL, PCNSL and PTL, as illustrated
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in Figure 1, nearly all newly diagnosed cHL patients have alterations in the PD-L1 and PD-L2 loci
(9p24.1), which is associated with constitutive PD-L1 expression. Advanced stage cHL patients have
an increased frequency of 9p24.1 amplifications and patients with this genetic alteration have a shorter
progression-free survival (PFS) [177]. Furthermore, most patients have a loss or reduced expression
of f2M and MHC class I and reduced expression of CIITA and MHC class II [62,178]. In a cohort of
newly diagnosed patients, reduced MHC class I expression was linked to a shorter PFS, while reduced
MHC class II expression had no prognostic implications [179]. In a cohort of heavily pre-treated
patients treated with the anti-PD1 antibody nivolumab, superior PFS was associated with a higher
level of 9p24.1 alterations and high PD-L1 expression. Here, MHC class II expression by HRS cells
was predictive for complete response (CR) (and PFS in a subgroup of patients). However, 92% of
responders in this cohort where MHC class I negative, suggesting that the efficacy of PD-1 blockade in
relapsed/refractory (R/R) cHL does not depend on CD8* T-cell mediated cytotoxicity [180].

- Intrinsic overexpression of PD-L1 - Germinal center remnants in TME - Highly protective tumor niche
- Good response to PD-1 blockade - Potential response to CD47 blockade - BCR-inhibition sets tumor cells free

PMBCL .

PCNSL/PTL

._" :: Neutrophil % Denderitic cell
. Mast cell @ PD-1/PD-L1-axis

@ Macrophage/NLC ““3 Eosinophil SIRPa/CDA47-axis

Figure 1. Common immune microenvironment patterns in lymphomas of B-cell origin. Left panel:
cHL, PMBCL and PCNSL/PTL share the feature of genetic aberrations in the 9p24.1 locus leading to an
intrinsic overexpression of PD-L1, which is associated with a good clinical response to PD-1 blockade.
Middle panel: DLBCL and FL show remnants of the germinal center in their immune microenvironment
and share the potential to clinically respond to CD47 blockade. Right panel: CLL has a distinct immune
microenvironment which is markedly protective. BCR-inhibiting drugs release CLL cells from this
niche. SIRP« = Signal regulatory protein «.

The expression of PD-1 and PD-L1 in the TME correlated to poor OS in previously untreated
patients [181,182]. Global leukocyte expression of PD-1 and PD-L1 in the TME and PD-L1 expression
on HRS cells intensified in biopsies from relapsed cHL patients, compared to matched biopsies from
the initial diagnosis [183].
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A relevant role in the pathogenesis of cHL is also played by TAMs. A gene-expression profiling
study identified that TAMs are associated to treatment failure [184]. An increased infiltration with
CD68* macrophages, as analyzed by immunohistochemistry, correlated with a shorter PFS and more
frequent relapse after autologous hematopoietic cell transplantation (auto-HCT) [184]. A meta-analysis
including 22 studies revealed that a high proportion of TAMs in the TME is predictive for poor OS [185].
In addition to HRS cells, TAMs also express PD-L1. The majority of PD-L1 expression in the TME
might even be represented by TAMs [186]. PD-L1" TAMs form a surrounding niche around PD-L1*
HRS cells and have widespread contact with PD-1* T cells. PD-L1* HRS cells interact predominantly
with CD4" T cells, expanding the indicative evidence that CD4* T cells might mediate the clinical
response to PD-1 blockade in cHL [186].

2.5. Extranodal Marginal Zone Lymphoma of Mucosa-Associated Lymphoid Tissue (MALT)

This indolent type of lymphoma typically emerges in an environment of chronic inflammation, such
as persistent infection or autoimmune disease, and therefore represents a rather heterogeneous group
of diagnoses when it comes to pathogenesis. The most frequent subtype is Helicobacter pylori-associated
MALT lymphoma of the stomach [187], for which Helicobacter pylori eradication is considered the first
therapeutic approach, leading to lymphoma regression in >50% of the cases [188]. All major recurrent
chromosomal translocations result in constitutive activation of the NF«B pathway, yet preferentially
associate with different anatomical sites. The t(11;18)(q21;q21) translocation is the most common one.
It is mainly found in gastric and pulmonary MALT lymphomas and is associated with resistance to
Helicobacter pylori eradication [189]. Genetic alterations in TNFAIP3, PIM1, cMyc, P53 and Myd88 have
also been described [190]. Similar to all other low-grade lymphomas, MALT lymphomas can transform
into aggressive lymphomas.

Mucosa-associated lymphoid tissue lymphoma cells are notoriously dependent on survival
signals from the microenvironment, illustrated by the fact that they are hard to grow in vitro without
supportive T cells and stromal cells [191]. Early studies suggested that Helicobacter pylori-specific tumor
infiltrating T cells support the growth of MALT lymphoma cells [192]. A gene expression profiling
study comparing non-malignant MALT tissue with MALT lymphoma tissue revealed an overexpression
of CD1c, CD40, CD83, CD86, CD122 and HLA-D in the latter, suggesting the involvement of APCs and
possibly T cells in this disease [193]. Infiltrating T cells are mostly Tregs and T2 cells [194], which
are presumably attracted by tumor-secreted CCL17 and CCL22 and offer support via CD40-CD40L
interaction [195]. Furthermore, tumor cell-surrounding TAMs that sustain tumor growth via the
secretion of APRIL have been described [196]. Further studies are required to comprehensively describe
the composition of the TME in this lymphoma subtype.

2.6. Mantle Cell Lymphoma

Compared to more prevalent lymphomas, our knowledge of the TME content in MCL is
limited. This lymphoma is characterized by small centrocytic lymphocytes in combination with a
CD20*CD5*CCND1" staining pattern. A blastoid variant also exists. The translocation t(11;14)(q13;q32)
leading to cyclin D1 (CCND1) overexpression is a distinguishing characteristic of MCL [197]. Cyclin D1
could even serve as tumor-specific antigen for immunotherapy strategies [198]. Other established
driver mutations are in ataxia-telangiectasia mutated (ATM) and TP53 [199]. MCL cells have a heavy
survival dependency on stromal cells, especially in the context of resistance to chemotherapy [200].
The interactions with stromal cells are beyond the scope of this review.

MCL cells overexpress CCL4 and CCL5, chemokines that potentially attract Tregs to the TME [201].
The levels of infiltrating T cells, and specifically CD4* T cells, are higher in indolent MCL than in
more aggressive histological subtypes. A high CD4:CD8 ratio was an independent prognosticator for
better OS [202]. Accordingly, a high absolute CD4" T cell count and CD4:CDS8 ratio in the peripheral
blood correspond to good OS [203]. As reported by studies in bigger cohorts, infiltrating T cells do not
express PD-1 and MCL cells do not express PD-L1 [36,37,204], although some smaller studies claim
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the opposite [205,206]. Furthermore, a low absolute NK cell count in the peripheral blood predicts
poor OS [52]. It has also been suggested that TAMs play a role in in vitro and in vivo models of
MCL [207,208]. A high absolute monocyte count in the peripheral blood of MCL patients has been
associated with poor OS, though tumor-infiltrating TAMs did not predict prognosis [203,209]. MCL cells
polarized monocytes towards CD163* M2-like macrophages and received survival support from them
ex vivo through the secretion of M-CSF and IL-10 and BTK inhibition blocked this process [210].
Accordingly, plasma concentrations of M-CSF and IL-10 are higher in MCL patients and peripheral
blood monocyte-expressed CD163 is decreased in MCL patients that responded to combination
treatment of ibrutinib and an anti-CD20 antibody [210]. Interestingly, ibrutinib enhanced the efficacy
of an anti-PD-L1 antibody that was associated with an improved tumor-specific T-cell response
in an ibrutinib-insensitive lymphoma mouse model [211]. Furthermore, BCR-signaling inhibitors
(including ibrutinib) were shown to upregulate PD-L1 by MCL cells [206]. These studies justify further
investigation into the combination of ibrutinib and an anti-PD-L1 antibody for MCL treatment.

3. Clinical Efficacy of Drugs That Target the Immune Tumor Microenvironment

The increasing knowledge of the TME composition and of the complex interactions between
tumor cells and surrounding immune cells has triggered the development of drugs that target these
mechanisms. Approaches aiming at unleashing an effective anti-tumor immune response by improving
T-cell and macrophage functions have been investigated predominantly. ICB, especially against PD-1,
has been very successful in certain lymphoma types. Table 3 provides a summary of the results of the
published clinical trials with therapeutics targeting the TME.
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Table 2. Published clinical trials with therapeutics targeting the immune tumor microenvironment.
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Trial Name

Diagnosis Therapeutics Molecular Target Cells  Trial Phase  (Clinicaltrials.Gov Patients (N) Clinical Setting Clinical Clinical QOutcome Reference
Target e Response
Identifier)
DLBCL Ipilimumab CTLA-1 T cells I (NCT00089076) 3 RR ORR 3C3R/) (33% TTP 31+ mo Ansell, I;I(;ggv itz etal.
Nivolumab PD-1 T cells Ib (NCT01592370) 11 RR ORR 36% (18% mPFS7 wks  esokhin, Ansell et
CR) al. 2016
Nivolumab PD-1 T cells I (NCT02038933) 121 Ansellaill\/lzl(r)llngema et
87 auto-HCT-failed ORR 10% (3% CR) mTTP 11 mo
34 auto-HCT-ineligible ORR 3% (0% CR) mTTP 8 mo
Nivolumab + T cells + B ORR 36% (16% Younes, Brody et al.
ibrutinib PD-1 + BTK cells I-Ila (NCT02329847) 45 R/R CR) mPFS 2.1 mo 2019
Pidilizumab PD-1 T cells b (NCT00532259) 66 post- auto-HCT 16-mo PFS 0.72 Arma;d’zgfsgler et
35 with measurable ORR 51% (CR
disease post-auto-HCT 34%)
Hu5F9-G4 + CD47 + ORR 40% (33% mDOR n.r. at 6.2 Advani, Flinn et al.
rituximab CD20 Tumor cells Ib (NCT02953509) 15 R/R CR) mo 5018
PCNSL Nivolumab PD-1 T cells Ib n/a > (L PTL with CNS RR ORR100% (0% ppg 134 174 mo ~ TNaYak Iwamotoet
engagement) CR) al. 2017
. KEYNOTE-013 ORR 41% (12% DOR 2.3+ -225+  Zinzani, Ribrag et al.
PMBCL Pembrolizumab PD-1 T cells Ib (NCT01953692) 17 R/R CR) mo 5017
. ORR 7% Ansell, Hurvitz et al.
FL Ipilimumab CTLA-1 T cells 1 (NCTO00089076) 14 R/R (0% CR) TTP 19 mo 2009
X ORR 40% (10% Lesokhin, Ansell et
Nivolumab PD-1 T cells Ib (NCT01592370) 10 R/R CR) N/R al. 2016
Nivolumab + T cells + B ORR 33% (10% Younes, Brody et al.
ibrutinib PD-1 + BTK cells I-Ila (NCT02329847) 40 R/R CR) mPFS 9.1 mo 2019
Pembrolizumab + PD-1 + T cells + B ORR 67% (50% Nastoupil L, et al.
rituximab CD20 cells I n/a 32 R/R CR) mPFS 11.4 mo 2017
Hu5F9-G4 + CD47 + ORR 71% (43% mDORn.r. at 8.1 Advani, Flinn et al.
rituximab D20 Tumor cells Ib (NCT02953509) 7 R/R CR) mo 5018
Nivolumab + T cells + B o o Younes, Brody et al.
CLL ibrutinib PD-1 + BTK cells I-1la (NCT02329847) 36 R/R ORR 61% (0% CR) mPFS N/A 2019
Pembrolizumab PD-1 T cells II (NCT02332980) 16 R/R ORR 0% mPFS 2.4 mo Ding, Lzag';‘“t etal
9 prior ibrutinib ORR 0%
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Table 3. Published clinical trials with therapeutics targeting the immune tumor microenvironment.

14 of 31

Trial Name

Diagnosis Therapeutics Molecular Target Cells  Trial Phase  (Clinicaltrials.Gov Patients (N) Clinical Setting Clinical Clinical Outcome Reference
Target e Response
Identifier)
Nivolumab + T cells + B ORR 65% (10% Younes, Brody et al.
RT ibrutinib PD-1 + BTK cells I-ITa (NCT02329847) 20 R/R CR) mPFS 5 mo 5019
Pembrolizumab PD-1 T cells 1 (NCT02332980) 9 RIR ORR g{; (11% mPFS54mo D% L;g;“t etal
6 prior ibrutinib ORR 100%
cHL Nivolumab PD-1 T cells I (NCT01592370) 23 RR ORR 87% (CR 6mo PFS 86% Ansell, Lesokhin et
17%) al. 2015
. CheckMate 205 Armand, Engert et
Nivolumab PD-1 T cells 1T (NCT02181738) 243 R/R al. 2018
failed auto-HCT, ORR 65% (29%
63 (cohort A) BV-naive CR) mPFS 18.3 mo
80 (cohort B) failed auto-HCT and BV ORR 68% (13% mPFS 14.7 mo
after CR)
failed auto-HCT, BV o o
100 (cohort C) before and/or after ORR 7C?)R/; (12% mPFS 11.9 mo
auto-HCT
Nivolumab + .
R PD-1 + T cells + Herrera, Moskowitz
Brentu)qmab CD30 HRS cells I-1I (NCT02572167) R/R ot al. 2018
Vedotin
ORR 82% (61% 9-mo PFS* 86%
60 (groups 1-2) CR) 15-mo PFS* 82%
30 (group 3) ORR 93% (80% 9-mo PFS* 88%
CR)
. g KEYNOTE-013 R/R, prior BV 71% prior ORR 65% (16% 6-mo PFS 69% Armand, Shipp et al.
Pembrolizumab PD-1 T cells I (NCT01953692) 31 auto-HSC CR) 1-yr PES 46% 2016
. KEYNOTE-087 Chen, Zinzani et al.
Pembrolizumab PD-1 T cells 11 (NCT02453594) R/R 2017
69 (cohort 1) failed auto-HCT and BV ORR 7C4R/; (22%
81 (cohort 2) failed salvage incl. BV ORR 6C4R/; (25%
60 (cohort 3) failed auto-HCT, no BV ORR 7COR/; (20%
- 18-mo PFS
Pembrolizumab PD-1 T cells 1 (NCT02362997) 30 consolidation after 82% Armand, Chen et al.

auto-HCT

18-mo OS 100%

2019

DLBCL = diffuse large B cell lymphoma; PCNSL = primary central nervous system (CNS) lymphoma; PMBCL = primary mediastinal large B-cell lymphoma; FL = follicular lymphoma;
cHL = classical Hodgkin lymphoma; PTL = primary testicular lymphoma; RT = Richter transformation; R/R = relapsed/refractory; ORR = overall response rate; CR = complete response;
mTTP = median time to progression; mDOR = median duration of response; N/A = not assessable; N/R = not reported; n.r. = not reached; mPFS = median progression-free survival; mo =
months; wks = weeks; auto-HCT = autologous stem cell transplantation; HRS = Hodgkin Reed-Sternberg; BTK = Bruton’s tyrosine kinase. * estimated.
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3.1. Diffuse Large B-Cell Lymphoma

Ipilimumab, an anti-CTLA-1 antibody, has been tested in a phase 1 study in 18 R/R non-Hodgkin
B-cell lymphoma patients. Of these, 3 had DLBCL and 1 achieved CR without relevant toxicity [212].

Nivolumab, an anti-PD-1 antibody, has been studied in a phase I trial in R/R B-cell lymphoma,
T-cell lymphoma, and multiple myeloma. Of the 81 patients accrued, 11 had DLBCL. CR and partial
response (PR) were achieved in 2 and 2 of these patients, respectively (overall response rate (ORR)
36%). No relevant toxicity was observed [213]. However, results from a subsequent phase II study in
121 DLBCL patients were disappointing, with an ORR of 10% in the auto-HCT-failed group and 3% in
the auto-HCT-ineligible group, respectively. Median duration of response (DOR) was 11 and 8 months
for these two subgroups, respectively [214]. On the other hand, in a small case series of 4 patients with
R/R primary central nervous system (CNS) lymphoma (PCNSL) and 1 patient with a CNS relapse of
primary testicular lymphoma (PTL), nivolumab treatment achieved an impressive ORR of 100% (4 CR
and 1 PR) [51]. A phase 2 clinical trial using nivolumab treatment for patients with R/R PCNSL and
PTL has been initiated (NCT02857426).

A phase 1/2a study assessing the safety and efficacy of the combination of ibrutinib and nivolumab
in 45 R/R DLBCL patients (among other diagnoses) showed that this combination had an efficacy
comparable to ibrutinib monotherapy with an ORR of 36% in DLBCL patients [215].

Pembrolizumab, another anti-PD-1 antibody, has been tested in R/R PMBCL patients. Seven out
of 17 patients (41%) showed objective responses and 13 out of 16 patients (81%) with available imaging
had a shrinkage of lesions in an interim analysis [216]. Reports of the use of pembrolizumab in general
DLBCL patients are scarce. A single case report describes that pembrolizumab in combination with
lenalidomide can lead to remission in refractory double-hit lymphoma [217]. Multiple trials that
assess PD-1 blockade in combination with several other treatment modalities are currently ongoing.
Among these, a combination with an anti-CD20 antibody is currently being tested. Pidilizumab, a
proclaimed anti-PD-1 antibody, has been tested in patients directly post-auto-HCT. Of the 35 patients
that had measurable disease after auto-HCT, 34% reached a CR and an additional 17% reached a PR
(ORR 51%) [218].

Finally, CD47 blockade with HuSFG-G4, which is expected to enable tumor cell phagocytosis,
has shown promising clinical responses in a phase 1b dose escalation trial combined with rituximab.
It included 15 DLBCL patients, of whom 33% achieved a CR and 7% a PR (ORR 40%). The most
prominent (on-target) serious adverse event was anemia, which was rarely dose-limiting [219].

3.2. Follicular Lymphoma

In a pilot study including patients with different advanced malignancies who had been previously
immunized with an anti-cancer vaccine and subsequently treated with ipilimumab, 2 FL patients
achieved a PR and SD, respectively [220]. In some of the trials mentioned in the DLBCL section, FL
patients were also treated. The clinical efficacy of ipilimumab was assessed in 14 patients with FL;
of these, only one patient achieved a PR which lasted 19 months [212]. The efficacy of nivolumab,
alone or in combination with ibrutinib, was also assessed. As single drug, ibrutinib achieved an ORR
of 40% (10% CR) in 10 R/R patients [213]. The response rates of nivolumab achieved in combination
with ibrutinib were similar [215]. In another trial, 32 R/R FL patients with rituximab-sensitive disease
were treated with the combination of pembrolizumab and rituximab and a high CR rate was achieved
(50%) [221].

3.3. Chronic Lymphocytic Leukemia

In CLL, the efficacy of PD-1 blockade has been tested in 2 different trials. Nivolumab has been tested
in combination with ibrutinib in 36 patients with R/R CLL and 20 patients with Richter transformation
(RT) and the ORRs were 61% and 65%, respectively, with no CR in the CLL group and 2 CRs in the
RT group [215]. Also in the R/R setting, pembrolizumab has been tested in 16 CLL patients and 9 RT
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patients, of which 60% had previously been exposed to ibrutinib. In this study, no clinical responses
were observed in CLL patients, while 4 out 9 RT patients achieved responses (2 CR). Interestingly, only
patients who had progressed after ibrutinib responded and increased expression of PD-L1 and an
increased trend of expression of PD-1 in pre-treatment tumor specimens from responding patients
was observed compared to non-responding ones [222]. Three clinical trials are ongoing evaluating the
combination of pembrolizumab either with the PI3K$ inhibitor idelalisib or ibrutinib (NCT02332980);
with the anti-CD20 antibody ublituximab (TG-1101) and the PI3K$ inhibitor umbralisib (NCT02535286);
and with fludarabine and ibrutinib (NCT03204188). Moreover, the combination of the anti-PD-L1
antibody atezolizumab with obinutuzumab and ibrutinib is also being tested (NCT02846623).

3.4. Classical Hodgkin Lymphoma

As mentioned above, there is convincing evidence that cHL has a genetically determined
vulnerability to PD-1 blockade, since the genes encoding the PD-1 ligands, PDL1 and PDL2, are key
targets of chromosome 9p24.1 amplification, a recurrent genetic abnormality in cHL [46]. After an
initial phase I trial showed promising activity in a group of 23 R/R cHL patients [223], the efficacy of
nivolumab was tested in the post-auto-HCT setting in the phase II trial Checkmate-205. In this study,
243 patients were accrued into cohorts by treatment history: brentuximab vedotin (BV)-naive (cohort
A), BV received after auto-HCT (cohort B), and BV received before and/or after auto-HCT (cohort
C). Clinical benefit was observed in all different patient populations with ORRs ranging from 65% to
73%. The duration of the response increased with increasing depth of the response. However, OS
was similar across response groups and continued benefit was observed beyond traditionally-defined
disease progression [224]. This has led to proposed updates of the conventional response criteria when
it comes to studies evaluating ICB [225]. In this trial, no increased incidence of acute graft-versus-host
disease (GVHD) and transplant-related mortality (TRM) was reported in patients who subsequently
underwent allogeneic hematopoietic cell transplantation (allo-HCT), as is reported elsewhere [226].
Larger studies are needed to evaluate whether PD-1 blockade can increase the risk of post-transplant
toxicity. Nivolumab has also been tested in combination with BV, in a phase I-II trial enrolling patients
with R/R cHL, with different dosing strategies (staggered vs concurrent). Patients in parts 1 and 2
received up to four 21-day cycles of staggered dosing (day 1: BV 1.8 mg/kg; day 8: nivolumab 3 mg/kg
in cycle 1) and concurrent dosing thereafter. The observed ORR in the 61 evaluable patients was 82%
(CR 61%) [227], with incidence and severity of adverse events similar to those reported for nivolumab
and BV administered individually, with the exception of the incidence of infusion-related reactions,
which was higher for unclear reasons. Patients in part 3 (n = 30) received up to four 21-day cycles of
concurrent BV and nivolumab on day 1 and a 93% ORR (80% CR) was observed [228]. More than 80%
of the treated patients proceeded directly to auto-HCT, confirming the efficacy of this combination as
salvage therapy prior to auto-HCT.

Similarly, the proof-of-concept of pembrolizumab efficacy came from a phase I trial in 31 R/R
cHL patients in which an ORR of 65% (16% CR) was achieved [229]. These results were subsequently
confirmed in the phase II trial Keynote-087, in which three cohorts of R/R cHL patients were treated
with single-agent pembrolizumab. The cohorts were defined based on disease progression after (1)
auto-HCT and subsequent BV; (2) salvage chemotherapy including BV and (3) auto-HCT but had not
received BV, and clinical outcome was similar to nivolumab in the same settings [230].

In the past years, anti-PD-1 monotherapy has represented a major advance in the treatment
of patients with R/R cHL and both nivolumab and pembrolizumab were approved by FDA for the
treatment of these patients, in slightly different settings (nivolumab in patients who relapsed after
auto-HCT and post-transplantation BV; pembrolizumab in refractory patients or who have relapsed
after >3 prior lines of therapy). However, despite the high ORRs, the CR rate is low. In an attempt
to improve cure rates, PD-1 blockade was tested as consolidation after auto-HCT in 30 patients and
the primary endpoint of improvement of 18 months-PFS from 60% to 80% was met. Toxicity was
manageable, similar to what was reported in previous clinical trials [231]. Since the curative potential of
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PD-1 blockade as monotherapy appears to be low, new treatment combinations are worth investigating,
including the combination with standard treatments (chemo/radiotherapy), with blockade of other
immune checkpoints (CTLA-4, LAG-3, 4-1-BB) or with other drugs indirectly modulating the immune
system (iMiDs, HDAC inhibitors, BTK-inhibitors, PI3K-inhibitors).

Finally, beyond the R/R disease, PD-1 blockade could also have a role in other disease settings,
such as front-line, with the aim to eliminate radiotherapy in the early stages, to improve cure rates in
advanced-stage (stage III-IV) disease, or for elderly patients, ineligible for chemotherapy. Indeed, a
phase 2 trial (NCT03712202) is presently ongoing to assess whether the combination of nivolumab and
BV can be incorporated in a radiation-free management of patients with early-stage cHL. Moreover,
the combination of nivolumab with doxorubicin, vinblastine, dacarbazine (AVD), for example, is being
compared with the combination of BV and AVD in patients with newly diagnosed advanced-stage
cHL. The planned accrual in this trial (51826; NCT03907488) is 470 patients in each arm. Finally, the
combination of nivolumab and BV is being tested as primary treatment in patients over 60 years of age
(NCTO02758717).

3.5. Extranodal Marginal Zone Lymphoma of Mucosa-Associated Lymphoid Tissue

Very good CR rates are achieved with available standard treatment for this lymphoma subtype.
Arguably due to this excellent response to first-line treatment and the insufficient knowledge of the
TME in MALT lymphoma, drugs that directly target the immune microenvironment have not been
tested in this subtype.

3.6. Mantle Cell Lymphoma

The rare MCL patients (n = 5) that were included in phase I clinical trials testing ICB drugs
lacked objective responses [212,213], except for one patient with a PR after ipilimumab treatment post
allo-HCT [232]. More pre-clinical studies are warranted to identify therapeutic strategies that could
successfully target the immune microenvironment of this relentless subtype of NHL.

4. Conclusions and Perspectives

The outcome of treatment with drugs targeting the immune cells in the TME has been variable
among the different B-cell lymphoma subtypes, ranging from very poor, such as in CLL, to good, such
as in cHL, PMBCL and PCNSL, in which very high ORRs were achieved in the R/R setting. Intrinsic
overexpression of PD-L1 is the presumed basis for the high ORRs in these diagnoses. Accordingly, cHL
is the disease that shows better clinical response to PD-1 inhibitors than any other malignancy [233].
Translational research studies on the TME in cHL have led to the implementation of a new therapeutic
strategy in a subgroup of patients which lacked treatment options, i.e., patients relapsing after auto-HSC.
Indeed, the introduction of ICB therapy in cHL has been a story of success, bridging the gap between
translational research and an unmet clinical need. This has paved the way for the investigation of PD-1
blockade in new clinical settings, such as before auto-HCT or as consolidation after auto-HCT.

The response rates to PD-1 blockade in R/R DLBCL have been disappointing, as is the case in FL.
However, clinical responses were observed in 100% of CLL patients with RT who had progressed on
ibrutinib, once more highlighting the importance of assessing drug efficacy in subgroups of patients
with specific clinical characteristics.

Therapeutic blockade of CD47, expressed on lymphoma cells and inhibiting tumor cell
phagocytosis by macrophages, showed promising response rates in combination with rituximab
in both DLBCL and FL.

Taken together, these findings prompt further investigation into therapeutics that target the TME
in lymphoma patients.
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