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Abstract

Non-Hodgkin lymphoma (NHL) is a diverse category of hematological malignancies, and
is the 5" most commonly diagnosed malignancy in the United States, with over 70,000 newly
diagnosed cases every year'. The most common histological subtype of NHL is diffuse large B
cell lymphoma (DLBCL), which comprises around 40% of all NHLs2. DLBCL is an extremely
aggressive subtype of lymphoma, characterized by large sheets of malignant B cells that efface
normal lymph node architecture. The standard of care treatment for DLBCL is R-CHOP
(rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone), a chemoimmunotherapy
regimen that is curative in the majority of patients (~60%)*. However, the remaining 40% of
patients with relapsed or refractory (r/r) DLBCL will eventually succumb to their disease.

A significant hurdle in finding more effective treatments for DLBCL is the morphological,
transcriptional, and genetic heterogeneity of the disease. However, recent advances in next-
generation sequencing (NGS) technologies has enabled a more refined classification of DLBCL,
and identified several novel therapeutic targets. In addition to targeted therapies, several
immunotherapies — CAR T-cell therapy, bispecific antibodies (bsAbs), checkpoint blockade
(CBT) — have also shown efficacy in subsets of patients with DLBCL>!2, A deeper understanding
of the immune environment of DLBCL, and the molecular and cellular factors that regulate the
immune environment, may expand the subset of patients with r/r DLBCL that will benefit from
immunotherapies.

Here, we show that DLBCLs are characterized by a spectrum of immune environments.
These “hot” and “cold” environments are recurrently associated with several oncogenic alterations
that may play a role in orchestrating the immune environment. For example, loss of function (LoF)

mutations in SOCS! — a negative regulator of IFNy-driven JAK/STAT signaling — are recurrently
X



associated with “hot” DLBCLs. In solid cancers, tumor cell-intrinsic sensitivity to [IFNy —a critical
T cell derived effector cytokine- is a key determinant of response to immunotherapy. Therefore,
SOCSI mutant DLBCLs may represent a subset of “inflamed” DLBCLs that may be sensitive to
T cell-based immunotherapies. Confirmatory studies in vitro and in vivo, using SocsI-deficient B
cells and Socs-deficient melanoma cells, show that genetic ablation of Socs/ may render cells
more sensitive to IFNy.

Overall, understanding the immune environment of DLBCL and how it affects the response
to immunotherapies can aid in identifying patients who could benefit from such treatments.
Moreover, uncovering intrinsic factors of lymphoma cells that regulate the immune environment
could reveal new therapeutic targets that may complement immunotherapies and expand the pool

of individuals who could benefit from them.
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1. Introduction

1.1 Germinal center origin of B cell lymphomas

B cell neoplasms often arise from oncogenic transformation of mature B cells that have
undergone the germinal center (GC) reaction (Figure 1)'°. During a normal humoral immune
response, naive B cells encounter antigen via the B cell receptor (BCR) in the periphery!'*~15.
Following antigen recognition, activated B cells migrate to specialized structures in the lymph
nodes known as germinal centers, where they cycle between two distinct zones in order to generate
high affinity antibodies, termed affinity maturation'4-'®, The dark zone (DZ) is mostly composed
of highly proliferative B cell “centroblasts” that are undergoing somatic hypermutation (SHM) of
the variable region of the BCR to generate high affinity antibodies. Following proliferation,
centroblasts traffic to the light zone (LZ) where they compete to capture antigen from the surface
of follicular dendritic cells (fDCs) and internalize the BCR-antigen complex for presentation on
MHC-II to cognate CD4+ T follicular helper (T1m) cells. Tt cells deliver help to LZ “centrocytes”
with the highest affinity BCR through CD40-CD40L interactions and secretion of IL-4/IL-13 and
IL-21, which support B cell proliferation and survival. Positively selected B cells continue to cycle
between the DZ and LZ until they receive cues to exit the germinal center and become memory B
cells or antibody-secreting plasma cells'+16.

Affinity maturation relies on the expression of activation induced cytidine deaminase
(AID), which converts cytosine to deoxy-uracil (U) in the immunoglobulin locus. Following this
U substitution, the cellular DNA damage response then initiates base substitution at the initial

lesion, leading to SHM. AID-mediated double stranded DNA breaks can also occur in the switch



region of the immunoglobulin locus, leading to class switch recombination (CSR), to change the
isotype of the BCR from IgM/IgD to IgG, IgE, or IgA depending on the nature of the pathogen.

Sequencing of the variable region of the BCR demonstrated SHM and/or CSR in several
NHLs, including follicular lymphoma (FL)!7, Burkitt lymphoma (BL)'*!°, multiple myeloma
(MM)?*2! Hodgkin lymphoma (HL)?*>?3, and DLBCL?**2°, suggesting the cell of origin is a
germinal center or post-germinal center B cell'327,

While the germinal center reaction is usually tightly regulated, germinal center B cells rely
on pathways that make them vulnerable to oncogenic transformation (Figure 1)!>27-2°, First, dark
zone centroblasts undergo proliferative bursts, which are supported by altered metabolic
requirements of proliferating cells, downregulation of pathways leading to apoptosis, and
inactivation of cell cycle checkpoints, which are all defining features of tumor cells. Second, as B
cells iteratively traffic between the LZ and DZ, they may use epigenetic regulation to maintain
phenotypic plasticity, and this “dedifferentiated” state is another hallmark of neoplastic cells.
Finally, a key feature of the germinal center reaction is the process of creating double-stranded
DNA (dsDNA) breaks that are subsequently repaired. Therefore, germinal center B cells may be
specialized to withstand genotoxic stress caused by dsDNA breaks. Moreover, the imperfect
fidelity of the DNA repair process could lead to off-target AID-mediated mutations in key

oncogenes or tumor suppressor genes that can ultimately lead to development of lymphoma.
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Figure 1. Germinal center origin of B cell lymphomas. Naive B cells in the periphery encounter
antigens and traffic to the germinal center, where they undergo successive rounds of proliferation,
followed by somatic hypermuatation (SHM) and class switch recombination (CSR) to generate
high affinity antibodies. In order to undergo successful affinity maturation, germinal center B cells
rely on pathways at different stages of the germinal center reaction that render them vulnerable to
oncogenic transformation. B cells at distinct stages of the germinal center reaction may acquire
unique alterations that lead to the formation of distinct lymphomas.



1.2 Diffuse large B cell lymphoma (DLBCL)

Acquisition of genetic lesions during the germinal center reaction can lead to the
development of several types of non-Hodgkin lymphoma, the most common subtype of which is
DLBCL NOS, an extremely aggressive malignancy that accounts for ~40% of all NHLs?. Most
DLBCLs arise in lymph nodes. However, approximately 30-40% of DLBCLs can originate in
extranodal sites such as the gastrointestinal tract, central nervous system (CNS), breast, and bone?.
In addition, DLBCLs can also spread from the primary site to other organs, complicating the
identification of the site of origin. DLBCL is usually diagnosed after a biopsy of the lymph node
or extranodal tumor where malignant B cells grow in a diffuse pattern that leads to effacement of
the normal architecture of the organ.

The standard of care for DLBCL is a combination regimen, R-CHOP — 1) Rituximab, an
anti-CD20 targeting monoclonal antibody, 2) Cyclophosphamide, an alkylating agent, 3)
doxorubicin hydrochloride, a DNA intercalating agent, 4) vincristine (Oncovin), a microtubule
inhibitor, and 5) Prednisone, a corticosteroid. R-CHOP cures the majority of patients with DLBCL
(~60%), even in the advanced stage***. However, for the remaining 40% with relapsed or
refractory (r/r) disease, outcomes remain poor even in the era of immunotherapy.

Though DLBCL is treated uniformly in the clinic, it is characterized by striking molecular
heterogeneity. Therefore, efforts in the last two decades have focused on identifying subsets of
DLBCLs with shared biological features that may benefit from novel therapeutic strategies. The
development of new technologies has enabled a deeper understanding DLBCL biology and led to
the development of classification systems to identify subsets of DLBCL patients that may benefit
from novel therapies. Currently, several classification methods exist to group DLBCLs based on

shared histology, transcriptional features, or mutational profiles.
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1.2.1 Histological classification of DLBCL
Historically, DLBCLs were classified based on morphological features of the cells and

3133 The most

nuclei into three broad categories: centroblastic, immunoblastic, and anaplastic
common variant, centroblastic, consists of diffuse sheets of medium to large blasts with multiple
nucleoli and a narrow rim of cytoplasm. Immunoblastic DLBCLs have large cells with single
nuclei and abundant cytoplasm. Anaplastic variants are extremely rare, with large cells containing
pleomorphic nuclei. Several approaches have tried to define a unifying histological classification
system for DLBCL, but this has proved to be challenging due to: 1) the heterogeneity of the
disease, 2) poor inter-observer and intra-observer reproducibility, 3) no meaningful clinical or
prognostic significance associated with morphological subtypes. The advent of new high

throughput sequencing technologies has enabled more meaningful classification of DLBCLs based

on molecular features.

1.2.2 Molecular classification of DLBCL

Cell of Origin. DLBCL can be divided into two transcriptionally-defined subsets — activated B
cell (ABC) DLBCL and germinal center B cell (GCB) DLBCL (Figure 2)**. In a landmark study,
hierarchical clustering of the transcriptomes of mature B cell neoplasms (DLBCL, FL, CLL),
purified populations of non-malignant B from peripheral blood and tonsil, purified populations of
T cells from peripheral blood and fetal thymus, and DLBCL cell lines was performed34. This
comparative analysis found that DLBCLs had a distinct transcriptional profile compared to FL and
CLL. Moreover, there was significant heterogeneity within DLBCL, and some DLBCLs shared

significant transcriptional overlap with non-malignant germinal center B cells from tonsils (GCB-
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like DLBCLs, or GCB DLBCLSs) while others had a transcriptional program that was shared with
B cells from peripheral blood that are activated in vitro with mitogens (ABC-like DLBCLs, or
ABC DLBCLs). Several unique genes that are characteristic of germinal center B cells were also
expressed in GCB DLBCLs, including BCL6, a master regulator of germinal center responses.
ABC DLBCLs showed marked upregulation of /RF4, which is induced during B cell activation.
A third subgroup, unclassified DLBCLs, was later described that does not share transcriptional
features with either ABC or GCB DLBCLs. In general, the transcriptomes of ABC and GCB-
DLBCLs are non-overlapping, suggesting differences in underlying oncogenic drivers.
Importantly, COO classification is clinically meaningful. ABC DLBCLs are consistently
associated with poor outcomes compared to GCB DLBCLs in several independent datasets.
Additionally, the association of COO with outcomes remains even after controlling for other
clinical variables such as IPI (international prognostic indicator), suggesting that COO is an
independent prognostic factor. Therefore, several IHC based surrogates for determining COO were
developed. The most widely accepted algorithm, developed by Hans et al., uses a combination of
IHC markers (CD10, BCL6, MUM1), to assign DLBCLs into either a GCB DLBCL group or non-
GCB DLBCL group. Overall, the concordance between IHC and GEP-based classifiers is around
~70-80%, and the association of IHC-classified GCB DLBCLs with improved survival remains™.
COO classification has also provided important biological and therapeutic insights in
DLBCL?*. For example, ABC DLBCLs are dependent on constitutive NFkB signaling
downstream of oncogenic activation of the BCR, indicating a therapeutic vulnerability to agents
that target this pathway(Figure 3)37-3. Pre-clinical studies in DLBCL cell lines and xenograft
models showed that ABC-DLBCLs with activating mutations leading to BCR dependent NFxB

signaling, were uniquely sensitive to ibrutinib, a Bruton’s tyrosine kinase (BTK) inhibitor3*3,
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Similarly, ABC-DLBCLs were also shown to be sensitive to lenalidomide, an immunomodulatory
drug that is thought to target NFxB34424445  Finally, bortezomib, a proteasome inhibitor, has

also shown activity in pre-clinical models of ABC-DLBCLs*6-47

. However, these therapies have
not been translated to the clinic successfully, and patients with ABC-DLBCL continue to have
diverse outcomes, suggesting COOQ is not fully capturing the heterogeneity present in DLBCL.

GCB DLBCLs are characterized by mutations in chromatin modifiers and PI3K signaling
molecules (Figure 3). Gain-of-function mutations in £ZH?2, a histone methyltransferase that is part
of polycomb repressive complex 2 (PRC2) is frequently mutated in GCB DLBCLs and follicular
lymphoma (FL), an indolent NHL**-°, In addition, inactivating mutations in CREBBP and EP300,
which both belong to the KAT3 family of acetyltransferases, are common in GCB DLBCL. As
these DLBCLs are reliant of epigenetic modification, the addition of EZH2 and/or HDAC
inhibitors to the R-CHOP backbone are currently being clinically investigated.

COO classification has been an important advance in the biological understanding of
DLBCL. However, it is important to note that while it has been shown that DLBCLs arise from
germinal center B cells, cell of origin may be a misnomer as ABC and GCB DLBCLs may not
arise from distinct populations of cells in the germinal center. A comparative analysis of the
transcriptomes of BL, FL, and DLBCL with germinal center derived centroblasts or centrocytes
showed that FLs and DLBCLs are most similar to light zone resident centrocytes®!. Furthermore,
genes contained the in the ABC or GCB signatures were identified in both centroblasts and

centrocytes suggesting that COO-related gene signatures contain features that are distinct from

those that define centroblasts and centrocytes.



Consensus clustering. Another microarray-based classifier described alternative clusters of
DLBCL, independent of COO>2. Monti et al. used three different clustering algorithms to perform
consensus clustering (CC) on a cohort of DLBCLs and identified three distinct subgroups: 1)
BCR/proliferation, characterized by expression of genes related to BCR signaling and
proliferation, 2) OxPhos, defined by upregulation of genes involved in oxidative phosphorylation,
and 3) host response (HR), which had abundant expression of genes related to the immune
environment, including T cell and dendritic cell (DC) related genes, which may indicate the
presence of an ongoing immune response. These clusters do not correlate with clinical outcomes
with R-CHOP; however, further studies have shown that distinct pathways in OxPhos- and BCR-
DLBCLs clusters can be sensitive to targeted therapies. For example, OxPhos-DLBCLs are
sensitive to perturbations in fatty acid oxidation and glutathione synthesis, as shown by the use of
inhibitors that target these metabolic pathways in pre-clinical models?. Similarly, BCR-DLBCLs,
were shown to be sensitive to genetic and pharmacological inhibition of SYK, a key downstream
mediator of BCR signaling>*. No therapeutic interventions have been suggested for HR-DLBCLs,
however, as they are characterized by a robust T cell infiltrate, they might be sensitive to recently
developed immunotherapies. Ultimately, these consensus clusters show little overlap with COO,

suggesting both methods are capturing different aspects of DLBCL biology.

Genetic clustering algorithms. Recently developed genetic clustering algorithms have extended
our understanding of DLBCL biology beyond COO and CC methods (Figure 2). One approach
from the Staudt lab used probabilistic clustering to group DLBCLs into seven genetic clusters
based on co-occurring mutations and copy number alterations (CNA)>3. These LymphGen clusters
share some overlap with COO. ABC DLBCLs are largely subdivided into four clusters : 1) MCD

8



DLBCLs, defined by co-occurring gain-of-function mutations in CD79B and MYDS&8, leading to
constitutive BCR-dependent NF«B signaling, 2) N1 DLBCLs, characterized by gain of function
mutations that activate NOTCH1 signaling, 3) A53 DLBCLs that have loss of 7P53 and large
chromosomal aberrations, and 4) BN2 DLBCLs that are driven by BCL6 translocations and
NOTCH?2 mutations. GCB-DLBCLs are grouped into 3 clusters: 1) EZB DLBCLs are
characterized by gain of function mutations in EZH2 and BCL2 amplifications and be further
bifurcated into 2 classes based on MY C activity — EZB-MYC"DLBCLs and EZB-MYC DLBCLs,
2) ST2 DLBCLs, which are characterized by mutations in SGK/ and TET2. Some GCB DLBCLs
also fall into the BN2 cluster, suggesting that DLBCL heterogeneity is not fully captured by either
genetic or transcriptional clustering methods, but may be better resolved using an integrative
approach that considers multiple variables.

Another approach from the Shipp lab similarly clustered DLBCLs based on genetic lesions
into five distinct clusters>®. Cluster 1 (C1) is similar to the BN2 cluster and consists of DLBCLs
that harbor BCL6 translocations and NOTCH?2 pathway mutations. However, unlike BN2 which
contains almost equivalent numbers of GCB DLBCLs, ABC DLBCLs, and unclassified DLBCLs,
C1 DLBCLs are almost all ABC COO. Cluster 2 (C2) shares significant overlap with A53, and
DLBCLs in this cluster are characterized by 7P53 inactivation and chromosomal instability. C2 is
comprised of both GCB and ABC DLBCLs, and therefore, does not fully recapitulate the
phenotype of A53 DLBCLs. Cluster 3 (C3) and cluster 4 (C4) are mostly comprised of GCB
DLBCLs, with C3 harboring BCL?2 translocations and mutations in epigenetic modifiers such as
EZH?2, similar to the EZB cluster described by Staudt and colleagues. C4 DLBCLs contained
mutations in SGK/ and mutations in immune-related signaling molecules such as CD83 and CD35S8.

C4 DLBCLs share some features of ST2 DLBCL, but lack the TET2 mutations. Finally, cluster 5
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(C5) DLBCLs are mostly ABC DLBCLs with MYD88 and CD79B mutations, and therefore
overlap with the LymphGen-defined MCD cluster.

Both approaches of classifying DLBCLs based on oncogenic alterations are reproducible
and concordant. One key difference is that LymphGen employs more stringent threshold and
therefore does not classify nearly ~40% of DLBCLs, which are grouped into a heterogenous
“Other” category. Nonetheless, both classification systems have prognostic significance, and show
that genetic classification can further stratify DLBCLs over COO alone. C4/ST2 DLBCLs are
associated with favorable outcomes, while MCD/C5 and AS53/C2 are associated with dismal
outcomes. While these genetic classifications have furthered the understanding of DLBCL

biology, the clinical impact of these genetic clusters remains to be determined.

Conclusion. NGS technologies have furthered our understanding of biological features of DLBCL
and identified new subgroups that may benefit from novel treatment strategies. Recently,
immunotherapies have changed the treatment landscape of cancer, leading to a confluence of data
supporting the role of the immune environment in anti-tumor immunity and response to checkpoint
blockade (CBT) in solid cancers (detailed in Section 1.3). Moreover, several cancer cell-intrinsic
mechanisms that shape the immune environment and response to immunotherapy have been
identified in solid cancers. In contrast, while several types of immunotherapy have shown clinical
activity in DLBCL, little is known about the immune environment and the lymphoma cell-intrinsic
factors that may be regulating the immune environment and response to immunotherapies in
DLBCL. Characterizing the immune landscape of DLBCL and identifying features that may be

orchestrating the immune environment may 1) identify populations that benefit from
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immunotherapies and 2) identify novel lymphoma cell-intrinsic pathways that could be targeted

therapeutically to synergize with immunotherapies.

Germinal Center

Plasmacell /~
=4
) —

Memory
B cell

Apoptosis

I
Dark Zone : Intermediate Zone

- Light Zone
o

Ss ( GCB DLBCL D ABC DLBCL
" — 'U

= § § * GEP similar to GC B cells * GEP of activated

gug Q + Mutated epigenetic modifiers :EZH2, CREBBP + Constitutive NFk

o 3 & * MYC/BCL2 translocations * Activating mutations
Sm0O « Favorable prognosis * Blocked terminal

=0

[

(]

*NOTCH1 amp
*ABC DLBCL

Genetic
Classification
Mutations/Copy number

Figure 2. Molecular classification in DLBCL. Cell of origin (COO) groups DLBCLs based on
transcriptional similarity to germinal center B cell (GCB DLBCL) or activated B cells (ABC
DLBCLs). Newer taxonomic systems (NCI : EZB, ST2, BN2, A53, MCD, N1; Harvard : C1-C5)
cluster DLBCLs based on co-occurrence of mutations or copy number alterations.
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1.3 Immune system and Cancer

The role of the immune system in defending against foreign pathogens such as viruses and
bacteria is well established. However, the function of the immune system in recognizing and
controlling tumor growth has been widely debated. The last few decades have seen major
breakthroughs in our understanding of the role of the immune system in cancer, and it is now
accepted that immune cells in the tumor microenvironment (TME) can function as potent tumor
SUppressors.

Anecdotal evidence for the power of the immune system to eradicate cancer has long been
recorded by physicians, including cases in which the development of erysipelas — a skin infection
caused by Streptococcus pyogenes— causes spontaneous regression of tumors®’>8.  The first
systematic study was conducted in the late 19" century by William Coley, who administered heat-
inactivated extracts of S. pyogenes and Serratia marcescens to patients with soft-tissue and bone
sarcomas and observed long-term remission of in approximately 30-40% of the patients>°°!,
Though this trial lacked appropriate controls by modern day standards, “Coley’s toxins,” referring
to the bacterial extracts, were the precursor to modern immunotherapy and provided initial
evidence that the immune system can eradicate cancer.

Despite the success of Coley’s toxins in improving survival of sarcoma patients, the
mechanism by which this therapy functioned was unknown until several decades later. The initial
hypothesis that the immune system protects against the development of cancer by recognizing and
destroying neoplastic cells was proposed in 1909 by Paul Ehrlich 2. The first supportive evidence
was based on experiments using 3-methylcholanthrene (MCA) to induce sarcomas in an inbred
mouse strain, C3H. Mice in which MCA-induced tumors spontaneously regressed were

significantly more resistant to re-inoculation with the same MCA-induced sarcoma cells,
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suggesting the presence of a host anti-tumor immune response . Other key studies found that re-
inoculation of mice with MCA-induced sarcomas from the same inbred strain produced an immune
response, but re-inoculation of mice with spontaneously occurring sarcomas or MCA-induced
sarcomas from different tissue sites did not lead to an anti-tumor immune response®®, Taken
together, these data suggest that an immune response may be developed against tumors and that
the immune response is specific to tumor antigens. These experiments and clinical observations
that organ transplant patients on immunosuppressive therapy had a higher risk of developing
cancer led to the development of the “immune surveillance” hypothesis 70, This framework
posits that the adaptive immune system can recognize transformed neoplastic cells and eliminate
them, reducing the risk of developing cancer. However, enthusiasm for immune surveillance
hypothesis dimmed when subsequent experiments demonstrated that athymic nude mice showed
no difference in incidence or latency of spontaneous and carcinogen-induced sarcomas compared
to immunocompetent mice 772,

The advent of more sophisticated immunodeficient mouse models on pure genetic
backgrounds spurred a resurgence in research investigating the role of the immune system in
controlling cancer. Key experiments showed that mice that lack IFNy signaling, through genetic
ablation of Ifnyr or Statl, were more likely to develop cancer upon administration of
carcinogens’>’4, Similarly, the incidence of spontaneous and carcinogen-induced tumors was
significantly higher in Rag2”- mice, which lack an adaptive immune system’>. Moreover, when
MCA- induced sarcomas from Rag2”~ mice were inoculated in WT mice, the tumors were
spontaneously rejected, suggesting that the immune system may be shaping tumor

immunogenicity. These data led to the development of the cancer immunoediting hypothesis.
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1.3.1 Cancer immunoediting
Cancer immunoediting is thought to occur in three phases: elimination, equilibrium, and escape

(Figure 4).

Elimination. Normal cells that have undergone malignant transformation can be detected and
eliminated through the coordinated actions of several immune cell subsets. The initiation of a
spontaneous anti-tumor immune response can be understood through the framework of a step-
wise, iterative process known as the “cancer-immunity cycle” 7°. First, tumor cell-specific
antigens —neoantigens that are created through genetic lesions — are acquired by antigen-presenting
cells (APC) such as macrophages and dendritic cells (DCs) in the environment. Several subsets of
DCs and other myeloid cells can acquire tumor cell-associated antigens (TAA) that are processed
and cross-presented on major histocompatibility complex (MHC) I and MHC-II on the cell surface.
Simultaneously, DCs also traffic to the draining lymph node and undergo a process of maturation
that leads to the expression of costimulatory molecules (CD80/CD86) on the cell surface. In the
draining lymph nodes, activated DCs present TAAs (Signal 1) along with co-stimulatory
molecules (Signal 2) and soluble factors (Signal 3) to CD4* and CD8" T cells to prime and activate
antigen-specific T cells. Activated T cells then traffic to the tumor site and exert their effector
function upon recognition of cognate peptide: MHC complexes displayed on cancer cells or APCs.

While the elimination phase has not been directly visualized in mice or humans, several
mouse models have been employed to show that lacking several components of the immune

73,74,79,80’ perforin8l,82’

system, including T cells’>7"’8, IFNy pathway signaling components
TRAIL®, FAS/FASL? can lead to increased susceptibility to cancer in carcinogen-induced,

spontaneous, and genetically engineered mouse models®>®¢. Under ideal conditions, this process
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continues cyclically until the cancer is eradicated; however, some rare tumor cell clones may

escape elimination and move to the next phase: equilibrium.

Equilibrium. In the equilibrium phase, the immune system exerts pressure on the tumor cells to
maintain a state of dormancy. Experimental evidence for the equilibrium phase was initially shown
when transplantable cell lines were inoculated in immunized, syngeneic hosts. These mice
eventually developed tumors after a period of time, suggesting the immune system is playing a
role in establishing a dormant state®”-38, Similarly, Koebel et al. found that mice treated with low
doses of MCA harbored occult cancer cells, though the mice did not have detectable tumors at that
time. When monoclonal antibodies (mAbs) were used to deplete CD4 and CD8+ T cells or to
neutralize IFNy, MCA-treated WT mice developed tumors. Moreover, in mice that did not have
detectable tumors, further examination found that the cells that were present were transformed as
inoculation of syngeneic mice with these occult tumor cells led to the development of cancer®.
Taken together, these results suggest the immune system is maintaining tumors in an equilibrium

phase that is distinct from elimination and the next phase, escape®.

Escape. Equilibrium and elimination may represent terminal endpoints for cancer immunoediting;
however, failure at either stage leads to escape of the tumor from immune surveillance, leading to
the clinical manifestation of cancer. Mechanisms of escape result from 1) tumor cell-extrinsic or
2) tumor cell-intrinsic mechanisms that may result in either an immunosuppressive or immune-

ignorant state.
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1.3.2 Mechanisms of immune escape
Mechanisms of escape result from 1) tumor cell-extrinsic or 2) tumor cell-intrinsic mechanisms

that may result in either an immunosuppressive or immune-ignorant state (Figure 5).

Tumor cell-extrinsic mechanisms of immune escape. The acquisition of antigens is critical to
initiate an immune response and relies on DCs, an extremely heterogenous population that can
adopt different cell states and subset specific functions depending on the site and inflammatory
context of the tissue®'%*. The critical mediators of anti-tumor immunity — a result of superior
ability to prime CD8" T effector cells — are BATF3-lineage DCs (cDCls). Within this subset
migratory,CD103* ¢DCls are required to acquire TAAs and traffic to the lymph node®!9>9495, The
importance of DCs for effective priming of T cells in the lymph node is well appreciated; however,
some recent evidence suggests DCs may also play a role in recruitment and in situ expansion of T
cells within the tumor®. DC accumulation and localization within the TME is dependent on one
or more chemokines (CCL4, CCLS5, and XCL1) and other growth factors (Fms-related tyrosine

kinase 3 ligand, FLT3-L), which may be impacted by several mechanisms®*°%%7

. Oncogenic
activation of WNT/B-Catenin in the tumor cells has been shown to decrease expression of CCL4
and negatively impact recruitment of DCs to the tumor®*. In addition, DCs need to be appropriately
activated and licensed for effective T cell priming, and an immunosuppressive TME may reduce
DC stimulatory potential. For example, IL-10 production from cancer cells and regulatory T cells
(Treg) has been shown to antagonize IL-12 production by DCs. Finally, DCs may adopt an
immunoregulatory cell state by upregulating inhibitory receptors such as PD-L1, which may

restrict anti-tumor immunity®®. Finally, the antigenome of DCs — the antigens presented on MHC-

I 'and MHC-II — may also impact T cell activation. Somatic mutations in tumor cells may lead to
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the presentation of neoantigens and a tumor-specific T cell response. Studies have shown that
tumor mutation burden is correlated with T cell infiltration, cytolytic activity, and response to
checkpoint blockade therapy in some cancers® 1%, However, intra-tumoral heterogeneity and
inter-patient heterogeneity, as well as several other factors including HLA haplotype and
immunoediting, may affect the number and quality of neoantigens presented by DCs and lead to
suboptimal anti-tumor T cell responses ',

T cells in the tumor environment play complex and opposing roles in anti-tumor immunity.
The abundance and activation state, specifically the presence of an IFNy signature, of CD8" T cells
in the tumor environment has been shown to be a biomarker of response to anti-PD1 therapy in
solid cancers 9719 However, T cells in the tumor environment can lack effector function for
several reasons. In addition to lack of effective priming by DCs, T cells can also fail to
appropriately traffic to the tumor site. Recent work has suggested that a CXCL9/CXCL10
chemokine gradient are important for CXCR3" T cell chemotaxis and localization in the tumor
site!'%-113and the expression of CXCL9/10 is correlated with T cell abundance in melanoma and
lung cancer!'*. Moreover, other immune cell subsets, including regulatory T cells (Treg) and
macrophages, may interfere with the function of cytotoxic CD8" T cells by orchestrating an
Immunosuppressive tumor environment.

Treg cells can suppress host anti-tumor immune responses through antigen-dependent and
antigen-independent mechanisms. For example, Treg cells, which constitutively express high levels
of the high affinity IL2R a chain (CD25), can suppress the activation and expansion of
conventional T cells (Tcons) by sequestering IL-2 in the environment. Other cell surface receptors,

such as ectoenzymes CD39 and CD73 that convert ATP to adenosine, can alter the availability of

metabolites to dampen the activity of effector T cells and DCs!">. Treg cells can also secrete
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immunosuppressive cytokines (TGF-f3 or IL-10), or perforin and granzyme B to dampen the anti-
tumor immune response. Treg cells may also directly lyse target cells through the secretion of
perforin and granzyme B. Finally, Treg cells constitutively express high levels of CTLA-4 — an
inhibitory receptor that competes with CD28 for binding to costimulatory molecules CD80 and
CD86— which has been shown to capture its ligands through trans-endocytosis and decrease the
level of T cell activation!'6.

Finally, the magnitude and duration of an anti-tumor immune response can be regulated
through the balance of co-stimulatory and inhibitory receptors on the surface of T cells. Following
activation, T cells transiently upregulate a number of inhibitory checkpoint receptors (eg., CTLA-
4, PD-1, TIGIT) which can engage with their cognate ligands (eg., CD80/86, PD-L1/PD-L2,
CD155/PVR) that are expressed on tumor cells or other cells in the TME to dampen effector T cell
responses. However, chronic TCR stimulation leads to CD8+ T cell exhaustion, a distinct
differentiation stage characterized by poor proliferative and cytolytic capabilities, dysregulated
cytokine production, and constitutively high levels of expression of checkpoint inhibitors. T cell
exhaustion was first characterized using chronic LCMV infection in mice ', and studies have
confirmed the presence of exhausted cells in human and mouse viral infections as well as cancer!!-
120 K ey experiments subsequently demonstrated that genetic ablation of Pdcdl'?' or monoclonal
antibodies targeting PD-1 or PD-L1 could lead to partial reversal of CD8+ T cell exhaustion and
increased viral clearance and tumor regression in several mouse models!?>712°, This pivotal
discovery, along with the discovery of CTLA-4 as another negative regulator of T cell function,

laid the groundwork for checkpoint blockade as a pillar of cancer therapy.
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Tumor cell intrinsic mechanisms of immune escape. Mechanisms to escape immune surveillance
may occur at the level of the tumor cells, through the acquisition of alterations or activation of

pathways that are required for innate and adaptive immune recognition®®!27:128,

Resistance to innate immunity. Tumor cell growth requires avoiding recognition by macrophages
and other myeloid cell subsets. Macrophages phagocytose apoptotic or pathogenic cells while
sparing healthy cells through recognition of “eat me” and “don’t eat me” signals on the surface of
target cells. For example, CD47 — a pentaspanin protein that is widely expressed on the cell surface
of normal cells — was discovered as marker of self when red blood cells from Cd47”- mice were

129 and bone marrow from Cd47-/- mice was

rapidly cleared upon transfusion into wildtype hosts
unable to rescue lethally irradiated immunodeficient hosts'3°. Mechanistically, ligation of CD47
with SIRPa on the surface of macrophages and DCs recruits phosphatases to SIRPa ITIM domains
and triggers an inhibitory signal that prevents function of myosin-II in phagocytosis '3!-1%6, Tumor
cells can evade phagocytic clearance through upregulation of CD47, which is overexpressed in
several cancer types, including lymphomas, acute myeloid leukemia (AML), and breast cancer!3’~
140, Little is known about the molecular regulation of CD47 overexpression in cancer cells;
however, several oncogenic pathways have been suggested to play a role in CD47 regulation
including NFxB!40-142 MYC'%3, and STAT3'# and are currently being investigated. Nevertheless,
antibodies that disrupt CD47/ SIRPa interaction, as well as other “don’t eat me” signals such as
CD24/SIGLEC-10'%, have shown efficacy in vitro and in vivo in promoting increased clearance

of several cancer cell types, including NHL, and are currently wunder clinical

investigationl35,139,140,146,147
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Cancer cells may also activate other pathways that regulate the infiltration of innate
immune cells in the tumor microenvironment. One study investigating mechanisms of immune
evasion in malignant melanoma found that activation of WNT/B-catenin was associated with a T
cell non-inflamed environment in patients®*. Using an autochthonous melanoma model (7yrCre-
ER , Braf’®, Pten/l, R26--SL-CNNTBI) " Spranger et al. demonstrated that conditional WNT/B-
catenin activation in melanocytes led to lower DC infiltration in the tumor and decreased T cell
priming in the lymph node, leading to a “cold” environment and decreased response to PD-
L1/CTLA-4 checkpoint blockade therapy®*. Moreover, adoptive transfer of tumor antigen-specific
T cells to mice with WNT/B-catenin activation did not restore an “inflamed” environment or
sensitivity to CBT. Deeper mechanistic studies found that endogenous and adoptively transferred
T cells are dependent on DC-derived CXCL10 for trafficking and localization to tumor sites®.
Interestingly, WNT/B-catenin activation does not appear to play an oncogenic role in melanoma,
and tumor growth is similar between mice with and without WNT/B-catenin activation, suggesting
that tumor cells activate this pathway to evade immune recognition®*%>.

Other tumor cell-intrinsic mechanisms that may impact the infiltration, localization, or
function of innate immune cells in the tumor environment have also been investigated. A recent
study found that melanoma cell-derived prostaglandin E2 (PGE2) inhibited the accumulation and
activation of CD103+ DCs in the tumor'#®. Genetic ablation or pharmacological inhibition of
cyclooxegnases (COX) — enzymes that catalyze prostaglandin precursors — restored CD103+ DC
infiltration and sensitivity of melanomas to CBT'*8. Others have found that NOTCH activation'®,
MYC amplification '3%!3! and other oncogenic pathways can impact the innate immune response

to various cancers!26-128, The role of oncogenic pathways or alterations in promoting sensitivity or
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resistance to innate immune recognition or activation, as well as mechanisms to target innate

immune cells, continues to be an active area of investigation.

Resistance to adaptive immunity. Cancer cells may also acquire alterations that promote resistance
to adaptive immunity, through evading recognition by CD8" T cells or modulating resistance to T
cell-mediated killing. In order to exert effector functions, CD8+ and CD4+ T cells require
recognition of their cognate peptide presented on MHC-I or MHC-II molecules, respectively.
Cancer cells can downregulate or modify the antigens presented on MHC-I or MHC-II through
“irreversible” or “reversible” changes. For example, point mutations, deletions, or loss of
heterozygosity in HLA-A,B,C or in B2M- a critical component of MHC-I complex — are found in
melanoma, MSI-H colorectal cancer, NSCLC, and ¢cHL?*!3>155, MHC-I and II expression on the
cell surface can be induced by IFNy, a key effector cytokine secreted by activated CD8+ and CD4+
T cells, through regulation of MHC-I and MHC-II transactivators NLRCS5 and CIITA, respectively.
Several pre-clinical models, genome wide CRISPR screens, and clinical data have shown that loss
of function mutations in IFNy sensing, through JAK/STAT mutation or IFNyR mutations, can lead
to resistance to T cell-mediated control of tumors®:152156-160.160-163 = Conyersely, mutations in
negative regulations of IFNy signaling can sensitize tumor cells to T cell-mediated killing!37-160.162,
Finally, mutations in epigenetic regulators such as ARID2 and EZH2 have been posited to
downregulate MHC-I and MHC-II as well as several components of the IFNy signaling pathways,
leading to “reversible” alterations that may be targeted to restore anti-tumor immunity in some

pre-clinical models of melanoma, prostate cancer, and lymphoma!38164-167

. It is important to note
that the role of IFNy is not limited to the antigen presentation machinery. Therefore, mutations

targeting this pathway could lead to increased T cell-mediated tumor control through other
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complementary mechanisms, such as modulating key chemokines (CXCL9/10) that are important
for T cell trafficking!'3®164,

In addition to downregulating pathways necessary for recognition by the immune system,
cancer cells may also upregulate inhibitory receptors that contribute to immune evasion. IFNy —
dependent upregulation of PD-LI on cancer cells has now been established as a main mechanism
of resistance to adaptively immunity!'®®!7°, Interestingly, PD-LI may also be constitutively
expressed as a result of stabilizing mutations in the 3 UTR region or genetic alterations in 9p24.1
— the chromosomal region containing PD-LI and PD-L2. Genetic mechanisms of increasing PD-
L1 expression are uncommon in solid tumors, but are prevalent in several types of lymphomas
including cHL (~90%), PMBL (~40-50%), and DLBCL (10-15%)!"1-176, While PD-L1 expression
is sometimes correlated with response to CBT in some types of solid cancers, PD-LI gene
alterations may enrich for responders to CBT in cHL and DLBCL, suggesting that this genetic
alteration may be a predictive biomarker of inflamed, immunotherapy-sensitive cancers.

Finally, cancer cells may modulate pathways that increase cell-intrinsic fitness. For
example, cancer cells may mutate pathways downstream of growth factor signaling components
such as EGFR (epidermal growth factor receptor) or HER2, leading to sustained proliferative
capacity. In addition to increased growth capacity, overexpression of anti-apoptotic molecules,
such as BCL-2, is a common mechanism by which cancer cells may resist cell death. Other genetic
lesions may lead to evasion of growth suppressors, such as mutations in 7P53 or RBI'"7. Taken
together, alterations that increase the fitness of cancer cells — either through increased growth or
decreased apoptosis - may make them more resistant to immune cell-mediated killing.

Several mechanisms of immune escape have been shown to be active in solid cancers, and

the composition and activation state of the immune environment has been shown to impact
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response to CBT in solid cancer. Moreover, the role of cancer cell-intrinsic alterations in regulating
the immune environment has been demonstrated in several solid cancer models. Whether similar
mechanisms are also active in DLBCL, and the bidirectional interactions between lymphoma cell-

intrinsic alterations and the immune landscape, have not yet been thoroughly investigated.
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1.4 Immunotherapies in DLBCL

Standard of care treatment in DLBCL consists of a chemoimmunotherapy regimen, R-
CHOP, that leads to durable remission in approximately 60% of patients®. However, remaining
40% of patients with relapsed or refractory disease will eventually succumb to their disease. For
the last few decades, new treatment strategies for DLBCL focused on understanding lymphoma
biology, leading to the development of several targeted therapies that have been met with varying
levels of clinical success. More recently, the rapid advances in the field of cancer immunotherapy
have led to new therapeutic modalities for the management of DLBCL. Several new
immunotherapies that target components of innate and adaptive immunity in DLBCL have been

investigated clinically, detailed below (Figure 6).

CD47 antibody. Innate immune cells play an important role in controlling tumor growth through
phagocytosis. Immunotherapies targeting functions of innate immune cells have shown activity in
lymphoma. Cancer cells can evade phagocytosis through upregulation of “don’t eat me” signals,
such as CD47 or CD24, on the cell surface!?%13L137.1495.178 1 joation of CD47 with SIRPa on the
surface of macrophages triggers an inhibitory signal that prevents phagocytosis, which can be
reversed with a monoclonal antibody!3!:146.178-181 - Antj-CD47 antibodies have shown remarkable
efficacy as single agents in vitro and in xenograft mouse models of NHL!7!182.183 'Moreover, anti-
CDA47 antibodies synergize with Rituximab in promoting macrophage-mediated phagocytosis, as
a result of simultaneously blocking an inhibitory signal and delivering a FcR stimulating signal'”°.
A phase I clinical trial evaluating the combination of magrolimab (an anti-CD47 antibody) and

rituximab in NHL has shown promising results, with an ORR of 36% in patients with r/r
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DLBCL'#2, However, the remaining fraction of patients failed to response or relapse. Therefore,
alternative strategies to improve the function of CD47/ SIRPa targeting antibodies are required.

Recent efforts to improve CD47 blockade have focused on altering the balance of pro-
phagocytic and anti-phagocytic signals on the surface of cancer cells. One strategy is to identify
and block other innate immune checkpoints, including CD24 binding to SIGLEC-10 and B2M
interactions with LILRB1!4134 However, the role of these “don’t eat me” signals and the co-
blockade with anti-CD47 antibodies has not been investigated in DLBCL. Other groups have
focused on increasing the expression of pro-phagocytic signals on the surface of cancer cells. For
example, Ennishi et al identified that LoF mutations or deletions in TMEM30A4 — a flippase
responsible for the asymmetric distribution of phosphatidylserine (PS), a potent “eat me” signal,
on the cell surface — leads to aberrant exposure of PS on lymphoma cells. Moreover, TMEM30A
mutant DLBCLs are characterized by increased macrophage infiltration and sensitivity to anti-
CDA47 antibodies'®>.

While anti-CD47 and anti-SIRPa targeting antibodies lead to increased tumor control
through macrophage-mediated phagocytosis, the clearance of malignant cells may be an
“immunologically silent” mechanism that suppresses anti-tumor immunity. One key study found
that PI3Ky signaling in macrophages modulates macrophage polarization, and genetic ablation or
pharmacological inhibition of PI3Ky can reprogram macrophages from immunosuppressive (M2
macrophage) to immunostimulatory (M1 macrophage)'®. PI3Ky inhibition in macrophages
resulted in improved CD8+ T cell activation in tumors and synergized with CBT. Therefore, we
hypothesized that PI3Ky inhibition may synergize with a-CD47 therapy to promote phagocytosis
and repolarize M2 macrophages to M1 macrophages. Treatment of macrophages with duvelisib, a

PI3Ky/3 inhibitor, promotes phagocytosis of lymphoma cells in vitro and in xenograft mouse
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models alone and in combination with anti-CD47 antibody (manuscript under review). However,
whether this combination also improves anti-tumor T cell responses and synergizes with T-cell

based immunotherapies remains unknown.

Checkpoint blockade therapy. A major breakthrough in the field of cancer immunotherapy was
the discovery that cytotoxic T-cell antigen 4 (CTLA-4), which prevents T cell activation by
outcompeting CD28 for binding to CD80/CD86!87-1°1| could be therapeutically targeted to
improve the effector function of T cells'”?. Humanized CTLA-4 blocking antibodies were
subsequently shown to induce durable remissions in ~10-20% of patients with metastatic
melanoma'?3-1%. The success of CTLA-4 blockade renewed interest in other immune checkpoint
molecules, including programmed death-1 (PD-1). Genetic ablation of Pdcd! led to heterogenous
autoimmune pathologies in mice, demonstrating the role of PD-1 in restraining T cell activation!®7-
200 Further studies showed that PD-1 is upregulated upon chronic T cell receptor (TCR)
stimulation and when PD-1 engages its ligand, programmed death-ligand 1(PD-L1), it can induce
a hypofunctional, “exhausted” T cell state?°!292, Monoclonal antibodies that disrupt the PD-1/PD-
L1 signaling axis have shown remarkable success in clinical trials as monotherapy and in
combination with conventional chemotherapy in melanoma?®*2%, Additional successful clinical
trials have expanded the use of anti-PD1 antibodies to several cancer types including Hodgkin

207-209

lymphoma , primary mediastinal B cell lymphoma (PMBL)?!°, urothelial carcinoma?'!-2!2,

head and neck squamous cell carcinoma (HNSCC)?!32!4 non-small cell lung cancer (NSCLC)?!3-
219 "and microsatellite instability high (MSI-high) colorectal cancer??°222, The success of anti-PD1
checkpoint blockade therapy (CBT) has spurred development of other antibodies that target co-
inhibitory receptors (TIGIT 223224, TIM3 225226 T, AG3%27-22%) and co-stimulatory receptors (OX40
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229230 4-1BB®1232 | ICOS 23323%) that have shown varying degrees of clinical success in
combination with anti-PD1 and/or anti-CTLA4 antibodies.

Though anti-PD1 therapy has resulted in substantial clinical benefit in ¢cHL2°72% and
PMBL?!, it has only shown modest efficacy in unselected r/r DLBCL patients (~10% ORR)!°. In
cHL, the response to CBT correlates with PD-L1 expression on the surface of the malignant
Hodgkin Reed Sternberg (HRS) cell>®23, which is often driven by genetic amplification of the
PD-L1I locus or Epistein Barr Virus (EBV) driven JAK/STAT activation. Moreover, the
environment of cHL is characterized by a robust, but ineffective, T cell infiltrate that may be re-
energized upon inactivation of inhibitory checkpoint receptors.

In contrast, copy number alterations (CNS) in 9p24.1 — the genetic locus containing PD-
L1, PD-L2, and JAK2 — is uncommon in DLBCL. We and others have shown that 10-15% of
DLBCLs harbor PD-LI CNAs, which includes polysomy, low level copy gains, and
amplifications®!""173, Moreover, PD-L1 gene-altered DLBCLs harbor an expanded, clonal CD8+
T cell infiltrate, suggesting PD-L1 gene alterations may identify a subset of “inflamed” DLBCLs
that are sensitive to CBT. However, responses to CBT are not restricted to PD-L1 amplified
DLBCLs, and the immune landscape of DLBCL is extremely heterogenous, suggesting other
mechanisms may be regulating the host immune response and immunotherapy sensitivity or

resistance in DLBCL.

Chimeric antigen receptor (CAR) T cell therapy. CAR T-cell therapy represents a major
breakthrough in the treatment of lymphoma. It is a modified version of adoptive cell therapy, where
autologous T cells isolated from peripheral blood are engineered to express a chimeric antigen

receptor (CAR) — an engineered molecule that contains 1) an antigen binding domain (scFv), 2) a
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flexible linker/hinge region, and 3) intracellular signaling and co-stimulatory domains (CD3,
CD28, 4-1BB)>¢. These CAR T-cells are then expanded in vitro and transfused back into the
patient, leading to MHC-independent, T cell-mediated cytotoxicity. To date, CD19 CAR T-cell
therapy has been approved for several B cell malignancies including B-ALL, DLBCL, transformed
FL, and mantle cell lymphoma?3. The success of CD19 CARs has paved the way for CAR T-cells
directed against other tumor associated antigens expressed in hematological malignancies (CD22,
BCMA).

CD19 CAR T-cell therapy has changed the treatment landscape of r/r DLBCL. However,
despite its clinical success, the majority of patients (50-60%) relapse with CAR T-cell therapy,
suggesting more work needs to be done to improve efficacy>®. Several factors may impact the
efficacy and outcome with CAR T-cell therapy including 1) CAR T-cell-intrinsic factors such as
CAR design, composition of the CAR T-cell product, or fitness of peripheral blood lymphocytes,
2) lymphoma-related factors such as oncogenic alterations, tumor burden, or other clinical
variable, and 3) the immune environment.

The role of the immune environment in mediating response to CBT has been investigated
in solid cancers, and the activation of an anti-tumor immune response has been suggested as a
predictive biomarker of response to CBT. However, a detailed understanding of the mechanisms
by which the immune environment may be impacting response to CAR T-cell therapy is lacking.

One key study found that in patients treated with CD19 CAR T-cell therapy (ZUMA-1), a
higher activated T cell infiltrate at baseline was associated with favorable outcomes to CD19 CAR
T-cell therapy?}’. However, the interplay between the malignant lymphoma cells and the immune

environment, which may be impacting response to CAR T-cell therapy, has not been thoroughly
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investigated in DLBCL. Identifying features that determine response or resistance to CAR T-cell

therapy will expand the subset of patients with DLBCL that derive clinical benefit.

Bispecific antibody therapy. CAR T-cell therapy has revolutionized the treatment landscape of
DLBCL. However, the use of CAR T therapy in the clinic has been impeded due to the many
logistical challenges including extended manufacturing time (3-6 weeks), cost, and limited access
to most patients?*°. A new class of T cell-based immunotherapies— bispecific antibodies (BsAb) —
may retain the features of CAR T-cell therapy with fewer logistic hurdles?3.

BsAbs are chimeric antibodies that co-target tumor associated antigens (CD19, CD20) and
T cell antigens (CD3), and trigger T cell activation and cytotoxicity in an MHC-independent
manner. Blinatumomab (CD19/CD3 bsAb) was a first-in-class bsAb that was approved for the
treatment of B- acute lymphoblastic leukemia (B-ALL)?***24. However, clinical trials conducted
in DLBCL demonstrated that the high doses of Blinatumomab required for clinical benefit led to
severe adverse effects, leading to early termination of several clinical trials®*!.

BsAbs targeting CD20/CD3 are currently under clinical investigation in NHL, and have
shown efficacy as single agents in r/r DLBCL. Mosunetuzumab, a first-in-class CD20 /CD3 bsAb,
was highly active in preclinical in vitro and in vivo models?*?; however, the ORR in aggressive
NHL in phase I/II clinical trials was 35%, suggesting more work needs to be done to improve
efficacy of bsAbs’.

Several strategies to improve the efficacy of bsAbs are being investigated including 1) lack
of a fragment crystallizable (Fc) domain, 2) affinity of the antibody binding fragment (Fab)
regions, 3) number Fab arms to facilitate higher avidity, and 4) modifications in the linker regions.
In one such example, Glofitamab, a CD20 x CD3 bsAb with a 2:1 ratio of CD20 Fab arms to CD3
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and higher affinity CD20 Fab, has shown improved efficacy over mosunetuzumab (1:1 ratio of
CD20:CD3 arms) in clinical trials (ORR ~47%)%. Further improvements to bsAb design are
currently under pre-clinical or clinical investigation.

While strategies to improve the structure and function of bsAbs have -led to increased
clinical efficacy, little is known about other mediators of response to bsAbs in DLBCL. Tumor
lesions are comprised of many different immune cell subsets including: NK cells, T cells,
macrophages, and DCs and the abundance of immune cells in the TME plays an important role in
response to immunotherapy 72424 Indeed, the generation of a productive anti-tumor immune
response has been shown to predict response to immunotherapies in many solid cancers. 07109
The activity of bsAbs is dependent on T cells and the recruitment of T cells from circulation or the
expansion and function of T cells within the tumor may be influenced by the baseline immune
environment. Correlative studies in a phase II clinical trial of glofitamab showed a trend toward
higher frequency of CD8+ T cells in complete responders (CR) vs all other patients**. However,
the bsAb efficacy may be dependent on other immune cells in the environment (CD4+ T cells,
Tregs, dendritic cells, macrophages) or lymphoma cell-intrinsic factors (CNAs, mutations,
oncogenic pathways). Therefore, more work needs to be done to understand the cellular and
molecular factors that are driving response or resistance to bsAbs.

Immunotherapies targeting both innate and adaptive immune cells have shown activity in
DLBCL. However, a deeper understanding of the role of the DLBCL immune environment in
mediating response to immunotherapy, as well as the underlying cellular and molecular factors

that orchestrate the immune environment, is required to expand the population of patients that may

benefit from these therapies.
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Figure 6. Summary of immunotherapies under investigation in DLBCL. Checkpoint blockade
therapy targeting the PD-1/PD-L1 axis may re-activate lymphoma-specific T cells and lead to T
cell-mediated cytotoxicity or killing via FAS/FASL interactions. CD19-directed CAR T-cells or
bispecific antibodies (bsAbs) lead to MHC-independent T cell-mediated cytotoxicity or activation
of extrinsic apoptosis via FAS/FASL interactions. Anti-CD47 antibodies block the interaction of
CDA47, a potent “don’t eat me signal” with SIRPa on macrophages, leading to increased phagocytic
clearance of lymphoma cells.
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1.5 Immune environment in DLBCL

A major challenge in cancer immunotherapy is to determine the factors that influence
response or resistance to immunotherapies to prospectively identify patients that may benefit from
CBT, ACT, or other therapies and to identify other targetable cells or molecular pathways that may
synergize with immunotherapies. Several factors have been proposed that may play a role in
immunotherapy response including: 1) composition of the TME, 2) tumor cell-intrinsic alterations
and oncogenic signaling (Figure 7). Our understanding of the molecular factors that contribute to
the pathogenesis of DLBCL has advanced considerably in the last few years. On the other hand,
the interplay between the lymphoma cells and the immune environment has been less thoroughly
investigated. Identifying DLBCLs that have been subjected to a host immune response is
challenging. First, since most DLBCLs arise in the lymph node where non-lymphoma-specific
immune cells reside, it may be challenging to identify “inflamed” lymphomas that have been
surveilled by the immune system. Second, DLBCL is extremely heterogenous, with several distinct
transcriptionally, genetically, and clinically defined subgroups. This heterogeneity may directly or
indirectly impact the immune environment. Therefore, an integrative approach combining
transcriptomic, genetic, and clinical variables may be required to identify features that are
regulating the immune environment. Nevertheless, there has been some evidence of immune

surveillance in DLBCL.

Lymph node signature. DLBCL COO classification was defined based on transcriptional
similarity of DLBCLs to their normal germinal center B cell (GCB DLBCL) or activated B cell
(ABC DLBCL) counterparts (See COO section for more detail)**. Hierarchical clustering

performed on transcriptomes of DLBCLs, FLs, CLLs, and purified non-malignant lymphocytes
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found that some DLBCLs upregulated a lymph node gene expression program that was also highly
expressed in normal tonsil and lymph node. The lymph node signature contained genes related to
NK cells (NK4), monocytes/myeloid cells (CD14, CSF-1, FCERIG) Moreover, some DLBCLs
also upregulated a T cell-related gene expression signature, which contains genes such as CD3E,
TCRB, CD2, PRKCD, and FYN. Interestingly, germinal center B cells purified from normal tonsil
and lymph node did not upregulate this gene expression module, suggesting this gene signature is
reflective of non-malignant cells in the lymphoma environment. Taken together, these data suggest
that there is heterogeneity in the DLBCL microenvironment and some DLBCLs may harbor an
immune infiltrate. However, it is not known whether the environment is reflective of: 1)
immunological noise, 2) requirement of immune cells for support and growth of the malignant

cells, or 3) anti-lymphoma immune response.

Host response (HR) signature. A similar signature was also found in the consensus clustering
(CC) approach used by the Shipp lab>. A comparative analysis of the transcriptomes of DLBCL
identified three clusters: host response (HR), BCR/proliferation, and OxPhos (See CC section for
more detail). HR DLBCLs were characterized by marked upregulation of T cell-related transcripts
(CD2, CD3D/E, CD28, PRFI), monocyte/macrophage associated genes (CD14, CD163, FGRI),
interferon signaling pathway genes (GILT, STAT1, IRFI, IRF7), and cytokine receptors (/L2RG,
IL6R, TGFBR). HR DLBCLs were found to have increased numbers of CD2* and CD3" T cells
compared to DLBCLs in the other two clusters. In addition, using GILT (gamma interferon
inducible lysosomal thiol reductase; /F/30) to identify DCs, HR DLBCLs were found to have
increased number of GILT* DCs compared to other DLBCLs. These data suggest that a subset of
DLBCLs are infiltrated by T cells and DCs that may be required for a productive anti-lymphoma
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immune response. However, the association of HR-DLBCLs with response to immunotherapies

remains unknown.

Lymphoma microenvironment (LME) clusters. Next generation sequencing (NGS) techniques
have enabled more comprehensive analyses of the immune environment of DLBCL. One such
study clustered lymphomas based on the presence and activation states of several immune cell
subsets in the lymphoma microenvironment?*¢, Briefly, 25 functional gene expression scores
(FOES) were developed using transcriptomic profiles of purified cell populations. These gene sets
included 1) immune cell subsets (Tregss, TIL, B cell, Macrophage), 2) non-immune cells
(Extracellular matrix (ECM), cancer-associated fibroblasts (CAF)), 3) non-cellular mediators of
immune responses (cytokines, T cell trafficking), and 4) cellular signaling pathways (NFkB, PI3K,
cell proliferation). DLBCLSs clustered into four LMEs based on FSFS for one or more gene sets: 1)
germinal center- like, 2) mesenchymal (MS), 3) inflammatory (IN), and 4) depleted (DE).
Germinal center-like DLBCLs (~15% of all DLBCLs) were characterized by increased expression
of genes related to cellular constituents of the germinal center, including follicular dendritic cells
(fDCs), T follicular helper cells (Tth), and B cells. MS-DLBCLs (~33% of all DLBCLs) displayed
marked upregulation of gene sets associated with vascular endothelial cells, CAF, and ECM
components. LME-IN DLBCLs (25% of all DLBCLs) were characterized by increased FGES
scores for CD8+ T cells, macrophage, NK cell, and other immune cell-related gene sets. Finally,
LME-DE DLBCLs (27% of all DLBCLs) were characterized by increased expression of genes
related to cellular proliferation and depleted for genes related to immune cell infiltration.

LME classification may have some prognostic significance, as LME-IN and LME-DP

DLBCLs have worse overall survival with R-CHOP compared with LME-GC and LME-MS.
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However, the association of LMEs with response to immunotherapies has not been shown.
Interestingly, LMEs also show little overlap with consensus clustering, as BCR, OxPhos, and HR
DLBCLs are equally represented among LME-IN DLBCLs, suggesting these methods are

identifying unique aspects of lymphoma biology.

PD-L1 gene alterations. Upregulation of PD-L1 on the surface of cancer cells is usually driven
by IFNy secreted by T cells or NK cells in the tumor microenvironment and is a well-characterized
mechanism of immune escape in solid cancers. In contrast, unique genetic mechanisms often
increase PD-L1 expression in lymphoma. Copy number alterations (CNAs) in chromosome
9p24.1, the locus that contains PD-LI, PD-L2, and JAK2 are frequently found in cHL and
PMBL!72:235.247.248 * A recent study using fluorescence in situ hybridization (FISH) identified that
cHLs harbor a spectrum of PD-L] gene alterations — chromosome 9 polysomy, 9p24.1 copy gain
or 9p24.1 amplification'”2. Moreover, the level of PD-LI gene alteration correlated with PD-L1
protein expression and response to CBT. In contrast, PD-L1 CNAs are infrequent in DLBCL. We
and others have identified that PD-L1 gene alterations are found in 15-25% of DLBCLs, and are
enriched in non-GCB DLBCLs!7*?*, DLBCLs with PD-L1 gene amplifications (defined as 5 or
more copies) were characterized by an increased, clonal CD8+ T cell infiltrate and sensitivity to
CBT compared to PD-LI non-amplified DLBCLs. Therefore, PD-LI gene alterations may serve
as a predictive biomarker of response to CBT. However, not all inflamed DLBCLs have PD-LI
gene amplifications and clinical responses to CBT were not limited to patients with PD-L1] gene
alterations. Therefore, other mechanisms may be regulating the immune environment in DLBCL.

Taken together, these data suggest that a proportion of DLBCLs (25-33%) are

characterized by a host immune response. However, the nature of the immune response, the
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molecular mechanisms that may impact the immune response, and the association of these

“inflamed” DLBCLs with immunotherapy has not been investigated.
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Figure 7. Summary of factors that have been proposed to play a role in response of resistance
to immunotherapy in solid cancers.
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2. Methods

Data sets

NCI cohort. Contains RNA-sequencing and whole exome sequencing (WES) performed on 481
treatment-naive DLBCL biopsies. Contains annotations for molecular COO, LymphGen
classification, DHITO-signature, 5-year EFS and OS, other clinical information

UCMC cohort: Contains RNA-sequencing and whole exome sequencing (WES) performed on
96 DLBCL (84 treatment-naive, 12- relapsed/refractory) biopsies

BCCA cohort. Contains RNA-sequencing and whole exome sequencing (WES) performed on
285 treatment-naive DLBCL biopsies. Contains annotations for molecular COO, LymphGen
classification, DHIT-signature, 5-year EFS and OS, other clinical information.

HMRN cohort: Contains 1310 patients with [llumina microarray (1042 DLBCL: 487 de novo;
41 transformed; 514 unknowns; 45 PMBL: 19 de novo; 2 transformed; 24 unknown; 40 cHL; 21
GZL; 83 BL; 31 THRLBCL: 16 de novo; 1 transformed; 14 unknown; 26 PBL; 5 PCNSL; 15

Plasmacytoma; 1 MGUS; 1 LPD-NOS) and 496 with targeted exome sequencing.

Gene set compilation

Gene sets were manually curated following an extensive literature search and focused on genes
related to 1) immune cell infiltration and activation, 2) cell-of-origin gene sets and 3) gene sets
related to key transcription factors related to cell-of-origin.

Immune-related gene sets: Twelve immune-related gene sets were included, known to be
associated with immune activity in other cancer types. Gene sets were excluded if they had fewer
than 3 or more than 200 genes. Gene sets were related to activation state of T cells

9

(t.cell.activation®, t.cell.exhaustion®

, IFNy ayers!®®), non-cellular mediators of immune
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responses (ifnl_rooney®, cytolytic.score??), and presence of immune cell subsets
(tth_charoentong®!, thl charoentong??, th2 charoentong®!, treg rooney”’, cd8t charoentong?!,
macrophage rooney”’, dc xcell total?>). In general, immune-related gene sets had less than 15%
overlap.

Cell of origin gene sets: A total of four COO gene sets - 2 ABC DLBCL (ABCDLBC-1,
ABCDLBCL-2) specific gene sets and 2 GCB DLBCL specific gene sets (GCBDLBCL-1,

GCBDLBCL-2) - were included. Gene sets are derived from the seminal gene expression

classifier’>*, found in SignatureDB. (https://lymphochip.nih.gov/signaturedb/index.html) .

Transcription factor gene sets: Three transcription factor related gene sets, found in SignatureDB,
were included. Two gene sets related to genes regulated by IRF4 (IRF4Up-7, IRF4dn-1).
Signatures were derived from gene expression profiling following IRF4 knockdown in 3 ABC
DLBCL cell lines (OCI-LY 10, HBL1, TMD-8)*. Gene set related to BCL6 targets (BCL6Dn-1),

from SigDB, derived from consensus BCL6 targets from multiple studies?3>-26°,

Immune signature clustering model
Gene set variation analysis (GSVA) using 19 immune-related and COO-related gene sets was

performed as previously described on bulk transcriptomes from 2 genomic datasets (NCI>>26!, n =

581; UCMC, n = 108)>44.262,

Resulting GSVA enrichment scores were resolved using principal component analysis (PCA).

Unsupervised k-means clustering was utilized to assign samples into unique clusters. Subsequent
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analyses using the third independent BCCA dataset as well as the 3-dataset combination were

performed in the same structured steps to yield equivalent clustering.

Identification of recurrent genetic alterations associated with immune clusters

Only driver genes from Reddy et al?%3. and Chapuy?%*

et al. were considered including mutations
and copy number changes (~300 genes). For each comparison, genes are filtered out if they are
mutated in less than 10% of any group in the comparison. Genes not altered in at least 10 cases for
either cluster (or 10% of cases, if this is smaller) are excluded from the comparison. Statistical
significance of categorical variables was performed with a Fisher’s exact test for two group
comparisons and a multi-way Fisher’s exact test followed by post-hoc individual pairwise testing

for three or more groups. Alpha was set to a p-value of 0.05. All p-value adjustments were

performed using the Benjamini-Hochberg method, unless indicated otherwise.

Generation of MYC expression groups
GSVA using MycUp4 signature (from sigDB) was performed on all DLBCLs in UCMC, NCI, and
BCCA datasets. DLBCLs were then split into ABC and GCB groups and a 25-75 percentile split

within each COO was used to assign DLBCLs to “MYC-High” and “MYC-Low” groups.

Multispectral immunofluorescence

Multi-spectral immunofluorescence (mIF) microscopy was performed on 54 DLBCLs (UCMC)
for which paired RNAseq and GSVA data were available. mIF analysis was performed after
staining with fluorescence-labeled antibodies against a T cell panel and myeloid cell panel (see

mlIF antibody section). Each slide was scanned using the Vectra Polaris (Akoya Biosciences)
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imaging platform and the Phenochart software (PerkinElmer). Through Phenochart, at least 5

representative regions of interest per tissue section were acquired as multispectral images at 40x

magnification. Watershed segmentation was used to identify nuclei using DAPI staining and cell

borders of individual cells in each ROI. The supervised machine-learning algorithm in the inForm

software (v. 3.3) was used to classify each cell into specific phenotypes.

1.

Slides were divided by panel and by specific features determined during the initial
watershed segmentation, including cell border detection, average cell size,
autofluorescence, and DAPI strength.
Samples were divided into 4 separate groups for each panel. 2 ROIs were chosen per
sample to train the machine-learning algorithm in inForm to identify the following
phenotypes with the associated markers:

1. Tcells: CD8+ T cell, CD4+ T cell, PAX5+ DLBCL cell

2. Myeloid cells: CD68+ Macrophage, CD11c+ dendritic cell
Once the initial training groups were processed, all ROIs in each group of samples were
classified using the matching training cohort.
Results of per-slide frequencies of each phenotype were tabulated in R using exported
values from inForm using the ‘phenoptr’ package and the representative mIF images were
also exported through inForm. Given heterogeneity of tumor and microenvironment
composition in each ROI, comparisons were made between total number of each TME cell
population/phenotype normalized against the number of DLBCL cells present across all

ROIs per slide.
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Table 1. Antibodies for multispectral immunofluorescence (mIF) — myeloid panel

Panel 1 - Primary
-Myeloid Primary Ab Ag Ab
Location Opal | Info retrieval Diluent
HLA
class I membrane 520 | Abcam EMRS-5 | AR6 1:50
HLA-DR DAKO, TAL
membranous 690 | M07401-8 1B5 AR9 1:100
PAXS5 nucleus 620 | BioCare BC/24, AR9 1:50 in
Medical,CM | mouse Da Vinci
207 mAb Green
Cell E1L3N,
membranous & Signaling, rabbit
PD-L1 cytoplasmic 650 | 13684S mAb AR9 1:2500
CD68 BioCare KPI, 1:50 in
Medical, mouse Da Vinci
membrane+cytoplasma [ 570 | CMO033A mAb AR9 Green
BioCare 5DI11, 1:100 in
Medical, mouse Renoir
CCllc membrane+cytoplasma | 540 [ ACI3122A mAB AR9 Red

Table 2. Antibodies for multispectral immunofluorescence (mIF) — T cell panel

Panel 2 Primary Ab Ag Primary Ab
—Tcell | Location Opal Info retrieval Diluent
FoxP3 BioCare
Medical, API 236A/E7,
nucleus 650 [3164 AA mouse mAb | AR9 ready-to-use
BioCare
Medical, 4B12, 1:50 in Van
CD4 membrane 520 | ACI3148A mouse mAb | AR9 Gogh Yellow
PAXS5 nucleus 620 [ BioCare BC/24, AR9 1:50 in Da
Medical,CM 207 | mouse mAb Vinci Green
PD-1 1:300,
EPR4877, increase to
membrane 570 | Abcam rabbit mAb | AR9 1:150
CD8 R&D, C8/144B,
membrane 690 | NBP232836B mouse mAb | AR9 1:50
1:200 (1mg
R&D Systems, stock, Sug/ml
CXCRS5 | membranous | 540 [ MAB190-SP 51505, mAb [ AR9 working)
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Statistical methods

Alpha was set to a p-value of 0.05 unless otherwise noted. All p-value adjustments were performed
using the Benjamini-Hochberg method, unless indicated otherwise. Statistical significance of
categorical variables was performed with a Fisher’s exact test for two group comparisons and a
multi-way Fisher’s exact test followed by post-hoc individual pairwise testing for three or more
groups. Statistical significance of continuous variables was performed with a Mann-Whitney U
test for two group comparisons and a Kruskal-Wallis test followed by a post-hoc Dunn’s test for

three or more groups.

Generation of SocsI sgRNA containing plasmid

1 ug of Lenti-sgRNA blasticidin plasmid (104993) was digested with BsmBI at 55C for 60 mins,
followed by gel extraction of ~8kb band. BsmBI digestion liberates ~2kb stuffer fragment that
should not be gel extracted. 100 uM of Forward and 100 uM reverse complimentary sgRNA oligos
were annealed using touchdown PCR (95C for 5 mins, followed by ramp down to 25C at -5C/min).
Annealed oligos (25 nM) and digested gel-purified plasmid (50ng) were ligated overnight at 16C
using T4 DNA ligase (NEB, M0202S). DH5a bacteria were transformed with ligated plasmid,
following manufacuturer’s protocol. Single colonies were selected and expanded following colony
PCR and Sanger sequencing to confirm successful incorporation of sgRNA oligos. Plasmids were

extracted following manufacturer’s protocol (Qiagen Miniprep).

Cell lines
Parental A20 cells were obtained from ATCC and maintained in RPMI-1640 supplemented with
10% FBS. B16 and HEK293(F)T cells were maintained in DMEM supplemented with 10% FBS.
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A20%50¢s1- cell line. A20-Cas9 cells were obtained from Joshua Brody and maintained in RPMI-
1640 supplemented with 10% FBS and maintained in 2 ug/mL puromycin. A205°¢! cells were
generated through lentiviral transduction. Briefly, single guide RNAs (sgRNA) targeting Socs!
were synthesized and cloned into lenti-sgRNA blasticidin vector using a previously published
protocol from Feng Zhang.

Socs1 sgRNAs:

1. TGGTGCGCGACAGTCGCCAA

2. TGATGCGCCGGTAATCGGAG

3. TCTCGCGGCTGCCGTCCAAG

4. AGCCGACAATGCGATCTCCC

5. GCGTGCACGGGGCGCACGAG

Lentivirus was generated by transfection of HEK293(F)T cells with packaging plasmid (psPax2,
Addgene #12260), VSV-G envelope plasmid (pMD2.G, Addgene#12259), and Socsi-sgRNA
plasmid (lenti-sgRNA blast, Addgene #104993) using calcium phosphate transfection (Sigma,
K278001). Plasmids were delivered at 1.5 (psPax2) : 1 (pMD2.G) : 2 (lenti-sgRNA blast) ratio.

sgRNA control cells were generated using empty lenti-sgRNA blast vector (A20Cas9%Y).

Virus was collected 48 hours after transfection. A20-Cas9 cells were maintained in puromycin
containing media for the duration of transduction procedure. A20-Cas9 cells were transduced with
viral supernatant using spinoculation (900g, 2 hours, 33C) and cells were incubated overnight in

viral-supernatant. Medium was replaced after 24 hours. Cells were transduced with virus 2 more
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times (for a total of 3 times) following the same protocol. Following transductions, A20Cas957¢!-
 cells, A20Cas9FV, A20-Cas9 parental were grown in fresh media for 3 days and then blasticidin
(10ug/mL) was added to the media to select for cells that contained empty vector or Socs/ sgRNA.
When 100% of parental A20-Cas9 cells were dead under blasticidin selection (~ 6 days),
A20Cas95¢! cells and A20Cas9FY were subjected to limiting dilution to select for monoclonal
colonies. Briefly, cells were seeded in a 96 well plate at an average of 0.5 cells/ 100uL.. Media was
refreshed every 4-5 days, and cells were grown under constant puromycin and blasticidin selection

pressure. Western blots were used to select a monocolonal population with Socs/ deletion.

B16F10%¢!7~ and B16.SIYS°%!" cell lines. B165°¢!"" cell lines were generated using lentiviral
transduction, as above, with minor modifications. Briefly, single guides targeting Socs! were
cloned into an all-in-one plasmid (lentiCRISPRv2-puro, Addgene #98290) containing Cas9 and a
gRNA scaffold using a previously described protocol. Lentivirus was generated as described above
and B16 parental cells were incubated in virus containing media for 24 hours. Media was replaced
and B16 cells were allowed to grow for 72 hours. Monoclonal colonies were generated under
puromycin (lug/mL) selection. Knockouts were confirmed using western blots and sanger

sequencing.

Isolation of B cells from splenocytes

Spleens from CDI19¢** and CD19*** ; Socs I'" mice were obtained from Ari Melnick (Weill
Cornell Medicine). Spleens were passed through a 70 um cell strainer (Corning, 352350) and
ground using the plunger of a syringe with 10 mL of PBS to yield single cell suspensions.

Splenocytes were then washed twice in 10mL of PBS, followed by lysis of red blood cells in a
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hypotonic solution, followed by three washes in 10 mL of PBS. Single cell suspensions were
incubated with an anti-mouse CD19 biotinylated (Biolegend,115504) antibody to isolate B cells
or anti-mouse CD3 biotinylated (Biolegend, 100244) antibody to isolate T cells. Labelled cells
were then incubated with streptavidin microbeads (Miltenyi, 130-048-101) and CD19+ or CD3+

cells were isolated using magnetic activated cell sorting (MACS).

In vitro IFNy stimulation

5 x 10* cells from cell populations of interest (A20, B16, or spleen cells) were incubated with
increasing concentrations of recombinant mouse IFNy (0, 0.1, 1, 10, 100 ng/mL) for 48 hours
(Peprotech, 315-05). Cells were then harvested and incubated with anti-mouse H-2 (Biolegend,
125506), anti-mouse I-A/I-E (Biolegend, 107619), and anti-mouse PD-L1 (Biolegend, 124311)
antibodies and analyzed using flow cytometry. Cell counts were determined using counting beads
(Spherotech, ACFP-50-5). Mean fluorescence intensity (MFT) and cell counts were normalized to
media control in each experiment. Data shown are the average of at least 3 independent biological

replicates.

Mouse models

B6 mice were obtained from Taconic labs and Balb/c mice and NSG mice were purchased from
Jackson labs. All mice were maintained in a specific pathogen-free barrier facility and handled in
accordance with protocols approved by the Institutional Animal Care and Use Committee.

In vivo tumor growth

A20 or B16 cells were harvested and resuspended in PBS at a concentration of 50 x 10%/mL or 10

x 10% mL. Mice were subcutaneously inoculated in right flank with 5 x 10 A20 or 1 x 10°B16
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WT or Socs-deficient cells. Mice were monitored daily and tumor measurements were started 7
days post tumor injection. Mice were euthanized in accordance with IACUC protocols when an
axis reached 20mm or when tumor volume reached 2000 mm?. Tumor volume was calculated as
(V=L x W x W/2)/2, with length(mm) as the longest axis and height was estimated as the

width(mm)/2.

Quantitative real time PCR (qQRT-PCR)

5 x 10° cells were incubated with increasing concentrations of IFNy (0, 0.1, 1, 10, 100 ng/mL) for
18-24 hours. Total RNA was isolated from A20WT and A205°¢/~* or (B16WT and B165¢/-") with
TRIzol (Invitrogen, 15596026) following manufacturer’s protocol. Total RNA (1ug) was used for
cDNA synthesis (Fischer, High Capacity cDNA kit 4368814). 10ng of cDNA was used for real-
time PCR using SYBR Green Master Mix (Bimake, B21703)

Cxcl9 : Fwd -CTGCCATGAAGTCCGCTGTT;

Rev - AGGGTTCCTCGAACTCCACAC

Cxcll0 : Fwd — CATCCTGCTGGGTCTGAGTG;

Rev - TCGTGGCAATGATCTCAACAC

CD274 : Fwd TGCGGACTACAAGCGAATCACG;

Rev — CTCAGCTTCTGGATAACCCTCG

Gapdh : Fwd — CATCACTGCCACCCAGAAGACTG;

Rev -ATGCCAGTGAGCTTCCCGTTCAG
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Expression data were calculated from the cycle threshold (Ct) value. AACt method was used for
quantification, and expression of Gapdh mRNA was used for normalization. Results were

expressed as fold increase compared to control.

Western Blot

For phospho-Stat western blots, 1 x 10° cells were incubated with increasing concentrations of
IFNy (0, 0.1, 1, 10, 100 ng/mL) for 15 mins or 60 mins. Whole cell lysates were extracted using
CellLytic M (Sigma, C2978), supplemented with HALT protease/phosphatase inhibitor cocktail
(Fisher, 78446) following manufacturer’s protocol. Protein concentration was determined using a
Bradford Assay (Fisher, 23236). 20ug of total protein was resolved by sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to PVDF membrane and incubated
overnight at 4C with antibodies diluted in blocking buffer (5% BSA; TBST). Following overnight
incubation, membranes were incubated with secondary HRP conjugated goat anti-rabbit antibody
(Fisher, 31460) at 1:10000 dilution in blocking buffer. Following chemiluminescent development
(Biorad, 1705062S), membranes were stripped using western blot stripping buffer (21059).
Briefly, membranes were submerged in stripping buffer and incubated with shaking at room
temperature for 10 mins. Membranes were incubated in blocking buffer for 60 mins at room

temperature and incubated overnight at 4C with primary antibody.

Phospho-STATI (1: 500) — anti- pSTAT1 (Tyr701) (58D6) Rabbit mAb, CST #9167
STATI (1:1000) — anti-STAT1 Clone D1K9Y, Rabbit mAb, CST #14994

B-ACTIN (1:5000) — anti- B-ACTIN Clone 13ES5, Rabbit mAb, CST #4970

SOCST1 (1:1000) — anti-SOCS1 Abcam, ab3691
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Table 3. List of genes in gene sets.

Gene Set Genes

T cell
exhaustion

LAG3 CTLA4 CD274 CD160 BTLA VSIR LAIRI HAVCR2 CD244 TIGIT

T cell
activation

ICOS CD28 (CD27 TNFSF14 CD40LG TNFRSF9 TNFRSF4
TNFRSF25 TNFRSF18 TNFRSF8 SLAMF1 CD2  CD226

Cytolytic
score

GZMA GZMH GZMM PRF1 GNLY

Interferon
gamma

TIGIT CXCR6 CXCLY9 CD27 CMKLRI HLA-DQAI CD8A NKG7
CD276 PDCDILG2 CCL5 STATI LAG3 PSMBI0 HLA-DRBI CD274
IDO! HLA-E

IFN-1

MXI1 TNFSFI10 RSAD2 [IFIT] IFIT3 IFIT2 IRF7 DDX4 MX2 ISG20

CDS8T

ADRM1 AHSAI CIGALTICI CCT6B CD37 CD3D CD3E

CD3G CD69 CD84A CETN3 CSEIL GEMIN6 GNLY GPT2
GZMA GZMH GZMK IL2RB LCK  MPZLI NKG7  PIK3IPI
PTRH2 TIMMI3 ZAP70

Regulatory T
cell

FOXP3 LINC02694IL5  CTLA4 IL32 GPRI5 IL4

TH2

ASB2 CSRP2 DAPKI DLCI DNAJCI2 DUSP6 GNAIl LAMP3 NRP2
OSBPLI1A PDE4B PHLDAI PLA2G4A4 RAB27B RBMS3 RNF125 TMPRSS3
GATA3 BIRC5 CDC25C CDC7 CENPF CXCR6 DHFR EVI5 GSTA4
HELLS 1L26 LAIR2

TH1

CD70 TBX21 ADAMS AHCYL2 ALCAM B3GALNTI BBSI2 BSTI
CDI51 CD47 CD48 CD52 (CD53 CD59 CD6 CD68 CD7
CD96 CFHR3 CHRM3 CLEC74 COL2341 COL444 COL5A3 DABI
DLEU7 DOC2B EMPl] FI2 FURIN GAB3 GATM GFPT2
GPR25 GREM2 HAVCRI HSDIIBI HUNK IGF2 RCSDI RYRI
SAVI SELE SELP SH3KBPI SITI SLC35B3 SIGLECI0 SKAPI
THUMPD?2 TIGIT ZEB2 ENCI RETREGI FBX0O30 FCGR2C STAC
LTC4S MANIBI MDHI MMD  RGSI6 ILI2A P2RX5 ADGRES
ITGB4 ICAM3 METRNL TNFRSFIAIRFI HTR2B CALDI MOCOS
TRAF3IP2 TLRS TRAFI DUSPI4
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Table 3 (continued).

T follicular | B3GATI CDK5RI PDCDI BCL6 CD200 CD83 CD84 FGF2

helper GPRI8 CEBPA ADA2 CLECI0A CLEC44 CSFIR CTSS SYNM
DPP4 LRRC32 MCS5R MICA NCAMI NCR2 NRPI PDCDILG2
PDCD6 PRDXI RAEl RAETIE SIGLEC7 SIGLECY9 TYRO3 CHSTI2
CLIC3 IVNSIABP KIR2DL2 LGMN

Macrophage | FUCAI MMP9  LGMN HS3ST2 TM4SF19 CLEC5A GPNMB
KCNJ5-AS1 CD68 CYBB

Dendritic cell | CD/I4A CDIB CDIE CCL13 CCLI17 ALDHIA2 CD209 ALOXIS
HLA-DQAI FPR3

ABCDLBCL- | ACP! BATF BCL2 CCND2 CSNKIE ENTPDI FUT8 GOT2 IGHGI IL16

1 IRF4 MARCKS PIMI PIM2 PRKCB PTPNI SLA SP140 SPIB TCF4

ABCDLBCL- | BLNK BMF CCDC50 CCND2 ENTPDI ETV6 FOXPI FUTS

2 IGHM IL16 IRF4 PIMI PTPNI SH3BP5 TBCID27P

GCBDLBCL- | BCL6 CSTB FAM3C ITPKB LMO2 IRAG2 MME MYBLI SPINK2 VCL

1

GCBDLBCL- | BCL6 DENND3 ITPKB LMO2 IRAG2 MME MYBLI NEKG6

2 SAMDI2 SERPINA9

IRF4Up7 ALAD ANKRD33B ARHGAP17 ~ ARHGAP24 ~ ARHGAP25

ARHGAP31 ARHGEF3 ARID3A4 ASPHD2 ATPIBl AURKA BATF
BCL2 BCL3 BLNK BMF BSPRY RHEX CABLES1
CARDII CCDCI13 CCDC88C CCL22 CCND2 CD47
CDKL1 CFLAR CLINTI  COL9A42 COROIC CSNKIE CXXC5
CYB5R2 DCTD DGKG DHRS9 DNAJC25-GNG10
DOCKI0 DUSPI5 DUSP5 EHDI EHD3 EIF2S2 ELL2 ELOVL7
ENTPD1 ERP29 ETV6 FA2H FCMR FCRLS5 FKBPIl FOXPI
GAB2 GID4 GYGI HCK HIVEP2 HSP90B1  IDHI ILI10 ILI16
1QGAP2 IRF?2 IRF2BP2  IVNSIABP KLHDC9 KRAS LBH
LDLR LYN MAP3K5  MAPKAPK2  MARSI MLKL
MOCOS MPEG] MSRB1 MYOCD NCF2 NDRGI
NFKBIZ NRROS OASI PAK2 PARVB PDCD4 PDE4B
PDLIM]I PHACTR2  PIAS2 PIGR PIMI1 PNP POU2F2
PPFIBP2  PRDM?2 PRPF404  PTPNI RAC2 RAPGEFI
RARA RASGRP4  RHOQ RILPL2 RUBCNL S1PRI SACS
SCD SECIIC SERPINBS  SFTPB SH2D3C SH3BP1
SH3BPS5 SIDT1 SKIL SLA SLC25430  SLC3341 SLC39410
SLC4A45 SMARCA2  SNX9 SP140 SPIB  SPTBNI SSR3
ST3GALI ST6GALNAC4 STAMBPLI  STAT3 TCF4 TCTN3 TET2
TLEI TMEMI154 TNFAIPS

TOX2 TPM4 TRAM2? TREXI UBALD2 UCK2 UNC93Bl VASH2?
VAV2 VEGFA VOPPI WNT104 WNT94 YARSI
ZBTB32 ZFAT ZNF432
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Table 3 (continued).

IRF4Dn1 ADGRGS5  AIM2 ALOX5AP  ANKI ANK3 ARHGAP44 ARL5B
ATL2 BCAS4 BFSP? BICDI BORCSS-MEF2B BPTF SHLDI
CCDCI126  CCDC69Y CCND3 CDIA CD27 CD38 CDS§3
CD§86 CDK14 CEPI26  CFAP5S8 CLICS COAl COTLI
CUXI CYP3941 DAAMI DEFS DHRS9 DIP2C DOK3
EBF1 EHD3 ELFI EML6 ENPP3 EPSTII ERP44
FAM53B  FANCA FCRLI FCRLB GATAD2B  GCNTI
GCSAM  GPRI60O  HECW?2 HGSNAT  HSDI7B12 HTR3A4
IGSF22  ILDRI  IQCD ITPKB 1IZUMO4  KCNN3
GARREI  KIAAI1549L KLFI2 KLHL6 KRTI3 LACCI LCK
LHPP LNPEP LPP IRAG? LY9 LYLI MAP3K7CL
MAP4K4 — MAST3 MBD4 MCTP2 MEDI2L.  MEF2C MET
MILRI MOBIA MOB3A4 MPZL3 MTF?2 MYOIE NCALD
NCOA7 NLRP2 NR3C1 OTULIN  PACSINI  PAGI PALDI
PHLPPI PIK3CG  PIP4K24 PITPNCI  PLAGI PLXNB?2
POLD4 POLH PPIL? PRAGI  PRKCD PRKRIPI
PTAFR PTK2B PTPNI8  PTPRS PUDP PXK RCBTB2
RECQL5  REL RFTNI RRM2B SIPR2 SECI4L1  SEMA4A4
SGPPI SH2B2 SH3KBPI  SLCI1544  SLC25A427 SLC2A45
SLC6A16  SMARCA4  SMIM14  SOBP SOX5 SPRED?

STAG3 STX7 SWAP70  SYK SYNE?2 SYTI1 TBC1D4
TMEM123  TMEMI3IL TMEM229B TNFSFI0 TOB2 TPCNI
TPCN2 UBE2J1 USPI2 VGLL4 WIPI2 XKR6 XYLTI
ZFHX3  ZNF318  ZNF581 ZNF608

BCL6Dn-1 ATR CCL3 CCND2 CD44 CD69 CD80 CDKNIA CDKNIB CXCLI10
CXCR4 GPRIS83 ID2 IFITM1 IFITM3 IRF9 NFKB1 PRDMI1 STATI TP53
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3. Results!

3.1 Introduction

Diffuse large B cell lymphoma (DLBCL) is the most commonly diagnosed subtype of non-
Hodgkin lymphoma (NHL). While a majority of people with DLBCL are cured with R-CHOP
(rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone) chemoimmunotherapy,
approximately 40% will develop relapsed or refractory (r/r) disease, which is often fata]?#30:263.266,
Clearly, more effective therapies are needed to improve the survival of patients with r/r DLBCL.

Recently, immunotherapies have revolutionized the treatment landscape of r/r DLBCL. For
example, CD19-directed chimeric antigen receptor T (CD19-CAR T) cell therapy induces durable
responses in ~30-40% of people with r/r DLBCL>S. Complete responses are also observed in up
to 40% of patients who receive CD3-CD20 targeting bispecific antibodies (bsAbs)”-8. However, in
many people with r/r DLBCL, bsAb therapy and CD19-CAR T-cell therapy either fail completely
or confer fleeting responses. Finally, checkpoint blockade therapy (CBT) with anti-PD-1
antibodies can elicit responses in a small subset (10-15%) of r/r DLBCL patients, but are
ineffective in the majority of unselected patients®!!. Collectively, these clinical observations
indicate that while immunotherapies can be effective against DLBCL, additional research is
needed to understand the cellular and molecular features that underlie immunotherapy
responsiveness in order to expand the population of patients who might benefit from these
therapies.

The role of the immune environment in mediating response to immunotherapy has been

extensively explored in solid tumors. In particular, studies have demonstrated that a “T cell

! This chapter contains portions of a manuscript that is currently under preparation.
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inflamed” environment identifies a subset of patients with a spontaneous anti-tumor immune
response, and serves are a potential biomarker of response to checkpoint blockade therapy
(CBT)105.108,126,267.268 - nterestingly, subsets of DLBCL have been similarly characterized as
exhibiting an inflamed tumor environment. For example, published work has identified DLBCL
subsets that exhibited a transcriptional “host response” (HR) signature’?> or an inflamed
microenvironmental signature (LME-IN)?46, which are enriched for expression of immune cell-
related genes. While these data indicated that DLBCLs may possess unique immune environments,
the vulnerability of HR DLBCLs or LME DLBCLs to immunotherapies remains unknown. In
order to link the immune environment and response to immunotherapies in DLBCL, we have
previously identified copy number alterations in chromosome 9p24.1 — a region that contains the
PD-LI locus—as a biomarker of inflamed DLBCLs?*°. However, while PD-LI gene alterations
can enrich for DLBCL patients that will benefit from CBT, responses to immunotherapies are not
restricted to this relatively rare subset, indicating that other features of the DLBCL environment
play a role in regulating immunotherapy sensitivity®!%!2. Therefore, a more comprehensive
analysis of the factors regulating the immune environment and immunotherapy response in

DLBCL is required.
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3.2 Results

3.2.1 Gene set variation analysis (GSVA) in a large DLBCL cohort.

In solid cancers, a “T cell inflamed” gene signature identifies tumors against which a
spontaneous anti-tumor immune response has been induced and enriches for a subset of cancers
that are particularly vulnerable to immunotherapies, such as CBT!0%268269  Therefore, we first
sought to transcriptionally cluster DLBCLs as “inflamed” or “non-inflamed” based on the immune
cell composition of the environment. Our discovery cohort contained bulk transcriptomic data
from diagnostic DLBCL biopsies from the NCI (n = 481) and an internal dataset from the
University of Chicago Medical Center (UCMC, n = 108), for a total of 589 cases.

Gene set variation analysis (GSVA)?%? was used to calculate sample-wise relative
enrichment scores based on the collective expression of genes comprising 19 gene sets that fell
into 2 functional groups: 1) immune-related signatures 2) cell of origin (COO)-related signatures
(Table in Methods). Immune-related signatures were manually curated following an extensive
literature search and contained gene sets related to: IFNy response!®, type I IFN response®,
cytolytic score?”, T helper 1 (Tul) cells®®!, T helper 2 (Tu2) cells®!, T follicular helper (Tru)
cells®!, T regulatory (Trg) cells®, CD8" T cells®!, T cell exhaustion and activation®,
macrophages®, and dendritic cells (DCs)?3. As COO classification segregates DLBCLs into
germinal center B cell-like (GCB) and activated B cell-like (ABC) subtypes with distinct clinical,
transcriptional, and genetic features, we hypothesized that immune environments associated with
ABC and GCB DLBCLs might also differ significantly. To control for potential heterogeneity in
DLBCL immune landscapes according to COO, the second category of gene sets selected
contained canonical genes from a well-known gene expression-based classifier, as well as gene

sets regulated by IRF4 and BCL6, two important transcription factors critical for COO
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classification®*. Altogether, 581 unique genes were included in the 19 gene sets selected for

GSVA (<15% overlap between individual gene sets). The approach is summarized in Figure 8.
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Figure 8. Gene set variation analysis (GSVA) in a large DLBCL cohort. Summary of approach
to transcriptionally cluster DLBCLs based on the immune environment.
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3.2.2 Transcriptomic analysis identifies four unique DLBCL immune environments.

GSVA scores were subjected to principal component analysis (PCA), which revealed that
the majority (68.9%) of variance in gene expression score was explained by PC1 (45.4%) and PC2
(24.4%). Unsupervised k-means clustering was performed on the PCA-transformed dataset and
the optimal number of clusters was determined to be four (Figure 9A). DLBCLs in our discovery
cohort were then assigned to one of four specific clusters (Cluster 1, 2,3, and 4). Samples from
NCI and UCMC datasets were equally represented in each cluster, indicating any differences
between clusters were not due to batch effects (Figure 9B, 9C).

Our initial analysis showed that the immune-related gene sets were highly concordant
(Figure 2D) and contributed exclusively to PC1 (Figure 9E). Conversely, COO-related gene sets
offered the largest contribution to PC2, and did not contribute significantly to PC1 (Figure 9F).
ABC COO-related gene sets (ABCDLBCL-1, ABCDLBCL-2, IRF4Up-7) were highly concordant
and positively associated with PC2, while GCB COO-related gene sets (GCBDLBCL-I,
GCBDLBCL-2, IRF4Dn-1) were negatively associated with PC2 (Figure 9D). Overall, DLBCLs
can be effectively segregated into four unique clusters, each characterized by a distinct distribution

of immune-related (PC1) and COO-related (PC2) scores.
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Figure 9. Transcriptomic analysis identifies four unique DLBCL clusters. A. Elbow plot
showing optimal number of clusters in the data (k = 4). B. PCA plot showing distribution of
DLBCLs from two independent data sources, indicating no batch effect (NCI — blue, UCMC-
yellow). C. Bar plot quantifying distribution of cases from two independent data sources. D.
Principal component analysis (PCA) biplot showing the contribution of immune-related gene sets
and COO-related gene sets to PC1 and PC2, respectively. E,F. Bar plots showing contribution of

19 gene sets to PC1 (E) and PC2 (F).
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3.2.3 Principal component 2 (PC2) represents COO-related axis.

Principal component 2 represented 24.43% of the variance in our dataset. Moreover, COO-
related gene sets contributed exclusively to PC2. ABC COO gene sets and GCB COO gene sets
trended in opposite directions, suggesting ABC DLBCLs had a PC2 score >0 while GCB DLBCLs
had a PC2 score < 0. Comparative analyses of the transcriptomes of putative ABC DLBCLs (PC2
>0) and GCB DLBCLs (PC2 <0) identified 291 differentially expressed genes. In line with
previous reports, several genes (BATF and IRF'4) known to be important for classification of ABC
DLBCLs using molecular clustering methods were also upregulated in our GSVA-classified ABC
DLBCLs. Differentially expressed genes in our GSVA-classified GCB DLBCLs (MYBLI,
SERPINYA, and LMO?2) are also highly expressed in bona-fide GCB DLBCLs (Figure 10A). As
a separate, orthogonal validation of our COO-related PC2 axis, we compared the overlap between
our GSVA-based COO calls with COO annotations using previously validated molecular
classification methods. Molecular classifications and GSVA-based classifications were
concordant over 95% of the time, suggesting GSVA can accurately cluster DLBCLs based on
COO (Figure 10B, 10C). Taken together, these data suggest that PC2 represents our COO-related

axis.
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Figure 10. PC2 represents COO-related axis. A. Volcano plot showing differentially expressed
genes (log2FC >1.5, adj p value < 0.05) between putative “ABC” DLBCLs (PC2> 0) and “GCB”
DLBCLs (PC2 < 0). B. Confusion matrix showing the concordance between GSVA-based COO
classification and molecularly-defined COO designations for all DLBCLs. C. PCA plot showing
concordance between sample-wise GSVA COO scores and molecularly-defined COO calls for all
DLBCLs in the discovery cohort (NCI/UCMC). Colors represent molecularly-defined COO,
(GCB — blue, ABC — red, unclassified — orange). Clusters are defined by dashed-line.
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3.2.4 Principal component 1 (PC1) identifies inflamed and non-inflamed DLBCLs.

The above analyses suggested that a subset of DLBCLs are characterized by increased
expression of immune cell-related genes. Moreover, most immune-related gene sets contributed
significantly to PC1. Therefore, differential gene expression (DGE) analysis was performed on
putative “hot” (PC1 >0) and “cold” (PC1 <0) DLBCLs. This analysis revealed that “hot” DLBCLs
were characterized by significant upregulation of canonical genes related to immune cell activation
(e.g. CD2, CD3D, CD3E, GZMK, IFNy, CD8A, PRFI) compared to “cold” DLBCLs (Figure
11A). Based on these analyses, we determined that ABC DLBCLs could be transcriptionally
defined as “ABC hot” (n = 182, PC1 >0, PC2 >0), characterized by high enrichment scores for
immune-related gene sets, or “ABC cold” (n = 184, PC1 <0, PC2 >0). Similarly, GCB DLBCLs
could be subdivided into “GCB hot” (n =122, PC1 >0, PC2 <0) and “GCB cold” (n = 89, PC1 <0,
PC2 <0) clusters (Figure 11B, 11C). Collectively, these results indicate that DLBCLs can be
assigned into four unique, transcriptionally defined, immune-related clusters (Figure 11D).

Interestingly, we noted that ABC hot DLBCLs demonstrated increased expression of
immune-related genes compared to GCB hot DLBCLs (Figure 11D). These analyses utilized bulk
transcriptomic data, and malignant lymphoma cells may share some overlap in gene expression
with other immune cells in the lymphoma environment. Therefore, ABC hot DLBCLs may appear
to be more inflamed transcriptionally. The quantity and nature of the immune environment of ABC
hot DLBCLs, as well as their sensitivity to immunotherapy compared to GCB DLBCLs remains
unknown. Moreover, there is striking heterogeneity in immune-related scores within each immune-
related cluster suggesting a more granular analysis is required to understand the nature of the

immune infiltrate in DLBCL and the role of the immune environment in immunotherapy response.
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3.2.5. Validation of GSVA-based clustering in an independent dataset.

To validate our clustering, we performed GSVA on an independent validation dataset
(BCCA, n = 285), which revealed a similar clustering pattern (Figure 12A), with immune-related
gene sets contributing to PC1 and COO-related gene sets contributing to PC2 (Figure 12B). Given
the reproducibility of GSVA-based clustering across multiple data sources, we then combined
datasets to power our analyses. GSVA clustering in the combined dataset showed that DLBCLs
from different sources were equally distributed among the immune-related clusters, indicating no
batch effect (Figure 12C, 12D). Moreover, immune-related gene sets contributed to PC1 and
COO- related gene sets contributed to PC2 (Figure 12E), demonstrating the stability of GSVA-
based clustering in identifying four unique DLBCL immune environments (Figure 12F). Overall,
the clusters retained the structure of a “four-leaf clover,” with DLBCLs within each cluster residing

along a spectrum of gene expression scores for COO and immune-related gene sets.
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Figure 12. Validation of GSVA-based clustering in an independent dataset. A. PCA plot
showing sample wise GSVA enrichment scores for DLBCLs in an independent dataset (BCCA).
B. PCA biplot showing contribution of immune-related and COO-related gene sets to PC1 and
PC2, respectively, in for DLBCLs from the BCCA dataset. C. PCA plot showing sample wise
GSVA enrichment scores for DLBCLs from three datasets, colored by data source (NCI- blue,
UCMC, - yellow, BCCA -red) . D. Bar plot showing distribution of cases from NCI, UCMC, and
BCCA datasets within each GSVA-based immune cluster. E. PCA biplot showing contribution of
immune-related and COO-related gene sets to PCl and PC2 for DLBCLs in combined
NCI/UCMC/BCCA dataset. F. PCA plot showing sample wise GSVA enrichment scores for
combined NCI/UCMC/BCCA dataset.
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3.2.6. Prognostic significance of immune-related clusters.

Having established that DLBCL is characterized by a spectrum of different immune
environments, we then sought to determine whether immune environments can impact patient
outcomes. As expected, patients with GCB-DLBCL showed improved progression-free survival
(PFS) and overall survival (OS) compared to those with ABC-DLBCL. However, further
stratifying within ABC or GCB DLBCL groups by immune-related clusters did not lead to
improved outcomes with R-CHOP (Figure 13A, 13B). However, immune-related clusters may

have prognostic significance in a cohort of patients treated with immunotherapy.
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Figure 13. Prognostic significance of immune-related clusters. A,B . Five-year progression free
survival (PFS) (A) and overall survival (OS) (B) of DLBCLs in immune-related clusters.
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3.2.7 Transcriptional validation of immune-related DLBCL clusters.

Immune cell deconvolution analysis using CIBERSORTx was next performed on our
transcriptomic data to determine the degree to which GSV A-based immune cluster assignment of
DLBCL cases correlated with inferred proportions of various immune cell populations. As
expected, higher estimated fractions of several immune cell subsets were observed among ABC
and GCB hot DLBCLs (Figure 14A). Specifically, GCB and ABC hot DLBCLs showed higher
inferred proportions of CD8* T cells (Figure 14B), CD4" T cells (Figure 14C), FOXP3*
regulatory T cells (Tregs) (Figure 14D), macrophages (Figure 14E), and dendritic cells (DCs)
(Figure 14F), when compared to GCB and ABC cold DLBCLs. Interestingly, most immune cell
subsets are represented in ABC and GCB hot DLBCLs. However, more granular analyses may
reveal the contribution of one or more immune cell subsets in coordinating an anti-tumor immune
response.

Taken together, these data demonstrate that “hot” DLBCLs are characterized by higher
infiltration of innate and adaptive immune cells, which is suggestive of the generation of an anti-
lymphoma immune response. However, the majority of DLBCLs develop within lymph nodes,
which are densely populated with immune cells. As a result, it is currently unclear whether an
inflamed environment plays a role in facilitating a successful anti-tumor immune response and

response to immunotherapy in DLBCL.
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Figure 14. Validation of immune-related clusters. A. Heatmap showing sample-wise estimated
fraction of each immune cell subtype in immune-related clusters for all DLBCLs. B-F. Violin plots
showing estimated fractions of CD8" T cells (B), conventional CD4* T cells (C), regulatory T cells
(D), macrophages (E), and dendritic cells (F) in each immune-related cluster. Statistical analysis
by Kruskal-Wallis test followed by a post-hoc Dunn’s test with Benjamini-Hochberg (BH)
adjusted p-values.
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3.2.8 Validation of immune-related DLBCL clusters using multispectral
immunofluorescence.

Next, to confirm that GSV A-based clustering of DLBCLs accurately reflected the immune
cell composition of the lymphoma environment, multispectral immunofluorescence was
performed on a subset of DLBCLs (n = 54, UCMC) for which paired RNA sequencing data were
available. Slides were stained with fluorescently labeled antibodies against T cell markers (CD4,
CD8, FOXP3, CXCRS, and PD1) and myeloid cell markers (CD68, CD11c, HLA-I, HLA-DR,
and PD-L1). All cells were counterstained with DAPI and malignant B cells were labeled with an
anti-PAX5 antibody in both T cell and myeloid cell panels (List in methods). CD68" macrophage:
DLBCL ratios were not significantly enriched in any immune cluster (Figure 15A) and were not
significantly correlated with a sample-wise PC1 score (Figure 15B). Similarly, CD11c¢" DC:
DLBCL ratios were not significantly different between clusters (Figure 15C) and were not
significantly correlated with PC1 scores (Figure 15D). Interestingly, immune cell deconvolution
revealed increased inferred proportions of macrophages and DCs in ABC hot and GCB hot
DLBCLs compared to ABC and GCB cold DLBCLs. However, it is possible that immune cell
deconvolution — which relies on the identifying coordinate gene expression programs in immune
cells — may be more sensitive than using expression of a single marker in identifying macrophages
and DCs.

However, there were significant differences in T cell infiltration among the four immune-
related clusters. Representative images are shown in Figure 15E. DLBCLs transcriptionally
clustered by GSVA as ABC and GCB hot were characterized by significantly higher ratios of
CDS8" T cells to PAX5"DLBCL cells when compared to ABC and GCB cold counterparts (Figure
15F). Furthermore, CD8" T cell to PAX5" DLBCL cell ratios were significantly correlated with
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sample-wise hot/cold (PC1) axis scores (Figure 15G). Similarly, the ratio of CD4" T cells to
PAXS5* DLBCL cells was significantly higher in ABC hot DLBCLs compared to ABC cold
DLBCLs (Figure 15H). Finally, CD4" T cell to PAX5" DLBCL cell ratios were significantly
correlated with sample-wise hot/cold (PC1) axis scores (Figure 15I). These data validate the
accuracy of GSVA-based clustering method in classifying DLBCLs as harboring hot or cold

Immune environments.
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Figure 15. Validation of immune-related clusters. A. Box plot showing average CD68"
macrophage :DLBCL ratios in immune-related clusters (n = 41). B. Scatter plot showing
correlation of hot/cold axis score (PC1) and CD68" macrophage :DLBCL ratio (n = 41). C. Box
plot showing average CD11¢" dendritic cell: DLBCL ratios in immune-related clusters (n=41). D.
Scatter plot showing correlation of hot/cold axis score (PC1) and CD11c¢* dendritic cel:DLBCL
ratio (n =41). E. Representative multispectral immunofluorescence (mlF) images showing Pax5+
malignant lymphoma cells (green), CD8+ T cells (red), CD4" T cells (blue) for a cold (left) and
hot (right) DLBCL. F. Box plot showing average CD8" T cell :DLBCL ratios in immune-related
clusters (n = 41). G. Scatter plot showing correlation of hot/cold axis score (PC1) and
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Figure 15 (continued). CD8" T cell: DLBCL ratio (n = 41). H. Box plot showing average CD4"
T cell :DLBCL ratios in immune-related clusters (n = 41). I. Scatter plot showing correlation of
hot/cold axis score (PC1) and CD4" T cell :DLBCL ratio (n =41). Statistical analysis by Kruskal-
Wallis test followed by a post-hoc Dunn’s test with Benjamini-Hochberg (BH) adjusted p-value.

3.2.9 DLBCL subsets associated with different immune-related clusters.

Having established that DLBCLs can be segregated into four immune-related clusters, we
were interested in examining the extent to which GSVA-based immune clustering reflected
immune environmental features of previously defined DLBCL subtypes. For example, we
previously demonstrated that PD-LI gene-altered DLBCLs (~10-15% of all DLBCLs) are
enriched for anon-GCB COO and are associated with a T cell-inflamed environment®*°. Therefore,
we sought to determine whether DLBCLs harboring PD-L1 gene alterations would be enriched in
the ABC hot cluster. Copy number gains/losses, deletions, and amplifications in the PD-L/ locus
were identified through analysis of paired whole exome sequencing (WES, UCMC and BCCA) or
comparative genomic hybridization data (NCI). The analysis was restricted to PD-L1 amplified
DLBCLs to confidently identify DLBCLs that harbor alterations in this locus. PD-LI gene-
amplified DLBCLs comprised 4.7% of the total population and were indeed enriched among ABC
hot DLBCLs, verifying our previous results. However, given the relatively low incidence of PD-
L1 gene alterations, this result did not meet statistical significance (Figure 16 A,16B).

Double hit signature-positive (DHIT-sig") lymphomas are a recently described DLBCL
subset that shares significant transcriptional overlap with classical double hit lymphoma (high-
grade B cell lymphoma with MYC and BCL2 gene rearrangements), but lack MYC/BCL2
translocations?’!. Like canonical double hit lymphomas, DHIT-sig" DLBCLs are highly skewed
toward a GCB COO and are characterized by a paucity of infiltrating immune cells. When the
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DHIT-sig was applied to our GSVA-defined DLBCL clusters, DHIT-sig" DLBCLs were
significantly enriched in the GCB cold cluster (Figure 16C, 16D). Another subset of DLBCLs
share features of primary mediastinal B cell lymphoma (PMBL) but lack mediastinal involvement
(nm-PMBL-sig*)?’?. While the genetics of this subset have been described, little is known about
the immune environment. We found that nm-PMBL-sig" DLBCLs typically fell into the GCB hot

cluster and may represent a distinct subset of DLBCLs that are sensitive to immunotherapy

(Figure 16E, 16F).

Figure 16. DLBCL subsets associated with different immune-related clusters. A, B. PCA plot
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(A) and bar plot (B) showing frequency of PD-LI gene amplified DLBCLs are enriched in the
ABC hot cluster. C,D. PCA plot (C) and bar plot (D) showing enrichment of DHIT-sig+ DLBCLs
in the GCB cold cluster. E,F. PCA plot (E) and bar plot (F) showing overrepresentation of
PMBLsig+ DLBCLs in the GCB hot cluster . Chi squared test, unadjusted p-values reported.
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3.2.10. Association of immune-related clusters with previously defined DLBCL consensus
clusters.

Monti et al. clustered DLBCLs into three transcriptionally defined clusters termed host
response (HR), BCR/proliferation, and Oxidative phosphorylation (OxPhos). This analysis
identified that ~33% of DLBCLs were characterized by upregulation of genes related to an anti-
tumor immune response. Moreover, these host response (HR) DLBCLs showed increased
infiltration of CD3" T cells and (gamma-inducible lysosomal thiol reductase) GILT* DCs.
Therefore, we sought to determine whether HR, BCR, or Oxphos DLBCLs were enriched in our
GSVA-based immune-related clusters. Compared to ABC and GCB hot DLBCLs, ABC cold and
GCB cold DLBCLs had higher expression scores for genes in the OxPhos gene sets (Figure 17A).
Conversely, HR signature genes were highly expressed in ABC and GCB hot DLBCLs (Figure
17B). Finally, ABC cold and GCB cold DLBCLs showed increased expression of genes related to
BCR signaling and proliferation (Figure 17C). Overall, this analysis suggests that GSV A-based
inflamed clusters may share overlap with HR-DLBCLs, indicating these two analyses may be
identifying similar features of DLBCL biology. However, both ABC and GCB cold clusters
displayed increased expression of genes associated with oxidative phosphorylation and BCR
signaling, suggesting both signaling mechanisms maybe active in cold DLBCLs. Finally, the

association of HR DLBCLs with immunotherapy response remains unknown.
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Figure 17. Association of immune-related clusters with previously defined DLBCL consensus
clusters. A. Box plot showing GSVA expression scores for each immune-related cluster for genes
that are highly expressed in OxPhos DLBCLs. B. Box plot showing GSVA expression scores for
each immune-related cluster for genes that are highly expressed in host response DLBCLs. C. Box
plot showing GSVA expression scores for each immune-related cluster for genes that are highly
expressed in BCR/proliferation DLBCLs.

3.2.11. Association of immune-related clusters with previously defined lymphoma
microenvironments (LME).

Kotlov et al. recently classified DLBCLs based on the expression of functional gene
expression signatures (FOFS) reflecting the relative abundance and function of particular cellular
constituents®*, This analysis also identified four DLBCL clusters, termed “lymphoma
microenvironments” (LMEs): 1) mesenchymal (LME-ME), characterized by high abundance of
stromal and extracellular matrix components; 2) germinal center-like (LME-GC), characterized by
presence of cells found in germinal centers; 3) inflammatory (LME-IN), harboring an
inflammatory milieu; 4) depleted (LME-DE), characterized by a lack of immune cell infiltration.
Therefore, we sought to determine the concordance between our GSVA-defined immune clusters
and the defined LME categories. We found that the ABC hot cluster overlapped significantly with

an inflamed microenvironment (LME-IN), which is characterized by a robust immune cell

infiltrate (Figure 18A). ABC hot DLBCLs had high FOES scores for several gene sets that reflect
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the presence and activation of T cell subsets including tumor infiltrating lymphocytes (TILs),
Tregs, T-cell traffic, NK cells, and JAK-STAT signaling (Figure 18B). LME-DE, which has low
expression scores for all immune-related gene sets, was divided between GCB cold and ABC cold
clusters. The remaining GSVA clusters, however, did not overlap significantly with other LMEs
(Figure 18A). LME-ME and LME-GC gene sets were both represented in the GCB hot cluster,
and GCB hot DLBCLs had high FOES scores for extracellular matrix components and endothelial
cells, in addition to higher expression scores for gene sets related to TILs and other T cell subsets
(Figure 18B). GCB and ABC cold DLBCLs were characterized by low expression of T cell and
myeloid cell-related gene sets and, conversely, higher expression of B cell signaling related gene
sets compared to hot DLBCLs (Figure 18B). These data suggest that these two analyses capture
different aspects of the lymphoma microenvironment, and the contribution of different LMEs to

immunotherapy response remains unknown.
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Figure 18. Overlap of GSVA-based immune clusters and lymphoma microenvironmental
clusters (LME). A. Alluvial plot demonstrating overlap between LME clusters and GSV A-based
immune-related clusters. B. Heatmap showing FOES scores for DLBCLs in each immune-related

cluster.

3.2.12 Similarity of DLBCL immune-related clusters with immune environments of other B
cell lymphomas.

We then performed GSVA on a multi-lymphoma microarray dataset that contained gene
expression profiling of DLBCL as well as classical Hodgkin lymphoma (cHL), PMBL, Burkitt
lymphoma (BL), T cell histiocyte-rich large B cell lymphoma (THRLBCL), and gray zone

lymphoma (GZL) (Figure 19)?73. BL was associated with a decreased expression of all immune-
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related gene sets, suggesting a lack of immune cells in the environment. This finding is consistent
with other reports of a subset of “cold” DLBCLs that is transcriptionally similar to BL and shares
significant overlap with DHITsig" DLBCLs, known as molecular high grade (MHG) DLBCL?74,
On the other hand, PMBL, THRLBCL, and cHL, which are known to have robust immune cell
infiltration, showed high expression of genes related to the immune environment and activated T
cell subsets?”>278, PMBL and cHL are exquisitely sensitive to CBT, suggesting that “inflamed”
DLBCLs may also be similarly sensitive to T cell-based immunotherapy. However, little is known
about the cellular mediators of response to CBT in PMBL and cHL. Moreover, the contribution of
lymphoma cell-intrinsic alterations in regulating the immune environment in these lymphomas has
not been elucidated. Recent genomic analyses have revealed that PMBL and cHL often possess
alterations that lead to constitutive JAK/STAT activation, including loss-of-function mutations in
SOCS1, gain-of-function mutations in /L4R, and PD-LI copy gains. However, the mechanism by
which JAK/STAT activation may orchestrate an inflamed immune environment remains unknown.
Taken together, these results support concordance between our transcriptionally defined, immune-
related clusters and known immune environmental aspects of previously characterized DLBCL

subsets as well as other B cell lymphomas.
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Figure 19. Overlap of GSVA-based immune clusters and lymphoma microenvironmental
clusters (LME). Heatmap showing GSVA scores for immune-related gene sets and COO gene
sets for DLBCL, Burkitt lymphoma (BL), Hodgkin lymphoma (cHL), gray zone lymphoma
(GZL), Primary mediastinal B cell lymphoma (PMBL), and T cell rich/histiocyte rick large B cell
lymphoma (THRLBCL).

3.2.13 Genomic features associated with different immune environments.

Emerging evidence indicates that specific oncogenic alterations and associated
transcriptional programs can significantly impact the composition of the immune environment and
vulnerability to particular immunotherapies®*9%157:158.162.167 ‘Fyrthermore, genetic aberrations also
represent novel therapeutic targets that may synergize with immunotherapies. Recently, several
landmark studies have used an integrative approach to define new DLBCL clusters based on co-

occurring genetic alterations®>36203, One such analysis classified DLBCLs into seven subtypes

based on distinct genetic features using an algorithm called LymphGen®’; however, the impact of
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the recurring genetic alterations associated with these DLBCL clusters on the local immune
environment is not known. Therefore, we sought to determine whether these genetic clusters were
recurrently associated with unique GSV A-predicted immune environments.

LymphGen cluster annotations were available for all DLBCLs in our discovery (NCI,
UCMC) and validation datasets (BCCA). To power our analyses to identify meaningful
differences given the striking genetic heterogeneity in DLBCL, we combined the validation and
discovery cohorts. Broadly speaking, there was only modest overlap between GSVA-based
immune environmental classification and LymphGen classification (Figure 20A), with a few
notable exceptions. For example, DLBCLs characterized by activating mutations in the NOTCH1
pathway (N1 subtype), which are predominantly ABC COO, were significantly enriched in the
ABC hot cluster, while DLBCLs with 7P53 loss and aneuploidy (A53 subtype), also commonly
of an ABC COO, were almost exclusively found in the ABC cold cluster. Lastly, DLBCLs with
gain-of-function (GOF) mutations in EZH2, BCL2 translocations, and MYC activation (EZB-
MYC"), were enriched in the GCB cold cluster. The other four LymphGen clusters showed little
correlation with the GSVA-based immune-related clusters.

LymphGen uses a stringent probability threshold that only classifies ~60% of DLBCLs,
and LymphGen unclassified DLBCLs were equally distributed among all four immune-related
clusters (Figure 20A). We hypothesized that individual mutations or CNAs might be recurrently
associated with specific immune environments. Therefore, to the role of specific lymphoma cell-
intrinsic alterations in orchestrating the DLBCL immune environment, we compared the genetic
landscapes of DLBCLs in our four immune clusters. The analysis was restricted to essential driver

genes that are mutated in >10% of DLBCLs to identify the genes most relevant to DLBCL biology.
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Comparative analysis of the mutational profiles of hot DLBCLs to cold DLBCLs found
that several alterations are associated with cold environments including, BCL2, MYDS8S, and TP53.
TP53 mutations are strongly enriched in A53 subtype DLBCLs, which are strongly associated with
cold environments. Moreover, 7P53 mutations have been shown to be inversely correlated with
response to bispecific antibodies and CAR T-cell therapy. Conversely, inflamed lymphomas are

characterized by mutations in SOCSI, TNFRSF14, and NFKBIA (Figure 20B).
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Figure 20. Genomic features associated with immune environments. A. Alluvial plot showing
overlap between LymphGen clusters and immune clusters. B. Forest plot showing alterations
recurrently enriched in hot (PC1 >0) or cold (PC1 <0) DLBCLs. Fisher’s exact test, BH-adjusted
p values reported ((* adj. p <0.1, ** adj. p < 0.05, *** adj. p <0.01). OR- odds ratio
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ABC and GCB DLBCLs rely on distinct oncogenic pathways, leading to distinct genetic
lesions that are recurrently associated with each COO. In order to control for this variance, we
restricted the analysis to compare oncogenic alterations in ABC hot versus ABC cold DLBCLs (or
GCB hot versus GCB cold DLBCLs) to identify genes that may be driving different immune
environments. Genes such as MYDS8S, TBLIXRI, and TMEM30A4, which have been shown to be
potent drivers of chronic BCR signaling, are strongly associated with ABC cold DLBCLs.
Alterations in CD274 (PD-L1) are significantly enriched in ABC hot DLBCLSs, concordant with
our previous work (Figure 21A). Mutations in RBI, FOXO1, and GNA13 are enriched in the GCB
cold cluster, while TNFAIP3 and SOCS|1 are significantly associated with GCB hot DLBCLs (Fig
21B).

Finally, in order to identify genetic alterations that may converge on shared oncogenic
signaling pathways, we grouped mutations and CNAs into functional pathways. Genetic alterations
in BCR-dependent NFkB signaling pathway>> — a pathway that is critical for survival of ABC
DLBCLs and leads to constitutive NFxB activity - were significantly enriched in ABC cold
DLBCLs compared to ABC hot DLBCLs (Figure 21C). Interestingly, MCD DLBCLs — which
are characterized by mutations that lead to chronic NF«B signaling — have been demonstrated to
have low expression scores for gene sets related to TFH and CDA4T cells compared to all other
DLBCLs. However, the contribution of individual mutations in BCR-dependent NF«kB signaling,
including MYD88 and CD79B mutations, in orchestrating a cold environment has not been
elucidated. ABC and GCB cold DLBCLs were also significantly enriched for lesions in genes
involved in p53 signaling and cell cycle compared to ABC and GCB hot DLBCLs, respectively,
suggesting loss of p53 or dysregulation of cell cycle pathway may lead to decreased immune cell

infiltration (Figure 21D).
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Figure 21. Genomic features associated with immune environments. A. Forest plot showing
alterations recurrently associated with ABC hot or ABC cold DLBCLs. B. Forest plot showing
alterations recurrently associated with GCB hot or GCB cold DLBCLs. Fisher’s exact test, BH-
adjusted p values reported ((* adj. p < 0.1, ** adj. p < 0.05, *** adj. p < 0.01). C. Oncoprint (left)
and barplot (right) showing frequency of DLBCLs in each immune-related cluster with at least
one alteration in BCR-dependent NF«kB signaling pathway genes. D. Oncoprint (left) and barplot
(right) showing frequency of DLBCLs in each immune-related cluster with at least one alteration
in cell cycle related genes. Statistical testing by Fisher’s exact test for ABC hot vs ABC cold and
GCB hot vs GCB cold, unadjusted p-values reported. OR- odds ratio.
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In support of this notion, gene set enrichment analysis (GSEA) demonstrated that ABC
cold DLBCLs were significantly enriched for MYC target genes (Figure 22A, 22B). Compared to
GCB hot DLBCLs, GCB cold DLBCLs were also characterized by upregulation of MYC
activation gene sets, likely due to EZB-MYC" and DHITsig" DLBCLs being enriched in the GCB
cold cluster (Figure 22B). Consistent with the enrichment of mutations in p53 and cell cycle genes
in ABC and GCB cold DLBCLs, GSEA also showed upregulation of G2M target gene sets in ABC
and GCB cold DLBCL clusters, suggesting dysregulated cell cycling might be playing a role in
orchestrating the immune environment in DLBCL (Figure 22C).

Taken together, these data show shows that several genetic lesions and oncogenic
pathways are recurrently associated with our immune-related clusters, suggesting that lymphoma

cell-intrinsic alterations may impact the immune environment in DLBCL.
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Figure 22. Genomic features associated with immune environments. A. Bar plot of gene set
enrichment analysis (GSEA) showing gene sets significantly enriched in each immune-related
cluster. B. GSEA plots showing upregulation of MYC target gene sets in ABC cold and GCB cold
DLBCLs. C. GSEA plots showing upregulation of G2M checkpoint related genes in ABC cold

DLBCLs. ES- enrichment score; NES — normalized enrichment score.
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3.2.14 MYC activation is associated with cold immune environments.

MYC expression has been associated with resistance to bsAb therapy in DLBCL,
suggesting that MYC may play a role in regulating the immune environment within tumors?*,
However, the mechanism through which MYC may do so remains unclear. We devised a MYC
signature score using genes from a previously published target gene signature (MycUp-4) to assign
DLBCLs to a “MYC-high,” “MYC-low”, or “MYC-intermediate” group. IHC for MY C expression
was performed on DLBCLs (n = 107) with paired transcriptomic data. DLBCLs with high MYC
protein expression were also consistently classified as MYC-high transcriptionally. Conversely,
DLBCLs that were identified as MYC-low were characterized by low MYC protein expression,
showing a transcriptional MYC signature is identifying MY C-driven DLBCLs (Figure 23A).

ABC cold and GCB cold DLBCLs showed significantly higher expression of the MYC
activation signature compared to ABC hot or GCB hot DLBCLs (Figure 23B) and MYC-high
DLBCs equally distributed between ABC cold (40%) and GCB cold (40%) clusters (Figure 23C).
Moreover, MYC-high DLBCLs in both the ABC and GCB clusters contained significantly lower
inferred proportions of several immune cell subsets (Figure 23D), including CD8+ T cells (Figure
23E) and CD4+ T cells (Figure 23F), suggesting a negative correlation between MYC activation
and the presence of an inflamed environment. DLBCLSs in the MYC-high group were characterized
by lower CD8* T cell : DLBCL compared to MYC-low DLBCLs (Figure 23G). CD8+ T cell :
DLBCL ratios were also negatively correlated with a sample wise MYC GSVA score (Figure
23H). CD4+ T cell: DLBCL ratios were similarly negatively associated with the MYC-high cluster
(Figure 231I) and a sample wise MYC GSVA score (Figure 23J).

The molecular mechanisms underlying the activation of MY C signaling differ in ABC and
GCB DLBCLs. For example, MYC translocations to the immunoglobulin heavy chain (/GH) locus
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are commonly found in GBC DLBCLs, while ABC DLBCLs may activate MYC downstream of
other oncogenic events>-271279-283 Interestingly, ABC cold DLBCLs had a significantly higher
MY CUp-4 score compared to GCB cold DLBCLs (Figure 23B), suggesting that ABC DLBCLs
may have a distinct mechanism of driving MYC activation. Comparative analysis of the genomes
of GCB MYC-high and MYC-low groups showed MYC-high GCB DLBCLs were enriched for
alterations in MYC and DDDX3X consistent with published reports of the oncogenic profiles of
DHIT-sig+ and EZB-MY C+ DLBCLs which share considerable overlap with our GSVA defined
GCB MYC-high DLBCLs (Figure 23K)>>?’!. ABC MYC-high DLBCLs showed recurrent
alterations in MYDS88L265P, CD79B, and PRDM1 compared to ABC MYC-low DLBCLs (Figure
23L). Several genes that were enriched in ABC MYC-high DLBCLs fell into the “BCR-dependent
NFkB” pathway, suggesting that activation of chronic NF«B signaling may drive MYC activity in
ABC DLBCLs and lead to cold environments.

Further research is needed to understand whether distinct mechanisms of MY C-mediated
immune suppression are present in activated B-cell-like (ABC) or germinal center B-cell-like
(GCB) DLBCL. It is possible that MYC may have different effects on the immune environment
depending on the molecular subtype of DLBCL, as these subtypes have distinct genetic and
epigenetic profiles that may influence immune regulation. This knowledge may ultimately lead to
the development of novel therapies that can target MYC-mediated immune suppression and

improve the efficacy of immunotherapies in patients with cancer.
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Figure 23. MYC activity is associated with “cold” DLBCL environments. A. Barplot showing
frequency of MYC+ DLBCLs in transcriptionally defined MYC-high, MY C-intermediate, MYC-
low groups. B. Box plot showing MYCUp4 score in immune clusters. C. PCA plot (left) and
barplot (right) showing frequency of MYC-high DLBCLs in immune clusters. D. Heatmap
showing absolute inferred proportions of immune cell subsets in MYC-high and MYC-low
DLBCLs from ABC and GCB clusters. E, F. Violin plots showing absolute inferred proportions
of CD8 (E) and CD4 (F) T cells in MYC-high and MYC-low DLBCLs in ABC and GCB clusters.
G. Boxplot showing CD8+T cell : DLBCL ratio in MYC-high, MYC-int, and MYC-low groups. H.
Scatterplot showing correlation of MYCUp4 score and CD8+ T cell : DLBCL ratio. Colored by
MYCUp4 group classification (MYC-high — blue, MYC-int — gray MYC-low — red). 1. Boxplot
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Figure 23 continued. showing CD4+T cell : DLBCL ratio in MYC-high, MYC-int, and MYC-low
groups. J. Scatterplot showing correlation of MYCUp4 score and CD4+ T cell : DLBCL ratio.
Colored by MYCUp4 group classification (MYC-high — blue, MYC-int — gray MYC-low —red). K.
Forest plot showing alterations enriched in ABC MYC-high and MYC- low DLBCLs. L. Forest
plot showing recurrent alterations in GCB MYC- high and GCB MYC-low DLBCLs. Fisher’s
exact test with BH-adjusted p-values for categorical variables. Kruskal-Wallis test followed by
post-hoc Dunn’s test with adjusted p-values for continuous variables.

3.2.15 SOCS1 mutations are associated with immune inflamed environments in DLBCL.

SOCS1 is a potent negative regulator of JAK/STAT signaling downstream of a critical T-
cell effector cytokine, IFNy!08:126.156.267.284-286 " Enrichment of SOCS! mutations in GCB hot
DLBCLs was particularly interesting, as LOF SOCSI mutations are highly prevalent in CBT-
responsive lymphomas such as primary mediastinal B cell lymphoma (PMBL) and classical
Hodgkin lymphoma (¢cHL)?*272287-289 ' One reason for the sensitivity of cHL to anti-PD1 therapy
is due to a robust T cell infiltrate?’0-2%%-2°1 Moreover, GSVA showed that both cHL and PMBL
scored highly for immune-related gene sets (Figure 19). Therefore, we hypothesized that SOCS/
mutant DLBCLs might represent a subset of inflamed lymphomas that are sensitive to T cell-
mediated immunotherapies (CAR T-cell therapy, bsAb therapy, or CBT).

SOCS!I mutations occurred in 15.8% of DLBCLs in our cohort, and were significantly
associated with GCB DLBCLs. Intriguingly, the incidence of SOCSI mutations was significantly
higher in the GCB hot cluster compared to other clusters, representing 30% of all lymphomas
classified as GCB hot (Figure 24A). SOCS] mutations were often missense or nonsense, and
occurred with similar frequencies across the length of the SOCS! protein, consistent with the role
of SOCS1 as a tumor suppressor gene. Immune cell deconvolution revealed an increased inferred

fraction of several immune cell subsets, including CD8 T cells and CD4 T cells, in SOCS] mutant
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compared to SOCS! wt GCB DLBCLS (Figure 24B). Finally, GSEA demonstrated increased
expression of IFNy - and IFNa.- associated genes in SOCS! mutant DLBCLSs relative to SOCSI wt
DLBCLs (Figure 24 C, 24D). Together, these data indicate that SOCS! loss of function mutations
are associated with inflamed immune environments. Therefore, SOCS/ mutant DLBCLs may

represent a novel subset that is sensitive to CAR T-cell, bsAb, or CBT therapies.

A SoCs1 C
s U < IFNy Response
PO - a0l 022 0.0092 06 Y p
Sres WL 8 0.5
D Mgt %0 &’8‘31'
PSS A Y O 05l p=001
N e w 20 . q=0.0767
o e ’1 o eady S 0.1 Nes=1.9164
N el 7 0.0
O L gttt 10 “ﬂm
. o o & %]
SRR ik S o
PC1 (41.66%) @ ~ ABC ABCGCBGCB SOCS1-LoF ~ SOCST-WT
o SOCS7-LoF Cold Hot Cold Hot
SOCS1-WT
B oy 0039 0.00028 0.0052
. : B SOCS1-LoF IFNa Response
S - i E§SoCS1-wT 82
o poo 0 0.4
3 — . i . ngg p=00178
< ¢ - l 0.1 q=So.o7o4
. NES= 1.8560
N, -t _.L L 0.0 ]
L 0 0 9 S0 9 g g
8 8 8 8 2 82 8 8 SOCS7-LoF  SOCS71-WT
- - g f gF § X 9
2 5 - F =38 % %
O O O & 2
= a

Figure 24. A. SOCS1 mutations are associated with immune inflamed environments in
DLBCL. PCA plot (left) and bar plot (right) showing the frequency of SOCS! loss of function
(LoF) alterations in immune clusters. B. Immune cell deconvolution (CibersortX) showing
absolute inferred proportions of immune cell subsets in SOCS/-LoF DLBCLs compared to
SOCSI-WT DLBCLs. C. GSEA plots showing upregulation of Interferon gamma (top) related
genes and Interferon alpha response genes (bottom) in SOCS/-LoF DLBCLs compared to SOCS!-
WT. Fisher’s exact test with BH-adjusted p-values for categorical variables. Kruskal-Wallis test
followed by post-hoc Dunn’s test with adjusted p-values for continuous variables.
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3.2.16 Socs1 deficiency enhances sensitivity to IFNy.

As SOCS!I mutant DLBCLs are associated with inflamed environments, we hypothesized
that SOCS1 mutations might enhance the anti-tumor effects of IFNy, thus rendering lymphoma
cells more sensitive to T cell-mediated immunotherapies. In order to test this hypothesis, we
subjected CD19" B cells isolated from the spleens of Socs I- deficient (Cd19* Socs I'"") or Socs -
sufficient mice (Cd19/*") to IFNy stimulation. IFNy response genes such as MHC II, and PD-L1
were significantly more inducible in a dose-dependent manner in CD19" B cells from mice lacking
Socs1 compared to wildtype controls (Figure 25A). These data suggest that genetic ablation of
Socs1 leads to increased IFNy sensitivity in non-malignant B cells.

In order to determine the extent to which Socs/ deficiency renders cancer cells more
sensitive to IFNy, we generated a Socs/-deficient murine B cell lymphoma cell line (A20) and a
melanoma cell line (B16). Relative to A20WT, A205°¢!~~ cells were characterized by increased
pStatl levels upon IFNy stimulation, suggesting activation of JAK/STAT signaling (Fig 25B).
However, MHC-I, MHC-II, and PD-L1 were not more inducible upon IFNy stimulation in
A205¢s!-" cells compared to A20YT (Figure 25C). Moreover, relative to wildtype cells, A2050¢!-

’ lymphoma cells did not exhibit reduction in proliferation upon exposure to IFNy (Figure 25D).
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Figure 25. Socs1 deficiency enhances sensitivity to IFNy. A. Mean fluorescence intensity (MFI)
of MHC-I, MHC-II, and PD-L1 expression in B cells isolated from the spleens of Socs /-sufficient
(blue) and Socs-deficient (red) mice and stimulated with IFNy in vitro for 48 hours. B. Western
blot showing pSTAT1, STATI, and B-ACTIN expression in A20%YT and A205°¢/~*lymphoma cells
upon IFNy stimulation (100ng/mL). 1 x 10 cells were stimulated for 15 mins or 60mins and whole
cell lysates were blotted for pSTAT1, STATI, and B-ACTIN. C. MFI of MHC-I, MHC-II, and
PD-L1 expression in A20WT and A205°¢/~~ cells stimulated with IFNy in vitro for 48 hours. D. In
vitro cell growth of A20WT and A205¢'-* cells with media only or 100ng/mL IFNy exposure for
72 hours. Cell count is normalized to number of input cells (5 x 10* cells).
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While Socs1-deficient A20 lymphoma cells were not more sensitive to the effects of IFNy

in vitro, A205°!"- tumors may be more sensitive to T cell-mediated cytolysis in vivo. A20%T and

A20%°¢" tumors grew similarly in NSG mice, which lack an adaptive immune system (Figure

26A). In syngeneic Balb/c mice, however, A205¢/~~ tumors demonstrated highly variable growth.

Some A205°¢!- tumors grew rapidly while others regressed spontaneously (Figure 26B). Overall,

A205%°¢!- tumors exhibited a trend toward higher rates of spontaneous regression compared to

A20%YT tumors (Figure 26C). These data suggest that A20 lymphoma cells may have other

mechanisms that compensate for Socs/ deficiency.
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Figure 26. Socs1 deficiency does not enhance T cell-mediated control of A20 lymphoma. A.
Average tumor volume (mm?®) of A20VT (gray) or A205°¢!~* tumors in immunodeficient NSG mice
(n=5 mice per group). Mice were inoculated subcutaneously in the left flank. B. Average tumor
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Figure 26 continued. volume (mm?®) of A20%T (gray) or A205°¢/~“tumors in Balb/c mice (n =11
mice per group) for two independent biological replicates. Individual tumor growth plots for
A205%¢5 (top panel), and A20WT (bottom). C. Rate of spontaneous regression of A20%YT or
A20%! tumors across 3 independent experiments. Regression was defined as tumors that were
palpable (50-100mm?) and then decreased in volume until no longer palpable.

We sought to test our hypothesis that Socs/ deficiency leads to increased JAK/STAT
activation and sensitivity to IFNy using a different syngenic mouse model, B16 melanoma. In
contrast to A20 lymphoma cells, B16%¢/“"melanoma cells showed increased expression of
pSTATI after treatment with IFNy compared to B16%T cells (Figure 27A). Loss of function of
Socs1 led to a significant, dose-dependent increase in expression of IFNy response genes such as
MHC-I, MHC-II, and PD-L1, confirming that JAK/STAT signaling was increased in IFNy
stimulated B16%°¢/*melanoma cells (Figure 27B). Moreover, B165°¢/-cells stimulated with IFNy
were characterized by increased expression of Cxcl9, Cxcl10, and Cd274 compared to B16WT cells
(Figure 27C). In vitro, it was found that exposure to IFNy had a significant inhibitory effect on
the growth of B16iSocsl-/- melanoma cells compared to B16WT cells (Figure 20D). When
subcutaneously inoculated in NSG mice, B16.SIY Socsl-/- tumors, which express an MHC-I
restricted model antigen (SIY), exhibited similar growth rates as B16.SIYWT tumors (Figure 28A).
However, the B16.SIY Socsl-/- tumors experienced a significant growth disadvantage in
immunocompetent B6 mice (Figure 28B). This suggests that the presence of T cell immunity is
an important factor in inhibiting the growth of these tumors. Taken together, these data suggest that
melanoma-cell intrinsic JAK/STAT activation via Socs! ablation increases B cell and melanoma
cell sensitivity to IFNy.

SOCS|1 is a potent negative regulator of JAK/STAT signaling. Genetic ablation of Socs/
in splenocytes and in B16 melanoma cells resulted in increased sensitivity to IFNy. However, the
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increased JAK/STAT activation in Socs/-deficient A20 lymphoma upon IFNy exposure did not
result in a concordant upregulation of IFNy-dependent genes. These conflicting results suggest that
A20 may have other mechanisms of inhibiting JAK/STAT signaling. Therefore, a more
representative autochthonous DLBCL model may better address the questions raised by these

results.
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Figure 27. Socsl deficiency enhances sensitivity of B16 melanoma to IFNy. A. Western blot
showing pSTATI, STATI, and B-ACTIN expression in B16"T and B165°¢/ lymphoma cells
upon IFNy stimulation (0,0.1,1,10, 100ng/mL). 1 x 10 cells were stimulated for 15 mins and whole
cell lysates were blotted for pPSTAT1, STATI1, and B-ACTIN.B. MFI of MHC-1, MHC-II, and PD-
L1 expression in B16%T and B16%°¢/~cells stimulated with IFNy in vitro for 48 hours. C. Relative
mRNA expression of Cxcl9, Cxcl10, and Cd274 in B16WT and B165¢!"cells stimulated with IFNy
in vitro for 18-24 hours. D. In vitro cell growth of B16WT and B165°¢/~* cells with media only or
100ng/mL IFNy exposure for 72 hours. Cell count is normalized to number of input cells (5 x 10*
cells). Average of 3 or more independent biological replicates, two-way ANOVA with Bonferroni
post-hoc correction for multiple comparisons, adjusted p values are reported. (* adj. p < 0.1, **
adj. p <0.05, *** adj. p <0.01).
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Figure 28. Socsl deficiency enhances T cell-mediated control of B16 melanoma. Average
tumor volume (mm?) of B16™T (blue) or B165°¢/~* (orange) tumors in immunodeficient NSG mice
(n=9 mice per group). Mice were inoculated subcutaneously in the left flank. B. Average tumor
volume (mm?) of B16WT (blue) or B16%°¢/* (orange) tumors in B6 mice (n = Smice per group).
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4. Discussion

DLBCL is an aggressive malignancy that is often cured with R-CHOP
chemoimmunotherapy; however, the remaining 40% of patients with r/r DLBCL often succumb
to their disease**°. Immunotherapies, such as CAR T-cell therapy, bispecific antibodies, or anti-
PDI1 therapy, have shown clinical benefit in a subset of patients with r/r DLBCL!2, However, the
majority of patients either fail to respond or eventually relapse, suggesting more work needs to be
done to improve immunotherapy efficacy in r/r DLBCL.

The response to immunotherapy in solid tumors is strongly associated with the immune

108,267-269,292.293 Fyrthermore, certain oncogenic

environment and activation status of CD8+ T cells
alterations in certain types of cancer have been linked to either promoting or suppressing anti-
tumor immune responses®*?%157:158.294-296  Recent genomic analyses have described the genetic
landscape of DLBCL*-%263; however, the immune environment of DLBCL, and the role of
specific mutations in orchestrating the immune environment, is less well characterized. Classifying
DLBCLs according to the immune environment may identify subsets that are more vulnerable
to immunotherapies such as CAR T-cell therapy, bsAbs, or CBT. Moreover, identifying recurrent
genetic alterations associated with particular DLBCL immune
environments may uncover mechanisms by which oncogenic pathways shape the immune
landscape. This knowledge could identify new therapeutic targets that may synergize with
immunotherapy to expand the proportion of patients that benefit from these treatments.

In this thesis, I aimed to 1) define the spectrum of immune environments that exist in
DLBCL, as well as the extent to which particular immune environments are associated with

immunotherapy response, and 2) identify recurrent oncogenic alterations that impact the DLBCL

Immune environment.
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By analyzing bulk transcriptomes of >800 diagnostic DLBCL specimens, I identified four
immune-related clusters in DLBCL — ABC hot, ABC cold, GCB hot, and GCB cold — segregated
by expression of immune-related and cell-of origin related gene sets. ABC hot and GCB hot
DLBCLs were characterized by increased CD8+ and CD4+ T cell infiltration compared to ABC
cold and GCB cold DLBCLs, respectively. Per sample GSVA expression scores for immune-
related gene sets were significantly correlated with CD8+ T cell and CD4+ T cell infiltration as
assessed by mIF analysis, demonstrating transcriptional clustering accurately identifies DLBCLs
with an inflamed microenvironment. To confirm the association of immune-related DLBCL
clusters with response to immunotherapy, I intend to analyze transcriptomic data from a cohort of
patients who have received CD20/CD3 bsAb treatment (mosunetuzumab) or CAR T-cell therapy.
Patients that fall in ABC or GCB hot clusters may be more sensitive to bsAb therapy.

Each immune-related cluster was associated with specific recurrent oncogenic alterations
and pathways, suggesting that the genetic landscape of DLBCL may play a crucial role in shaping
its immune environment. For instance, the expression of MY C gene signatures was notably higher
in "cold" DLBCLs, indicating that MYC may contribute to the development of "cold" immune
environments. Therefore, these DLBCLs may be less sensitive to CAR T-cell therapy, bsAbs, or
CBT. However, the mechanism by which MYC activation may lead to cold environments is still
unknown.

This analysis also identified that SOCS/ LoF mutations were enriched in GCB hot
DLBCLs. This observation was intriguing as SOCS! plays a critical role in suppressing the
JAK/STAT signaling pathway that is activated by various cytokines, such as IFNy, which has
significant anti-tumor properties. Therefore, SOCSI mutant DLBCLs may be more sensitive to T

cell-mediated immunotherapies that rely on IFNy. In support of this notion, mechanistic studies
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using Socs [-deficient B cells demonstrated that Socs /-deficient B cells may be more sensitive to
IFNy. However, Socsi-deficient A20 lymphoma cells — which represent a syngeneic B cell
lymphoma model — were not more sensitive to IFNy. To better understand the role of loss of
function mutations in Socsl in shaping an inflamed immune environment and influencing the
response to immunotherapy, it may be necessary to conduct mechanistic studies using cell lines

derived from autochthonous mouse models of DLBCL.

Study limitations. There were also some limitations to this study. First, treatments such as CAR
T-cell therapy, bispecific antibodies (bsAbs), or checkpoint blockade therapy (CBT) are typically
used in patients who have failed multiple lines of therapy. The DLBCL specimens we analyzed
were diagnostic biopsies taken before treatment. The immune landscapes of treatment-naive versus
relapsed/refractory DLBCL likely differ, at least to some extent. However, our characterization of
the immune environments associated with untreated DLBCL may facilitate identification of
patients more likely to benefit from immunotherapies, thereby limiting use of additional
chemotherapies or targeted therapies that are unlikely to provide meaningful clinical benefit. I plan
to address this gap in knowledge by using transcriptomic data from a cohort of DLBCLs treated
with mosunetuzumab. By comparing the immune landscape of r/r DLBCLs with the diagnostic
biopsies, I hope to capture the heterogeneity in the immune environment of diagnostic and r/r
DLBCLs.

Second, effector T cells are important for mediating anti-tumor immunity, but the tumor
microenvironment also includes other immune cell subsets such as DCs, macrophages, and NK
cells that contribute to the host immune response. In our analysis gene sets representing DCs and

macrophages were correlated with T cell-based gene sets. However, mIF analysis did not reveal

99



significantly enriched infiltration of DCs or macrophages in hot DLBCLs compared to cold
DLBCLs. As DCs are rare in tumors, their identification through a transcriptomic signature may
be more sensitive than mIF. Additionally, DLBCL often arises in lymph nodes where multiple
populations of DCs and macrophages naturally exist, and the accumulation of DCs may not be
correlated with the generation of a productive anti-tumor immune response. Therefore, clustering
DLBCLs based on their transcriptional profile may allow for identification of inflamed lymphomas
that have both innate and adaptive components critical for anti-tumor immunity.

Third, previous studies have employed transcriptional-based clustering of DLBCLs, which
in some cases, has yielded insights into the DLBCL immune environment. For example, host
response (HR)?> and LME-IN (inflamed lymphoma micro environment)**® DLBCLs are
characterized by upregulation of immune-related transcripts, suggesting that anti-lymphoma
immune responses are activated in a subset of DLBCLs. Interestingly, in these studies, the HR and
LME-IN DLBCLs were not enriched for a particular COO. Similarly, our GSVA-based clustering
found that both ABC and GCB DLBCLs were associated with a spectrum of immune
environments, with ABC hot DLBCLSs scoring overall higher in immune-related gene sets and
exhibiting higher T cell infiltration compared to GCB hot DLBCLs when assessed by mIF. These
observations suggest there may be COO-related differences in the immune environment of
DLBCL. However, our analysis utilized bulk transcriptomic data, which lacks the granularity to
effectively capture the immune cell heterogeneity that may exist in particular DLBCL
microenvironments. This was indeed shown to be the case in a recent single-cell transcriptomic
analysis of a small cohort of DLBCLs that revealed COO-specific immune cell heterogeneity?®’.
Here, M2-macrophages and Tru cells were more prevalent in ABC DLBCLs and metabolically

active Tregs were enriched in GCB DLBCLs. Other features, such as activated CD8+ T cells and
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“stem-cell like” CD8+ T cells, were present in both ABC and GCB DLBCLs, highlighting the
need for more comprehensive single cell analyses to fully define how and why COO impacts the

DLBCL immune environment.

The immune environment and response or resistance to immunotherapy.

Recently, the presence of a “T cell inflamed” immune environment has been shown to be
correlated with improved response to CD19 CAR T-cell therapy (ZUMA-1)>7. However, the
mechanism(s) by which the DLBCL immune environment affects the persistence, durability, or
function of CAR T-cells has not been dissected. CAR T-cell tumoricidal activity may act through
1) direct killing of tumor cells or 2) activation of a local immune response. T cells and other
immune cells in the tumor may indirectly support the persistence and/or function of lymphoma
infiltrating CAR T-cells or may actively be recruited to participate in the anti-tumor immune
response following CAR T-cell infusion.

First, endogenous immune cells resident in the lymphoma environment may facilitate the
recruitment, proliferation of CAR T-cells through chemokine and cytokine secretion??®. In addition
to chemokine-mediated recruitment, the activation and expansion of CAR T-cells may also be
influenced by other factors in the immune microenvironment. Additionally, the cytokine milieu
within the tumor microenvironment can affect CAR T-cell function, as certain cytokines such as
IL-12%%° and IL-183%0-392 can enhance CAR T-cell activity while others such as TGFp can inhibit
it. Therefore, the immune environment of DLBCLs may influence response to CAR T-cell therapy
not only through recruitment of CAR T-cells, but also through regulation of CAR T-cell activation

and function.
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Alternatively, CAR T-cell activity may lead to the activation of T cells in the TME.
Following recognition of the cognate antigen, CAR T-cells secrete cytolytic molecules (GZMdB,
PRF1) and effector cytokines (TNFa and IFNy)?3¢. The increase in effector cytokines in the tumor
environment may initiate a positive feedback loop that improves the function of existing tumor
antigen-specific T cells in the environment or lead to epitope spreading that activates new tumor
specific T cells. This inflammatory environment may also activate “bystander” non-lymphoma
antigen-specific CD8" and CD4" T cells in the environment, though the contribution of these T
cells to the anti-tumor immune response has not been thoroughly described.

One study exploring the immune environment of patients treated with CD19 CAR T-cell
therapy (ZUMA-1) found that the majority of non-CAR T-cells in the TME expressed markers of
activation (Ki67, GzmB, IFNy) after therapy®®. It is important to note that patients receive
lymphodepleting therapy prior to CAR T-cell infusion, which may deplete T cells in the immune
environment. Therefore, the source of the activated non-CAR T-cells in the environment could be
untransduced T cells that were present in the CAR T-cell product, suggesting more work needs to
be done to longitudinally track CAR T-cells and non-CAR T-cells in the lymphoma environment.

Similarly, correlative analyses performed on pretreatment biopsies of patients treated with
a CD20/CD3 bsAb (Glofitamab) demonstrated a trend toward higher CD8+ T effector cell
transcripts in the lymphomas of patients who achieved a complete response to this therapy?*.
However, the mechanism by which an inflamed environment leads to response to bsAbs has not
been defined. BsAbs may mediate anti-tumor immunity thorough redirecting peripheral T cells to

the TME. Additionally, bsAbs may also induce local T cell activation in the tumor, leading to

antigen spreading and activation of additional tumor-specific T cells. The immune environment of
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DLBCL can influence the recruitment and function of these T cells, as well as the overall efficacy
of bsAb therapy.

The contribution of the immune environment to CAR T-cell therapy response and bsAb
response may also differ. Naive T cells require TCR stimulation (signal 1), co-stimulation (signal
2), and soluble factors (signal 3) for full activation. In the case of bispecific antibody therapy, the
requirement for co-stimulation may make the presence of DCs in the TME or CD80/CD86
expression on lymphoma cells important for efficacy. In support of this notion, addition of a
CD28/CD22 targeting bsAb to a CD20/CD3 bsAb regimen enhanced T cell activation and function
over either bsAb alone**. In contrast, CAR T-cells contain intracellular co-stimulatory domains,
which may decrease the requirement for such signals from immune cells in the environment.

Recent advances in the field of cancer immunotherapy have led to several clinical trials of
CAR T-cell therapy or bsAb therapy in DLBCL. Currently, it is unknown if CAR T-cell therapy
and bsAb therapy lead to clinical benefit in the same population of patients. Therefore, leveraging
transcriptomic and genetic data combined with paired clinical response information, from these
studies may allow researchers to compare the population of patients that benefit from CAR T-cell
therapy or bsAb therapy. Such analyses may enable identification of other factors that may lead to
sensitivity to either CAR T-cell or bsAb therapy.

Currently, investigation of methods to improve CAR T or bsAb therapy relies on the use
of human cell lines xenografted in immunodeficient mice followed by transfer of allogeneic CAR
T-cells, which does not recapitulate the immune environment of DLBCL. Therefore, the
development of novel syngeneic or autochthonous murine models of DLBCL may facilitate in-
depth investigation into the underlying mechanisms of action of these immunotherapies. For

example, cell lines generated from mice in which conditional expression of a gain of function
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EZH2 mutation and conditional BCL2 overexpression leads to lymphomagenesis (Cd9 "
JEzh2V4SE - Rosa2 6FSL-BCL2-IRES-GEP. " oift from Dr. Ari Melnick) may be engineered to express a
model antigen (Ovalbumin). This system would allow for adoptive transfer of congenically marked
OVA-specific CD8+ T cells (OT-1) or CD4+ T cells (OT-II) to track OVA-specific T cells'
response with or without bsAb therapy. Additionally, endogenous OV A-specific T cells could also
be monitored using this system. A tractable system using a model antigen may also be useful to
understand the contribution of the immune environment to response to CAR T-cell therapy.
Adoptive transfer of OV A-specific T cells prior to CAR T-cell transfer may simulate an inflamed
environment. Ultimately, the development of autochthonous models of DLBCL that recapitulate
lymphoma-cell intrinsic features as well as the immune environment will be required to fully
understand the complex interplay between malignant lymphoma cells and the immune
environment.

The generation of an effective anti-tumor immune response is a complex process that
involves multiple mechanisms in the tumor microenvironment. Therefore, more work is needed to

fully understand the contribution of the local immune environment in facilitating response to CAR

T-cell therapy, bsAbs, and other immunotherapies.

Role of lymphoma cell-intrinsic alterations in orchestrating the DLBCL immune environment.

While genetic alterations have been shown to play a crucial role in modulating the immune
environment in various types of cancer, their impact on immune environments in DLBCL is not
yet fully understood. Our study aimed to address this gap in knowledge by investigating the
relationship between our transcriptionally-based immune-related DLBCL clusters and oncogenic

alterations in DLBCL. We discovered that each of the four immune-related clusters was associated
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with several oncogenic alterations, which implicated a role for lymphoma cell-intrinsic alterations
in shaping the immune environment. It is noteworthy that multiple alterations were consistently
linked to cold environments, while only a few were linked to hot environments. One possible
explanation for this trend is that cancer cells would be at a disadvantage if they acquired mutations
that create a T cell inflamed environment, as they would be more vulnerable to T cell-mediated
cytolysis. Hence, lymphomas may develop mutations that generate an immune-devoid
environment. Intriguingly, almost half of all DLBCLs have mutations in 32M or HLA-A,B,C,
indicating a potential anti-tumor immune response, suggesting DLBCLs could be subject to intense
immune surveillance due to their development in the lymph node. Consequently, DLBCLs may be
even less prone to acquiring or propagating genetic mutations that foster an "inflamed"
environment relative to other cancer types.

A particularly interesting and recurring LoF genetic alteration in GCB hot DLBCLs
occurred in SOCSI, which garnered our interest given the high frequencies of LoF SOCSI
alterations in other CBT responsive lymphomas such as cHL and PMBL. However, SOCS/ mutant
DLBCLs were also observed in the GCB cold cluster, suggesting SOCS/ LoF mutations may not
be sufficient in isolation to effectively identify inflamed DLBCLs. For example, other genetic
factors — such as JAK2 amplifications or GoF STAT3/6 mutations- may cooperate with SOCS/
mutations to orchestrate an inflamed immune environment.

LoF mutations in SOCS1 can enhance oncogenic JAK/STAT signaling, but they may also
offer a therapeutic opportunity. Genome wide CRISPR screens have demonstrated the requirement
for tumor cell-intrinsic IFNy signaling in mediating response to CBT. For example, mutations in
IFNR, JAK2, or STATI renders B16 melanoma cells less sensitive to the effects of CBT!S7-1%,

Conversely, loss of negative regulators of JAK/STAT signaling — such as PTPN2- can sensitize
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B16 melanoma cells to immunotherapy. Similarly, patients who develop acquired resistance to
CBT have been shown to acquire mutations in JAK2, leading to decreased IFNy sensing. Therefore,
I hypothesized that mutations in Socs/ may render lymphoma cells more sensitive to IFNy.
Interestingly, I show that murine non-malignant B cells, murine B lymphoma cells (A20) and
murine melanoma cells (B16) displayed different behavior after exposure to IFNy, which indicates
potential broad differences in cell type-specific sensitivity to IFNy. Compared to wildtype cells,
B16 melanoma cells deficient in Socsl showed increased expression of pSTATI1 and IFNy-
dependent genes, including MHC-I, MHC-II, and PD-L1, upon exposure to [FNy. Additionally,
these B165°¢/~ cells displayed growth inhibition in vitro and significant growth disadvantage in
vivo in the presence of adaptive immunity. In contrast, A20 lymphoma cells displayed intact [FNy
sensing, as evidenced by increased pSTAT]1 expression upon IFNy stimulation, but A205°¢/-" cells
did not show increased sensitivity to the anti-proliferative effects of IFNy relative to A20WT cells.
B cells from Socsl-deficient mice showed marked upregulation of MHC-II and PD-L1 at high
IFNy concentrations, but MHC-I was inducible similarly in Socs1-deficient and Socs1-sufficient
B cells, indicating that the regulation of IFNy signaling may differ across cell types.

While IFNy is known to induce anti-proliferative effects in many cell types, the extent to
which these effects are observed may vary depending on the specific cell type and the signaling
pathways that are activated. In the case of mouse B cells, it is known that IFNy signaling can lead
to the production of IgG2a antibodies through the induction of class switch recombination
(CSR)!'415:305306 However, B cells may have developed mechanisms to avoid the anti-proliferative
effects of IFNy in order to facilitate this process. One potential mechanism may involve the
expression of negative regulators of JAK/STAT signaling, such as SOCS3, which can help to limit
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the extent of IFNy signaling and prevent excessive cell death. In addition, it is possible that B cells
may signal through other pathways, such as the PI3K or NFxB pathways, upon B cell receptor
(BCR) stimulation that counteract the anti-proliferative effects of IFNy. These pathways may be
hijacked by malignant lymphoma cells and can promote cell survival and proliferation and may
therefore help to offset the anti-proliferative effects of IFNy in B cells. Therefore, investigating
transcriptional changes in A20 lymphoma cells and B16 melanoma cells, as well as normal B cell
and epithelial cell counterparts, upon stimulation with IFNy may shed light on the differential
sensitivity of various cell types to IFNy. Furthermore, it is currently unknown whether the depth
and duration of clinical responses to immunotherapy is related to the sensitivity of different cell
types to IFNy. Therefore, identifying such features may enable development of targeted therapies
that can synergize with immunotherapies in cancer.

Overall, the sensitivity of different cell types to IFNy likely reflects a complex interplay
between various signaling pathways and feedback mechanisms. Further research is needed to fully
understand the mechanisms underlying these differences and their implications for immune
function and cancer immunotherapy.

ABC cold DLBCLs were characterized mutations in BCR signaling components that may
lead to constitutive NFkB signaling— MYDS88?%F, CARDII, KLHLI4, CD79B— suggesting
activation of this pathway may lead to immune suppression. A recent genomic analysis of DLBCL
identified several oncogenic alterations that were correlated with decreased expression of immune
cell-related genes. Among the genes identified, MYDS88 was significantly negatively associated
with expression of T cell and NK cell-related genes?®*. BCR activating mutations are also enriched

in MCD DLBCLs, which were demonstrated to be negatively associated with genes related to Tru
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and CD4+ T cells compared to other LymphGen genetic clusters™. These data are particularly
interesting as NFkB signaling results in secretion of pro-inflammatory cytokines in immune cells
—which should lead to increased recruitment of anti-tumor immune cells to the microenvironment.
However, the mechanism by which BCR activation and concomitant NFkB signaling leads to cold
environments has not yet been elucidated.

One possibility is through the activation of MYC signaling. We found that ABC cold
DLBCLs strongly upregulated transcriptional programs associated with MYC activity compared
to ABC hot DLBCLs. In the germinal center, B cells bind antigen through the BCR, leading to
BCR activation, followed by presentation of antigen derived peptides on MHC-II to cognate Tru
cells'*!13. MYC expression is transiently induced in a proportion of B cells that have been positively
selected for cyclic re-entry into the dark zone, and is critical for affinity maturation!>30"-310, pyC
expression in GC B cells is tightly regulated and relies on cooperation between PI3K activation
downstream of BCR activation and CD40-dependent NFkB activation®?’3%, Extending this
concept to lymphoma, ABC DLBCLs are driven by alterations that lead to constitutive NFxB
activation and activation of BCR signaling, and may have a similar MYC driven transcriptional
program to positively selected GC B cells. However, the strength of MYC upregulation or activity
may depend on the genetic alteration, leading to heterogeneity in MYC activity amongst ABC
DLBCLs.

Mechanistically, MYC upregulation has been implicated in immune evasion in lymphoma
through mediating downregulation of HLA-I/IT molecules?’!*!! and adhesion molecules®'?. MYC
has been shown to induce metabolic reprogramming in lymphoma cells3!3-31, leading to a shortage

of key metabolites in the tumor microenvironment and decreased T cell fitness and survival3!3,
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MYC activity also leads to increased proliferation of the lymphoma cells, further altering the
balance between lymphoma cells and T cells.

The aforementioned studies have been conducted in vitro and in vivo using models of
Burkitt lymphoma, in which chromosomal rearrangement of MYC to the immunoglobulin heavy
chain (/GH) locus leads to aberrant MY C activity. Whether similar mechanisms of immune escape
are active in ABC DLBCLs, where MYC upregulation is driven by mutations in the “BCR
dependent NFxB” pathway, is unknown. Interestingly, we found that ABC cold DLBCLs were
characterized by higher expression of MYC related gene sets compared to GCB cold DLBCLs,
suggesting the strength of MYC upregulation and activation may differ by COO.

In order to first test whether ABC and GCB DLBCLs differ in strength of MYC activation,
a panel of human DLBCL cell lines could be stimulated with anti-IgM and CD40L to measure
MYC expression and transcription of MYC target genes. In addition, a mouse B cell lymphoma cell
line that expresses doxycycline-inducible MYC could be used as a syngeneic model to investigate
the impact of MYC activation on creating a cold tumor environment. This model would offer the
ability to control the strength and timing of MYC activation. Overall, the specific role of MYC in
orchestrating a cold tumor microenvironment in DLBCL and the impact of its mechanism of
activation on this process require further investigation.

The genetic landscape of diffuse large B-cell lymphoma (DLBCL) is highly heterogeneous,
with a wide variety of mutations and genetic alterations that can drive tumor growth and
progression. This heterogeneity can make it challenging to study the role of individual mutations
in the orchestration of the immune environment in DLBCL. Genetically engineered mouse models
(GEMMs) can be a valuable tool for studying the effects of specific mutations on tumor

development and the immune response. However, the complexity of the genetic landscape of
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DLBCL, as well as the fact that DLBCLs arise within the lymph node microenvironment, may
require the use of more sophisticated GEMMs to fully capture the heterogeneity and complexity
of the disease. For example, GEMMSs that incorporate multiple mutations that are commonly
observed in DLBCLs, as well as models that allow for the study of tumor development within the
lymph node microenvironment, could be useful for investigating the role of these mutations in

shaping the immune environment in DLBCL.

Conclusion

The identification of four unique DLBCL immune environments and their association with
specific oncogenic alterations is an important step towards understanding the complex interplay
between tumor cells and the immune system in DLBCL. Validation of these immune environments
in response to immunotherapies such as bsAb therapy or CAR T-cell therapy could provide
valuable insights into the mechanisms underlying response and resistance to these treatments. The
development of a clinically translatable "immune score" for DLBCL could also have significant
clinical implications by helping to identify patients who are most likely to respond to
immunotherapy. This type of score could potentially be used to guide treatment decisions and
improve patient outcomes.

Mechanistic studies that investigate the causal role of lymphoma cell-intrinsic alterations
in regulating the immune environment will also be important for identifying new therapeutic
targets. By understanding the molecular mechanisms underlying the immune environment in
DLBCL, researchers may be able to identify novel targets for therapeutic intervention that can help

to turn "cold" DLBCLs into "hot" DLBCLs and improve the efficacy of immunotherapy.
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Overall, these studies have the potential to significantly improve our understanding of the
immune environment in DLBCL and facilitate the development of more effective

immunotherapeutic approaches for patients with this disease.
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