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ABSTRACT

e tumor microenvironment (TME) and limited immune surveil-
lance play important roles in lymphoma pathogenesis. Here we
aimed to characterize immunological profiles of diffuse large B-cell

lymphoma (DLBCL) and predict the outcome in response to
immunochemotherapy. We profiled the expression of 730 immune-related
genes in tumor tissues of 81 patients with DLBCL utilizing the Nanostring
platform, and used multiplex immunohistochemistry to characterize T-cell
phenotypes, including cytotoxic T cells (CD8, Granzyme B, OX40, Ki67),
T-cell immune checkpoint (CD3, CD4, CD8, PD1, TIM3, LAG3), as well as
regulatory T-cells and T, 1 effector cells (CD3, CD4, FOXP3, TBET) in 188
patients. We observed a high degree of heterogeneity at the transcriptome
level. Correlation matrix analysis identified gene expression signatures
with highly correlating genes, the main cluster containing genes for cytolyt-
ic factors, immune checkpoint molecules, T cells and macrophages, together
named a TME immune cell signature. Immunophenotyping of the distinct
cell subsets revealed that a high proportion of immune checkpoint positive
T cells translated to unfavorable survival. Together, our results demonstrate
that the immunological profile of DLBCL TME is heterogeneous and clini-
cally meaningful. This highlights the potential impact of T-cell immune
checkpoint in regulating survival and resistance to immunochemotherapy.
(Registered at clinicaltrials.gov identifiers: NCT01502982 and NCT01325194.)

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma in
adults. Approximately 60-70% of the patients reach long-term remission in
response to a combination of rituximab, cyclophosphamide, doxorubicin, and
prednisone (R-CHOP) immunochemotherapy.'” However, 30-40% of the patients
relapse with a dismal prognosis, and a substantial number die from treatment
refractory lymphoma.

DLBCL is a result of abnormal B-cell development. Depending on the cell of origin
(COO), DLBCL can be divided into germinal-center B-cell like (GCB) and activated
B-cell like (ABC) subtypes,® which vary in their gene expression profiles and clinical
courses, the ABC-type DLBCL showing worse outcome.”” Recently, the genomic
landscape of DLBCL has been thoroughly dissected and several genomic drivers have
been established.”® The genetic heterogeneity reveals a complex pathogenesis behind
DLBCL and highlights a need for personalized therapeutic approaches.
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Tumor microenvironment (TME) surrounding malig-
nant B cells consists of immune cells, such as T lympho-
cytes, macrophages and natural killer (NK) cells, as well as
stromal cells, blood vessels and extracellular matrix
(ECM).”" The composition of immune cells in the TME
varies between tumors and is associated with outcome in
many cancers," including DLBCL."”"* Chronic inflamma-
tion in cancer may affect tumor-infiltrating T cells by
inducing exhaustion, a state of dysfunction, where the dif-
ferentiation, proliferation and effector function of T cells
are suppressed.” This is caused by sustained expression of
inhibitory receptors, such as programmed cell death pro-
tein 1 (PD1), lymphocyte-activation gene 3 (LAG3), and
T-cell immunoglobulin and mucin-domain containing 3
(TIM3) on the surface of T cells.” With the suppressed
immune response, TME can protect tumor cells from
immune surveillance. Alternatively, cancer cells may avoid
detection through the loss of human leukocyte antigen
(HLA) class I and II expression.”'*** However, much is
still unknown concerning the impact of TME on the
pathogenesis and outcome of DLBCL. In the present
study, we sought to further characterize the immune
microenvironment in primary DLBCL and find TME-asso-
ciated prognostic biomarkers.

Methods

Patients

The study population consisted of three separate cohorts (Table
1). The gene expression cohort included 81 samples from the
patients with primary high-risk DLBCL. The patients were treated
in the Nordic LBC-05 and LBC-04 trials with bi-weekly R-CHOEP
(rituximab, cyclophosphamide, doxorubicin, etoposide and pred-
nisone) immunochemotherapy and systemic central nervous sys-
tem (CNS) prophylaxis (high-dose [HD] methotrexate and HD-
cytarabine).”"*

Immunohistochemistry (IHC) was performed on a total of 188
samples divided into two cohorts. The Nordic Lymphoma Group
(NLG) Trial cohort consisted of 51 patients treated in the Nordic
NLG-LBC-05 trial. Of these patients, 42 were ovetlapping with
the gene expression cohort. The 137 patients from the Helsinki
(HEL)-DLBCL study cohort had been diagnosed with primary
DLBCL and treated with R-CHOP or R-CHOEP. Tissue microar-
rays (IMA) were constructed from primary diagnostic formalin-
fixed paraffin-embedded (FFPE) tumor tissue. Patients with pri-
mary mediastinal B-cell lymphoma were excluded from all
cohorts.

The study was approved by the ethics committee in Helsinki,
Finland, by the Finnish National Authority for Medicolegal
Affairs, and by the Institutional Review Boards of the institutes
involved in the study. NLG-LBC-04 and NLG-LBC-05 protocols
were registered at clinicaltrials.gov identifiers NCT01502982 and
NCT01325194, respectively. All patients signed informed consent
before entering the study.

Gene expression profiling

Digital multiplexed gene expression profiling (GEP) was per-
formed using a Nanostring nCounter Human PanCancer
Immunoprofiling  Panel  (XT-CSO-HIP1-12,  NanoString
Technologies, Seattle, WA, USA) on primary diagnostic FFPE
tumor tissue, as previously described.” The data were analyzed
with nSolver 3.0 software (NanoString Technologies) and normal-
ized with the geNorm algorithm.** Further details are available in
the Online Supplementary Methods.

Immunohistochemistry

For multiplex immunohistochemistry (mIHC), T-cell pheno-
types were characterized with 4-plex antibody panels using mark-
ers for CD4" T-cell regulation (CD3, CD4, TIM3, LAGS), CD8" T-
cell regulation (CD8, PD1, TIM3, LAGS3), cytotoxic T cells (CD8,
GrB, Ki67, OX40), and regulatory T cells (Treg) and T, 1 T-cells
(CD3, CD4, FOXP3, TBET). Automated digital quantification was
performed using CellProfiler software.” Samples with poor stain-
ing quality or poor TMA cores were excluded in the subsequent
analyses. Molecular subtypes were classified according to Hans’
algorithm.” The expression of HLA-DR, HLA-ABC and {2
microglobulin (B2M) was evaluated by IHC, as previously
described.” More details on mIHC and IHC are provided in the
Online Supplementary Methods.

In silico immunophenotyping

CIBERSORTx” was used on publicly available datasets®**® to
infer the proportions and gene expression profiles (GEP) of infil-
trating immune cells. Further details are provided in the Online

Supplementary Methods.

Statistical analysis

Statistical analyses were performed with IBM SPSS v.24.0 (IBM,
Armonk, NY, USA) and R v.3.5.1. The prognostic impact was esti-
mated by Cox univariate and multivariate regression analysis
(95% confidence interval). Hierarchical clustering was performed
by J-Express Pro 2012% using Euclidean distance or Cosine correla-
tion with average linkage for gene or protein expression, respec-
tively. Kaplan-Meier method with log-rank test was used to esti-
mate the difference in survival between the patient groups. Overall
survival (OS) and progression-free survival (PES) were defined as
the time from diagnosis until death for OS and progression or
death from any other cause for PFS. Mann-Whitney U test and
Kruskal-Wallis H test were used to compare two or more groups,
respectively.

Results

Gene expression analysis reveals distinct tumor microen-
vironment-associated signatures

Patient demographics are described in Table 1. In the
gene expression cohort, median age was 55 years (range 22-
64) and the majority of patients were males. Disease char-
acteristics were typical of high-risk DLBCL with advanced
clinical stage, elevated lactate dehydrogenase (LDH), more
than one extranodal (EN) sites, and B symptoms. At a medi-
an follow-up of 61 months, 14 patients had relapsed and 11
had died. In this cohort, neither the International Prognostic
Index (IPI) score nor the COO were associated with the
outcome.

GEP of DLBCL samples revealed a high degree of hetero-
geneity. In a correlation matrix analysis of genes with the
highest variance, immune cell-related genes created a large
cluster, dominating the transcriptome landscape (Figure 1).
This signature, denoted as a TME immune cell signature,
contained genes encoding markers for T cells (e.g.,
CD3D/E/G, CD8A/B, CD2, CD28), macrophages (e.g.,
CDé68, CD163), cytolytic factors and NK cells (e.g., GZMB,
PRE IFNG, KLRG1), as well as checkpoint molecules
(PDCD1 [PD1], CD274 [PD-L1], PDCD1LG2 [PD-L2],
HAVCR2 [TIM3], LAG3). In addition to the TME immune
cell signature, a B-cell signature (e.g., CD19, MS4A1,
CD79A, and CD79B) and two distinct extracellular matrix
(ECM) signatures (signature A, e.g., [TGA2B, ITGB3, ARG,
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Table 1. Patients’ demographics.

Characteristics Gene expression cohort n (%) NLG-Trial cohort n (%) HEL-DLBCL cohort n (%)
N. of patients 81 (100) 51 (100) 137 (100)
Age, years

Median (range) 55 (22-64) 54 (22-64) 62 (16-84)

<60 54 (67) 34 (67) 60 (44)

=60 27 (33) 17 (33) 77 (56)
Gender

Male 56 (69) 34 (67) 75 (55)

Female 25 (31) 17 (33) 62 (45)
Molecular subtype®

GCB® 34 (42) 24 (52) 58 (43)

Non-GCB 26 (32) 17 (37) 66 (49)

nd 21 (26) 5(11) 11 (8)
WHO PS

0-1 48 (59) 31 (61) 98 (72)

=) 33 (4D 20 (39) 36 (26)

nd 3(2)
Stage

I-II 8 (10) 5 (10) 78 (57)

1I-Iv 73 (90) 46 (90) 58 (42)

nd 1(1)
IPI

0-2 19 (23) 10 (20) 88 (64)

3-5 62 (77) 41 (80) 46 (34)

nd 3(2)
Elevated LDH 72 (89) 45 (88) 73 (53)°

EN>1 45 (56)¢ 29 (57)° nd'
B-symptoms 52 (64) 33 (65) 37 (27)¢
Treatment

R-CHOP 120 (88)

R-CHOEP" 81 (100) 51 (100) 12 (9)

Other 5)
5-year PFS 83% 86% 72%
5-year OS 86% 88% 76%

HEL-DLBCL: Helsinki diffuse large B-cell lymphoma study cohort; NLG Trial: Nordic Lymphoma Group Trial; OS: overall survival; PFS: progression-free survival."Molecular subtype
assessed using Hans’ algorithm. "GCB: germinal center B-cell like; nd: not determined; IPI: International Prognostic Index; LDH: lactate dehydrogenase; EN: extranodal site; R-
CHOP: rituximab, cyclophosphamide, doxorubicine, vincristine, prednisone; R-CHOEP: R-CHOP+etoposide. °LDH data was available from 134 patients.‘EN data available from 72
patients. °EN data available from 43 patients. ‘Insufficient data. *B-symptoms data available from 131 patients. "Patients <65 years old with high-risk features were treated with R-
CHOEP-14 and systemic central nervous system prophylaxis consisting of high-dose methotrexate and high-dose cytarabines.

ELANE; and signature B, e.g., FN1, VEGFA, PLAU,
COL3A1) were identified. The B-cell signature correlated
negatively with the TME immune cell signature (Online
Supplementary Figure S1A). Gene signatures separated the
patients into distinct groups based on the signature expres-
sion (Online Supplementary Figure S1B-E). We identified a
subgroup of patients with high expression of the TME
immune cell signature (Online Supplementary Figure S2B),
resembling an immune cell high or “hot” TME, but, unlike
in primary testicular lymphoma,” the signature did not cor-
relate with survival or other clinical parameters (age, stage,
performance score, LDH, EN sites) (Online Supplementary
Table S1 and Online Supplementary Figure S1F).

Characterization of T-cell subsets in the tumor
microenvironment

To further characterize the immune cell high TME in
DLBCL, we performed mIHC focusing on the distinct T-

cell phenotypes using TMA from two independent
cohorts (NLG Trial cohort n=51 and HEL-DLBCL cohort
n=137) (Table 1). Similarly to the gene expression cohort,
the NLG trial cohort represented young, high-risk
patients. At the median follow-up of 61 months, seven
patients had relapsed and six had died. As in the gene
expression cohort, neither the IPI score nor the COO was
associated with the outcome. In the HEL-DLBCL cohort,
the patients were older but had otherwise lower risk char-
acteristics than the patients in the NLG-Trial cohort. At
the median follow-up of 53 months, 23 patients had
relapsed and 28 had died. Both the IPI score (HR=1.82,
95%CI: 1.40-2.38; P<0.001), and the COO (GCB vs. non-
GCB, HR=2.32, 95%CI: 1.08-4.99; P=0.031) were associ-
ated with survival.

We used four antibody panels to detect immune check-
point molecules in CD4* (CD3, CD4, TIM3, LAG3) and
CD8" T cells (CD8, TIM3, LAGS3, PD1), cytotoxic CD8" T
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Figure 1. Digital multiplexed gene expression profiling analysis reveals distinct gene expression signatures in diffuse large B-cell lymphoma (DLBCL). The expres-
sion of PanCancer Immune Profiling panel genes was assayed by Nanostring nCounter from 81 DLBCL samples. Correlation matrix analysis was performed for the
most variable genes (standard deviation >1.0; n=335). Signatures with highly correlating genes are depicted in the heatmap. Selected genes are highlighted in the

right-hand panel. ECM: extracellular matrix; TME: tumor microenvironment;

cells (CD8, GrB, OX40 and Ki67), as well as Tregs and T, 1-
cells (CD3, CD4, FOXP3 and TBET) (Figure 2A). The num-
ber of infiltrating T cells varied significantly between the
patients, dividing them into high and low T-cell groups
(Figure 2B). The median numbers of T cells and their
immunophenotypes are presented in Figure 2C and Online
Supplementary Table S2. The proportion of T cells was
approximately 16% (range: 0.1-69%). The amount of CD8*
T cells and CD4" T cells was approximately 6.1% (range:
0.2-30%) and 5.4% (range: 0.0-42%), respectively. Of all
CD4'T cells, Tregs represented 15% (range: 0.2-51%) with
considerable variation between the patients. We observed a
very low proportion of TBET* T cells with a median of
0.04% (range: 0.0-7.0%) of all CD4" T cells. Of the immune
checkpoint molecules, TIM3 was the most abundant with
about 8.5% (range: 0.0-43%) of CD4' T cells and about
5.6% (range: 0.1-69%) of CD8" T cells staining positive for
TIM3. As a proof of concept, expression of the distinct T-
cell markers correlated significantly with the corresponding
gene expression levels (Online Supplementary Figure S2).
Consistent with the gene expression data, the proportion of
T cells as such did not associate with survival or patients'
demographics (data not shown).

T-cell immunophenotypes showed significant hetero-
geneity between the patients (Figure 2D and Online
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Supplementary Figure S3). Among the patients with a high-
er proportion of tumor infiltrating T cells, we identified a
subgroup with high expression of TIM3, LAGS3 and PD1.
The expression of these markers in tumor-infiltrating T
cells varied from only one to combinations of several
immune checkpoint molecules. Additionally, increased
proportions of Tregs and TBET" T,1-cells was noted in
individual patients.

We next assessed whether DLBCL in general can be
divided into T-cell high and low phenotypes. We per-
formed in silico immunophenotyping with CIBERSORTx
utilizing four publicly available DLBCL datasets.”®*
Clustering analyses showed that based on the proportions
of T cells DLBCL is clearly divided into T-cell high and
low groups, thus validating our findings (Figure 3).

T-cell infiltration correlates with HLA-ABC and 32
microglobulin expression

HLA molecules are essential for T cells to identify anti-
gens and induce immune response. Furthermore, high
expression of class I and II HLA molecules on tumor cells
is associated with increased T-cell infiltration to the
TME." To evaluate the expression of class I and II HLA
molecules in the tumor tissue, we used IHC to analyze the
expression of HLA-ABC and B2M, the two components of




- M. Autio et al.

| 5;%’—_“%%\:;
w1 L T

CD4' T-cells

CD8 TIM3 LAG3 PD1 CD3 CD4 TIM3 LAG3 T-cell high
Cytotoxicity Tregs and T,1-cells 3

CD8 GrB Ki67 0OX40 CD3 CD4 FOXP3 TBET
c T-cells CD4" T-cells CD8" T-cells
. - : .
. S 15
g 70 ‘ 3
§ s i
= g
§40 s %30 250
s . H o o .
2 s 20 § P
820 ‘s ‘s : i :
o 2 £25 ) . :
gro . & i
0 | o 1 [ : . H
CD3+ CD8+  CD4+ 0 i == | 0 ==

Tcells T-cells T-cells Tregs TBET+ LAG3+ TIM3+ GrB+ Ki67+ OX40+LAG3+ TIM3+ PD1+
’ e Pe=— NI !
i P e el
£ 1 ' Granzyme’
i I : LAG3'CDS8'
. L |
TIM3'
! LAG3'CD4"
| ] I. .
_':I" :!' . s . .- 5 'ﬂ - " = T-cells
| ]
[ ]
. - TBET' (T,1)
-‘ L : .
: A -
i 5 = PDT’
ey w -+
[+ I i - OX40"
. nl E“l [ = _— ' i Tregs
== e, RN P g ]
f_q ] e e e iy L i Y K67

Figure 2. Multiplex immunohistochemistry (mIHC) reveals significant heterogeneity in the diffuse large B-cell ymphoma (DLBCL) tumor microenvironment (TME).
(A) Representative images from the 4-plex mIHC analyses performed on tissue microarrays (TMA) from the Helsinki diffuse large B-cell ymphoma study (HEL-DLBCL)
group cohort. CD8" T-cell immune checkpoints: CD8=cyan, TIM3=red, LAG3=blue, PD1=green, DAPI=gray. CD4" T-cell immune checkpoints: CD3=green, CD4=cyan,
TIM3=red, LAG3=blue, DAPI=gray. Cytotoxicity panel: CD8=cyan, Granzyme B=green, Ki67=red, OX40=blue, DAPI=gray. Regulatory T cells (Tregs) and T,1 panel:
CD3=green, CD4=cyan, FOXP3=red, TBET=blue, DAPI=gray. Scale bar 10 um. (B) Unsupervised hierarchical clustering based on the expression of CD3*, CD4" and
CD8" T cells. (C) Proportions of distinct immune cells from all cells, from CD4" T cells and from CD8" cells. (D) Heatmap visualizing all quantified immune cells and
their immunophenotypes organized by unsupervised hierarchical clustering. Full annotation with all phenotypes is provided in the Online Supplementary Figure S3.
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Table 2. Patients’ demographics for the groups with high and low expression of immune checkpoint molecules in the Nordic Lymphoma Group
(NLG) Trial and Helsinki-diffuse large B-cell lymphoma study (HEL-DLBCL) cohorts.

NLG-Trial cohort HEL-DLBCL cohort
Characteristics Low expression High expression Low expression High expression
n (%) n (%) n (%) n (%)
N. of patients 27 19 69 50
Gender 0.016 0.350
Male 13 (48) 16 (84) 36 (52) 31 (62)
Female 14 (52) 3 (16) 33 (48) 19 (38)
Age, years 1.000 <0.001
<60 19 (70) 13 (68) 40 (58) 12 (24)
=60 8 (30) 6 (32) 29 (42) 38 (76)
Molecular subtype® 1.000 0.847
GCB" 13 (50) 8 (53) 28 (41) 21 (42)
Non-GCB 9 (35) 6 (40) 32 (46) 27 (54)
nd 4 (15) 1(7) 9 (13) 2 (4)
WHO PS 0.209 0.285
0-1 20 (714) 10 (53) 54 (78) 33 (66)
=) 7(26) 947 15 (22) 15 (30)
nd 2(4)
Stage 0.632 0.347
[-II 3(1D) 1(5) 43 (62) 26 (52)
M-IV 24 (89) 18 (95) 26 (38) 24 (48)
IPI 0.440 0.016
0-2 6 (22) 2 (1D 52 (75) 28 (56)
3-5 21 (78) 17 (89) 15 (22) 22 (44)
nd 2(3)
LDH 1.000 0.573
Low 3(1D) 2 (11) 35 (51) 21 (42)
High 24 (89) 17 (89) 34 (49) 27 (54)
nd 204
EN¢ 0.729
0-1 7(26) 4 21)
=) 15 (56) 12 (63)
nd 5(19) 3 (16)
Treatment 0.345
R-CHOP 60 (87) 46 (92)
R-CHOEP 27 (100) 19 (100) 6 (9) 3 (6)
Other 3 1(2)

“Molecular subtype assessed using Hans’ algorithm. "GCB: germinal center B-cell like; EN: extranodal site; IPI: International Prognostic Index; LDH: lactate dehydrogenase; nd:
not determined; PFS: progression-free survival; R-CHOP: rituximab, cyclophosphamide, doxorubicine, vincristine, prednisone; R-CHOEP: R-CHOP+etoposide. Insufficient data con-

cerning extranodal sites in the HEL-DLBCL cohort.

class I HLA molecules, as well as HLA-DR, a class Il HLA
molecule, and correlated the findings with the number of
tumor infiltrating T cells (Figure 4A and B). Positive B2M
membrane staining was enriched in the non-GCB sub-
group (P=0.007) (Online Supplementary Table S3). As
expected, the patients with a negative or moderate expres-
sion of HLA-ABC, or negative or perinuclear expression of
B2M had significantly less tumor infiltrating T cells com-
pared to HLA-ABC and B2M positive cases (P=0.005 and
P=0.009, respectively) (Figure 4C). In contrast, no correla-
tion between HLA-DR positivity and the number of T
cells was observed (data not shown).

Higher proportion of immune checkpoint positive
T cells in the tumor microenvironment translates to
poor outcome

In the NLG Trial cohort, 43% of patients had high pro-

portions of TIM3" and/or LAG3" tumor-infiltrating T cells
(Figure 5A). On the contrary, PD1 levels were low.
Interestingly, the patients with a high proportion of TIM3*
and LAG3" T cells had a significantly worse survival than
the patients with a lower proportion of these markers
(5-year OS 73% vs. 96%, P=0.022; 5-year PES 74% vs.
93%, P=0.064) (Figure 5B and Online Supplementary Figure
S4A). Baseline characteristics, except gender, were equally
distributed between high and low immune checkpoint
molecule expressing subgroups (Table 2). In the HEL-
DLBCL cohort, 30% of patients had a high proportion of
TIM3" and/or LAG3* tumor-infiltrating T cells and 42% of
patients had a high proportion of TIM3*, LAG3*, and PD1*
tumor-infiltrating T cells (Figure 5C). Both a high propor-
tion of TIM3" and LAG3" as well as a high proportion of
TIM3", LAGS", and PD1"* tumor-infiltrating T cells translat-
ed to poor outcome, validating the finding of the NLG

Immunoprofiling and survival in DLBCL -
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Figure 3. Diffuse large B-cell ymphoma (DLBCL) can be dived into T-cell high and low phenotypes. In silico immunophenotyping with CIBERSORTx was used to
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by unsupervised hierarchical clustering.

Trial cohort (5-year OS 66% vs. 79%, P=0.029, and 5-year
PES 60% vs. 76%, P=0.035) (Figure 5D and Online
Supplementary Figure S4B). Survival association was partic-
ularly seen in patients with the non-GCB phenotype and
high IPI score (Figure 5E and E and Online Supplementary
Figure S5). When the groups with low and high expression
of immune checkpoint molecules were compared, high
expression was found to associate with age, high IPI score
(Table 2) and HLA-ABC positivity (P=0.037) (Online
Supplementary Table S4A). HLA-ABC positivity tended also
to be enriched in the patients with higher proportions of
LAG3* T cells (P=0.067) (Online Supplementary Table S4B).
However, no correlation was found between immune
checkpoint expression in T cells and B2M or HLA-DR
expression (data not shown).

TIM3 is an independent predictor for survival in diffuse
large B-cell lymphoma patients

Of the individual immune checkpoint molecules, high
TIMS3 expression was associated with inferior survival in
both cohorts (Figure 6A-D and Online Supplementary Figure
S6), and was independent of the IPI and COO (Online
Supplementary Figure S7). In addition, high proportions of
TIM3* T cells from all T cells, TIM3*CD4* T cells from all
CD4* T cells, as well as TIM3*CD4"* cells from all CD4*
cells translated to poor outcome in the HEL-DLBCL cohort
(Figure 6A, B, E-G), all independent of the IPI. All except a

high proportion of TIM3* T cells from all T cells were also
independent of the COO (Online Supplementary Figure S7).
On the contrary, the proportions of TIM3'*CD8" T cells or
PD1" or LAG3" cells did not associate with survival.
Besides a high proportion of TIM3" T cells, a high propor-
tion of TIM3*CD4'CD3" cells from all CD4'CD3" cells
correlated with poor outcome in both cohorts (Figure 64,
B and H), independent of the IPI and COO (Online
Supplementary Figure S7). These cells might represent
macrophages since according to the CIBERSORTx analy-
sis TIM3 is expressed in monocytes/macrophages and
neutrophils in addition to T cells (Online Supplementary
Table S5). Interestingly, in the NLG-Trial cohort TIM3
expression correlated positively with the gene expression
of IENG (P=0.449, P=0.003) and several other cytokines
(Online Supplementary Table S6).

Characterization of the cytotoxic and regulatory T cells
in the tumor microenvironment

In both cohorts, when studying expression of cytotoxi-
city-related markers, patients with high proportion of
Granzyme B' cells were distinct from the rest (24% in the
NLG Trial cohort and 14% in the HEL-DLBCL cohort)
(Online Supplementary Figure S8A). Granzyme B positivity
translated to poor outcome in the HEL-DLBCL cohort (5-
year OS 50% vs. 78%, P=0.029; 5-year PFS 53% vs. 72%,
P=0.076) (Online Supplementary Table S7  and Online
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Supplementary Figure SSB), but not in the NLG Trial cohort
(data not shown). Furthermore, a small group of patients
(13%) characterized with high proportions of OX40" and
Ki67+ CD8" T cells was identified in the HEL-DLBCL
cohort. OX40 and Ki67 positivity trended for superior
prognosis (Online Supplementary Figure S8C). FOXP3*
Tregs were frequent in 30% of the patients in the NLG-
Trial cohort and were associated with inferior outcome (5-
year OS 70% vs. 94%, P=0.041; 5-year PFS 71% vs. 91%,
P=0.101) (Omnline Supplementary Table S8 and Online
Supplementary Figure S9). However, the finding could not
be validated in the HEL-DLBCL cohort (data not shown).
Neither did we observe any correlation between TBET*
T, 1-cells and outcome (data not shown).

Discussion

In this study, we applied GEP and mIHC with digital
image analysis to characterize tumor infiltrating T cells in
patients with primary DLBCL. We found a heterogeneous
TME with lymphomas differing significantly in the num-
ber and subtype of tumor-infiltrating T cells. First, we
identified a TME immune cell signature, which separated
the patients into immune cell high or “hot” and “cold” sub-
groups. However, the signature did not associate with sur-
vival. In contrast, the presence of T cells expressing
immune checkpoint molecules in the TME, and especially
T cells expressing TIM3 translated to poor outcome in
patients treated with standard immunochemotherapy.
Similar results were observed in two independent cohorts
despite differences in their clinical variables, implying that
the prognostic impact of the TME cytotypes is not limited
to a particular patient population. Together, the findings
underscore the regulatory impact of T cells on therapy
resistance and survival in primary DLBCL.

Recent comprehensive genome and transcriptome stud-
ies have shed light on the heterogeneity of DLBCL, and
based on genomic drivers, uncovered multiple DLBCL sub-
types, which differ phenotypically and clinically.”®* Our
study, focusing on the characterization of TME, illustrates

the diversity of the DLBCL even further. The observed
variations in the amounts of the tumor-infiltrating immune
cells and their phenotypes, as well as association with
prognosis, highlight the clinical importance of the crosstalk
between tumor cells, TME and host response.

To date, the impact of T-cell immune checkpoint
expression on the pathogenesis and clinical outcome of
DLBCL has been relatively scarcely studied, and has
mainly focused on the role of the immune checkpoint
receptor PD1.*" In one study, a high proportion of
PD1'CD8" T cells and PD-L1" T cells in the TME was
found to predict poor survival in DLBCL, whereas high
expression of the immune checkpoint cytotoxic T-lym-
phocyte-associated protein 4 (CTLA4) on T cells was
associated with favorable outcome." In another study, T-
cell immunoglobulin and ITIM domain (TIGIT) expres-
sion in tumor infiltrating T cells was identified as a sup-
pressor of T-cell mediated antitumor activity in B-cell
lymphomas.*" A recent study has also found a high TIM3
expression to correlate with poor prognosis.” However,
specific subtyping of these TIM3-expressing cells was not
addressed. Additionally, expression of TIM3, LAG3 and
PD1 on CD8'T cells was recently shown not only to rep-
resent exhausted T cells but also a population of highly
active T cells, and that other factors in the TME might
affect the cells in eventually becoming exhausted.” In our
study, the proportion of PD1* T cells alone did not corre-
late with survival. Instead, we found that high propor-
tions of TIM3* T cells from all T cells, TIM3*CD4* T cells,
TIM3'CD4"  cells from all CD4" «cells and
TIM3"CD4°CD3" cells have independent adverse impact
on survival. The results suggest that TIM3 might identify
a particular subgroup of T cells possibly associated with
immune exhaustion. However, mechanistic experiments
proving the association of T-cell dysfunction with TIM3
expression and poor prognosis are warranted. Given the
positive correlation between TIM3 and IFNG gene
expression, it is also possible that the TIM3* cell popula-
tion in DLBCL TME is heterogeneous and consists of cells
with both exhausted and active phenotypes.

Checkpoint inhibitors targeting PD1 and CTLA4 have
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Figure 5. A high proportion of T cells expressing immune checkpoint molecules in the tumor microenvironment (TME) correlates with worse outcome in patients
with diffuse large B-cell ymphoma (DLBCL). (A) The multiplex immunohistochemistry (mIHC) data from the Nordic Lymphoma Group (NLG) Trial cohort was clustered
according to the proportions of TIM3* T cells and LAG3 expressing CD8" T cells. (B) Kaplan-Meier (log-rank test) survival plots depict overall survival (0OS) in months
(mo) in the groups with high and low amounts of these immune checkpoint molecule-expressing T cells in the NLG Trial cohort. (C) Unsupervised hierarchical clus-
tering of T cells expressing immune checkpoint molecules in the Helsinki diffuse large B-cell ymphoma (HEL-DLBCL) cohort. (D) Kaplan-Meier (log-rank test) survival
plots depict OS in the groups with high and low amounts of T cells expressing TIM3, LAG3 and PD1 in the HEL-DLBCL cohort. (E and F) Kaplan-Meier (log-rank test)
survival plots depict OS in the groups with a high and low expression of immune checkpoint molecules in patients with an International Prognostic Index (IPI) score
over 1 (E) and in patients with non-GCB type DLBCL (F) in the HEL-DLBCL cohort. N=46 for (A and B) and N=119 for (C-F). (Samples having tissue microarrays spots
with poor quality for any of the phenotypes were removed from the clustering and survival analyses).
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been tested in phase I trials for the patients with
relapsed/refractory DLBCL with promising results.***
However, in comparison to Hodgkin lymphoma, and
according to a recently reported phase II trial with
relapsed/refractory DLBCL, response rates to single agent
PD1 blockade are low.* It is possible that lower incidence
and magnitude of 9p24.1 alterations translating to lower
PD-L1 expression in tumor cells in comparison to classic

Hodgkin lymphoma explains at least to some extent why
the majority of the DLBCL patients do not benefit from
single agent checkpoint blockade. Another explanation
may be that the non-immune mechanisms or alternative
immune checkpoints are upregulated and thereby have
more clinical impact in DLBCL. Our results suggest that
blockade of TIM3 and/or LAG3 might be beneficial in
DLBCL patients with immune checkpoint expressing

Immunoprofiling and survival in DLBCL -

NLG Trial cohort HEL-DLBCL cohort
Cell type HR (95% CI) P-value  celltype HR (95% C) P-value
CD3+ (n=51) 1.05 (0.68-1.60) e o 0.816 CD3+ (n=137) 1.02 (0.80-1.30) - 0.844
CD4+ (n=51) 1.20 (0.63-2.30) —— 0585 CD4+ (n=137) 1.00 (0.75-1.30) - 0.991
CD3+CD4+ (n=51) 1.15 (0.54-2.40) —— 0.724 CD3+CD4+ (n=137) 1.10 (0.73-1.70) - 0.645
CD8+ (n=50) 0.73 (0.22-2.40) e 0.612 CD8+ (n=130) 0.74 (0.42-1.30) e 0.314
LAG3+ (n=51) 1.84 (0.00072-4700) ~«—————o——> 0879 LAG3+ (n=137) 058 (0.004-780) «——o— > 0827
PD1+ (n=49) 1.15 (0.22-6.00) —o——— 0.868 PD1+ (n=128) 1.66 (0.51-5.40) —— 0.400
TIM3+ (n=51) 2.93 (1.00-8.20) — 0.041 TIM3+ (n=137) 2.62 (1.40-4.80) —— 0.002
TIM3+ cells (ratios) TIM3+ cells (ratios)
TIM3+CD3+/CD3+ (n=51) 1.88 (0.91-3.90) —— 0.086 TIM3+CD3+/CD3+ (n=136) 1.53 (1.10-2.20) <= 0.017
TIM3+CD4+/CD4+ (n=51) 1.80 (0.88-3.70) —e— 0.107 TIM3+CD4+/CD4+ (n=136) 1.72 (1.20-2.50) - 0.003
TIM3+CD3+CD4+/CD3+CD4+ (n=51) 5.14 (0.064-410) —_— 0.464 TIM3+CD3+CD4+/CD3+CD4+ (n=136) 1.44 (1.10-1.90) - 0.013
TIM3+CD8+/CD8+ (n=49) 1.45 (0.0084-250) —— 0.887 TIM3+CD8+/CD8+ (n=128) 1.20 (0.82-1.80) 0= 0.349
TIM3+CD4+CD3-/CD4+CD3- (n=51) 2.40 (1.00-5.70) —— 0.049 TIM3+CD4+CD3-/CD4+CD3- (n=136) 2.29 (1.50-3.50) == <0.001
C TIM3" (NLG Trial) D TIM3' (HEL-DLBCL) E TIM3'CD3'/CD3"
== low == high = low = high =+ low = high
1.00 1.00 1.00
2075 2075 Zo75
a a8 g
8 8 ]
8050 050 5050
T T S
> > =
2 2 =
70.25 70.25 30.25
75 Vs :
P=0.004 P=0.026 P=0.0073
0.00 0.00 0.00
0 20 40 60 80 0 50 100 150 50 100 150
0S (mo) 0S (mo) 08 (mo)
Number at risk Number at risk Number at risk
low 34 33 20 3 low{ 92 57 7 0 low 91 55 7 Y
high 17 12 7 0 high{ 45 16 1 0 high1 45 17 1 0
20 40 60 80 0 50 100 150 0 50 100 150
08 (mo) 0S (mo) 08 (mo)
F TIM3'CD3'CD4'/CD3'CD4" G TIM3'CD4/CD4" H TIM3'CD4'CD3/CD4'CD3"
== low =~ high == low == high == low == high
1.00 1.00 1.00
£0.75 £0.75 £0.75
Qo e} Qo
© © ©
Qo e Qo
o o o
50.50 5.0.50 50.50
© © ©
= = =
B ik S025 5025
27 P=0.0067 271 P=0.0022 2571 P=0.00062
0.00 0.00 0.00
0 50 100 150 0 50 100 150 0 50 100 150
OS (mo) 0OS (mo) 0OS (mo)
Number at risk Number at risk Number at risk
low{91 56 ke 0 low{ 91 56 7 0 low{91 55 7 0
high{ 45 16 1 0 high{45 16 1 0 high{45 17 0
[ 150 0 50 0 150 0 5 150

50 100
0S (mo)

Figure 6. The impact of immune checkpoint molecules and distinct T-cell subtypes on survival. (A and B) Forest plots visualizing the impact of T cells and their
immunophenotypes on overall survival (OS) in months (mo) in the Nordic Lymphoma Group (NLG) Trial (A) and Helsinki diffuse large B-cell lymphoma study (HEL-
DLBCL) (B) cohorts, as evaluated using Cox univariate tests with continuous variables. (C-H) Kaplan-Meier plots (log-rank test) visualizing survival associations of dis-
tinct TIM3* cell subpopulations. Cut-off was set at the highest expressing one-third versus the lowest expressing two-thirds.
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T-cell phenotypes. They also provide a rationale for test-
ing combination treatment strategies in this context.
Interestingly, in preclinical studies, use of a dual therapy
with PD1 and TIM3 blockades has been demonstrated
to improve efficacy in comparison to single agent PD1
targeted therapy in solid tumors and acute myeloid
leukemia.”* A recent report further shows that combin-
ing checkpoint inhibitors with chimeric antigen receptor
T cells might also be potent in DLBCL.*

The focus of our study was to characterize tumor-infil-
trating lymphocytes in DLBCL. However, we also identi-
fied a population of TIM3'CD4'CD3" cells which had a
significant adverse impact on the outcome of patients in
both cohorts. Considering CD4 positivity, these cells are
likely to represent monocytes/macrophages, dendritic
cells, or NK cells.”* In fact, our in silico immunophenotyp-
ing utilizing CIBERSORTx suggests that tumor infiltrating
monocytes/macrophages express TIM3. However, the
true identity of the TIM3*CD4'CD3" cells requires further
validation.

We also identified a subgroup of patients characterized
by a large proportion of tumor-infiltrating cytotoxic cells
and Tregs. Data suggesting that a large proportion of cyto-
toxic cells in the TME translates to inferior survival contra-
dict the concept that cytotoxic T cells act as killers of
tumor cells. However, previous studies have also reported
an inferior effect of tumor-infiltrating cytotoxic cells on
the outcome in Hodgkin’s lymphoma,”* and also in
DLBCL.* Oudejans et al.” speculated that in tumors with
a larger proportion of cytotoxic cells, malignant cells
might be more resistant to cell-mediated killing, which
would explain the relatively poorer outcome of these
patients. This resistance might also reflect refractoriness of
the disease to standard therapies as immune cells may
partly mediate the effect of chemotherapy.” In contrast to
previous studies on different lymphoma entities,*****
higher proportion of Tregs was associated with poor sur-
vival in the NLG Trial cohort but this observation could
not be validated in the HEL-DLBCL cohort. The conflict-
ing results may be explained by heterogeneous patient
populations, cytokines produced by Tregs and the com-
plex interplay between the cells in the TME. Nevertheless,
further research is needed to validate our findings and to

determine the role of cytotoxic cells and Tregs in the
DLBCL TME.

In conclusion, our results demonstrate a novel adverse
prognostic impact of immune checkpoint expressing T cells,
especially TIM3" T cells, on the survival of DLBCL patients
in response to standard immunochemotherapy. Additional
research on the effect of TME and checkpoint blockage on
the outcome of DLBCL is warranted. It will be interesting to
test whether a subset of patients with immune checkpoint
positive T cells may be more likely to respond to PD1 inhi-
bition, or if combination therapies with TIM3 and/or LAG3
inhibitors can further improve the outcome.
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