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Composition of the
cHL microenvironment
is heterogeneous and
differs in the propor-
tions of T cells and
macrophages.

High T cell and
macrophage-mediated
checkpoint protein
expression in the cHL
microenvironment
associates with
inferior OS.

Emerging evidence indicates a major impact for the tumor microenvironment (TME) and
immune escape in the pathogenesis and clinical course of classical Hodgkin lymphoma
(cHL). We used gene expression profiling (n = 88), CIBERSORT, and multiplex
immunohistochemistry (n = 131) to characterize the immunoprofile of cHL TME and
correlated the findings with survival. Gene expression analysis divided tumors into
subgroups with T cell-inflamed and -noninflamed TME. Several macrophage-related
genes were upregulated in samples with the non-T cell-inflamed TME, and based on the
immune cell proportions, the samples clustered according to the content of T cells and
macrophages. A cluster with high proportions of checkpoint protein (programmed cell
death protein 1, PD-1 ligands, indoleamine 2,3 dioxygenase 1, lymphocyte-activation gene
3, and T-cell immunoglobulin and mucin domain containing protein 3) positive immune
cells translated to unfavorable overall survival (OS) (5-year OS 76% vs 96%; P = .010) and
remained an independent prognostic factor for OS in multivariable analysis (HR, 4.34;
95% CI, 1.05-17.91; P = .043). cHL samples with high proportions of checkpoint proteins
overexpressed genes coding for cytolytic factors, proposing paradoxically that they were
immunologically active. This checkpoint molecule gene signature translated to inferior
survival in a validation cohort of 290 diagnostic cHL samples (P < .001) and in an expan-
sion cohort of 84 cHL relapse samples (P = .048). Our findings demonstrate the impact of
T cell- and macrophage-mediated checkpoint system on the survival of patients with cHL.

Introduction

In classical Hodgkin lymphoma (cHL), sparse malignant Hodgkin Reed-Sternberg (HRS) cells are
embedded into extensive tumor microenvironment (TME) consisting mostly of benign immune cells, such
as T and B lymphocytes, macrophages, eosinophils, plasma cells, and mast cells." HRS cells are in close
crosstalk with immune cells, and by producing cytokines and chemokines, they recruit immune cells with
an aim of creating immunosuppressive, tumor growth—promoting TME.>

Recruitment of inflammatory cells into the TME plays a significant role in the pathogenesis of cHL and
survival of HRS cells." T lymphocytes composed of CD4" helper T cells, CD4" regulatory T cells
(Tregs), and CD8" cytotoxic T cells (CTLs) represent the most numerous cell type of the TME.®* cHL
TME is especially dominated by CD4™ T cells, which are skewed toward phenotypes of T helper (Th) 2
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cells and Tregs.®” Tregs inhibit cytotoxic cells and are responsible
for sustaining the immunosuppressive state of the tumor.®>” High
CTL content has been shown to translate into poor outcome,®°
whereas both positive and negative associations of Tregs with sur-
vival have been reported.®'%'? Previous studies have also reported
that HRS cells have developed various mechanisms to evade T cell-
mediated tumor evasion, one being downregulated or lost HLA
expression.'®

In addition to T cells, tumor-associated macrophages (TAMs) are an
essential component of the cHL TME. They are considered to pro-
mote tumor growth and suppress antitumor immunity.'* High TAM
content has been demonstrated to translate to poor outcome in
cHL,"®'® but there are also studies with contradictory findings."”"'®

Immune checkpoint molecules such as programmed cell death pro-
tein 1 (PD-1), indoleamine 2,3 dioxygenase 1 (IDO-1), lymphocyte-
activation gene 3 (LAG-3), and T-cell immunoglobulin and mucin
domain containing protein 3 (TIM-3) restrict immune function, and
tumor cells use them to avoid host immune surveillance.'®'® In
most cHL cases, HRS cells have a genetic aberration of the
CD274/PDCD1LG2 locus of the chromosome 9p24.1, resulting in
increased expression of PD-1 ligands (PD-L) 1 and 2 and leading to
activation of the PD-1 pathway in T cells.?° Furthermore, increased
expression of PD-L1 on HRS cells has been shown to translate to
superior progression-free survival after PD-1 blockade,?' whereas
high proportion of PD-1* and PD-L1* leukocytes in the TME trans-
late to poor event-free survival after standard chemotherapy.??> We
have previously shown that the adverse prognostic impact of TAMs
on survival depends on PD-L1 and IDO-1 expression.?® In addition,
LAG-3" T cells have recently been identified as important mediators
of immune suppression in cHL.>*

Altogether, the complex interactions between immune cells and
HRS cells have still largely remained uncharacterized. The purpose
of our study was to characterize immunological profiles of cHL
focusing on checkpoint protein-expressing T cells and TAMs and
correlate the findings with clinical characteristics and outcome after
standard chemotherapy.

Methods
Patients

The study material consisted of clinical data and formalin-fixed paraf-
fin-embedded diagnostic tumor tissue samples from patients with pri-
mary cHL diagnosed between years 1993 and 2012 who were
treated or followed at the Helsinki University Hospital (further informa-
tion provided in supplemental Methods). The patients were divided
into 2 cohorts: the first cohort (gene expression cohort) consisted of
88 patients; the second cohort (immunohistochemistry [IHC] cohort)
consisted of 131 patients. The study design is shown in supplemen-
tal Figure 1. The gene expression cohort consisted of patients who
had enough tissue to extract RNA and was designed to be enriched
in patients with poor prognosis (elderly patients, patients with
relapsed/refractory [R/R] diseases), whereas the IHC cohort con-
sisted of patients from whom enough representative tumor tissue
was available for the construction of a tissue microarray (TMA).

The study was approved by the Ethics Committee in Helsinki Uni-
versity Hospital and the Finnish National Authority for Medicolegal
Affairs.
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Gene expression data

NanoString nCounter digital gene expression profiling with 770-
gene PanCancer Immune Profiing Panel (XT-CSO-HIP1-12;
NanoString Technologies, Seattle, WA) was used to assess the
expression of immune response genes from the 88 tumor samples
of the gene expression cohort. The protocol has been described
previously.?® After exclusion of internal reference genes and the
genes not expressed in >10% of the samples, the final analysis
included 706 genes. As validation cohorts, we used gene expres-
sion data from 130 diagnostic samples from patients with cHL who
were treated at the British Columbia Cancer Agency'® and from
290 diagnostic samples from patients with cHL who were enrolled
into E2496 Intergroup trial with available pretreatment biopsies and
consent.?® In addition, as an expansion cohort, we used 84 relapse
samples from patients with R/R cHL who were treated at the British
Columbia Cancer Agency.?”

In silico immunophenotyping

To assess the proportions of the distinct immune cells in the TME,
we applied CIBERSORT?® for our gene expression cohort and the
validation cohort of 130 diagnostic cHL samples.'®> CIBERSORT
analysis is described in more detail in supplemental Methods.

IHC

For IHC analysis, the TMAs were stained with primary antibodies for
HLA-ABC, B, microglobulin (B2M), and HLA-DR as previously
described.?® Based on the membranous staining of HRS cells,
cases were scored either as positive or negative (more detail in
supplemental Methods). Examples of representative images of HLA-
ABC stainings are shown in Figure 1A.

For multiplex IHC (mIHC), TMAs were stained with primary antibody
panels, including markers to identify different types of T cells (CD3,
CD4, CD8, and FoxP3) and TAMs (CD68 and CD163), checkpoint
molecules (PD-1, PD-L1, IDO-1, LAG-3, and TIM-3), and CD30 to
recognize HRS cells (supplemental Table 1; Figure 1B). The data
analysis was performed digitally with the CellProfiler version
2.2.0.232° A detailed description of mIHC procedures is in supple-
mental Methods.

Statistical analysis

Softwares R (version 4.0.0) and IBM SPSS version 25.0 (IBM,
Armonk, NY) were used for statistical analyses. Hierarchical cluster-
ing was performed with R pheatmap package using Euclidean dis-
tance with ward.D linkage. Pathway analyses were performed with
DAVID Bioinformatics Resources 6.8 (https://david.ncifcn‘.gov)30
using all genes from the PanCancer Immune Profiling Panel as a
background. Pearson x-square and Fisher's exact tests were used
to evaluate the frequencies of distinct clinical characteristics, and
Mann-Whitney U test was used to compare 2 groups. Outcome
associations were analyzed by Cox univariable and multivariable
analyses. Survival rates were estimated using the Kaplan-Meier
method with log-rank test. Forty-five years was used as a cutoff for
the comparative age group analysis. Further information on statistical
methods is provided in supplemental Methods.
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Figure 1. Representative IHC images. Representative images of HLA-ABC membrane positive and negative HRS cells (arrows indicate HRS cells) (A) and mIHC stain-

ings showing examples of high proportions of checkpoint positive T cells and TAMs (B). Bars in all images represent 20 um.

Results
Patient characteristics and outcome

Baseline characteristics and survival are presented in Table 1. As
expected, the outcome was worse in the gene expression cohort
due to enrichment of the patients with adverse prognostic factors.
In the IHC cohort, poor freedom from treatment failure (FFTF) was
associated with advanced stage (HR, 8.02; P = .001) whereas
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overall survival (OS) was inferior in patients with higher age (=45
years) (HR, 7.73; P = .004) or Epstein-Barr virus (EBV) positivity
(HR, 4.10; P = .036) (supplemental Table 2).

Gene expression analysis identified a gene
signature enriched for T-cell signaling-related genes

Unsupervised hierarchical clustering of the 706 genes from the
NanoString analysis revealed 6 gene signatures with differential
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Table 1. Patient baseline characteristics and outcome

Gene expression IHC cohort
Characteristic cohort n = 88 (%) n = 131 (%)
Median follow-up time, mo (range) 42 (12-164) 55 (7-229)
Age (y)
Median (range) 32 (16-84) 29 (16-83)
<45 55 (62.5) 100 (76)
=45 33 (37.5) 31 (24)
Gender
Male 43 (49) 60 (46)
Female 45 (51) 71 (54)
Histological subtype
Nodular sclerosis 65 (74) 102 (78)
Mixed cellularity 20 (23) 22 (17)
Lymphocyte-rich 2 (2) 6 (4)
Unclassified cHL 1(1) 1(1)
Stage (Ann Arbor classification)
Limited (I-IIA) 32 (36) 56 (43)
Advanced (IIB-1V) 55 (63) 74 (56)
NA 1(1) 1(1)
EBV status
Negative 46 (52) 89 (68)
Positive 26 (30) 34 (26)
NA 16 (18) 8 (6)
Treatment
ABVD 74 (84) 112 (85)
BEACOPPesc 4 (5) 9 (7)
ABVD+BEACOPPesc 4 (5) 4 (3)
CHOP 4 (5) 4 (3)
Other 2 (2) 2(2)
Radiotherapy* 44 (50) 78 (60)
Relapses 25 (28) 29 (22)
Deaths 10 (11) 10 (8)
cHL-related deaths 8 (80) 6 (60)
5-y FFTF 66% 80%
5y OS 85% 91%

NA, not assigned.
*Including chemo- and radiotherapy and radiotherapy only.

expression among cHL samples (supplemental Figure 2). According
to pathway analysis, these signatures were enriched for genes
related to T-cell signaling, cytokines, viral infections/carcinogenesis,
B-cell signaling, focal adhesion/extracellular matrix interactions, and
antigen processing and presentation. We chose to focus on the
T-cell signaling signature (Figure 2A), consisting of 90 genes, most
significantly associated with “co-stimulatory signal during T-cell
activation” (P < .001) and “T-cell receptor signaling” (P < .001)
pathways (supplemental Table 3). Reclustering the T-cell signature
genes according to their expression levels separated patients into 2
groups with high (T cell inflamed; n = 67) and low (non-T cell
inflamed; n = 21) expression (Figure 2B). Regarding clinical base-
line characteristics, high stage was associated with T cell-inflamed
TME (P = .026), whereas gender, age, histological subtype, and
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EBV status were equally distributed between the 2 subgroups (sup-
plemental Table 4). In addition, the T-cell signature did not translate
to FFTF (P = .121) or OS (P = .389; data not shown).

As expected, differential gene expression analysis between the T
cell-inflamed and -noninflamed subgroups revealed genes related to
T-cell receptors and function (eg, CD3D/E, ITK, TCF7, CDS,
CD28, CD5, and CD7) to be more expressed in the T cell-inflamed
subgroup (Figure 2C; supplemental Table 5). Interestingly, genes
associated with B cells (MS4A71, CD19, and CD79A/B) were
highly expressed in the same group, whereas several genes related
to macrophages (CD163, MSR1, MARCO, MRC1, and SIGLECT)
were upregulated in the non-T cell-inflamed subgroup.

In silico immunophenotyping-based hierarchical
clustering separated patients according to T-cell
and macrophage composition of the TME

Next, we performed in silico immunophenotyping using CIBER-
SORT with its built-in signature matrix describing the expression fin-
gerprints of 22 immune cell phenotypes. Hierarchical clustering
based on 13 different T-cell and macrophage phenotypes separated
patients with cHL into 2 clusters. The first cluster included patients
with higher content of TAMs and CTLs in their tumor tissue, and the
second cluster encompassed patients with higher content of CD4 ™
T cells and T cells in general (Figure 3A). In line with this finding, T
cells and TAMs (r, = —0.45; P < .001) as well as CD4" and
CD8" T cells (r, = —0.30; P = .013) correlated inversely with
each other. The finding was validated in the cohort of 130 patients
with primary cHL (Figure 3B)."®

The TME can be divided into four immune
signatures based on the contents of T cells
and TAMs

To study TME composition in more detail, we performed mIHC with
T-cell and macrophage markers. We found a good correlation
between gene expression levels and corresponding cell proportions
(supplemental Figure 3). In addition, in silico deconvoluted cell pro-
portions correlated well with mIHC data (supplemental Figure 4).

A large proportion of the whole tumor cellularity represented T cells
(median 55%, range 1.1% to 83%), the most abundant T-cell type
being CD4" T cells (median 25%, range 0.5% to 48%) (Figure
4A). The median proportion of CTLs was 7.4% (range 0.2% to
34%) and that of Tregs was 1.7% (range 0% to 20%). Further-
more, 20% (range 8.0% to 49%) of the tumor cellularity were
TAMs, and approximately half of them were CD163 M2-like TAMs
(median 9.5%, range 0.2% to 54%). The median proportion of
CD30" cells was low (1.5%, range 0.1% to 229%).

Based on hierarchical clustering of the T cells and TAMs, patients
were separated into 4 clusters: (1) TAMs high and T cells low, (2)
TAMs high and CTLs high, (3) TAMs low and CD4" T cells high,
and (4) TAMs low and T cells low (Figure 4B), further corroborating
heterogeneity of cHL TME. Furthermore, the proportion of T cells
did not correlate with CD68" TAMs (r, = —0.11; P = .20) and
had an inverse correlation with the proportion of CD163" TAMs
(re = —0.47; P < .001). Consistent with gene expression data,
these clusters did not correlate with survival (FFTF, P = .839; OS,
P = .996). Higher age (=45 years) was associated with higher pro-
portion of TAMs, whereas other clinical characteristics (gender, cHL
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Figure 2. T-cell signature divides the cHL TME into T cell-inflamed and -noninflamed groups. (A) List of 90 genes included in the T-cell signature. (B) Reclustering

the T-cell signature genes separates patients into groups with T cell-inflamed (n = 67) an

d —noninflamed (n = 21) cHL TME. (C) Volcano plot showing differentially

expressed genes between the samples with T cell-inflamed and -noninflamed TME. Named genes represent those with absolute log, fold change =1 and adjusted P < .05.

subtype, stage, EBV status) were not significantly different accord-
ing to the TAM and T-cell proportions. Instead, a T cell-inflamed
TME was more common in patients with low TAM contents (supple-
mental Table 6).

Association of HRS cells’ membranous HLA
complexes with T cells

HLA-ABC and B2M are components of HLA |, and as expected,
their expression correlated well with each other (r, = 0.60; P <
.001), whereas expression of HLA-DR correlated neither with the
expression of HLA-ABC (r, = 0.03; P = .758) nor with the expres-
sion of B2M (r, = 0.13; P = .216). HRS cells had lost their
membranous HLA-ABC from 76 (70%), B2M from 88 (80%), and

¢ blOOd advances 22 MARCH 2022 . VOLUME 6, NUMBER 6

HLA-DR from 67 (63%) cases, which agreed with previous find-
ings.®" CTL counts were higher both in HLA-ABC (P = .034) and
B2M (P < .001) positive cases as compared with negative ones
(supplemental Figure 5A-B), whereas there was no correlation
between CD4™ T cells and HLA | complexes. Furthermore, HLA-DR
expression did not correlate with CD4™ T cell or CTL counts, and
HLA-ABC, B2M, and HLA-DR expression did not correlate with sur-
vival (data not shown).

Checkpoint expression in T cells and TAMs

Next, we characterized the immunophenotypes of T cells and TAMs
according to their PD-1, PD-L1, IDO-1, LAG-3, and TIM-3 check-
point molecule expression. We first discovered that most of the
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studied immunosuppressive molecules were expressed in T cells
(supplemental Figure 6). Interestingly, 47% of IDO-1" cells were T
cells, although previously IDO-1 expression has been described
mainly in macrophages and dendritic cells.>?> Compared with T cells,
a smaller proportion of the checkpoint molecule—expressing cells
were CD68" TAMs (supplemental Figure 6).

We also studied the distribution of checkpoint molecule expression
between CTLs and CD4" T cells and found that CTLs expressed
more frequently PD-1 (P = .003), IDO-1 (P < .001), and TIM-3
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(P = .005) than CD4™" T cells (supplemental Figure 7A). Likewise,
the expression of PD-1 and IDO-1 was higher in CD68" TAMs
than in M2-like CD163" TAMs (PD-1, P = .043; IDO-1, P < .001),
whereas no difference was seen in PD-L1, LAG-3, and TIM-3
expression (supplemental Figure 7B).

HLA-ABC-positive cases correlated with higher proportions of IDO-
17 (P =.022) and LAG-3" (P = .007) CTLs, whereas B2M-positive
cases associated with higher proportions of PD-1* (P < .002), IDO-
1" (P < .001), LAG-3" (P < .001), and TIM-3" (P < .001) CTLs.
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Consistent with previous results,* HLA-DR-negative cases corre-
lated only with high proportion of LAG-3"CD4™ T cells (P = .039)
(supplemental Figure 5A-C).

High overall expression of checkpoint molecules
predicts inferior OS

When data for the checkpoint molecule—expressing T cells and
TAMs were clustered, 2 distinct groups with high and low check-
point molecule expression were identified (Figure 5A). A subgroup
of mainly EBV-positive cHLs had higher expression of IDO-1,
PD-L1, and TIM-3, whereas LAG-3 positivity was associated with
EBV negativity. A smaller subgroup of cases had high expression of
PD-1 but lacked the expression of other checkpoint molecules.
Interestingly, high checkpoint expression translated to unfavorable
OS (5-year OS 76% vs 96%; P = .010) (Figure 5B), whereas no
correlation with FFTF was seen (P = .686, data not shown). High
checkpoint expression associated with other than nodular sclerosis
(NS) cHL subtype (P = .017) and B2M positivity (P = .009) (sup-
plemental Table 7), but the adverse prognostic impact on OS was
independent of the subtype (HR, 4.78; P = .030) and B2M status
(HR, 4.79; P = .039) (supplemental Table 8). In multivariable analy-
sis with other prognostic factors for OS (age and EBV status), the
adverse prognostic impact of high checkpoint expression on poor
OS was sustained (Figure 5C).

As expected, differential gene expression analysis with the Nano-
String gene expression cohort revealed high levels of the checkpoint
molecule—encoding genes (LAG3, IDOT) in the tumor samples
with high number of checkpoint molecule—expressing immune cells
(Figure 5D; supplemental Table 9). In addition, they had higher
expression of genes related to markers of cytotoxicity (CD8A/B,
GZMK/H, CXCL9, CXCL10, and CXCL11) and macrophages
(CD163 and SIGLECT), probably reflecting high checkpoint mole-
cule positivity in T cells (especially in CTLs) and in TAMs, but hypo-
thetically also reflecting the composition of the TME surrounding the
checkpoint-expressing cells. Similar to gene expression data, high
checkpoint protein levels were associated with higher content of
CTLs (P < .001) and CD163" M2-like TAMs (P = .016) and lower
content of Tregs (P = .085). In patients with low checkpoint protein
expression, upregulated genes included CCL17 and CCL22, which
are highly expressed by HRS cells and recruit Th2 cells and
Tregs,®® providing rationale for lower count of Tregs in that patient
group. Of note, the proportion of HRS cells was equally distributed
between the samples with low and high checkpoint protein expres-
sion (data not shown).

Gene expression levels of the immunosuppressive cytokine /L27
were elevated in the samples with high checkpoint molecule expres-
sion, supporting the hypothesis that checkpoint-expressing cells are
dysfunctional and exhausted. Controversially, the same group also
had increased expression of T-cell activation marker /FNG, which
has divergent roles, with both pro- and antitumoral effects.*

The gene expression profile associated with high
checkpoint molecule TME predicts survival of
patients with cHL

To validate the association of checkpoint molecule phenotype with
survival, we used gene expression data from an independent cHL

patient cohort consisting of 290 diagnostic samples.?® We used
the gene signature, which was differentially expressed based on the
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checkpoint molecule expression in our IHC cohort (fold change =2;
adjusted P < .05; supplemental Table 9), and performed
hierarchical clustering with 11 genes overlapping in the validation
cohort. This resulted in separation of the patients into 3 clusters
(Figure 6A). Interestingly, patients with higher expression of the
gene signature corresponding to high checkpoint molecule expres-
sion (Cluster 1) had worse OS (P < .001) compared with those
with lower expression (Figure 6B), verifying the association of high
checkpoint molecule proportions with poor outcome. Similarly, in an
independent expansion cohort with 84 cHL relapse samples,?’ the
gene signature (23 overlapping genes) separated the patients into
3 clusters (Figure 6C). Higher expression of the signature corre-
sponding to high checkpoint molecule proportions (Clusters 1 and
2) associated with inferior post-autologous stem cell transplantation
(post-ASCT) OS in 69 patients with ASCT as a treatment of R/R
disease (P = .048) (Figure 6D).

Discussion

The TME plays a significant role in supporting tumor growth in cHL,
raising interest in exploring new predictive biomarkers from benign
TME cells with the aim of developing more effective targeted treat-
ment strategies. Here, we characterized the immune cell composi-
tion of the cHL TME and correlated the findings with clinical course
and survival of patients.

Based on the gene expression profiling, cHLs could be separated
into subgroups with T cell-inflamed or -noninflamed TME, emphasiz-
ing the heterogeneity of the tumor-infiltrating T-cell composition.
Interestingly, cHLs with non-T cell-inflamed TME overexpressed
genes related to macrophages, further demonstrating that TME con-
sists of either high content of T cells or TAMs. Consistent with this
finding, in silico and mIHC-based cell immunophenotypes separated
the cHL samples into distinct clusters with varying T-cell and TAM
contents. Altogether, cell phenotype data strengthen the hypothesis
that cHL TME is enriched either in T cells or TAMs. These data also
are consistent with a recent whole-slide image analysis showing
that CD3" and CD68" cells correlate only weakly with each other.*

According to previous observations, EBV status can affect the cellu-
lar composition of the tumor. Particularly high proportion of
TAMs'®2® and activated CD8" T cells have been associated with
EBV positivity.>® We did not find any correlation between EBV sta-
tus and immune cell clusters, suggesting that EBV status does not
drive the TME diversity between these clusters; nor did we find
association between histological subtypes and immune clusters.
Instead, the patients older than 45 years had increased TAM con-
tent in their tumors; nonetheless, these 4 immune clusters did not
translate into outcome differences. Considering that TAM and CTL
proportions seem to be high in the same cHL samples, the adverse
prognostic impact of high CTL content reported in some previous
studies®® might also reflect high TAM content.

While checkpoint molecules are generally expressed in nonmalig-
nant immune cells'® in the tumor tissue, they can also be expressed
in malignant cells. In cHL, HRS cells express high levels of PD-
L12°2"37 and, to some extent, TIM-3,%® but rarely LAG-3%8 and not
IDO-1.% IDO-1 is expressed particularly in antigen-presenting mac-
rophages and dendritic cells.*> However, we found that in cHL,
IDO-1 is expressed in T cells more frequently than in TAMs, similarly
to PD-1, LAG-3, and TIM-3. This comparison could not be made for
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ment or within 3 months after it ended. (D) In the expansion cohort, 69 of 84 patients received ASCT as a treatment of R/R disease. Kaplan-Meier estimates demonstrating

post-ASCT OS according to the checkpoint signature clusters.

PD-L1 because the PD-L1 antibody was not included in the same
panel with T-cell markers, but we found that almost half of the
PD-L1 is expressed in TAMs, which is slightly less than previously
reported.*°

Clustering of the checkpoint molecule—expressing cells
revealed that different checkpoint molecules were highly
expressed in separate samples. In cHL samples with increased
PD-1 expression, other checkpoints proteins (PD-L1, IDO-1,
LAG-3, and TIM-3) were expressed at lower levels, whereas
IDO-1%, PD-L1%, and TIM-3" cases clustered together. The
clustering demonstrated that expression of each checkpoint
molecule was independent of the cell type. Interestingly, high
expression of at least 1 of the studied checkpoint molecules
translated to unfavorable OS. This finding emphasizes that the
impact of checkpoint-mediated immunosuppression in cHL is
clinically meaningful. High checkpoint molecule expression was
associated with other than nodular sclerosis histology and
B2M positivity, and it remained an independent prognostic fac-
tor in multivariable model and, after stratification, with
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unbalanced baseline characteristics, histological subtype, and
B2M status. Validation of the adverse prognostic impact of
checkpoint molecule cluster on survival based on the corre-
sponding gene expression profiles in independent cohorts of
patients with both primary and relapsed cHL underlines the
clinical importance of the findings.

We did not find any correlation between T-cell signature and check-
point molecule expression. However, the genes, which have previ-
ously been associated with the cytolytic score in B-cell lymphomas
and in cHL,*' were upregulated in the samples with high checkpoint
molecule expression. In addition, GZMH and GZMK, which encode
proteins expressed in natural killer cells, were among the upregu-
lated genes. The findings suggest that tumors having high check-
point protein expression are paradoxically also immunologically hot
tumors with high cytolytic activity, and by expressing checkpoint
molecules, these tumors might protect themselves from host active
immune defense. This finding also provides a potential explanation
for the association of B2M positivity and high checkpoint expression
because CTL response requires HLA I-mediated antigen
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presentation. However, previous studies have demonstrated that in
cHL, PD-1 blockade does not associate with CTL response
because instead of the HLA | status, HLA Il positivity predicts the
response to PD-1 antibody in R/R cHL.?' Additionally, anti-PD-
1-based treatment at first line does not activate cytotoxic immune
response.*? Furthermore, PD-L1" HRS cells are in closer proximity
to PD-17CD4" T cells than PD-1°CD8" T cells.* Increased
expression of CCL17 and CCL22 in cHLs samples with low check-
point expression might in turn reflect more pronounced Treg- than
checkpoint-mediated immune evasion mechanisms. Similarly, previ-
ous studies have found 2 complementary immunosuppression
mechanisms in cHL consisting of active PD-1" Th1 Tregs and
exhausted PD-1" Th1 effector cells.*®

The accurate role and origin of upregulated /FNG expression in
patients with high checkpoint expression remains to be shown.
In addition to cytolytic activity, /FNG expression might
reflect the variable functional status of the checkpoint
protein—expressing cells. On the other hand, /FNG is known to
promote tumor progression by inducing expression of PD-L1
and triggering IDO-1 activity.**

In phase I/l trials, 65% to 87% of the patients with R/R cHL
have responded to PD-1 inhibition with nivolumab or pembroli-
zumab.*®*® Earlier preclinical studies have demonstrated that
anti-LAG-8 or anti—-TIM-3 can act synergistically with anti-PD-1
and enhance each other's effects.*®®° On the other hand, it
has been reported recently that PD-1 is not coexpressed in
most LAG3*CD4" T cells in cHL.?* Furthermore, according to
our results, distinct checkpoint proteins are expressed in sepa-
rate cHLs, proposing that patients might benefit from targeting
different checkpoint molecules and that potential synergy of
PD-1 and LAG-3/TIM-3 inhibition might not be useful in treat-
ment of cHL. Further studies are needed to answer this ques-
tion. The finding that high checkpoint molecule expression
associates with inferior OS with no impact on FFTF implies that
it predicts failure to salvage rather than to primary therapy and
that it might be beneficial to combine checkpoint inhibitors with
primary chemotherapy in patients with high checkpoint molecule
expression.

Taken together, our findings provide novel, more accurate infor-
mation on the composition of different immune cells, checkpoint
molecules, and their relationship in the heterogeneous cHL
TME. Furthermore, the data recognize the prognostic impact of
T cell- and TAM-mediated checkpoint molecules on the survival
of patients with cHL.
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