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ABSTRACT

The Hodgkin and Reed - Sternberg (HRS) cells in classical Hodgkin Lymphoma (cHL) actively modify the
immune tumor microenvironment (TME) attracting immunosuppressive cells and expressing inhibitory
molecules. A high frequency of myeloid cells in the TME is correlated with an unfavorable prognosis, but
more specific and rare cell populations lack precise markers. Myeloid-derived suppressor cells (MDSCs)
have been identified in the peripheral blood of cHL patients, where they appear to be correlated with
disease aggressiveness. TNFRSF9 (CD137) is a T cell co-stimulator expressed by monocytic and dendritic
cells. Its expression has also been described in HRS cells, where it is thought to play a role in reducing
antitumor responses. Here, we perform qualitative and quantitative analyses of lymphocytic and MDSC
subtypes and determine the CD137 cell distribution in cHL primary tumors using multiplex immunofluor-
escence and automated multispectral imaging. The results were correlated with patients’ clinical features.
Cells were stained with specific panels of immune checkpoint markers (PD-1, PD-L1, CD137), tumor-
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infiltrating T lymphocytes (CD3, PD-1), and monocytic cells/MDSCs (CD68, CD14, CD33, Arg-1, CD11b). This (TNFRSFS/CD137)

approach allowed us to identify distinct phenotypes and to analyze spatial interactions between immune
subpopulations and tumor cells. The results confirm CD137 expression by T, monocytic and HRS cells. In
addition, the expression of CD137, T exhausted cells, and monocytic MDSCs (m-MDSCs) in the vicinity of
malignant HRS cells were associated with a worse prognosis. Our findings reveal new elements of the TME
that mediate immune escape, and confirm CD137 as a candidate target for immunotherapy in cHL.

KEY POINTS

® (CD137-expressing immune cells and HRS cells are more abundant and in closer proximity in refractory
patients than in responders.

® Monocytic myeloid-derived suppressor cells (m-MDSCs) are associated with unfavorable outcomes and relapse
in cHL, unlike granulocytic MDSCs (g-MDSCs), which are located far from HRS cells in non-responders.

® The cHL tumor microenvironment promotes immune escape in refractory patients by holistically
driving polarization and/or recruitment of several cell types with increased expression of CD137 and
PD-L1 checkpoints.

Introduction T and NK cells, plasma cells, and also stromal elements and

The immune tumor microenvironment (TME) of classical
Hodgkin lymphoma (cHL) tumors is a complex and hetero-
geneous milieu of ineffective immune cells and scattered neo-
plastic Hodgkin and Reed - Sternberg (HRS) cells." The TME
has been demonstrated to be induced and shaped by the HRS
cells,” and plays a key role in the prognosis of the disease.
Cellular components of the TME include T and B cells,
tumor-associated macrophages (TAMs), mast cells, eosino-
phils, myeloid-derived suppressor cells (MDSCs), cytotoxic

blood vessels. Many of these cells can also secrete cytokines
and chemokines that participate in the pathogenesis of the
disease and are known to be associated with clinical out-
come. Although most of the previous work has focused on
studying the abundance of T cells and macrophages (mostly
described as M2-like macrophages), an immunosuppressive
response may also be attributed to some more infrequent
but important immune cell phenotypes, as is the case of
MDSCs.?
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High frequencies of MDSCs are associated with poor prog-
nosis and tumor progression in lymphomas.* MDSCs have also
been identified in the peripheral blood of cHL patients, where
they seem to be associated with disease aggressiveness and to
be prognostically significant.” These cells are described by flow
cytometry as lineages that co-express CD11b and CD33 mole-
cules but lack HLA-DR,® in contrast to normal monocytes and
macrophages, and with an additional division into monocytic
(m-MDSCs) and granulocytic (g-MDSCs) subsets. Depending
on the source, m-MDSCs are defined as CD14+, or CD14low,
while g-MDSCs are identified as CD14— or CD15+.

M-MDSCs are an important subset of MDSCs in B-cell
lymphomas that block the immune responses.” In fact, CD14
+ m-MDSCs are correlated with a more aggressive disease,
suppressed adaptive immunity, and a greater propensity to
relapse post-therapy in non-Hodgkin lymphomas.® On the
other hand, g-MDSCs are considered low-density, and actively
immunosuppressive.” Some studies of g-MDSCs in cHL
describing them as a CD14- population in peripheral blood
have identified correlations with unfavorable prognosis.’

In addition, tumors can use immunological checkpoints as a
protection against immune system attacks. The overexpression
of PD-1 ligands by HRS cells is due to frequent copy gains of
the 9p24.1 locus, which includes the PD-L1, PD-L2, and JAK2
genes.'”!" Clinical development concerning immunotherapy
options has changed the therapeutic paradigm in cHL. That is
the case of blocking the PD-1/PD-L1 axis, which can improve
the progression-free survival (PFS) of 86% of patients with
relapsed or refractory cHL.'? However, the response to immu-
notherapy is neither completely effective nor durable in many
patients, triggering the need to identify new, reliable biomar-
kers in the TME that could be targetable.

A newly described mechanism by which HRS cells can
evade the immune system is the expression of the tumor
necrosis factor receptor 9 (TNFRSF9, CD137, 4-1BB), a costi-
mulatory glycoprotein receptor that is part of the tumor necro-
sis factor superfamily.13 CD137 acts as a T cell co-stimulator,
expressed not only by T cells, monocytic and dendritic cells,
but also by HRS cells. CD137 induces tumor cells to secrete IL-
13, a potent growth factor that also polarizes the protective type
1 immune response toward a tumor-supporting type 2
response.'? It has been postulated that CD137 can be trans-
ferred from the HRS cells by trogocytosis to CD137 ligand
(CD137L)-expressing antigen-presenting cells, leading to the
formation of a CD137-CD137L complex and the internaliza-
tion and degradation of CD137L." Since the CD137-CD137L
interaction is a major driver of type I cellular immune
responses, the elimination of CD137L might weaken the anti-
tumor T cell response.

Until recently, studying the complex crosstalk between HRS
cells and the surrounding TME was challenging. Conventional
immunohistochemistry (IHC) techniques have not been able
to interrogate most of these subsets of cells, especially in regard
to minority populations or for which there are no defined
unique markers, or for the identification of specific functional
states within a given subpopulation. But recent improvements
in multiplex immunofluorescence (mIF) and spatial analytical
technologies have facilitated a better understanding of cellular

heterogeneity, recognizing minor immune cell populations
that were difficult to identify and characterize in solid tumors
and hematological neoplasms, and allowing inferences regard-
ing cell - cell interactions.'®

Our purpose in this study was to phenotype those minor cell
populations using two mIF panels, analyze their spatial distri-
bution, depict their relationship with checkpoint expression
(PD-L1, CD137), and identify biomarkers or functional
immune states that could be correlated with an unfavorable
prognosis.

Materials and methods
Patient samples

We retrospectively retrieved 30 cHL cases (formalin-fixed par-
affin-embedded [FFPE] samples from initial lymph node resec-
tions) from the Pathology Department of MD Anderson
Cancer Center Madrid and UT MD Anderson Cancer Center
Houston.

cHL diagnosis was confirmed in all cases by central review
and classified according to the 2022 World Health
Organization (WHO) classification as: nodular sclerosis cHL
(20 cases), mixed cellularity cHL (9 cases), or lymphocyte-rich
cHL (1 case). The samples were accompanied by anonymous
clinical and laboratory data, treatment, and follow-up informa-
tion. For initial staging and therapy response criteria, we used
the consensus Lugano criteria.”” Most cases were treated with
standard adriamycin-based protocols, such as adriamycin,
bleomycin, vinblastine, and dacarbazine (ABVD). Clinical
data are summarized in Table 1.

All the samples and data were collected through the
MDACC Madrid Biobank, in accordance with the technical
and ethical procedures of the Spanish National Biobank
Network, including anonymization processes and informed
consent, in accordance with the Helsinki Declaration.
Approval for this study was obtained from the institutional
review board (CEIm H. Ramoén y Cajal, reference 445/22).

Chromogenic immunohistochemistry

Initial IHC was performed using an automated staining system
(BOND RX; Leica Biosystems, Vista, CA) with antibodies
against CD30 to characterize and highlight tumor cells
(HRS), immune checkpoint markers (PD-1, PD-L1, CD137),
and tumor-infiltrating lymphocyte markers (CD3, PD-1), and
markers to characterize monocytic cells and MDSC popula-
tions (CD68, CD14, CD33, Arg-1, and CD11b). Cell markers
were identified using the Novocastra BOND Polymer Refine
Detection Kit (Leica Biosystems, Vista, CA), with a diamino-
benzidine reaction to detect antibody labeling and hematoxylin
counterstaining. To ensure uniform staining, several tests were
performed using different antibody dilutions and antigen
retrieval conditions until optimal conditions were obtained
for the primary and secondary antibodies in reactive lymph
nodes and in tonsil as positive controls. Antibody clones,
vendors, and final IHC dilutions are shown in Table 2.



Table 1. Summary of clinical data for cHL patients.
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Total Unfavorable Favorable p

Age >65y 5 (17%) 3 (60%) 2 (40%) n.s.
<65y 24 (83%) 11 (46%) 13 (54%)

Gender Male 13 (45%) 7 (54%) 6 (46%) n.s.
Female 16 (55%) 7 (44%) 9 (56%)

cHL subtype NS 20 (67%) 11 (55%) 9 (45%) n.s.
Other (MC or LR) 10 (33%) 3 (30%) 7 (70%)

Ann Arbor stage v 8 (27%) 4 (50%) 4 (50%) n.s.
- 22 (73%) 10 (45%) 12 (55%)

IPS >3 5 (45%) 2 (40%) 3 (60%) ns.
<3 6 (55%) 2 (33%) 4 (67%)

Epstein — Barr virus status* Positive 9 (31%) 4 (44%) 5 (56%) n.s.
Negative 20 (69%) 10 (50%) 10 (50%)

Response to first-line treatment CR 21 (70%) 5 (24%) 16 (76%) <0.001
PR+PD 9 (30%) 9 (100%) 0 (0%)

NS = nodular sclerosis; MC = mixed cellularity; LR = lymphocyte rich; IPS = international prognostic Score; * EBV in situ hybridization. CR = complete remission; PD =

progressive disease; PR = partial response; favorable = PFS >2y; unfavorable = PFS <2y; n.S. = non-significant.

Table 2. Details of antibodies used.

Antibody Clone Vendor Dilution for IHC Dilution for mIF
CD30 Ber-H2 Thermo Fisher Scientific 1:50 1:25
PD-L1 E1L3N Cell Signaling Technology 1:100 1:1500
CD137 BBK2 Thermo Fisher Scientific 1:50 1:25
D3 F7.2.38 DAKO 1:100 1:200
PD-1 EPR4877(2) (R) Abcam 1:250 1:3000
CD68 PG-M1 (M) DAKO 1:400 1:50
CD11b EPR1344 (R) Abcam 1:4000 1:3000
D14 SP192 Spring 1:200 1:400
CD33 PWS44 (M) Leica Biosystems 1:100 1:50
Arg-1 D4E3M Cell Signaling Technology 1:400 1:100

Arg-1 = Arginase-1.

Immunofluorescence

For initial monoplex IF optimization, all antibodies were
assessed using the same positive controls as in the IHC
optimization, stained using BOND RX autostainer, and
linked with fluorophores from the Opal 7 color ITHC kit
(Akoya Biosciences, Waltham, MA), including 4',6-diami-
dino-2-phenylindole (DAPI) and Opal tyramide fluoro-
phores (520, 540, 570, 620, 650, and 690). For single IF
protocols, after baking and dewaxing (BOND Dewax
Solution, Leica Biosystems), the slides were heated at 95°C
for 20 min using Bond Antigen Retrieval Tris — ethylene-
diaminetetraacetic acid buffer or citrate buffer according to
the conditions previously determined by IHC to open anti-
body epitopes. Next, the slides were incubated at room
temperature for between 30 and 60 min, depending on the
antibody. The slides were washed three times with BOND
Wash Solution (Leica Biosystems) and then incubated for
10 min at room temperature with polymer horseradish per-
oxidase conjugated to anti-mouse/rabbit secondary anti-
body (Akoya Biosciences). After successive washing, the
slides were incubated for 10 min with fluorophores and
prepared according to the manufacturer’s instructions and
counterstained with DAPI for 5 min. The slides were manu-
ally mounted with ProLong Diamond Antifade Mountant
(Thermo Fisher Scientific, Waltham, MA). For each run of
staining, three types of autofluorescence (negative control)
slides were carried out in parallel: 1) primary and second-
ary antibodies; 2) Opal tyramide fluorophores and second-
ary antibodies; and 3) only secondary antibodies. Negative
controls were used to extract endogenous and exogenous
autofluorescence from the tissues. Several tests were done

combining antibodies and Opal fluorophores until a speci-
fic signal from each antibody was optimized.

Multiplex immunofluorescence and cell phenotype
characterization

Once each target was optimized using a monoplex IF protocol,
the procedures were combined to obtain the mIF protocol for
the different panels. Staining for the different markers was
performed consecutively on parallel tissue sections, using the
same steps as those for single IF, and detection of each marker
was completed before applying the next antibody. Using auto-
mated protocols, we set up the sequence of antibodies in each
panel and tested each sequence several times until we obtained
the same staining pattern as shown in the single IF. Dynamic
ranges of the different antibodies linked with their particular
fluorophore were set up to obtain similar ranges of expression,
with 50-150 ns of exposure time for each antibody, determined
by the Vectra-Polaris 3.0.3 scanner system (Akoya
Biosciences). The dynamic range of each antibody was care-
fully adjusted to avoid a cross-talk reaction between fluoro-
phores, or an umbrella effect in which the expression of one
antibody can block the expression of another that is expressed
in the same cell compartment. For each run of multiplex
staining, three types of autofluorescence (negative control)
slides were carried out in parallel.

The panels showed a marked ability to identify individual
markers and co-localization of several biomarkers in the same
cell, thereby characterizing specific predefined cell phenotypes,
according to the co-expression of markers shown in Table 3.
Granulocytes (neutrophils and eosinophils) cannot be distin-
guished by their phenotype.
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Table 3. Cell phenotypes defined by staining colocalization.

General cell type

Phenotype

Annotation

HRS cells CD30+/CD3-/CD68- Total HRS cells
PD-L1-/CD137- PD-L1-/CD137- HRS cells
PD-L1+ Inhibitory HRS cells
PD-L1+/CD137+ Co-inhibitory HRS cells
T cells CD3+/CD30-/CD68- Total T cells
CD137-/PD-1-/PD-L1- Resting T cells
PD-1+ Tfh, Antigen-experienced T cells'®
CD137+ Activated T cells
PDL-1+ Exhausted T cells 1
PD-1+/PD-L1+ Exhausted T cells 2"
Myeloid cells
MDSCs CD11B+/CD33+/CD30- Total MDSCs®*°
CD68-/CD14- g-MDSCs
CD68+/CD14+ m-MDSCs
Monocytic cells CD68+/CD33-/CD30- Total monocytic cells
PDL1+ Immunosuppressive monocytic cells
CD137+ Activated monocytic cells

CD137-/PD1-/PDL1-
CD11B+/CD14+/Arg1-
CD11B+/CD14+/Arg1+
CD11B+/CD68-/CD14-/CD33-/Arg1-/CD30-

Other granulocytic cells*

Other monocytic cells
TAM, M1-like macrophages®'
TAM, M2-like macrophages?'

Tfh =T follicular helper cells. *Other granulocytic cells mainly refer to neutrophils and eosinophils, which cannot be differentiated by their

phenotype.

CD137 RNA and protein expression in cell lines

To confirm CD137 RNA expression in neoplastic HRS cells, we
used our previously published data obtained from whole-tran-
scriptome expression assays from L-428, L-1236, and KM-H2
cHL-derived cell lines.** The gene expression data are depos-
ited in Gene Expression Omnibus database under accession
number GSE185818.

To analyze protein expression in cell lines using IHC, we used
paraffin-embedded cell line pellets prepared with approximately
10® cells, washed with PBS, centrifuged, and fixed with buffered
formalin (4%). We used exponentially growing KMH2, L-428,
L-1236, and HeLa (epithelial cells as negative control), cultured
in RPMI-1640 medium. All cell lines were obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany).

Independent analyses of CD137 and PD-L1 expression in
primary tumors

Additional evaluation of CD137 and PD-L1 IHC protein
expression in primary tumors was done using tissue microar-
rays (TMAs) containing an independent cohort of 130 cHL
lymph node samples, obtained from the MDACC Madrid
Biobank repositories. TMA sections were stained using the
IHC conditions and protocol described above. The number
of CD137+ HRS cells and CD137+ immune cells were directly
evaluated by one of the authors (JLS). The expression was
semi-quantitatively scored by “H-score” (the percentage of
positive cells (0-100%) multiplied by the dominant staining
intensity score [0/1/2/3+]). For PD-L1 IHC analyses, due to its
extensive expression in tumor cells and immune components
of the TMA, we applied automated digital analyses of scanned
TMA slides generated with Aperio CS2 image capture device
(Leica Biosystems) and the IHC Membrane Image Analysis
algorithm in Aperio ImageScope software.

Data analysis

For data analyses, mIF stained tissue sections were scanned
using the Vectra Polaris multispectral imaging system (Akoya
Biosciences). After a whole-slide scan, we selected five matched
regions of interest (ROIs) at 20x magnification per patient,
identified as the most representative areas and enriched in
CD30+ HRS cells by ITHC. We used InForm Software 2.3
(Akoya Biosciences) to phenotype the different cell subsets
found in both panels. After setting up a different algorithm in
each case to recognize the cell morphology, we trained it to
identify the cell subsets that had at least 100 cells. To diminish
the effect of heterogeneity within each patient’s sample, quanti-
tative data were condensed to the averages of the 5 ROIs for each
case. Finally, we exported the data containing the phenotype and
the spatial coordinates of each cell in micrometers, and the
density and percentage of the different cell populations.

For each panel, and in every cell type and case, the ratio of
the cell amount divided by the total quantity of measured cells
per patient was calculated. Distances were obtained from the
Cartesian coordinates of each cell provided by the InForm
application following pipelines developed in R (R 4.2.1 - R
Foundation for Statistical Computing). Briefly, data were
extracted, and distances calculated using the spatstat package
in R, using the nearest neighbor function between two patterns.
As there were several ROIs per patient, average distances were
calculated for each patient and every pair of cell types.

Each variable was then analyzed independently by R pipe-
lines, and the significance determined using Student’s t-test
(if normal) or the non-parametric Kruskal-Wallis test (other-
wise). Statistical significance was concluded for values of
p <0.05. Univariate proportional hazards (Cox) regression
analysis and division into tertiles and quartiles were employed
for survival analysis, using progression-free survival (PFS) as
the end point. Patient outcome was considered favorable (F)
for PFS greater than 2y, or unfavorable (U) for PES up to 2.



In addition, each variable was dichotomized into high- and
low-expression groups, using 33% as the cut-point, chosen as
representative of the percentage of non-responders (up to 10%
of advanced-stage patients will not reach complete remission
and 20-30% of responders eventually relapse).”>**

Patient survival was estimated by the Kaplan-Meier
method. Survival curves were compared using the log-rank
test between those groups. Finally, correlations for pairs of
cell distance and cell frequency values were calculated using
Spearman rank analysis and linear regression. All correlations
with clinical variables (response or survival) were analyzed
using ratios (proportions).

Results
Identification and mapping of scarce cell phenotypes by miF

Thirty primary FFPE tumor samples were stained with
robust 6-color immunofluorescence panels optimized to
identify different HRS, T, and myeloid cell types, based on
specific marker combinations. Staining and imaging were
designed to highlight cell subsets that lack unique immuno-
histochemistry markers but may mediate immunosuppres-
sion in cHL (Figure 1(a)). Colocalization analysis was able
to identify 20 individual cell phenotypes based on coordi-
nated protein expression (Figure 1(b)). Automated multi-
spectral imaging and analysis calculated cell densities and
spatial relationships across matched intratumoral regions.

The majority of the phenotyped cells (34%) were “resting T
cells”, which correspond to the T cells that do not express any of
the measured checkpoints (Figure 2(a)). Selected areas were
enriched in tumor cells, representing 6% of all the cells measured
overall. Within that compartment, the minor phenotypes corre-
sponded to the most immunosuppressive signatures: “inhibitory
HRS cells”, which expressed PD-L1 (0.9%), and “co-inhibitory
HRS cells”, which also co-expressed CD137 (0.3%). In addition,
other immunosuppressive subsets that express CD137 were
identified in small quantities, such as “activated T cells”
(0.5%), and “activated monocytic cells” (0.1%). Detailed infor-
mation and the number of different cell types identified in each
patient are available in Supplementary Table S1. Of note, there
were no significant differences in statistical results when ratios
were calculated using the total number of phenotyped cells or
the total number of nucleated cells as the denominator.

As expected, the initial analyses mapping all the cHL pro-
files showed remarkable heterogeneity among patients, high-
lighting the importance of individual immune fingerprints of
the TME. The relative abundances of specific HRS cells, T cells,
and myeloid phenotypes in each case are shown in Figure 2(b).
In this cohort, monocytic cells were one of the major popula-
tions in the selected HRS-rich ROIs (average, 22%). However,
the total percentage of CD68+ cells was not statistically sig-
nificantly correlated with any of the clinical variables.

Immune and tumor cells expressing CD137 are linked to
poor responses to treatment in cHL

Strikingly, the specific immune cell phenotypes of T lym-
phocytes and monocytic cells that were enriched in patients
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with unfavorable clinical evolution were those that co-
expressed CD137 (cell ratios: activated T cells: F patients:
0,0047, U patients: 0,0171; activated monocytic cells: F
patients: 0,001, U patients: 0,0026; co-inhibitory HRS cells:
F patients: 0,0037; U patients: 0,009). Although these “acti-
vated T lymphocytes” and “activated monocytic cells” were
minor populations, they were significantly associated with
PFS (Cox regression, p=0.007 and 0.008; and Kaplan-
Meier analysis, p=0.019 and 0.001, respectively) (See
Supplementary Figure S1). Remarkably, the subgroup of
“co-inhibitory HRS cells” expressing both PD-L1 and
CD137 also had significantly worse survival curves, as
revealed by Cox regression (p=0.010) and Kaplan-Meier
(p=0.072) analyses (Figure 3(a)).

We confirmed these observations using an independent
cohort of cHL patients, in which the total number of
CD137-expressing cells was associated with unfavorable clin-
ical responses (Kruskal-Wallis test, p = 0.024). Indeed, both
immune and tumoral HRS cells that expressed CD137,
counted independently, were more frequent in patients with
shorter PFS (Kaplan-Meier log-rank test, p =0.018 and 0.017,
respectively) (Figure 3(b)), thereby confirming that the
CD137 checkpoint plays a relevant role in the pathogenesis
of the disease and the configuration of the TME. The expres-
sion of CD137 by the neoplastic HRS cells was also confirmed
at the RNA and protein levels using cHL-derived cell lines
(Figure 3(c)).

A relationship between the expression of CD137 and the
presence of Epstein — Barr Virus (EBV) has previously been
reported; some studies have found that the viral oncoprotein
LPMI1 can activate the P13K-AKT-mTOR and pS6K signaling,
resulting in increased CD137 surface expression in HRS cells.”
*>2% In our cohort, we did not find any significant correlation
between EBV status or disease stage and the expression of
CD137 in immune or HRS cells.

Cells expressing CD137 are close to each other in
refractory patients

Multiplex immunofluorescence cell maps enable calculation of
intercellular proximities using computational pipelines. The pair-
wise distance between each cell of interest was derived from their
Cartesian coordinates. By averaging over all cell pairs, mean
proximity relationships between phenotypes were determined
for each patient ROI. The CD137 content was also visually higher
in refractory patients (representative cases shown in Figure 4(a)).

Cell distances between cell types with significant differences
for favorable and unfavorable patients are represented in
Figure 4(b), which shows that activated T lymphocytes were
closer to the co-inhibitory HRS cells in patients with unfavor-
able clinical evolution (Cox regression, p =0.005; Kaplan-
Meier analysis, p =0.004), consistent with the fact that HRS
cells might protect themselves by co-expressing PD-L1 and
CD137 on their surface, attracting activated but ineffective
populations of T lymphocytes and monocytic cells. In fact,
activated T cells and monocytic cells were both closer in
refractory cases (Kruskal-Wallis test, p = 0.012; Kaplan-Meier
analysis, p = 0.004). In addition, the “exhausted T cells” (PD-1
+/PD-L1+) were slightly more abundant in refractory patients
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Figure 1. Multiplex immunofluorescence panel design and colocalizations, representative images.(a) The first panel design included PD-1, PD-L1, CD68, CD30, CD137,
and CD3 markers. The second panel also included CD30 and CD68, with Arginase-1, CD11B, CD33, and CD14. (b) Inform software colocalizes multiple markers to identify

specific cell phenotypes.

(Cox regression, p = 0.083) and situated closer to the activated
T lymphocytes (Student’s t-test, p =0.004; Cox regression,
p=0.029). This may be a consequence of the cells closest to
HRS adopting an exhausted phenotype.

MDSC subtypes affect prognosis through their amounts
and distributions

As noted before in diffuse large B-cell lymphomas (DLBCLs),”
m-MDSCs (CD11B+/CD33+/CD30-/CD68+/CD14+) were one
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of the major populations (27%), unlike what occurred in g-
MDSCs (CD11B+/CD33+/CD30-/CD68-/CD14-), which repre-
sented only 2.5% of the measured cells. It is of particular note
that m-MDSCs became more abundant in patients who
relapsed (Kruskal-Wallis test, p = 0.032). In contrast, the fre-
quency of g-MDSCs was higher in patients who did not
relapse, although the difference was not significant
(Kruskal-Wallis test, p = 0.093). These associations were con-
sistent with the spatial analysis, as the distance between g-
MDSCs and HRS cells was shorter among the patients that did
not relapse (Kruskal-Wallis test, p =0.036) (Figure 4c). It
suggests that MDSC subtypes have opposing roles in the
evolution of the disease, showing more immunosupressive-
ness from m-MDSCs than from g-MDSCs. Since MDSCs
represent minor populations and were phenotyped in a dif-
ferent panel, we couldn’t analyze relationships with CD137-
positive cells.

Cell polarization and immune checkpoint expression are
globally coordinated by the cHL TME

In the mIF cohort, the number of HRS PD-L1+ cells was not
significantly associated with survival (Kaplan-Meier and Cox
analysis), probably due to the low number of cases. However, we
confirmed that PD-L1 expression was linked to inferior survival in
our validation cohort (Kaplan-Meier analysis, p =0.042), as
expected.”® Surprisingly, in the same cHL cases, we found a
positive correlation between their PD-L1 level and CD137 cell
number (Kruskal-Wallis test, p < 0.001, n = 101) (Figure 5a). This
suggests that the TME immune orchestration involves the
increase of both immune checkpoints simultaneously. Thus, the
unfavorable environment, which may be correlated with early
relapses or poor treatment responses, could be shaped by several
immune-escape mechanisms acting together.

Going further, linear regression analysis showed that when cell
populations expressing PD-L1 increase, those cell populations that
do not express become smaller. This happens to all the studied
phenotypes: HRS cells, T lymphocytes, and monocytic cells
(adjusted R-squared values of 0.88, 0.78, and 0.81, respectively).
For HRS and T cells, CD137 shows the same behavior, as seen by
their negative Spearman correlation coefficients (-0.62 and —0.67)
(Figure 5(b)). These inverse correlations could mean that cells
polarize from negative to positive phenotypes for PD-L1 and
CD137, or that cell dynamics change to attract CD137-expressing
cells or PD-L1-expressing populations to the tumor-rich area,
instead of there being merely an increase in their total numbers.

For both CD137 and PD-L1, we observed positive Spearman
correlation coefficients among HRS, T, and monocytic cells,
indicating that CD137-expressing phenotypes and PD-L1-posi-
tive cells are recruited or augmented together (Figure 5(c)). Also,
all distances between CD137-expressing phenotypes become
shorter at the same time (Figure 5(d)). This could be a conse-
quence of recruitment processes or cell polarization, with con-
sequent increased quantities in such tumor-rich areas.

Discussion

As a key element of the evolutionary process in tumor growth
and progression, the TME has been attracting increasing

attention in research and drug development. Therapies target-
ing TME should be specifically directed to cancer-related phe-
notypic changes in the non-tumor cells to avoid potential
adverse effects. To achieve this requires an in-depth under-
standing of the differences between the pro-tumor host cells in
the TME and the normal host cells at the molecular and cellular
levels. To complicate matters, recent studies have found that
the immune cells in the TME show significantly increased
heterogeneity of cell states and marked phenotypic expansions
compared with those in blood and normal tissues.*”

One major barrier to deciphering and targeting lymphoma
TME is its complexity. The TME of cHL, as in many other
tumors, comprises numerous cell types, each of which consists
of heterogeneous subsets with various phenotypes and diverse
functions. On the other hand, the phenotype and function of
cells in the TME may be highly dependent on their exact spatial
location and interaction with adjacent immune cells and cancer
cells. Here, we confirm how coupling cell phenotyping using
mlIF with spatial information offers in-depth mechanistic
insights into cell - cell interactions and relationships among
different cellular components. In addition, the correlation of
this information with relevant clinical data allows the descrip-
tion of specific cell niches surrounding HRS cells that are
specifically enriched in non-responder patients. This area
immediately surrounding the tumor cells is distinctively
enriched in m-MDSCs and T cells with an exhausted pheno-
type, and tumor and immune cells display striking overexpres-
sion of PD-L1 and CD137.

The immune system of cancer patients might be impaired by
the presence of immunosuppressive cells present in the TME,
including MDSCs, regulatory T cells (Tregs), and others, and this
may counteract the efficacy of new treatment modalities.”” MDSCs
are thought to be immature, and two types have been reported, m-
MDSCs and g-MDSCs,” both characterized by cytotoxic CD8+ T
cell-suppressive activities.”> M-MDSCs might be derived from the
monocyte lineage, but unfortunately, single markers used so far do
not differentiate them from true monocytes, or, in many cases,
from immature neutrophils. Thus, few studies have identified this
myeloid compartment with comprehensive and functional
resolution.”® Our findings show that the immunosuppressive
milieu in refractory patients is enriched by m-MDSC, comple-
menting the results of other studies.” Remarkably, we also found
that the abundance of g-MDSC was related to better outcomes and
no relapse, a hitherto unreported observation that contrasts with
those of other studies in which the quantity of g-MDSC in per-
ipheral blood was correlated with unfavorable prognostic index
scores and a shorter PFS."® It seems likely that g-MDSCs from the
bone marrow and blood can change their functional state in the
tumor tissue, depending on its spatial proximity to the HRS cells or
other immune components.

Our findings confirm that CD137 is a potential biomar-
ker in the cHL TME, not only as a differential phenotype
for the HRS cells,'** but also as a target for antibody drug
conjugates,” which may represent an alternative therapeu-
tic option. CD137 is expressed by several types of immune
cells, endothelial cells, and some tumor cells.”**> Under
normal conditions, activated T lymphocytes that co-express
CD137 crosslink with the CDI137 ligand (CD137L),
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expressed in antigen-presenting cells to form a complex that
polarizes T cells toward a Thl phenotype and triggers type 1
cytotoxic T cell responses.’>>” Our results showing an associa-
tion between CD137 and poor prognosis could be somehow
counterintuitive, since CD137 is generally considered to be
expressed in activated T-cells and provides positive co-stimula-
tory signals. Though, the interpretation that CD137+ expressing
cells in the TME have some immunosuppressive character in
cHL is also in line with recent data from our group using spatial
transcriptomics and cell deconvolution, which confirmed
CD137-associated pathways related with adverse outcomes.*®
Since with the panels designed in this work, we cannot evaluate
the co-expression of CD137 vs CD4/CD8 or NK-markers, addi-
tional research and more specific panels will also be necessary.

HRS cells are known to be able to acquire the expression of
CD137 by trogocytosis, which is commonly observed among
immune cells during close cell - cell contacts, as an additional
mechanism for immune escape.39 However, most of the avail-
able functional studies of CD137 in HRS cells are based on
cHL-derived cell lines, rather than on primary HRS cells. As far
as we are aware, this is the first study to show the correlation
between CD137+ HRS cells and CD137+ immune cells in
primary tumors. In addition, our results confirm that CD137
is actively produced by neoplastic HRS cells in cell lines and
primary tumors.

The findings are consistent with those of previous studies,
which reported CD137 expression by the HRS cells in 57% to
86% of cHL cases.”>*" This not only transduces an activation
signal into HRS cells but also dampens immune activation. In
murine models, when B and T cells interact, a trogocytic
transfer of CD137 from T to B cells and a downregulation of
CD137L in B cells were observed.*' Similarly, CD137 expressed
in HRS cells can bind CD137L and cause the internalization of
CD137L in the HRS cells themselves as well as in surrounding
antigen-presenting cells, resulting in reductions in effective
immune cell proliferation and IFN-y secretion.'” We hypothe-
sized that not only do the HRS protect themselves by expres-
sing PD-L1 but also CD137 in its surface.

The dependence of cancer cells on the TME has been shown
to offer an opportunity for therapeutic intervention by target-
ing TME elements or its related signaling pathways. Here, we
also illustrate the relevance of the spatial distribution of these
immune cell populations in relation to the clinical course of
patients, and confirm their plasticity and dependence on
recruitment by the HRS cells. Finally, we also confirm the
potential usefulness of CD137 as a therapeutic target.
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