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LYMPHOID NEOPLASIA

The microenvironmental niche in classic Hodgkin
lymphoma is enriched for CTLA-4-positive T cells that
are PD-1-negative
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Classic Hodgkin lymphoma (cHL) is a tumor composed of rare, atypical, germinal center-
. . derived B cells (Hodgkin Reed-Sternberg [HRS] cells) embedded within a robust but
® cHL is enriched for . . . . . . .

CTLA-4—positive T ineffective inflammatory milieu. The cHL tumor microenvironment (TME) is compart-
cells that lack PD-1 and mentalized into “niches” rich in programmed cell death-1 ligand (PD-L1)-positive HRS cells
engage HRS cells and and tumor-associated macrophages (TAMs), which associate with PD-1-positive T cells to

HRS-associated . . . . . . . . e e .
macrophages suppress antitumor immunity via PD-L1/PD-1 signaling. Despite the exquisite sensitivity of
expressing CD86. cHL to PD-1 checkpoint blockade, most patients eventually relapse and need therapeutic

alternatives. Using multiplex immunofluorescence microscopy with digital image analy-
¢ T,he (i:I'LA-4:tCD8f( . sis, we found that cHL is highly enriched for non-T-regulatory, cytotoxic T-lymphocyte-
jﬂ:ﬁ;‘ ?,.::., :;;_;;;1 associated protein 4 (CTLA-4)-positive T cells (compared with reactive lymphoid tissues)
ligand signaling that outnumber PD-1-positive and lymphocyte-activating gene-3 (LAG-3)-positive T cells. In
:aetti‘;v:;:(t:::e: for addition, T cells touching HRS cells are more frequently positive for CTLA-4 than for PD-1 or
immunotherapy in LAG-3. We further found that HRS cells, and a subset of TAMs, are positive for the CTLA-4
cHL. ligand CD86 and that the fractions of T cells and TAMs that are CTLA-4-positive and CD86-
J positive, respectively, are greater within a 75 pm HRS cell niche relative to areas outside
this region (CTLA-4, 38% vs 18% [P = .0001]; CD86, 38% vs 24% [P = .0007]). Importantly, CTLA-4-positive cells are
present, and focally contact HRS cells, in recurrent cHL tumors following a variety of therapies, including PD-1 blockade.
These results implicate CTLA-4:CD86 interactions as a component of the immunologically privileged niche surrounding
HRS cells and raise the possibility that patients with cHL refractory to PD-1 blockade may benefit from CTLA-4
blockade. (Blood. 2019;134(23):2059-2069)

Introduction adaptive immune response.* In addition, tumor-associated
macrophages (TAMs) in the cHL TME often express PD-L1,
which increases the total pool of available PD-1 ligand.> More
recently, we used multiplex immunofluorescence microscopy
and digital image analysis to examine the topography of cHL
and defined a microenvironmental niche composed of PD-
L1—positive TAMs and PD-1/CD4-positive T cells that encircle
PD-L1-positive HRS cells.®

Classic Hodgkin lymphoma (cHL) is a unique lymphoid malig-
nancy. It is composed of rare (1%-5% of total cellularity) atypical
germinal center-derived B cells (Hodgkin Reed-Sternberg [HRS]
cells) embedded within an ineffective tumor microenvironment
(TME) that includes macrophages, T cells, B cells, plasma cells,
eosinophils, and additional immune cells.' We, and others, have
identified mechanisms by which HRS cells evade antitumor
immunity, including gains of chromosome 9p24.1, encom-
passing PDL1/PDL2/JAK2, and augmented JAK-STAT signaling. Patients with cHL are exquisitely sensitive to PD-1 blockade.
Together, these factors drive expression of programmed cell Pilot studies of the PD-1- blocking antibodies pembrolizumab and
death-1 ligands (PD-L1 and PD-L2) that bind PD-1 (CD279) on nivolumab, in patients with relapsed and/or refractory disease, had
the surface of antigen-experienced T cells, diminishing their objective response rates (ORRs) of 65% and 87%, respectively.”®
activity.2® cHLs also have reduced or absent expression of Subsequent phase 2 trials confirmed the high ORRs and high-
B2-microglobulin/major histocompatibility complex (MHC) class | lighted the potential durability of responses to anti-PD-1 therapy,
and/or MHC class Il molecules, preventing recognition by the with a median duration of response of 16.6 months and median
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progression-free survival of 14.7 months for nivolumab.®'° Based
on these results, both agents have been approved by the US Food
and Drug Administration for the treatment of patients with re-
lapsed and/or refractory cHL. More recently, the combination of
nivolumab with adriamycin, vinblastine, and dacarbazine was
tested in patients with newly diagnosed, advanced-stage disease
and was found to be highly effective, with an ORR of 87% and a
complete response rate of 67%."" Together, the results of these
and other trials have established that cHL has the highest sensi-
tivity to PD-1 blockade of any reported tumor type.'?

Despite the clear efficacy of antibody-mediated PD-1 block-
ade, this approach is not curative for the majority of patients,
and most will progress while on therapy or after treatment.”'0'3
Additional approaches and effective combination therapies
are therefore needed. Cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) and lymphocyte-activating gene-3 (LAG-3)
are 2 other immune checkpoints that could serve as ther-
apeutic targets, as they similarly diminish T-cell activity upon
engagement of their cognate ligands, CD80 (B7.1)/CD86 (B7.2)
or MHC class ll/fibrinogen-like protein |, respectively.’®'” Thus
far, only one small study has considered the combination of
CTLA-4 and PD-1 blockade in cHL, and the results did not
identify a clear added benefit of dual therapy; however,
anti-CTLA-4 monotherapy in anti-PD-1 refractory patients has
not yet been formally evaluated.”® The current study further
explored the topography of the TME in cHL, focusing spe-
cifically on the immune checkpoints CTLA-4 and LAG-3, rel-
ative to PD-1.

Methods

Tissue samples

Formalin-fixed, paraffin-embedded excisional biopsy specimens
from newly diagnosed, untreated cHL tumors were derived from
the archives of Brigham and Women'’s Hospital, (Boston, MA)
with institutional review board approval (2010P002736). He-
matoxylin and eosin-stained tissue sections, as well as the
original diagnostic reports, were reviewed by 2 board-certified
hematopathologists (5.S.P. and S.J.R.). Twenty cases were se-
lected for the study, based on the availability of high-quality,
whole lymph node excisional biopsy tissue; this cohort is distinct
from that used previously by our group.® These samples in-
cluded 13 nodular sclerosis, 4 mixed cellularity, 1 lymphocyte-
rich, 1 lymphocyte-depleted, 1 with indeterminate morphology,
and 3 Epstein-Barr virus—positive cases (supplemental Table 1,
available on the Blood Web site). In addition, a separate cohort
of recurrent cHL biopsy tissues (n = 18) was used for limited
analyses. These included 9 after anti-PD-1 therapy; 4 after
doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD)
therapy; and 5 after stem cell transplantation (SCT).

Multiplexed immunofluorescence

Multiplexed immunofluorescence (mlIF) was performed by
staining 4-um-thick formalin-fixed, paraffin-embedded whole-
tissue sections in a Bond RX automated stainer (Leica Bio-
systems, Buffalo Grove, IL), using published protocols.® Three
major panels of primary antibody/fluorophore pairs were ap-
plied to the cases: (1) “CTLA-4 panel” (anti-PAXS5, anti-CD4, anti-
CD8, anti-CTLA-4, anti—-PD-1, and anti-FOXP3; n = 20); (2)
“checkpoint panel” (anti-PAX5, anti-CD3, anti—-CTLA-4, anti—PD-
1, and anti-LAG-3; n = 18); and (3) "CD86 panel” (anti-PAXS5,
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anti-CD86, and anti-CTLA-4; n = 18). An additional PD-
L1-inclusive panel (PAX5, CDé68, CD86, and PD-L1) was per-
formed on a subset of cases (n = 12). The CTLA-4 panel was also
applied to 9 reactive lymphoid tissues (RLTs), including 6 lymph
nodes (RLNs) and 3 tonsils (TSs); a slightly modified CD86 panel
(with the addition of an anti-CD68 antibody) was also evaluated
in a subset of cases (n = 15). An additional CD28-inclusive panel
(PAX5, CD3, CD28, CTLA-4, CD86, and FOXP3) was evaluated
in a subset of cases (n = 10). The original checkpoint and CD86
panels were applied to posttherapy biopsy samples (n = 18).
Details regarding the staining panels and all antibodies (n = 13)
used are provided in supplemental Tables 2 and 3.

Image acquisition

For each slide stained with either the CTLA-4 or checkpoint
panels, 3 representative regions of interest (areas enriched for
HRS cells) were captured at 20X resolution as multispectral
images by using the Mantra Quantitative Pathology Workstation
(Akoya Biosciences, Hopkinton, MA). For the stained reactive
tissues (RLTs), T-cell-rich interfollicular zones were specifically
captured as regions of interest. In addition, 2 geographically
distinct regions were selected for each tumor stained with the
CTLA-4 and CD86 panels (original and modified) to best rep-
resent the overall tissue TME and to include weakly PAXS5-
positive HRS tumor cells. These regions were imaged by
using the Vectra multispectral imaging platform (Vectra 3;
Akoya Biosciences), and 4 tiled fields of view were acquired at
20X resolution. Areas with nontumor or residual normal tissue
(ie, residual lymph node) were excluded.

Cell identification

After image capture, the fields of view were spectrally unmixed
and analyzed by using supervised machine-learning algorithms
within inForm 2.4.2 (Akoya Biosciences); this software assigns
phenotypes to all cells in the image according to a combination
of mlIF characteristics associated with segmented nuclei (4’,6-
diamidino-2-phenylindole signal). Each cell phenotype-specific
algorithm is based on an iterative training/test process, whereby
a small number of cells (training phase, typically 15-20 cells) are
manually selected by the pathologist as being most represen-
tative of each phenotype of interest, and the algorithm then
predicts the phenotype for all remaining cells (testing phase).””
The decisions made by the software can be overruled to improve
accuracy until phenotyping is optimized. Unique phenotyping
was performed by using each mlF panel, for each tumor, and
then applied to individually captured study images (Mantra). A
similar process was separately performed for tiled study images
(Vectra) to account for intersample variability of signal intensities.
The Mantra system uses manually driven image capture of re-
gions of interest, and the Vectra system additionally enables
automated capture of contiguous regions of interest to produce
tiled images. Thresholds for “positive” staining and the accuracy
of phenotypic algorithms were confirmed by the pathologists
(S.S.P. and S.J.R.) for each case. inForm automatically derives
maps of cell membranes and Cartesian coordinates for each
phenotyped cell within the image.

Quantification of the microenvironment

Quantities, spatial attributes, and graphical abstractions were
generated from inForm-exported images and metadata by our
image analysis pipeline, which extends our previously reported
methods® (available at https://github.com/jason-weirather/
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pythologist). Physical contacts between HRS cells and neigh-
boring cells were determined on the basis of the membrane
maps produced by inForm; the percentages of each cell phe-
notype among cells in contact with HRS cells were measured on
a per-case basis (eg, percent CTLA-4—positive, PD-1-positive,
and/or LAG-3-positive T cells). We also calculated the per-
centages of populations that were within the immediate vicinity
(75 wm) of HRS cells, based on the Euclidean distance to the
nearest HRS cell; this distance is derived from the inForm-
provided coordinates and cell phenotypes.

Hypothesis testing was conducted by using 2-tailed nonparametric
testing. Differences in quantities of cell phenotype—count densities
or cell phenotype proportions between cHL cases and reactive
tissues were tested by using a 2-tailed Mann-Whitney U test.
Differences between cell phenotype proportions or mean marker
intensities paired according to case were tested by using a 2-tailed
Wilcoxon signed-rank test. All data outputs are provided paren-
thetically as median values (across analyzed cases) followed by full
ranges, unless otherwise stated.

Results

CTLA-4 is a predominant checkpoint protein
expressed on T cells within the cHL TME

Sequential mIF staining of 20 cases of cHL revealed the ex-
pected patterns of cellular staining, with weak PAX5 positivity
delineating cells morphologically consistent with HRS cells
(Figure 1A). The number, distribution, and morphology of PAX5-
positive HRS cells observed with mIF were indistinguishable
from those observed with chromogenic immunohistochemistry
(IHC). A machine-learning algorithm trained on the morpho-
logical and staining characteristics of selected PAX5-dim HRS
cells identified the tumor cells accurately, as judged by visual
review, and distinguished them from small, PAX5-bright B cells
(Figure 1B). Immunofluorescence staining for CTLA-4 in the cHL
study cases revealed an abundance of CTLA-4—positive cells,
which were morphologically consistent with lymphocytes and
visually appeared more numerous in the vicinity of HRS cells than
in the interfollicular T-cell-rich zones of RLTs (Figure 1C-D). A
comparison of mIF and chromogenic IHC staining for CTLA-4
revealed no significant differences in the quality or quantity
of CTLA-4—positive cells within the cHL TME (supplemental
Figure 1A-C). The processed outputs of the mIF imaging data
confirmed that the densities of both CDA4-positive/CTLA-4—
positive (median, 1243 cells/mm? vs 135 cells/mm?; P = .0004)
and CD8-positive/CTLA-4—positive (median, 113 cells/mm? vs
22 cells/mm?; P = .02) cells were greater in the cHLs than in the
RLTs (Figure 1E). In addition, the CTLA-4—positive fraction of
total CD4-positive and CD8-positive T cells was greater in cHLs
(median, 32%; range, 6%-87%) compared with RLTs (median,
2%; range, 0.4%-5%) (cHL vs RLT, P = .00001) (Figure 1F).
Studies of solid tumor and mouse models have suggested that
CTLA-4 selectively marks FOXP3-positive regulatory T cells
(Tregs).22" In our series, the density of CD4/CTLA-4/FOXP3-
positive cells was greater in cHLs relative to RLTs (median,
260 cells/mm? vs 14 cells/mm?; P = .003) (Figure 1G). However,
we found that the FOXP3-positive fraction of CTLA-4—positive
T cells was a minority of the total CTLA-4—positive T cells in
cHL (median fraction for the series, 25%; range, 0.07%-66%)
and was comparable to the FOXP3-positive fraction of CTLA-4

TOPOGRAPHIC DISTRIBUTION OF CTLA-4* T CELLS IN cHL

—positive T cells in RLTs (median, 31%; range, 0.15%-68%; cHL
vs RLT, P > .05) (Figure TH).

Given the known interplay between CTLA-4 and the T-cell
costimulatory receptor CD28, we evaluated their coexpression
in a subset of cases (n = 10). Most CTLA-4-positive T-cells
expressed CD28 (supplemental Figure 2A-C). Pooled CTLA-
4—positive T-cell counts (26691 T cells) across analyzed cases
(n = 10) revealed that CD28-positive/FOXP3-negative cells
(13921 [52%)]) outnumbered the CD28-positive/FOXP3-positive
(4414 [17%]), CD28-negative/FOXP3-positive (965 [3.6%]),
and CD28-negative/FOXP3-negative (7391 [28%]) populations
(supplemental Figure 2A-D). The CD28-positive fraction of
CTLA-4-positive T cells did not differ with respect to FOXP3
expression (P> .05) (supplemental Figure 2E). Previous studies
into the mechanisms underlying the CD28/CTLA-4-to-CD80/
CD86 axes have shown that CTLA-4 interacts with both of the
cognate ligands it shares with CD28 with a higher affinity and
avidity.22:2¢

Relationships between, and localization of,
CTLA-4-, PD-1-, and LAG-3-positive cells

Visual inspection of stained tissue sections suggested an
abundance, and mutual exclusivity, of CTLA-4—positive lym-
phocytes relative to PD-1 and/or LAG-3-positive lymphocytes
(Figure 2A). Cell phenotyping and quantitation (Figure 2B)
revealed that, across the entire cohort, total CTLA-4—positive
T cells (46 981) outnumbered PD-1-positive (26 256) and LAG-
3—positive (22061) T cells, and that 25% of total T cells were
CTLA-4—positive and PD-1/LAG-3-negative (Figure 2C). Over-
all, the fraction of CTLA-4-positive cells expressing another
checkpoint protein (27%; 5%-58%; P = .0004) was significantly
lower than that for PD-1 (42%; 11%-73%; P> .05) or LAG-3 (51%;
16%-80%; P > .05) (supplemental Figure 3).

Visual inspection revealed CTLA-4—positive T cells that were
frequently in direct contact with, and occasionally rosetting,
HRS cells (Figure 2D). Cell-to-cell contact analysis (Figure 2E)
revealed that CTLA-4-positive cells comprised a greater
fraction of T cells in direct contact with HRS cells (median
fraction of HRS cell contacts, 28%; range, 8%-73%) than did
PD-1-positive T cells (9%; range, 3%-66%) or LAG-3-positive
T cells (13%; range, 0%-36%) (CTLA-4 vs PD-1, P = .09; CTLA-4
vs LAG-3, P = .02) (Figure 2F). We identified no significant
enrichment for the FOXP3-positive subset of CTLA-4—positive
cells in contact with HRS cells relative to PD-1 or LAG-3-
positive T cells (P > .05).

CD86 is uniformly expressed on HRS cells and on a
subset of TAMs

Based on the frequent direct contact of HRS cells with CTLA-
4-positive T cells, we interrogated for the expression of CD86, a
cognate ligand for CTLA-4, on HRS cells. We observed marked
CD86 expression on HRS cells by mIF (Figure 3A), which was
confirmed by chromogenic IHC (supplemental Figure 4). The
majority of HRS cells were CD86-positive in all cases according
to quantitative analysis (median fraction of HRS cells positive for
CD86, 86%; range, 65%-100%) (Figure 3B).

We additionally observed weaker, but distinct, membranous

CD86 expression on a subset of CD68-positive TAMs (Figure 3C).
Quantitative analysis confirmed that, in general, a minority
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Figure 1. CTLA-4-positive T cells are enriched in cHL. (A-B) Representative mlIF image of cHL (CHL9) [inset: CTLA-4—positive cells in contact with PAX5-positive HRS cells] and
the cell segmentation and phenotype map for the same image (panel B) [purple, HRS; green, CTLA-4-positive/FOXP3-negative; red, CTLA-4-negative/FOXP3-positive; yellow,
CTLA-4—positive/FOXP3-positive; dark gray, “other” cell]. (C-D) mIF image of interfollicular zone from representative RLT [inset: rare CTLA-4—positive/FOXP3-positive cells] and
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Figure 2. CTLA-4 is the predominant checkpoint on T cells in cHL, which are frequently negative for either PD-1 or LAG-3 and are often in direct contact with HRS cells.
(A-B) Representative case of cHL (CHL5) including full field view (panel A) following cell segmentation and phenotyping (panel B) [purple, HRS; blue, B cell; green, CTLA-
4—positive T cell; orange, LAG-3-positive T cell; yellow, PD-1-positive T cell; red, T-cell positive for multiple checkpoints; gray, triple-negative T cell; dark gray, “other” cell]. (C)
Pooled cell counts (135298 T cells) across all analyzed cases (n = 18) reveals that CTLA-4—positive cells (46 981) outnumber PD-1-positive (26 256) and LAG-3-positive (22061)
cells (58 349 T cells were negative for CTLA-4, PD-1, and LAG-3). (D) Focal view of a representative case (CHL5) showing examples of isolated CTLA-4—positive cells (single arrow)
and PD-1/LAG-3 double-positive cells (double arrow). (E) Cell segmentation and phenotype map corresponding to panel D. Filled cell borders denote cells in direct contact with
HRS cells, whereas skeletal cell borders denote cells not in contact with HRS cells [purple, HRS; blue, B cell; green, CTLA-4-positive T cell; orange, LAG-3-positive T cell; yellow,
PD-1-positive T cell; red, T-cell positive for multiple checkpoints; gray, triple-negative T cell; dark gray, “other” cell]. (F) CTLA-4—positive cells (median, 28%; range, 8%-73%)
comprise a greater fraction of T cells in direct contact with HRS cells than do PD-1-positive (median, 9%; range, 3%-66%) or LAG-3-positive (median, 14%; range, 0%-36%) cells
[CTLA-4 vs PD-1, P = .09; CTLA-4 vs LAG-3, P = .02].

of TAMs expressed detectable CD86 (median, 32%; range, 12%-
79%) (Figure 3D) and that the mean fluorescence intensity
of staining for CD86 was consistently lower among TAMs than
for HRS cells (P = .0007) (Figure 3E). However, most CD86-
positive cells within regions of interest enriched for HRS cells
were TAMs (median fraction of CD86-positive cells, 73%;
range, 27%-98%) rather than HRS cells (27%; range, 2%-73%)
(Figure 3F).

Delineation of the HRS cell immune-suppressive
niche

We next examined 4 tiled fields of view at 20X resolution
to evaluate the spatial distributions of cells of defined phe-
notypes within the cHL TME. In several cases, distinct

microstructures were observed wherein CD86-positive HRS
cells lay in proximity to CD86-positive TAMs and CTLA-
4—positive cells (Figure 4A). Quantitative analyses using cell
phenotype fractional heatmaps confirmed that the highest den-
sities of HRS cells, CD86-positive cells, and CTLA-4-positive cells
were localized within overlapping areas (Figure 4B-F). To
more precisely quantify this finding, an “"HRS proximal” re-
gion was delineated, defined by an area within 75 pm of an HRS
cell (ie, < 75 pm from the HRS cell) (Figure 5A-C), a region
significant in the PD-1/PD-L1 analyses reported previously.®
CTLA-4—positive T cells were enriched within the HRS proximal
region (median, 38%; range, 3%-84%) in each individual case,
and across all cases, relative to the distal region (median,
18%; range, 2%-53%) (P = .0001) (Figure 5D). We did not find

Figure 1 (continued) the cell segmentation and phenotype map for the same image (panel D) [green, CTLA-4—positive/FOXP3-negative; red, CTLA-4—negative/FOXP3-positive;
yellow, CTLA-4—positive/FOXP3-positive; dark gray, “other” cell]. (E) The densities of CTLA-4—positive/CD4-positive (median, 1243 cells/mm? vs 135 cells/mm? P = .0004) and
CTLA-4—positive/CD8-positive (median, 113 cells/mm? vs 22 cells/mm?; P = .02) cells are greater in cHL than in RLTs. Each dot corresponds to the results of an individual case.
(F) CTLA-4—positive fraction of total T cells (CD4-positive plus CD8-positive cells) is greater in cHL (32%; 6%-87%) compared with RLTs (2%; 0.4%-5%) [cHL vs RLT, P = .0002]. (G) The
density of CTLA-4—positive/CD4-positive/FOXP3-positive cells is greater in cHL relative to RLT (median, 260 cells/mm? vs 14 cells/mm?; P = .0032), whereas there is no significant
difference in the density of CD8-positive/CTLA-4—positive/FOXP3-positive cells between groups (median, 11 cells/mm? vs 9 cells/mm?, P > .05). Each dot corresponds to the
results of an individual case. (H) FOXP3-positive fraction of total CTLA-4—positive T cells in cHL (25%; 0.07%-66%) and RLTs (31%; 0.15%-68%) [cHL vs RLT, P > .05]. Epstein-Barr
virus (EBV)-positive cases are marked by asterisks. DAPI, 4',6-diamidino-2-phenylindole; RLN, reactive lymph node; TS, tonsil.
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Figure 3. CD86 is uniformly and strongly expressed on HRS cells and also on a subset of TAMs. (A) Representative mIF image of a cHL case (CHL24) [inset: PAX5-positive
HRS cells with strong CD86 expression]. (B) HRS cells are predominantly CD86-positive (median, 86%; range, 65%-100%) [overlay, density of HRS cells across analyzed cases;
median, 243/mm?; range, 55-548/mm?]. (C) Representative mlIF image of a cHL case (CHL24) showing weakly CD86-positive TAMs (arrows) [inset, PAX5-positive HRS cells with
strong CD86 expression next to CD68-positive TAMs with weaker CD86 expression. (D) A subset of CDé8-positive TAMs is CD86-positive in each case (median, 32%; range, 12%-
79%) [overlay, density of TAMs across analyzed cases; median, 1236/mm?; range, 261-2,670/mm?]. (E) CD86 expression is higher on HRS cells (median of mean cell membrane
intensity, 4.5; range, 1.7-7.2) than on TAMs (median of mean cell membrane intensity, 1.8; range 1.1-3.1) in each case of cHL (HRS vs TAM, P = .0007). (F) Contribution of cellular
CD86 expression in cHL attributable to HRS cells (median, 27%; range, 2%-73%) and to TAMs (median, 73; range, 27%-98%). EBV-positive cases are marked by asterisks. DAPI,

4',6-diamidino-2-phenylindole.

the FOXP3-positive subset of CTLA-4—positive T cells to be
similarly enriched (P > .05). We also found that CD86-positive
TAMs were enriched within the HRS proximal region (median,
38%; range, 22%-91%) in each individual case, and across
cases, relative to the distal region (median, 24%; range, 0%-
69%; P = .0007) (Figure 5E). As expected, the majority of
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CD86-positive TAMs within the HRS proximal region also
expressed PD-L1 (Figure 5F, supplemental Figure 5). In contrast
to CTLA-4, we did not visually observe colocalization of LAG-
3—positive cells with HRS cells to suggest local enrichment
for T cells expressing this additional immune checkpoint
protein.
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Figure 4. Macroscopic view showing zonal distribution of CTLA-4-positive cells, HRS cells, and CD86-positive cells. (A) Four 20X fields of view merged to form a
macroscopic mlF image from a representative case of cHL (CHL12). (B) Phenotypic cell fraction represented as a spatially distributed heatmap for HRS cells. (C) Phenotypic cell
fraction represented as a spatially distributed heatmap for CD86-positive cells. (D) Composite heatmap for HRS cells and CD86-positive cells (purple, colocalization of HRS cells
and CD86-positive cells) overlaid on the original mIF image in panel A. (E) Phenotypic cell fraction represented as a spatially distributed heatmap for CTLA-4—positive cells. (F)
Composite of heatmaps for HRS cells and CTLA-4—positive cells (yellow, colocalization of HRS cells and CTLA-4—positive cells) overlaid on the original mIF image (from panel A).
The color intensities for each heatmap were determined by calculating percentage of cells with the given phenotype among all cells within a 49.6 wm radius distance of the

centroid of each hexagon. DAPI, 4',6-diamidino-2-phenylindole.

Detection of CTLA-4—-positive cells in cHL after
PD-1 blockade

We next sought to determine whether CTLA-4/CD86 inter-
actions are a feature of the cHL TME in recurrent cHL tumors
(n = 18) after PD-1 blockade (n = 9), ABVD (n = 4), and/or SCT
(n = 5). We performed mlF staining and analysis on biopsy
samples from the aforementioned subtypes of relapsed cHL.
In each biopsy sample, frequent CTLA-4—positive lymphoid
cells were observed, which were often in direct contact with
CD86-positive HRS cells (Figure 6A-E). Quantitative analysis
revealed that relapsed cHL cases (n = 17) had a large portion
of HRS cells in contact with CTLA-4—positive cells (median,
54%; range, 13%- 98%); this was greater (Mann-Whitney U test,
P = .11) than the portion of HRS cells in contact with CTLA-
4—positive cells among diagnostic cases (n = 20; median, 40%,;
range, 7%-76%) (Figure 6F). The majority of CTLA-4—positive
T cells (70%) in cHLs after PD-1 treatment were negative for
both PD-1 and LAG-3.

Discussion

Several previous studies have examined expression of im-
munological regulatory proteins beyond PD-1 in cHL by using
flow cytometry or qualitative, single-marker chromogenic
IHC.2>2? Multiplexed, quantitative, and spatially resolved analyses

TOPOGRAPHIC DISTRIBUTION OF CTLA-4* T CELLS IN cHL

of the major, targetable immune checkpoint proteins have only
been performed for the PD-1/PD-L1 signaling axis, however.® In
the current study, an in situ characterization was performed for the
immune checkpoints CTLA-4 and LAG-3 in relation to PD-1 in
cHL. Based on the initial findings, we explored the topog-
raphy of CTLA-4 and its cognate ligand CD86 in greater
detail. Our findings revealed that the TME of cHL is char-
acterized by: (1) a markedly expanded population of CTLA-
4-positive, PD-1-negative, and LAG-3-negative T cells; (2) strong
expression of CD86, a cognate ligand for CTLA-4, on nearly all
HRS cells and weaker CD86 expression on a subset of TAMs;
(3) enrichment for CTLA-4—positive T cells and CD86-positive
TAMs within the specialized niche of PD-L1-positive TAMs
surrounding PD-L1—positive HRS cells; and (4) the persistence of
CTLA-4—positive T cells within the TME and in direct contact
with HRS cells after PD-1 blockade.

As anticipated, we observed that FOXP3-positive regulatory
T cells are predominantly CTLA-4—positive.?>?' However, we
found that CTLA-4—positive T cells exceed numbers of Tregs
and, consistent with this observation, that most CTLA-
4—positive T cells are FOXP3-negative in cHL. Moreover, we
did not observe enrichment for FOXP3-positive cells within the
vicinity of HRS cells, which may indicate preferential impor-
tance of the CTLA-4—positive non-Treg cell population. Additional
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Figure 5. The HRS cell microenvironmental niche is enriched for CTLA-4-positive cells and CD86-positive TAMs. (A-C) Schematic showing generation of “HRS proximal”
and distal regions in the representative case shown in Figure 4 (CHL12). (D) The HRS proximal region is enriched for T cells that are CTLA-4—positive (median percentage positive,
38%; range, 3%-84%) in each individual case, and across cases, relative to the distal region (median, 18%; range, 2%-53%; P = .0001). (E) The HRS proximal region is enriched for
CDé8-positive TAMs that are CD86-positive (median percentage positive, 38%; range, 22%-91%) in each individual case, and across cases, relative to the distal region (median
percentage positive, 24%; range, 0%-69%; P = .0007). (F) The CD86-positive TAMs within 75 wm of HRS cells were predominantly PD-L1-positive (median percentage positive,
92%; range, 52%-99%) (PD-L1-positive vs PD-L1-negative, P = .002). EBV-positive cases are marked by asterisks.

characterization of this major population is ongoing. Earlier studies
using flow cytometric immunophenotyping of single-cell suspen-
sions, and complementary tissue microarray-based IHC tech-
niques, suggested enrichment for type 1 T helper cells (Th1) and
central memory cells in the TME of cHL.2> Our subsequent
analyses using mass cytometry have additionally shown that the
TME is enriched for PD-1-positive, Th1-polarized, CD4-positive
effectors, and PD-1-negative (likely functional), Th1-polarized,
CD4-positive Tregs, compared with RLTs.® It will be of interest
to determine whether these two T-cell populations represent the
CTLA-4—positive/FOXP3-negative and the CTLA-4—positive/FOXP3-
positive T-cell populations identified in this study.

By quantitative analysis, we also found that HRS cells consis-
tently express much higher amounts of CD86 than TAMs or
other non-HRS cells in the TME. CD86 ligand is thus analogous
to the PD-1 ligands, PD-L1 and PD-L2, which are also robustly
expressed by HRS cells.> PD-L1/2 expression is mediated, in
part, by gains of PD-L1/PD-L2 on chromosome 9p24.1, which is a
defining feature of HRS cells.® Examination of genomic data derived
from isolated HRS cells revealed no alterations of CD86 that would
account for CD86 protein overexpression (K. Wienand et al, per-
sonal communication). However, genetic alterations resulting in
enhanced JAK-STAT signaling in response to interferon are also a
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feature of HRS cells that could provide a basis for enhanced CD86
expression.3'32

Perhaps the most striking results of the current study are
that CTLA-4—positive T cells, similar to PD-1-positive T cells,
and CDB86-positive TAMs, similar to PD-L1-positive TAMs,
are highly enriched in proximity to HRS cells.® Whereas
CTLA-4 and PD-1 identify largely distinct T-cell populations,
CD86 and PD-L1 seem to identify a common TAM population
(supplemental Figure 5). Akin to the examination of PD-L1
within the TME, we found that TAMs, rather than HRS cells,
contributed to a greater extent to the total microenviron-
mental pool of CD86 available to engage CTLA-4—positive
T cells in the vicinity of HRS cells. Taken together, these data
provide further evidence that HRS cells reside within a spe-
cialized microenvironmental, immunologically privileged niche,
within which they may exploit CD86:CTLA-4 signaling as an
alternative and coexistent escape pathway to the PD-L1:PD-1
axis (Figure 7).

It will be of interest to determine the clinical significance of this
specialized niche in the context of clinical response to con-
ventional and targeted immunotherapy. Our results suggest that
anti—-CTLA-4 or combination anti-CTLA-4 and anti-PD-1 might
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Figure 6. CTLA-4-positive cells are present after anti-PD-1 immunotherapy and focally contact HRS cells. Representative mIF images of core tissue biopsy samples from
3 patients with recurrent cHL after anti-PD-1 immunotherapy (A-C), from 1 patient after doxorubicin, bleomycin, vinblastine, and dacarbazine therapy (ABVD) (D), and from
1 patient after SCT (E), and showing the presence of CTLA-4—positive cells, including CTLA-4—positive T cells focally in contact with CD86-positive/PAX5-positive HRS cells. (F)
Relapsed cHL cases (n = 18) have a large portion of HRS cells in contact with CTLA-4—positive cells (median, 54%; range, 13%-98%); this is greater (Mann-Whitney Utest, P = .11)
than the portion of HRS cells in contact with CTLA-4—positive cells among diagnostic cases (n = 20; median, 40%; range, 7%-76%). DAPI, 4’ ,6-diamidino-2-phenylindole.

benefit a subset of patients with cHL, especially those un-
responsive or resistant to anti-PD-1 alone. Importantly, we found
that the majority of CTLA-4—positive cells are also positive for the
T-cell costimulatory receptor CD28, which shares as its ligands
CD80/CD86; we therefore hypothesize that CTLA-4 blockade
would allow for re-activation of a large portion of intratumoral
T cells via the CD28 pathway.

Patients with metastatic melanoma treated with a combination of
ipilimumab and nivolumab have superior outcomes compared
with patients treated with nivolumab alone, and combination
therapy is now the standard of care for this disease.?33* Although

a clear benefit of combination therapy was not observed
for patients with relapsed and/or refractory cHL previously un-
treated with immune checkpoint blockade,® this result was likely
due to the extraordinarily high ORR to anti-PD-1 therapy alone
(65%-80%).3> Two other smaller studies have suggested that
ipilimumab may have some efficacy alone, or in combination
with brentuximab vedotin, in relapsed and/or refractory patients,
including those after SCT.3¢%" The total number of patients
receiving anti-PD-1 therapy has increased substantially with the
approvals by the US Food and Drug Administration of nivolumab
and pembrolizumab for patients with relapsed and/or refractory
cHL in 2016, and it is becoming apparent that many, if not most,

$ =CTLA4 4 =PD-1
-coss  § =pDn

CD86/PD-L1 High CDB86/PD-L1 Low

CD4+
CTLA4+

Figure 7. Model of PD-1:PD-L1 and CTLA-4:CD86
interactions in cHL. HRS cells (purple) express PD-L1
(and PD-L2) and CD86. TAMs (blue) that are in proximity
to HRS cells frequently coexpress both PD-L1 and CD86,
likely in response to local cytokine production, and
thereby significantly increase the total amount of these
ligands in proximity to the malignant cells. PD-L1 and
CD86 on TAMs and HRS cells are available to bind
PD-1-positive/CD4-positive T cells (green) and CTLA-4—
positive/CD4-positive T cells (yellow). PD-1-positive
T cells (previously shown)® and CTLA-4-positive T-cell
T cells are specifically enriched in the vicinity of
PD-L1-positive/CD86-positive HRS cells.
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patients responsive to PD-1 blockade eventually experience dis-
ease recurrence.®? These patients lack a clear therapeutic alter-
native. Our data support the notion that CD86:CTLA-4 signaling
represents an immunosuppressive pathway distinct from PD-L1/
2:PD-1 signaling that is enriched within the immune-privileged
niche of HRS cells. The potential efficacy of ipilimumab, either as a
single agent or in combination with an inhibitor of an additional
immune checkpoint protein warrants further exploration. Pro-
spective clinical studies will be required to test this hypothesis.

Acknowledgments

P.A. recognizes the generous support of the Harold and Virginia Lash
Foundation and the Leukemia and Lymphoma Society. This work was
supported in part by the Ruth L. Kirschstein National Research Service
(National Institutes of Health T32) Award (S.S.P.) and research support
from the International Immuno-Oncology Network (II-ON) of Bristol-Myers
Squibb (S.J.R.and M.A.S.), National Cancer Institute, National Institutes
of Health, grant RO1CA061026 (M.A.S.), and the Miller Family Fund
(M.AS.).

Authorship

Contribution: S.S.P. and S.J.R. designed the study and wrote
the manuscript; S.S.P., M.L., AL, and P-H.C. performed the research;
J.LW. performed statistical and other computational analyses; G.K.G.

collected samples; and P.A. and M.A.S. contributed to experimental
design, reviewed data, and provided clinical insight. All authors
reviewed, edited, and approved the final manuscript.

ORCID profiles: S.S.P., 0000-0002-7813-4573; J.L.W., 0000-0003-0556-
0616; M.A.S., 0000-0002-3949-6897; S.J.R., 0000-0003-1761-9769.

Correspondence: Scott J. Rodig, Department of Pathology, Brigham and
Women's Hospital, 75 Francis St, Boston, MA 02115; e-mail: srodig@
bwh.harvard.edu.

Footnotes

Submitted 27 June 2019; accepted 3 October 2019. Prepublished online
as Blood First Edition paper, 10 October 2019; DOI 10.1182/blood.
2019002206.

*S.S.P. and J.L.W. contributed equally to this study.

All e-mails regarding data sharing should be sent to the corresponding
author.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

Hodgkin lymphoma after failure of autologous
hematopoietic cell transplantation: extended

Phase Il CheckMate 205 trial. J Clin Oncol.

KEYNOTE-087. Phase Il study of the efficacy

and safety of pembrolizumab for relapsed/

lymphoma: safety and efficacy in the Phase I

CheckMate 205 Study. J Clin Oncol. 2019;

Cancer immunotherapies targeting the PD-1
signaling pathway. J Biomed Sci. 2017;24(1):

CTLA-4: a moving target in immunotherapy.

. Huard B, Prigent P, Tournier M, Bruniquel D,

(LAG-3)-Ig fusion proteins. Eur J Immunol.

. Huang CT, Workman CJ, Flies D, et al. Role of

LAG-3 in regulatory T cells. Immunity. 2004,

REFERENCES 9. Armand P, Engert A, Younes A, et al.
1. Swerdlow SH, Campo E, Harris NL, et al. WHO Nivolumab for relapsed/refractory classic
Classification of Tumours of Haematopoietic
and Lymphoid Tissues. Revised 4th Edition. fol £ th lticoh inal
Lyon, France: IARC; 2017. ollow-up of the multicohort single-arm
2. Green MR, Monti S, Rodig SJ, et al. Integrative 2018;36(14):1428-1439.
analysis reveals selective 9p24.1 amplification, _ )
increased PD-1 ligand expression, and further 10. Chen R, Zinzani PL, Fanale MA, et al;
induction via JAK2 in nodular sclerosing Hodgkin
lymphoma and primary mediastinal large B-cell > A
lymphoma. Blood. 2010;116(17):3268-3277. refractory classic Hodgkin lymphoma.
J Clin Oncol. 2017;35(19):2125-2132.
3. Roemer MGM, Advani RH, Ligon AH, et al.
PD-L1 and PD-L2 genetic alterations define 11. Ramchandren R, Domingo-Doménech E,
classical Hodgkin lymphoma and predict out- Rueda A, et al. Nivolumab for newly di-
come. J Clin Oncol. 2016;34(23):2690-2697. agnosed advanced-stage classic Hodgkin
4. Roemer MGM, Advani RH, Redd RA, et al.
Classical Hodgkin lymphoma with reduced 37(23):1997-2007.
B2M/MHC Class | expression is associated
with inferior outcome independent of 9p24.1 12. Iwai Y, Hamanishi J, Chamoto K, Honjo T.
status. Cancer Immunol Res. 2016;4(11):
910-916.
26.
5. Chen BJ, Chapuy B, Ouyang J, et al. PD-L1
expressi'on is characteristic of a sub§et of 13. Armand P, Shipp MA, Ribrag V, et al.
aggressive B'C?ll Iymphoma‘s and virus- Programmed death-1 blockade with
associated malignancies. Clin Cancer Res. pembrolizumab in patients with classical
2013;19(13):3462-3473. Hodgkin lymphoma after brentuximab
6. Carey CD, Gusenleitner D, Lipschitz M, et al. vedotin failure. J Clin Oncol. 2016;34(31):
Topological analysis reveals a PD-L1- 3733-3739.
associated microenvironmental niche for .
Reed-Sternberg cells in Hodgkin lymphoma. 14. Rowshanravan B, Halliday N, Sansom DM.
Blood. 2017;130(22):2420-2430. Blood. 2018:131(1):58.67.
7. Ansell SM, Lesokhin AM, Borrello |, et al. PD-1
blockade with nivolumab in relapsed or re- 15
fractory Hodgkin’s lymphoma. N Engl J Med. Triebel F. CD4/major histocompatibility
2015;372(4):311-319. complex class Il interaction analyzed with
CD4- and lymphocyte activation gene-3
8. Younes A, Santoro A, Shipp M, et al.
Nivolumab for classical Hodgkin's lymphoma 1995:25(9):2718-2721.
after failure of both autologous stem-cell
transplantation and brentuximab vedotin: a 16
multicentre, multicohort, single-arm phase 2
trial. Lancet Oncol. 2016;17(9):1283-1294. 21(4):503-513.

2068 & blood® 5 DECEMBER 2019 | VOLUME 134, NUMBER 23

20.

21.

22.

23.

24,

25.

. Wang J, Sanmamed MF, Datar |, et al.

Fibrinogen-like protein 1 is a major immune
inhibitory ligand of LAG-3. Cell. 2019;
176(1-2):334-347 .e12.

. Ansell S, Gutierrez ME, Shipp MA, et al. A

Phase 1 study of nivolumab in combination
with ipilimumab for relapsed or refractory
hematologic malignancies (CheckMate 039).
Blood. 2016;128(22):183.

.Feng Z, Puri S, Moudgil T, et al. Multispectral

imaging of formalin-fixed tissue predicts
ability to generate tumor-infiltrating lympho-
cytes from melanoma. J Immunother Cancer.
2015;3(1):47.

Selby MJ, Engelhardt JJ, Quigley M, et al.
Anti-CTLA-4 antibodies of IgG2a isotype en-
hance antitumor activity through reduction of
intratumoral regulatory T cells. Cancer
Immunol Res. 2013;1(1):32-42.

Peggs KS, Quezada SA, Chambers CA, Korman
AJ, Allison JP. Blockade of CTLA-4 on both ef-
fector and regulatory T cell compartments con-
tributes to the antitumor activity of anti-CTLA-4
antibodies. J Exp Med. 2009;206(8):1717-1725.

Schwartz JC, Zhang X, Fedorov AA,
Nathenson SG, Almo SC. Structural basis for
co-stimulation by the human CTLA-4/B7-2
complex. Nature. 2001;410(6828):604-608.

Stamper CC, Zhang Y, Tobin JF, et al. Crystal
structure of the B7-1/CTLA-4 complex that
inhibits human immune responses. Nature.
2001;410(6828):608-611.

Collins AV, Brodie DW, Gilbert RJC, et al. The
interaction properties of costimulatory mole-
cules revisited. Immunity. 2002;17(2):201-210.

Greaves P, Clear A, Owen A, et al. Defining
characteristics of classical Hodgkin lymphoma
microenvironment T-helper cells. Blood.
2013;122(16):2856-2863.

PATEL et al

6102 Jaquada( 0} uo ddiys jesebie Aq Jpd 90220061 0ZPIAPOOIA/ L 8ESYS L/6S0Z/ET/YE L AAPd-B]0IE/POO|q/B10"suoneolgndyse//:sdjy woly papeojumoq


http://orcid.org/0000-0002-7813-4573
http://orcid.org/0000-0003-0556-0616
http://orcid.org/0000-0003-0556-0616
http://orcid.org/0000-0002-3949-6897
http://orcid.org/0000-0003-1761-9769
mailto:srodig@bwh.harvard.edu
mailto:srodig@bwh.harvard.edu
https://doi.org/10.1182/blood.2019002206
https://doi.org/10.1182/blood.2019002206

26.

27.

28.

29.

TOPOGRAPHIC DISTRIBUTION OF CTLA-4* T CELLS IN cHL

Vandenborre K, Delabie J, Boogaerts MA,

et al. Human CTLA-4 is expressed in situ on
T lymphocytes in germinal centers, in cutaneous
graft-versus-host disease, and in Hodgkin’s
disease. Am J Pathol. 1998;152(4):963-973.

Delabie J, Ceuppens JL, Vandenberghe P, de
Boer M, Coorevits L, De Wolf-Peeters C. The
B7/BB1 antigen is expressed by Reed-
Sternberg cells of Hodgkin's disease and
contributes to the stimulating capacity of
Hodgkin's disease-derived cell lines. Blood.
1993;82(9):2845-2852.

Munro JM, Freedman AS, Aster JC, et al. In
vivo expression of the B7 costimulatory mol-
ecule by subsets of antigen-presenting cells
and the malignant cells of Hodgkin’s disease.
Blood. 1994,83(3):793-798.

Van Gool SW, Delabie J, Vandenberghe P,
Coorevits L, De Wolf-Peeters C, Ceuppens JL.
Expression of B7-2 (CD86) molecules by Reed-
Sternberg cells of Hodgkin's disease.
Leukemia. 1997;11(6):846-851.

30.

31

32.

33.

Cader FZ, Schackmann RCJ, Hu X, et al. Mass
cytometry of Hodgkin lymphoma reveals a
CD4* regulatory T-cell-rich and exhausted
T-effector microenvironment. Blood. 2018;
132(8):825-836.

. Creery WD, Diaz-Mitoma F, Filion L, Kumar A.

Differential modulation of B7-1 and B7-2
isoform expression on human monocytes by
cytokines which influence the development of
T helper cell phenotype. EurJ Immunol. 1996;
26(6):1273-1277.

Lilly MB, Zemskova M, Frankel AE, Salo J,
Kraft AS. Distinct domains of the human
granulocyte-macrophage colony-stimulating
factor receptor alpha subunit mediate acti-
vation of Jak/Stat signaling and differentia-
tion. Blood. 2001;97(6):1662-1670.

Wolchok JD, Kluger H, Callahan MK, et al.
Nivolumab plus ipilimumab in advanced
melanoma. N Engl J Med. 2013;369(2):
122-133.

34.

35.

36.

37.

Wolchok JD, Chiarion-Sileni V, Gonzalez R,
et al. Overall survival with combined
nivolumab and ipilimumab in advanced
melanoma. N Engl J Med. 2017;377(14):
1345-1356.

Merryman RW, Armand P, Wright KT, Rodig
SJ. Checkpoint blockade in Hodgkin and non-
Hodgkin lymphoma. Blood Adv. 2017;1(26):
2643-2654.

Bashey A, Medina B, Corringham S, et al.
CTLA4 blockade with ipilimumab to treat re-
lapse of malignancy after allogeneic hema-
topoietic cell transplantation. Blood. 2009;
113(7):1581-1588.

Diefenbach CS, Hong F, Cohen JB, et al.
Preliminary safety and efficacy of the
combination of brentuximab vedotin and
ipilimumab in relapsed/refractory Hodgkin
lymphoma: a trial of the ECOG-ACRIN
Cancer Research Group (E4412). Blood.
2015;126(23):585.

€ blood® 5 DECEMBER 2019 | VOLUME 134, NUMBER 23 2069

6102 Jaquada( 0} uo ddiys jesebie Aq Jpd 90220061 0ZPIAPOOIA/ L 8ESYS L/6S0Z/ET/YE L AAPd-B]0IE/POO|q/B10"suoneolgndyse//:sdjy woly papeojumoq



