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ABSTRACT

In classical Hodgkin lymphoma (cHL), the highly abundant CD4+ T cells in the vicinity of tumor cells are
considered essential for tumor cell survival, but are ill-defined. Although they are activated, they consistently
lack expression of activation marker CD26. In this study, we compared sorted CD4+CD26- and CD4+CD26+ T
cells from cHL lymph node cell suspensions by RNA sequencing and T cell receptor variable gene segment
usage analysis. This revealed that although CD4+CD26- T cells are antigen experienced, they have not clonally
expanded. This may well be explained by the expression of exhaustion associated transcription factors TOX and
TOX2, immune checkpoints PDCD1 and CD200, and chemokine CXCL13, which were amongst the 100 sig-
nificantly enriched genes in comparison with the CD4+CD26+ T cells. Findings were validated in single-cell RNA
sequencing data from an independent cohort. Interestingly, immunohistochemistry revealed predominant and
high frequency of staining for TOX and TOX2 in the T cells attached to the tumor cells. In conclusion, the
dominant CD4+CD26- T cell population in cHL is antigen experienced, polyclonal, and exhausted. This
population is likely a main contributor to the very high response rates to immune checkpoint inhibitors in cHL.
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Introduction

Classical Hodgkin lymphoma (cHL) is characterized by a low
number of tumor cells, called Hodgkin-Reed Sternberg (HRS)
cells, surrounded by a heterogeneous inflammatory infiltrate."*
HRS cells evade anti-tumor immune responses by shaping the
tumor micro-environment (TME) and by inhibiting immune
cells.’” The highly abundant CD4+ T cells also play a critical
role in the pathogenesis of cHL. CD4+ T cells are actively
recruited by the HRS cells and can form so-called rosettes in
a subset of cases.”*” In each rosette, the CD4+ T cells physi-
cally interact with an HRS cell, providing it with pro-survival
signals and shielding it from cytotoxic CD8+ T cells and NK
cells.* Recently, we have shown that rosetting CD4+ T cells
communicate with the HRS cell through formation of the
immunological synapse, with a central role for HLA class II-
T cell receptor (TCR) interactions.'® In addition, CD4+ T cells
have been implicated as key players in the response to pro-
grammed cell death-1 (PD-1) immune checkpoint inhibition.
Membranous HLA class II expression by HRS cells was pre-
dictive for complete remission and increased progression-free
survival.'' Moreover, CD4+ TCR diversity significantly

increased in the blood of patients who achieved complete
remission after PD-1 inhibition.'” Thus, CD4+ T cells residing
in proximity to HRS cells are emerging as crucial players in
cHL pathogenesis and response to PD-1 blockade.

In recent years, studies on the characterization of the cHL
TME have suggested that the CD4+ T cells are mainly CD4
+ regulatory T cells (Tregs) and exhausted T-effector cells."
Exhausted T cells are characterized by increased expression of
inhibitory cell surface receptors, reduced secretion of cyto-
kines, reduced cytotoxicity and reduced proliferative potential.
Indeed, expression of immune checkpoint molecules PD-1,
CTLA-4 and/or LAG-3 has been identified in variable propor-
tions of cHL CD4+ T cells.">”"> However, detailed and
unbiased characterization of CD4+ T cells in the cHL TME
has remained challenging due to the difficulty of separating
CD4+ T cells in proximity to HRS cells from more distant CD4
+ T cells in lymph nodes.'® The CD4+ T cells close to the HRS
cells are known to express several activation-associated cell
surface markers, including CD38 and CD69, but not CD26,
while CD4+ T cells more distant from HRS cells do express
CD26."772° CD26, also known as dipeptidyl peptidase IV
(DPP4), is a proteolytic enzyme that is upregulated after
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stimulation under normal physiological conditions and plays
a role in co-stimulation.”"** However, CD4+CD26- T cells in
cHL remain CD26 negative after activation and can also not or
only moderately induce expression of T cell activation-
associated cytokines, suggesting a functionally unresponsive
or anergic state.'”** Moreover, the CD4+CD26- T cell popula-
tion expresses more Treg and Thl7 cell associated markers
compared to CD4+ CD26+ T cells.*

In this study, we aimed to further characterize the CD4
+CD26- T cells in the TME that are in the direct vicinity of
the malignant HRS cells. We compared CD4+CD26- to CD4
+CD26 + T cells sorted from cHL lymph node derived cell
suspensions and characterized their gene expression profiles.
We established differentially expressed gene signatures, most
likely CD4+ T cell subset lineages and TCR variable (V) gene
segment usage to assess clonality. In addition, we validated
expression patterns of selected genes in previously published
single-cell RNA-seq (scRNA-seq) data.'” Finally, we investi-
gated whether genes that were specifically enriched in CD4
+CD26- T cells were expressed in T cells rosetting the HRS
cells.

Materials and methods
Patients, tissue, and cell suspensions

For bulk RNA-seq, cryopreserved cell suspensions derived
from lymph nodes of 19 cHL patients were retrieved from the
cell bank of the department of Pathology and Medical Biology,
University Medical Center Groningen, Groningen, The
Netherlands. Patient characteristics are summarized in
Supplemental Table 1. Patients were selected based on mem-
branous HLA class II positivity (>90%) on the HRS cells as
determined by immunohistochemistry for HLA-DP, DQ, DR
(clone: CR3/43; 1:200; Dako; Santa Clara, CA, USA) on corre-
sponding formalin fixed paraffin embedded (FFPE) tissue sec-
tions. Material was used in accordance with the ethical
principles of the Declaration of Helsinki. The medical ethical
review board of the UMCG approved the protocol under
#RR202100080.

Cell sorting

All 19 cell suspensions were stained for CD4 (clone: Edu-2)
and CD26 (clone: 2A6) as described previously.20 CD4+CD26-
and CD4+CD26+ T cells were sorted using a MoFlo sorter (BD
Biosciences, CA, USA) with a 70 um nozzle. Purity of sorted
populations was checked and was at least 94% or higher for all
38 sorted populations.

RNA isolation and bulk RNA sequencing

Total RNA was extracted from the 38 populations using
a miRNeasy Mini or Micro kit (Qiagen; Hilden, Germany)
according to manufacturer’s instructions. The concentration
and quality of total RNA was determined using a Fragment
Analyzer and all samples had an RNA integrity number of 8.5
or above. Three of the 38 populations, all CD4+CD26+, were
excluded from RNA-seq due to an insufficient amount of RNA

(<10 ng total). RNA libraries were made after depletion of
rRNA (rRNA depletion kit, NEB #E6310) using the NEBNext
Ultra II Directional RNA library prep kit for Illumina at
GenomeScan (Leiden, The Netherlands) according to manu-
facturer’s instructions (NEB #E7760S/L). Paired-end sequen-
cing with a read length of 151 nucleotides was performed on an
Mlumina NovaSeq6000 sequencer (lllumina; CA, USA) aiming
at ~25 million paired reads per sample. Image analysis, base
calling, and quality check was performed with the Illumina
data analysis pipeline RTA3.4.4 and Bcl2fastq v2.20.

RNA sequencing analysis

RNA-seq reads were mapped to the human reference genome
GRCh37 using Hisat2.>> Reads were counted into ensembl v75
genes with Htseq-count. One patient was excluded from
further analysis due to a low number of aligned unique reads
in both sorted populations (Supplemental Table 2). Analysis
and visualization of RNA-seq data were performed in the
R statistical environment (version 4.0.2). Normalization and
differential expression analysis (DEA) was performed by R/
Bioconductor package DESeq2.** Genes were considered dif-
ferentially expressed when the adjusted p-value <0.05 and
—1< log2foldchange>1. Genes of interest were selected based
on the following criteria: (i) protein coding gene; (ii) described
presence in T cells, according to RNA levels in the Schmiedel
dataset (see: https://dio:e-database.org),25 and function, as
found in PubMed searches; (iii) availability of antibodies; and
(iv) moderate-to-high expression levels. Gene set variation
analysis (GSVA) was utilized to measure enrichment for spe-
cific CD4+ T cell subsets within each sorted population with
the R/Bioconductor package GSVA.*® CD4 subset-specific
gene sets were retrieved from a previous study.”” DESeq2's
median of ratios, Regularized log transformation (rlog) and
Variance Stabilizing Transformed (vst) values were used for
data visualization, clustering and GSVA, respectively.

T cell receptor V segment usage

The TCR diversity codeset currently included in the nCounter
CAR-T characterization panel (NanoString Technologies,
Seattle, WA, USA) was used to determine V segment usage in
CD4+CD26+ and CD4+CD26- T cell subsets of 11/19 cHL
patients with sufficient RNA left after RNA-seq. The panel
included probes for 45 TCR alpha V (TRAV) segments, 46
TCR beta V (TRBV) segments, some additional T-cell-specific
genes including amongst others CD45RA and CD45RO speci-
fic probes and probes for 10 reference genes, 8 negative con-
trols to control for background signal, and 6 controls to correct
for hybridization efficiencies. The full list of 143 genes can be
found in Supplemental Table 3. Probes were hybridized over-
night with 80-100 ng RNA in a thermocycler at 67°C. The
RNA probe complexes were loaded on an nCounter cartridge
and analyzed on an nCounter SPRINT platform according to
manufacturer’s instructions (NanoString Technologies).
Reporter Code Count (RCC) files were normalized to correct
for differences in hybridization efficiency between samples
using the internal control probes with nSolver Analysis soft-
ware (NanoString nCounter Technologies). An additional


https://dice-database.org

normalization step was performed to correct for differences in
hybridization efficiency between individual TCR alpha
V (TRAV) segment and TCR beta V (TRBV) segment probes
using a synthetic reference sample provided by NanoString. As
a final step, counts of individual TRAV/TRBV probes were
expressed as a percentage relative to the sum of all TRAV/
TRBV counts. To compare absolute CD45RA and CD45RO
counts between samples, data were normalized for RNA input
using the reference genes.

Single-cell RNA sequencing data

Previously obtained scRNA-seq data of 16 HLA class II positive
and 5 HLA class II negative diagnostic cHL cases was re-
analyzed to validate expression patterns in CD4+CD26- and
CD4+CD26+ T cells."” Patient characteristics are summarized
in Supplemental Table 1. Cells from all 21 cases were combined
in R (version 3.6.1), and filtering and normalization was per-
formed as previously described."” The CD4+ T cell subset was
selected for analysis based on the expression of canonical
marker genes (CD3+CD4+CD8-CD56-CD19-), and the co-
expression pattern of genes identified in the bulk RNA-seq
analysis was then examined in this population. To examine
associations between expression of CD26 and the other marker
genes, a 2 X 2 contingency table summarizing the number of
cells with each co-expression pattern was calculated for each
marker gene (e.g. for gene G, the number of CD26+G+, CD26
+G-, CD26-G+, and CD26-G- cells). Odds ratios with 95%
confidence intervals were then calculated from the contingency
tables using the epitools package (version 0.5-10.1) to deter-
mine the likelihood of each marker gene being co-expressed
with CD26. To determine linear correlation coeflicients (rho)
between markers of interest in the scRNA-seq data, pairwise
Spearman correlations were calculated in R using log-
normalized counts from the CD4+ T cells, comparing the
expression of each pair of genes across all cells.

Immunohistochemistry

Frozen sections were stained with anti-CD26 (clone: 2A6) as
previously described.”® FFPE tissue sections were stained for
TOX, TOX2, NFIA, CXCL13, PD-1, CD200, and CTTN. CD30
and TARC were included as tumor cell markers and CD4 to
identify CD4+ T cells. Immunohistochemistry (IHC) for CD30
(clone: BerH2; Ventana Medical Systems; AZ, USA), CD4
(clone: SP35; Ventana Medical Systems) and PD-1 (clone:
NAT105; Ventana Medical Systems) was performed using an
automated stainer following the manufacturer’s protocol
(Ventana Benchmark Ultra; Ventana Medical Systems). IHC
for TARC, TOX, TOX2, NFIA, CXCL13, CD200 and CTTN
was performed according to standard lab procedures. Briefly,
slides were deparaffinized in xylene, which was followed by
a heat-induced antigen retrieval using a 10 mM citrate buffer at
pH 6.0 (for NFIA), a 1 mM EDTA (ethylene diamine tetracetic
acid) buffer at pH 8.0 (for TOX2 and CXCL13) or a 10 mM Tris
(tris-hydroxymethyl-aminomethane)/1 mM EDTA buffer at
pH 9.0 (for TARC, TOX, CD200 and CTTN). Primary anti-
bodies and dilutions used included anti-TARC (polyclonal;
1:400; R&D Systems; MN, USA), TOX (clone: NAN448B;
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1:400; Abcam; Cambridge, UK), TOX2 (polyclonal; 1:40;
Atlas Antibodies; Stockholm, Sweden), NFIA (polyclonal;
1:400; Atlas Antibodies), CXCL13 (polyclonal; 1:80; R&D
Systems), CD200 (clone: EPR22412-229; 1:500; Abcam) and
CTTN (polyclonal; 1:50; Atlas Antibodies). The primary anti-
body against TOX2 was incubated overnight at 4°C, all the
other antibodies were incubated for one hour at room tem-
perature. Primary antibodies were detected using appropriate
secondary and tertiary HRP conjugated antibodies and visua-
lized with diaminobenzidine (DAB).

Staining was evaluated by two individual observers and
discrepant cases were discussed until consensus was reached.
Evaluation was focused on tumor cell containing areas as
identified by CD30 and TARC positivity. CD4 staining was
used to confirm presence of rosettes and to identify density of
CD4+ T cells within the TME. Staining patterns of proteins
selected from the RNA-seq analysis were evaluated and stain-
ing within rosettes was scored as 0 (0-25% of cells within
rosette positive), 1 (25-50% of cells within rosette positive), 2
(50-75% of cells within rosette positive) or 3 (75-100% of cells
within rosette positive). We assessed all rosettes within the
tumor cell areas. For heterogeneous staining patterns, the
average of the two most divergent scores was used. In addition,
we identified whether markers were enriched within the tumor
cell areas compared to the rest of the TME.

Code availability

Scripts used for data analysis are available upon request.

Data sharing statement

Bulk RNA-seq BAM files are deposited in the European
Nucleotide Archive (ENA) at EMBL-EBI under accession
number PRJEB46009.

Results
Sorting and RNA-sequencing of CD4+ T cell subsets in cHL

CD4+ T cells of 19 HLA class II positive cHL cell suspen-
sions were sorted based on membranous CD26 expression.
The mean percentage of CD4+CD26- T cells was 70%
(range 36-92%) (Supplemental Table 2). In 14/19 cases,
the percentage of CD4+CD26- T cells was at least 2-fold
higher compared to the percentage of CD4+CD26+ T
cells, showing that CD4+CD26- T cells were usually domi-
nant in the cHL TME. RNA was isolated from the sorted
CD4+CD26- and CD4+CD26+ T cells, which was used for
TCR V segment usage analysis and RNA-seq. The total
number of aligned RNA-seq reads ranged from 49 to
96 x 10° (mean: 65 x 10°) (Supplemental Table 2). The
fraction of mapped reads marked as a duplicate ranged
from 12.8- to 2.4% (mean: 25.7%). Both samples of one
patient were excluded from further analysis due to a low
number of aligned unique reads. The number of unique
reads of the samples included in the subsequent analyses
ranged from 28-71 x 10° (mean: 50 x 10°). Subsequent
analyses based on RNA-seq compared CD4+CD26- and
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CD4+CD26+ T cells using GSVA to identify similarities
with specific CD4+ T cell subset lineages and DEA to
identify distinct gene expression profiles. Findings were
validated in an independent scRNA-seq cohort and on
the protein level using immunohistochemistry.

CD4+CD26- T cells in cHL share characteristics with
antigen experienced CD4+ T cell subsets

The GSVA scores for eight distinct CD4+ T cell subset gene
signatures described by Schmiedel et al.”> were determined
for each sorted T cell subset. CD4+CD26- T cells were
mainly enriched for memory Treg and T follicular helper
(Tth) gene signatures in comparison with CD4+CD26+ T
cells, and also showed some overlap with Thl7 cells

(Figure 1). CD4+CD26+ T cells were mainly enriched for
naive CD4+ T cells and Th1/17 cells, and to a lesser extent
for naive Treg and Th2 cells, indicating that the CD4
+CD26- T cells had a memory signature, while CD4
+CD26+ T cells had a naive signature. To further support
the GSVA results, we analyzed the expression levels of
CD45RA and CD45RO using transcript specific probes
included in the TCR diversity codeset. Consistent with the
GSVA results, we observed a significant decrease of naive
T cell marker CD45RA and a significant increase of the
memory T cell marker CD45RO in CD4+CD26- T cells
compared to CD4+CD26+ T cells (Supplemental Figure
S1), as was already shown in the literature.'”'® Altogether,
this indicated that CD4+CD26- T cells are more antigen
experienced than CD4+CD26+ T cells.
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Figure 1. Supervised hierarchical clustering of GSVA-scores for CD4+ T cell subset gene signatures. Heatmap of the supervised hierarchical clustering of GSVA-scores for
eight CD4+ T cell subset gene sets in 18 CD4+CD26- T cell populations and 15 CD4+CD26+ T cell populations. Supervised clustering is based on CD4 subset.
NS = Nodular Sclerosis; MC = Mixed Cellularity; LR = Lymphocyte Rich; NOS = Not Otherwise Specified.
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Figure 2. T cell receptor V segment usage in CD26- and CD26+CD4+ T cells. Relative abundance of (a) expressed T cell receptor alpha variable (TRAV) segments and (b)
expressed T cell receptor beta variable (TRBV) segments in CD4+CD26+ and CD4+CD26- T cells. Visualized is mean with standard deviation of 11 paired CD4+ T cell

populations.



T cell receptor variable gene segment usage in CD4+CD26-
T cells is polyclonal

To assess TCR diversity, we analyzed TCR alpha and TCR
beta V segment usage. The TCR V segment usage of CD4
+CD26- and CD4+CD26+ T cells both showed a polyclonal
pattern with no apparent difference in TCR diversity for
any of the TRAV and TRBV segments in CD4+CD26- and
CD4+CD26+ T cells (Figure 2). So although CD4+CD26-
T cells show characteristics of antigen experienced CD4
+ T cells, no clonal TCR V segment usage pattern was
observed.

The CD4+CD26- T cells have a distinct gene expression
signature

Principal component analysis (PCA) considering the whole-
gene expression profile revealed that samples separated
based on CD26 expression status along PC1, the axis repre-
senting the highest variance in the data (Supplemental
Figure S2). This already suggested that CD4+CD26- and
CD4+CD26+ T cells have distinct gene signatures.
Comparison of the RNA-seq data of CD4+CD26- T cells
to those of the CD4+CD26+ T cells resulted in identifica-
tion of 567 differentially expressed genes (DEGs) (adjusted
p-value <0.05 and -1< log2foldchange>1) (Supplemental
Table 4). Of these, 100 genes were significantly upregulated
and 467 genes were significantly downregulated in CD4
+CD26- T cells compared to CD4+CD26+ T cells.
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Unsupervised hierarchical clustering of the 567 DEGs
revealed two clusters with a clear separation between CD4
+CD26- and CD4+CD26+ T cells (Figure 3a). Within each
T cell subset, no further clustering was observed for histo-
logical subtype or EBV status. The top DEG was DPP4
(CD26; log2foldchange = 5.83; padj = 5.45x10*°) consis-
tent with our sorting strategy (Figure 3b). As we were
interested in characterizing the CD4+CD26- T cells residing
in proximity to the HRS cells we focused on the 100 genes
significantly upregulated in this T cell population. Based on
our selection criteria, we selected seven genes for subse-
quent analysis: TOX, TOX2, NFIA, PDCDI (=PD-1),
CD200, CXCL13 and CTTN (Supplemental Figure S3).
Thus, CD4+CD26- T cells have increased expression of
genes encoding for exhaustion associated transcription fac-
tors TOX and TOX2, transcription factor nuclear factor
I A (NFIA), immune checkpoints PD-1 and CD200, che-
mokine CXCL13 and actin-binding filament protein cortac-
tin (CTTN).

Co-expression patterns of genes of interest

To study co-expression of the genes of interest within
individual CD4+ T cells, we used scRNA-seq data from
16 previously published HLA class II positive cHL cases."?
The seven selected genes were all significantly less fre-
quently co-expressed with CD26 in CD4+ T cells, with
odds ratios (OR) below 0.5 (Figure 4a). Moreover, the
expression levels of the selected genes showed positive

b CD26- vs. CD26+
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Figure 3. Genes differentially expressed between CD26- and CD26+CD4+ T cells. (a) Heatmap showing the unsupervised hierarchical clustering of 567 genes
differentially expressed between CD4+CD26- and CD4+CD26+ T cells. Of the 567 genes, 100 were upregulated and 467 downregulated in CD4+CD26- T cells. Rows
are genes, columns are samples. (b) Volcano plot for CD4+CD26- versus CD4+CD26+ . — log10(adjusted p-values) are plotted against log2(foldchange). Grey dashed
lines indicate an adjusted p-value of <0.05 and a log2(foldchange) greater than 1 in both directions. NS = Nodular Sclerosis; MC = Mixed Cellularity; LR = Lymphocyte

Rich; NOS = Not Otherwise Specified.
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Figure 4. Characterization of co-expression patterns in CD4+ T cells using single-cell RNA-seq data from HLA class Il positive cHL cases. (a) Odds ratio (OR) of expression
of the selected genes in CD4+CD26+ versus CD4+CD26- T cells. Indicated are the OR with 95% confidence intervals. (b) UpSet plot showing co-expression patterns of
(D26 with the seven selected genes in single CD4+ T cells. A total of 13014 cells was evaluated.

correlations to one another and negative correlations to
CD26 expression across the CD4+ T cell population, albeit
with low rho values that are likely due to the inherent
‘drop-out’ of expression values presented in scRNA-seq
data (Supplemental Figure 4A). Both observations confirm
the differential expression patterns as observed in our bulk
RNA-seq analysis. Expression patterns in the scRNA-seq
data showed thatTOX2 and CXCLI13 were most frequently
expressed in CD4+CD26- T cells (Figure 4b). In addition,
CD4+CD26- T cells often co-expressed TOX2 with at least
one of the other selected genes and in part of the CD4

P78

+ CD26- T cells we observed co-expression with three to
four of the genes of interest. As expected, the majority of
CD4+ CD26+ T cells did not express any of the selected
genes (Figure 4b). Similar results were obtained in five HLA
class IT negative cHL cases (Supplemental Figure 4B,C).

Rosetting T cells express TOX and TOX2

To investigate protein expression of the selected genes in the
cHL microenvironment, immunohistochemistry was per-
formed on tissue of the 19 cHL cases used for bulk RNA-seq

TOX
TOX2
NFIA-E
CD200+
PD-1-4
CXCL13

Figure 5. Representative images of immunohistochemical staining in cHL tissue to define rosette specific expression pattern. Representative images of (a) TOX, (b) TOX2,

(c) NFIA, (d) CD200, (e) PD-1 and (f) CXCL13 staining. In each picture two rosettes (H
of the immunohistochemistry scores per marker. Points represent the scores of each
represent the median score of all cases.

RS cell with surrounding lymphocytes) are highlighted with a circle. (g) Visualization
of the 19 cHL cases used for sorting and subsequent bulk RNA-seq analysis. The bars



(Figure 5a-f). The majority of cells surrounding the HRS cells
did not express CD26, in line with previous studies.'”** CD26
was expressed in a nodular or scattered pattern, with respec-
tively only CD26+ cells outside the tumor cell areas or a low
number of CD26+ cells scattered throughout the tissue with
occasionally a positive cell close to a tumor cell. If expressed,
TOX, TOX2, CD200, PD-1 and CXCLI13 positive cells were
enriched in the tumor cell areas in which the CD4+CD26-
T cells reside. NFIA positive cells were in general scattered
throughout the TME and CTTN did not show a T-cell-specific
staining pattern. Staining patterns for all selected markers
except CTTN were scored according to the percentage positive
cells in the rosetting T cells (Supplemental Figure S5;
Supplemental Table 2). TOX and TOX2 were the most sensi-
tive markers for rosetting T cells with >50% of rosetting cells
staining positive in 63% and 79% of the cHL cases, respectively
(Figure 5g). TOX2 positive cells were in general more abun-
dant in the cHL TME than TOX positive cells. CD200 stained
positive in >50% of the rosetting cells in 44% of the cHL cases.
In addition, HRS cells expressed CD200 in 78% of evaluated
cases. PD-1 stained positive in >50% of rosetting cells in 35% of
the cases, while in the majority of the remaining cases PD-1
staining was completely absent. Lower percentages of positive
rosetting T cells were observed for NFIA and CXCL13. For
NFIA only 21% of cases showed enrichment in rosettes. The
number of CXCL13 positive cells was limited in the majority of
cases, but they were usually in proximity of the tumor cells. In
HLA class II negative cases staining patterns were similar to
those observed in HLA class II positive cases. Again, TOX,
TOX2 and CD200 were most frequently expressed in rosettes,
although percentages of positive rosetting T cells was slightly
lower in HLA class II negative cHL cases (Supplemental
Table 5).

Discussion

Using bulk and single-cell RNA-seq approaches, we have char-
acterized the CD4+CD26- T cells in the cHL TME. Our results
show that these CD4+CD26- T cells are antigen experienced
and polyclonal. Markers that were most prominently enriched
in CD4+CD26- compared to CD4+CD26+ T cells and were
expressed in the majority of rosetting CD4+ T cells were
thymocyte selection-associated high-mobility group box
(TOX) and TOX2, which are exhaustion associated transcrip-
tion factors.

The finding that CD4+CD26- T cells in the TME of cHL
displays an antigen experienced gene expression profile fits well
with cHL associated T cell types that have been described in
multiple previous reports.>'>?%*” Our group has recently
established that initial interaction between T cells and HRS
cells is fast and involved a large proportion of T cells,'® which is
consistent with antigen experienced T cells recognizing a broad
spectrum of HRS cell derived antigens. These interactions
occur by means of the immunological synapse, resulting in
formation of T cell rosettes and low-level IL-2 production,
suggesting that these T cells get activated, but only to some
extent.'® This low-level activation state is consistent with
expression of early activation markers CD38 and CD69, while
CD25 and CD26 are missing.'””'*?° In the current study, we
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describe that these low-level activated T cells do not clonally
expand, as seen by the polyclonal TCR V segment usage. This is
in line with previous studies describing that rosetting T cells in
HL are polyclonal.***

Our gene expression data suggest that these antigen experi-
enced T cells consist of memory Treg cells and/or Tth cells.
However, further evidence for a contribution of Tth cells in the
cHL TME is lacking in literature and characteristic markers
like BCL-6 and CXCR5>**" are not present in our differentially
expressed gene set. In addition, although Tth cell markers
CD200 and PD-1 are expressed at higher levels, the intensity
of staining for those markers is usually lower in CD4+CD26-
T cells in the HL TME compared to CD4+ T cells in germinal
centers within the same tissue. In contrast, memory Treg cells
have commonly been described and are actively recruited by
HRS cells that attract them by secreting high amounts of
chemokines CCL17/TARC and CCL22/MDC.®"® Thus, mem-
ory Treg constitute a major source of CD4+ T cells in the cHL
TME, but it appears their gene expression is modulated to
a profile that combines both memory Treg and Tth features.

Besides the already known characteristic feature of being
CD26-, we identified two additional proteins enriched in CD4
+ T cells in the TME. These proteins, i.e. TOX and TOX2, were
also frequently expressed by rosetting T cells in cHL. The TOX
protein family consists of four members that all function as
transcription factors: TOX (also known as TOX1), TOX2,
TOX3 and TOX4.”> TOX and/or TOX2 are involved in many
early lymphoid developmental processes, including positive
selection in thymocytes, early development of CD4+ T and
NK cells, development of innate lymphoid cells and lymph
node organogenesis.”> > More important in the setting of our
study, they are essential for the development of Tth cells and the
induction of exhaustion in both CD4+ and CD8+ T cells.”*™*!
Corresponding with our DEG, TOX can induce the expression
of the Tth defining chemokine CXCL13, and immune check-
point molecule PD-1, which is a well-established marker of
exhaustion.*>** Of note, in our immunohistochemistry analysis,
T cells expressing TOX and/or TOX2 outnumbered cells
expressing CXCL13 and PD-1, confirming a previous report
that the exhaustion phenotype is a dominant feature in the
cHL TME.” In line with this induction of exhaustion by TOX
and TOX2, is the inability of CD4+ CD26- T cells to upregulate
production of several cytokines upon in vitro stimulation.”® It is
well known that TOX and TOX2 are both induced by chronic
antigen stimulation of the TCR.*** Tt would be interesting to
study if this is also the case in HL, given the importance of HLA
class TI-TCR interactions in HL rosetting.'’

Increased TOX levels in T cells are very prominent in our
study in cHL and have also been described in solid malig-
nancies and B cell non-Hodgkin lymphoma.*> *
Interestingly, several lines of evidence support a role of
TOX and TOX2 in CD8+ T cells in sensitivity to immune
checkpoint blockade. Knockdown of TOX in CD8+ T cells in
a patient-derived xenograft mouse model of hepatocellular
cancer decreased tumor growth, alleviated the CD8+ T cell
exhaustion, increased CD8+ T cell infiltration and improved
responses to PD-1 blockade therapy.*’ In addition, CD8+ chi-
meric antigen receptor (CAR) T cells with a combined defi-
ciency in TOX and TOX2 were more active and promoted
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profound tumor regression and prolonged survival in
a melanoma mouse model.”” If these results in CD8+ T cells
can be extrapolated to CD4+ T cells in cHL several important
implications arise. First, cHL has a very high response rate to
PD-1 blockade with objective response rates as high as 87% in
the relapsed and refractory setting with also excellent efficacy
in first-line treatment combined with concomitant or sequen-
tial de-intensified chemotherapy regimens in ongoing
trials.”’ % Reversal of exhaustion in CD4+ T cells is likely
responsible for these very high response rates because of their
high abundance, their importance to survival of HRS cells and
their predictive role in response to PD-1 blockade.*'%"'?
Second, the extent of exhaustion in CD4+ T cells is expected
to be predictive for immune checkpoint blockade outcome
and it would be interesting to study TOX and TOX2 expres-
sion in this setting. Finally, targeting TOX and/or TOX2 with
small molecule inhibitors,”! might revert T cell exhaustion,
thereby being an attractive way to further improve immu-
notherapy results in cHL.

In conclusion, we have extensively characterized CD4
+CD26- T cells in the TME of cHL. These T cells are antigen
experienced, polyclonal and probably originate from memory
Treg cells. They are enriched for exhaustion associated tran-
scription factors TOX and TOX2, which also induce expression
of immune checkpoints. Targeting of TOX and TOX2 might
reverse T cell exhaustion and thereby provides an interesting
opportunity for immunotherapy.
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