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ABSTRACT

In classical Hodgkin lymphoma (cHL), the malignant cells represent only a small fraction of the tumor. Yet, they orchestrate a
lymphocyte-dominated tumor microenvironment (TME) that supports their survival and growth. The systemic effects of this local immu-
nomodulation are not fully elucidated. Here, we aimed at characterizing circulating lymphocytes and plasma proteins in relation to clinical
parameters and treatment effect. Peripheral blood (PB) samples were obtained from 48 consecutive patients at diagnosis and at 2 time
points after successful primary treatment. Single-cell suspensions were prepared from lymph node (LN) biopsies obtained for routine
diagnostic purposes. Twenty healthy individuals were included as controls. Cells from PB and LN were analyzed by flow cytometry, and
plasma proteins by Proximity Extension Assay. We found that the frequencies of T and B cells positively correlated between the LN and
the PB compartments. Compared to controls, cHL patients had higher frequencies of proliferating T cells as well as higher expression
of programmed death (PD)-1 and cytotoxic T lymphocyte antigen (CTLA)-4 in circulating T cells, and lower naive T-cell frequencies.
Advanced-stage patients had fewer NK cells with a functionally impaired phenotype. Differences in the immune profile were observed
in patients with a high tumor burden and with high inflammation, respectively. Most of these deviations disappeared after standard first-
line treatment. Patients who received radiotherapy involving the mediastinum had low T-cell counts for a prolonged period. Our findings

suggest that the immunomodulation of lymphocytes in the TME of cHL might affect immune biomarkers in the PB.

INTRODUCTION

Classical Hodgkin lymphoma (cHL) is one of the most com-
mon lymphomas and derives from B cells of the germinal cen-
ter. It has a peculiar histology with pathognomonic Hodgkin
and Reed-Sternberg (HRS) cells, which usually only represent
around 1% of the cells in the tumor tissue, in an environment of
polymorphous infiltration of immune cells.!
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The most common frontline treatment regimens for cHL are
doxorubicin-bleomycin-vinblastine-dacarbazine (ABVD) with or
withoutradiotherapy (RT)inlimited-stagecHL,>and escalated-dose
bleomycin-etoposide-doxorubicin-cyclophosphamide-vincris-
tine-procarbazine-prednisone (escalated BEACOPP) in advanced-
stage cHL.> Over the course of several decades, treatment for cHL
has evolved and the disease is nowadays often curable; 80%-90%
are cured after first-line treatment.*’

Brentuximab vedotin and anti-programmed death (PD)-1
therapy are used in patients with relapsed or refractory (R/R)
disease and are currently being tested as monotherapy and in
combination with chemotherapy as primary treatment.

Besides their intrinsic malignant characteristics, HRS cells
attract and reprogram other immune cells to support their
growth and survival. These include T cells, natural killer
(NK) cells, B cells, plasma cells, mast cells, granulocytes,
and macrophages.! CD4* T cells are the most abundant in
cHL lymph nodes (LNs) and HRS cells preferentially recruit
T helper (Th)2 and regulatory T (Treg) cells by secreting
C-C motif chemokine ligand (CCL)17 (also known as thy-
mus and activation-related chemokine; TARC), CCLS (also
known as regulated upon activation, normal T cell expressed
and presumably secreted; RANTES), interleukin (IL)-4, IL-35,
IL-10, and IL-13.58 CD8* T cells are less frequent and func-
tionally impaired by IL-10 and transforming growth factor
(TGF)-B.>!° HRS cells also recruit macrophages by secreting
macrophage colony-stimulating factor (M-CSE, also known
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as CSF1); the presence of macrophages is an adverse prog-
nostic factor.!" Fibroblasts are attracted by HRS cell-pro-
duced fibroblast growth factor and IL-13,'>!3 eosinophils by
IL-5, CCLS, CCL11 and CCL28,'*!S mast cells by CCLS,®
and neutrophils by IL-8."* B cells are most likely present
as remnants of the original LN structure.'® HRS cells con-
stitutively express PD ligand (PD-L)1 due to genetic ampli-
fication or copy number gain of chromosome 9p24.1."7
Tumor-associated macrophages (TAM) are major contribu-
tors to PD-L1 overexpression in the cHL microenvironment
as well.'® Such overexpression on the one hand suppresses the
function of effector T cells and therefore hampers the antitu-
mor immune response, and on the other supports the survival
of HRS cells. Indeed, cHL patients have significantly higher
levels of both membrane-bound and soluble PD-1, which can
induce reverse PD-L1 signaling in HRS cells, increasing cell
proliferation and reducing apoptosis."’

This may explain the great efficacy of anti-PD-1 therapy in
the R/R setting.?’

The fact that immune cells are profoundly manipulated
by HRS cells in the tumor microenvironment (TME), where
their presence and characteristics have vast prognostic impli-
cations,??? and that many interactions are cytokine-mediated,
suggests that even circulating immune cells may be affected
in patients with cHL. Indeed, the peripheral blood (PB) levels
of CCL17/TARC can be used to predict treatment response.?
Furthermore, CCL17/TARC levels positively correlate to the
metabolic tumor volume.???* Soluble CD163, a TAM marker,
also reflects disease activity, yet not as accurately as CCL17/
TARC.? Patients with cHL also have higher percentages of
Tregs,?® functionally suppressed Th1 cells,?”?® and a higher per-
centage of PD-1* T cells, in their PB.?

Extensive knowledge is available on the local interactions of
immune cells with tumor cells in cHL LNs. However, the sys-
temic immune suppressive effects of HRS cells and their TME
are less well studied. In this study, we aimed at characterizing
circulating lymphocytes and plasma proteins in cHL patients in
relation to their frequency in LNs, tumor load, and the effect of
standard first-line treatment.

METHODS

Patients and controls

Forty-eight consecutive patients with newly diagnosed cHL
who started treatment at the Hematology Department at
Karolinska University Hospital between the years 2015 and
2018 were included in the study. Patients with a high viral load
of Epstein-Barr virus (EBV) or human immunodeficiency virus
(HIV) were excluded to avoid the immune response against the
virus being a confounding factor. Since the aim of the study was
to evaluate whether treatment-related changes reverted after
successful treatment, patients who were not in complete remis-
sion after standard first-line treatment were excluded from the
follow-up analysis. Specifically, 6 patients were excluded for the
following reasons: refractory disease (n = 2), discontinued treat-
ment (n = 1), and atypical treatment strategy (n = 3). After a
median follow-up of 42 months (range, 23-71) all the patients
were still in complete remission.

Baseline characteristics are shown in Table 1. This study was
approved by the regional ethics committee and conducted in
accordance with the Declaration of Helsinki. Informed consent
was obtained from all study participants.

The patients were treated according to the contemporary
Swedish national treatment guidelines (Suppl. Materials and
Methods). PB samples were obtained before the start of any
treatment (including pre-chemotherapy steroids), right at the
end of treatment, and at follow-up 6 months. Clinical chemistry
parameters were determined by the hospital’s routine laborato-
ries and collected from the patients’ medical records.

Circulating Immune Biomarkers in Hodgkin Lymphoma

Baseline Characteristics

Limited-stage Advanced-stage

(I-11A) (n=28)  (lIB-IV) (n = 20)

Age (y), median (range) 35 (18-73) 36.5 (18-84)
Male 15 (54) 13 (65)
Female 13 (46) 7(35)
Histological subtype

Nodular sclerosis 18 (64) 16 (80)

Mixed cellularity 5(18) 2 (10)

Lymphocyte-rich 1) 1)

Lymphocyte-depleted 0 0

Unclassified 4(14) 1)
Ann Arbor stage

| 6 (21) -

Il 22 (79) 5(25)

I - 4(11)

v - 11 (55)
B-symptoms 0(0) 14 (70)
Bulky disease 7 (25) 1)
>2 nodal sites 15 (54) 19 (95)
Erythrocyte sedimentation rate >50 mm 1) 13 (65)
Age >45y 8(29) 9 (45)
Hemoglobin <10.5g/dL 0(0) 6 (30)
White blood cell count >15 x 109/L) 1(4) 3(19)
Absolute lymphocyte count <8% or 1) 1)
<0.6x10%L
Serum albumin <40 g/L 17 (61) 19 (95)

All data are presented as number (percentage) unless stated otherwise.

Twenty age- and sex-matched healthy individuals were used
as controls. The absolute lymphocyte counts (ALCs) in their
PB samples were measured with an Automated Hematology
Analyzer pocH-100i (Sysmex, Kobe, Japan).

Flow cytometric analysis of immune cells in the PB and LNs

Heparinized whole blood samples were stained with anti-
bodies (Suppl. Table S1), exposed to red blood cell lysis buf-
fer, and washed before flow cytometry (Suppl. Materials and
Methods). PB mononuclear cells (PBMCs) were purified from
heparinized whole blood by density gradient centrifugation
using a Ficoll-Hypaque gradient, washed immediately, stained
with antibodies (Suppl. Table S2), and washed again before
flow cytometry. See Suppl. Materials and Methods, and Suppl.
Table S3 and S4, for more details and intracellular staining
methods. Both excisional and needle core biopsies from LNs
were performed for routine diagnostic purposes. Single-cell
suspensions were stained with antibodies (Suppl. Table S5) and
analyzed by flow cytometry according to standard protocols
for clinical samples.

PB data were acquired on a 6-color FACSCanto II Flow
Cytometer, while LN data were acquired on an 8-color
FACSCanto Clinical Flow Cytometry System. Analysis was per-
formed using FACSDiva software version 6.1.3 (BD Biosciences).
Absolute numbers of various cell subsets in the PB were calculated
using a dual-platform method (Suppl. Materials and Methods).
The different immune cell populations were defined according to
the surface phenotype specified in the Suppl. Table Sé6.

Measurement of protein biomarker levels in plasma

Proximity Extension Assays (PEA) were performed on thawed
plasma samples using the Target 96 Immuno-Oncology panel (Olink
Bioscience, Uppsala, Sweden)®® to analyze 92 protein biomarkers
(Suppl. Table S7). Measurements were done in duplicates using 1
ul of plasma. Normalized protein expression values were row-nor-
malized for display. Row normalization, statistical tests, and data
visualization were performed using R 3.6.0 (R Foundation).
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See Suppl. Materials and Methods, for details on ELISA of
CCL17/TARC.

Statistical analyses

Statistics were performed using GraphPad Prism 9.2.0
(GraphPad Software, La Jolla, CA) or R 3.6.0 (R Foundation).
Comparisons of numerical variables between groups were per-
formed with nonparametric Mann-Whitney tests and with
Wilcoxon signed-rank tests in case of repeated measures. The
Benjamini-Hochberg procedure was applied to correct for multi-
ple testing. Multiple Kruskal-Wallis tests with Dun’s post-hoc test
were used when appropriate. Pearson correlation coefficients were
computed only if both data sets had a confirmed Gaussian distri-
bution (Shapiro-Wilk normality test), otherwise, the nonparamet-
ric Spearman R correlation coefficient was used. A 2-tailed P-value
of <0.05 was considered statistically significant across all tests.

RESULTS

Advanced-stage patients have normal lymphocyte counts, yet few
NK cells

Although the ALCs of the patients at baseline were nor-
mal, we observed lower numbers of B cells in both limited-
and advanced-stage cHL compared to controls (median 0.075
[P < 0.0001] and 0.067 [P < 0.0001] versus 0.17x10° cells/L,
respectively) (Figure 1A). The absolute numbers of T cells,
CD4* and CD8* T cells in cHL patients were normal. However,
advanced cHL patients had lower numbers of NK cells than
controls (median 0.14 versus 0.20x10° cells/L, respectively,
P =0.0135) (Figure 1E).

We did not observe any differences in the numbers of Th1,
Th2, Th17, and Tregs, nor in the Th1/Th2 ratio, between cHL
patients and controls. However, the plasma concentrations of
CCL17 (TARC) were elevated in both limited- and advanced-
stage cHL compared to controls (median 5256 [P = 0.0002]
and 9165 [P < 0.0001] versus 61.03 pg/mL, respectively)
(Figure 1B).

PB T cells have an activated and antigen-experienced phenotype

We observed that both limited-stage and advanced-stage cHL
patients had higher frequencies of intracellular Ki67 expression
than controls among CD4* (median 2.77 [P < 0.0001] and 3.36
[P = 0.0004] versus 0.92%, respectively) and CD8* (median 1.85
[P = 0.0009] and 3.66 [P < 0.0001] versus 0.91%, respectively) T
cells at baseline. The expression of CD69 was not aberrant on CD4*
T cells, but it was more frequent on CD8* T cells in limited-stage
and advanced-stage cHL than on those in controls (median 9.70
[P = 0.0077] and 10.50 [P = 0.0318] versus 5.45%, respectively).
The PD-1 expressing fraction among CD4* T cells was higher
in limited-stage ¢cHL than in controls (median 31.75% versus
23.05%, respectively, P = 0.0030), while on CD8* T cells it was
higher in both limited-stage and advanced-stage cHL (median 32.05
[P =0.0041] and 32.20 [P = 0.0135] versus 21.15%, respectively).
Both limited-stage and advanced-stage cHL patients had higher pro-
portions of intracellular cytotoxic T lymphocyte antigen (CTLA)-4
expression among CD4* T cells than controls (median 22.55
[P <0.0001] and 27.65 [P < 0.0001] versus 15.95%, respectively),
while only advanced-stage cHL patients had a higher CTLA-4*
fraction among CD8* T cells (median 4.15 versus 2.45%, respec-
tively, P = 0.0170). Interestingly, the frequency of PD-1 and TIM-3
double-positive T cells was higher in both limited- (n = 13) and
advanced-stage (n = 6) cHL than in controls (n = 7) (median 2.40
[P < 0.0001] and 2.85 [P = 0.0012] versus 0.80%, respectively)
(Suppl. Figure S1).

While we observed no difference in the percentages of
naive T cells (T), defined as C-C motif chemokine receptor
(CCR)7+*CD45RA*, within the CD4* population, the frequency
of Ty cells within the CD8* population was lower in lim-
ited- and advanced-stage cHL than in controls (median 27.40
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[P = 0.0005] and 20.15 [P = 0.0003] versus 53.25%, respec-
tively). Furthermore, effector memory T cells (T,,,), defined as
CCR7-CD45RA-, were more frequent among CD4* (median
25.50 versus 18.20%, respectively, P = 0.0267) and CD8*
(median 15.30 versus 10.65%, respectively, P = 0.0074) T cells
in limited-stage cHL (Figure 1C and D).

Circulating NK cells are activated, but have a functionally impaired
phenotype

When looking into the NK-cell subsets, we found that the
numbers of CD56"s" NK cells were lower in both limited- and
advanced-stage cHL at baseline compared to controls (median
4.81 [P = 0.0024] and 7.16 [P = 0.0320] versus 12.83x10°
cells/L, respectively).

Compared to controls (n = 8), both limited- (n = 13) and
advanced-stage (n = 6) cHL patients had higher percentages
of NK cells that express CD69 (median 1.80 versus 3.40
[P = 0.0004] and 8.35% [P = 0.0043], respectively) and
HLA-DR (median 1.45 versus 5.20 [P = 0.0056] and 5.35%
[P = 0.0426], respectively). Notably, though, a lower percentage
of NK cells in advanced-stage cHL (n = 7) was double-positive
for NK group 2 member D (NKG2D) and DNAX accessory
molecule (DNAM)-1 compared to controls (n = 7) (median 74.0
versus 93.4%, respectively, P = 0.0105) and even compared to
limited-stage cHL (n = 13) (median 74.0 versus 86.7%, respec-
tively, P = 0.0085) (Figure 1E).

Disease-related changes in the levels of plasma protein bio-
markers are displayed in Suppl. Figure S2.

T- and B-cell frequencies are correlated between PB and LNs

When analyzing the flow-cytometry data from paired base-
line PB and LN samples of cHL patients, we observed that the
frequencies of T cells (median 82.35% and 72.64%, respec-
tively) and B cells (median 4.85% and 26.37%, respectively)
positively correlated (Pearson r = 0.3855 [P = 0.0243] and
Spearman r = 0.5203 [P = 0.0016], respectively) between the 2
compartments (Figure 2A and B). However, there was no such
correlation for CD4* T cells, CD8* T cells, CD4/CD8 ratio, and
NK cells (Figure 2C-F). Interestingly, though, the percentage
of CD4* T cells in the LNs correlated positively with the con-
centration of CCL17/TARC in the PB (Spearman 7 = 0.4255,
P =0.0121) (Figure 2E).

Patients with high inflammation and high tumor burden, respectively,
have distinct immune profiles

To assess possible differences in the immune profiles of
patients with an inflammatory status compared to those
who had not, we divided the patients into 2 groups, with a
low erythrocyte sedimentation rate (ESR) (n = 29) and high
(250 mm) ESR (n = 19), respectively. We observed that patients
with a high ESR had higher percentages of PD-1*CD4* T cells
and lower percentages of CD4* T, cells, NKG2D* CDS56%™
NK cells, and total NK cells in their PB (Figure 3A). When we
looked at the plasma protein biomarker profiles, we observed
that patients with a high ESR have lower levels of inducible
T cell costimulator ligand (ICOSLG) and higher levels of
multiple chemoattractants, PD-1 and PD-L1, among others
(Figure 3C).

To determine possible differences in the immune profile of
patients with a high tumor burden compared to those who
had not, we divided the patients into 2 groups, with a low
(n = 11) and high (n = 37) tumor burden (defined as bulky
tumor or >2 nodal sites involved or stage IV), respectively, and
performed the same analysis. Patients with a high tumor bur-
den had higher plasma levels of CCL17/TARC, higher percent-
ages of CTLA-4* CD4* T cells, activated Tregs, Ki67+ CD4* T
cells, and Th2 cells in their PB. They also had higher levels of
TGEF-p, PD-L1, IL-10, and M-CSF (also known as CSF1) among
others, in their plasma than patients with a low tumor burden
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Figure 1. Absolute numbers of lymphocytes and their subsets in the PB of limited-stage and advanced-stage cHL patients before pri-
mary treatment. Comparing healthy controls (n = 20) to limited-stage (n = 28) and advanced-stage (n = 20) cHL patients. (A) Absolute lym-
phocyte count (ALC) and absolute numbers of major lymphocyte populations (B cells, T cells, CD4* T cells, CD8* T cells, and CD4/CD8 ratio).
(B) Absolute numbers of T helper cells (Th1 cells, Th2 cells, Th1/Th2 ratio, Th17 cells, and Tregs) and concentrations of CCL17/TARC in plasma.
(C) Percentages of CD4* T cells that are expressing functional markers (Ki67, CD69, PD-1, and CTLA-4) and absolute numbers of CD4* TN and TEM
cells. (D) Percentages of CD8* T cells that are expressing functional markers (Ki67, CD69, PD-1, and CTLA-4) and absolute numbers of CD8* TN and
TEM cells. (E) Absolute numbers of NK cells, CD569™ NK cells, CD569"" NK cells, and percentages of NK cells that are expressing functional markers
(CD69, HLA-DR, NKG2D, and DNAM-1). The CD4/CD8 ratio, Th1/Th2 ratio, and CCL17/TARC data are depicted as box and whiskers plots in the style
of Tukey. All other data are depicted as violin plots with a thick line at the median and thin lines at the quartiles. Stars indicate the P-value of a Mann-
Whitney test comparing the indicated groups. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001. ADV = advanced-stage; cHL = classical Hodgkin lymphoma;
CTLA = cytotoxic T lymphocyte antigen; DNAM = DNAX accessory molecule; LIM = limited-stage; NK = natural killer; NKG2D = NK group 2 member D; PB = peripheral blood.

(Figure 3D). Furthermore, patients with a high tumor burden  and PD-1*CD4* T, cells in their PB (Figure 3B). When com-
have lower percentages of B cells and lymphocytes in their LNs,  paring different combinations of low/high ESR and low/high
lower percentages of CD69* CD4* T cells, and lower absolute  tumor burden, these differences were still consistent (Supp.
numbers of CD69*CD4* T cells, CD69*CD8* T cells, NKT cells,  Figure S3).
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Figure 2. Lymphocyte subset frequencies in PB and LN and correlations between the 2 compartments in cHL patients before primary treatment.
(A) The percentage of T cells in PB and LNs and the correlation between these. (B) The percentage of B cells in PB and LNs and the correlation between these.
(C) The percentage of CD4* T cells in PB and LNs and the correlation between these. (D) The percentage of CD8* T cells in PB and LNs and the correlation
between these. (E) The CD4/CD8 ratio in PB and LNs and the correlation between these. (F) The percentage of NK cells in PB and LNs and the correlation
between these. (G) Correlation between the concentration of CCL17/TARC in the PB and the percentage of CD4* T cells in the LNs. The CD4/CD8 ratio data
are depicted as box and whiskers plots in the style of Tukey. Percentages are depicted as violin plots with a thick line at the median and thin lines at the quartiles.
Correlations are visualized by scatter plots with a simple linear regression line. cHL = classical Hodgkin lymphoma; LN = lymph node; NK = natural killer; PB = peripheral blood.

Most immunological changes are reverted after successful standard
primary treatment

To examine the effect of treatment on the cHL-related immuno-
logical changes, we performed the same analyses after treatment.
Compared to baseline, the numbers of B cells increased at fol-
low-up in limited-stage (median 0.075 versus 0.138 x10° cells/L,
respectively, P < 0.0001) and advanced-stage (median 0.204 ver-
sus 0.069x 107 cells/L, respectively, P = 0.0002) cHL (Figure 4A).
As expected, CCL17/TARC concentrations dropped back to con-
trol levels at end of treatment and follow-up (Figure 4B).

Furthermore, comparing follow-up to baseline, the Ki67*
fraction of CD4* T cells decreased in limited-stage (median 1.15
versus 2.56%, respectively, P = 0.0002) and advanced-stage
(median 1.15 versus 2.44%, respectively, P = 0.0031) cHL.
Likewise, the percentage of Ki67+ CD8* T cells went down in lim-
ited-stage (median 0.78 versus 1.85%, respectively, P = 0.0002)
and advanced-stage (median 1.07 versus 3.71%, respectively,
P = 0.0006) cHL. The frequencies of CD69* CD8* T cells in
limited-stage cHL, PD-1* CD8* T cells in advanced-stage cHL,
CTLA-4* CD4* T cells in both patient groups and CD8* T cells
in advanced-stage cHL decreased as well. Fractions of T, cells
decreased, and T, cells increased among CD4* T cells in limit-
ed-stage cHL at end of treatment, then changed in the opposite
direction at follow-up. A similar trend was observed in the CD8*
T-cell compartment (Figure 4C and D).

The numbers of NK cells in advanced-stage cHL increased
at follow-up compared to baseline (median 0.231 versus
0.143 x 107 cells/L, respectively, P = 0.0353). Likewise, CD35 6Prisht
NK-cell numbers went up in limited-stage cHL (median 0.0132
versus 0.0049 x 10° cells/L, respectively, P < 0.0001). However,

the numbers of CD69+, HLA-DR*, and NKG2D*DNAM-1* did
not change lastingly (Figure 4E).

Most disease-related changes in plasma protein biomarkers
were also normalized after standard first-line treatment (Suppl.
Figure S4).

Plasma protein biomarker profiles are aberrant in cHL and normalize
after treatment

To characterize the general profile of the analyzed plasma
protein biomarkers, we performed a principal component anal-
ysis of these data. We observed a distinct clustering with a low
level of overlap of healthy individuals and cHL patients at base-
line. Interestingly, the plasma protein profiles of patients at end
of treatment and follow-up were almost identical to those of
controls (Figure 5).

Patients that undergo RT involving the mediastinum have a
prolonged T-cell deficit

Patients treated with RT (n = 20), especially if the medias-
tinum was within the RT field (n = 12), had a lower ALC at
end of treatment and follow-up than patients who were not
treated with RT (n = 22). In particular, patients who under-
went RT involving the mediastinum had lower T-cell num-
bers compared to patients who had not received RT at end of
treatment (median 0.70 versus 1.46 x 10° cells/L, respectively,
P = 0.00011) and follow-up (median 0.76 versus 1.29x10°
cells/L, respectively, P = 0.00173), respectively, while no dif-
ferences were observed in B-cell numbers (Figure 6A). When
we performed multiple comparisons to check which subpop-
ulations of T cells were mainly affected, we observed that the
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Figure 3. Immune profiles of cHL patients with high ESR and high tumor burden before primary treatment. High erythrocyte sedimentation rate (ESR)
was defined as =50 mm. High tumor burden (TB) was defined as any of the following: bulky disease, >2 nodal sites, and stage IV. Multiple comparisons between
patients with (A) low (n = 29) vs high (n = 19) ESR, and (B) low (n = 11) vs high (n = 37) TB. Data are depicted as volcano plots of multiple Mann-Whitney tests
with a P-value threshold of 0.05 and without correction for multiple comparisons. Y-axes depict the negative log10-transformed P values, so dots that are plot-
ted above the horizontal line have a P-value that is <0.05. X-axes show the mean rank difference between the 2 indicated groups. A positive X-value means that
the difference is in favor of the latter group in the graph title. (C, D) The left columns show the results of multiple Kruskal-Wallis tests with Dun’s post-hoc test,
between the respective groups. The middle columns depict the median row-normalized normalized protein expression (NPX) values of the respective groups.
The right columns show the individual row-normalized NPX values of the healthy individuals and patients clustered by group. Since MIC-A and MIC-B were
measured with the same probe it was regarded as one unique protein. cHL = classical Hodgkin lymphoma.
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Figure 4. Follow-up of lymphocyte numbers, subset frequencies, and functional characteristics in cHL patients at the end of standard primary
treatment and 6 months later. Comparing limited-stage cHL patients at baseline (n = 27) to EoT (n = 25) and FU (n = 25), and advanced-stage cHL patients
at baseline (n = 15) to EoT (n = 12) and FU (n = 14). (A) Absolute lymphocyte count (ALC) and absolute numbers of major lymphocyte populations (B cells, T
cells, CD4* T cells, CD8* T cells, and CD4/CD8 ratio before and after treatment). (B) Percentages of CD4* T cells that are expressing functional markers (Ki67,
CD69, PD-1, and CTLA-4) before and after treatment. (C) The concentration of CCL17/TARC in plasma before and after treatment. Data are depicted as con-
nected dots that indicate the median with error bars that indicate the interquartile range. Plus signs illustrate the P-value of Mann-Whitney tests comparing the
respective time points with controls. (D) Percentages of CD8* T cells that are expressing functional markers (Ki67, CD69, PD-1, and CTLA-4) before and after
treatment. (E) Absolute numbers of NK cells, CD56¢" NK cells, CD569™ NK cells, and NK cells that are expressing functional markers (CD69, HLA-DR, NKG2D,
and DNAM-1) before and after treatment. Paired data are depicted as connected dots that indicate the median with error bars that indicate the interquartile
range. Stars indicate the P-value of a Wilcoxon test comparing the indicated time points. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001. ADV = advanced-
stage; BL = baseline; cHL = classical Hodgkin lymphoma; CTLA = cytotoxic T lymphocyte antigen; DNAM = DNAX accessory molecule; EoT = end of treatment; FU = follow-up 6 months after
EoT, LIM = limited-stage; NK = natural killer; NKG2D = NK group 2 member D.
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Figure 5. Principal component analysis of plasma protein biomarker profiles of healthy individuals and cHL patients before and after treatment.
The plasma protein biomarker profiles of all healthy individuals and patients at various time points are depicted. Data points are computationally clustered based
on covariance. BL = baseline; cHL = classical Hodgkin lymphoma; EoT = end of treatment; FU = follow-up 6 months after EoT; Healthy = healthy individuals; PC = principal component.

numbers of CD4* and specifically Th2 cells, CD4* T, cells,
Tregs, and Ki67* CD4* T cells were most significantly lower
at end of treatment and follow-up, while none of these differ-
ences were present before treatment (Figure 6B-F). Of note,
both CD4* and CD8* T, cells were still lower at follow-up
in these patients compared to those who did not receive RT.
The levels of soluble CD4 and CD35 in plasma were also lower
at follow-up in patients who received RT than in those who
did not (Suppl. Figure S5). No statistically significant differ-
ences were found in plasma protein biomarker levels compar-
ing patients who underwent RT involving the mediastinum to
those who underwent RT elsewhere.

DISCUSSION

In this study, we characterized the disease-related changes
in circulating lymphocytes by measuring the baseline expres-
sion of lineage and functional markers by flow cytometry on
immune cells from freshly processed whole blood and isolated
PBMCs in cHL patients and controls. Furthermore, we analyzed
92 plasma protein biomarkers by PEA. This is the first exten-
sive report of disease-related alterations in PB in a consecutive
cohort of cHL patients before and after successful standard-of-
care first-line treatment. Additionally, we compared lympho-
cyte subset frequencies between PB and LNs, and assessed the
influence of inflammation and tumor burden on the PB immune
profiles. Finally, we showed that these disease-related alterations
reverted once the patients achieved complete remission.

Compared to controls, we found that increased frequencies of
CD4* and CD8* T cells were proliferating, and that CD8", but
not CD4*, T cells had a higher expression of the early activation
marker CD69 at baseline. Furthermore, higher percentages of
CD4* and CD8* T cells were expressing the inhibitory molecules
PD-1 and CTLA-4 in patients compared to controls, suggesting

that their T cells are exhausted. The expression of CD69 on T
cells was significantly higher in patients with a low tumor bur-
den and CTLA-4 was significantly higher in patients with a high
tumor burden, potentially reflecting relatively competent T-cell
activity in early stages and T-cell exhaustion in later stages.
Accordingly, patients with a high tumor burden had higher per-
centages of tumor-promoting activated Tregs and Th2 cells in the
PB. All patients also had reduced frequencies of CD8* T, cells
and limited-stage cHL patients had increased fractions of CD4*
and CD8* T, cells, suggesting that a higher fraction of T cells
was in an antigen-experienced and more differentiated state.

In contrast to our findings, Garcia-Marquez et al’®' recently
reported a lower relative fraction of T cells, CD4* T cells, and
Tregs and normal expression of CD69 in cryopreserved PBMCs
from treatment-naive early-stage unfavorable cHL patients
enrolled in the NIVAHL trial, where patients were treated either
concomitantly or sequentially with anti-PD-1 therapy and AVD
followed by consolidative RT. Nevertheless, in accordance with
our data from freshly analyzed material, Garcia-Marquez et
al, and others, also reported that the relative fraction of CD4+
T, cells was unchanged, that the percentage of CD4* T, cells
increased and that the percentage of CD8* T cells decreased
accompanied by an increase in the percentage of CD8* T,
cells, compared to controls.>'*> Despite some discrepancies, all
reports, including ours, point out that cHL patients have anti-
gen-experienced, differentiated, and exhausted T cells in the PB.
This is most likely a consequence of the vast immune modula-
tion that takes place in the affected LNs* and continuous neo-
antigen exposure due to the high tumor mutational burden.**

Following standard-of-care first-line treatment, the fractions
of Ki67* and CTLA-4* CD4* and CD8* T cells and the fractions
of CD69* and PD-1* CD8* T cells decreased. So, it seems that
T-cell exhaustion is reversed by standard chemo-/RT, similar to
what has been reported for anti-PD-1 therapy in combination
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Figure 6. Longitudinal comparison of ALC and T-cell numbers between cHL patients treated with and without RT. Absolute numbers of lymphocyte
subsets before and after treatment that did not include RT (No RT; red dots and line), treatment that included RT where the mediastinum was not within the
RT field (yellow dots and line), and treatment that included RT where the mediastinum was within the RT field. (A) ALC and absolute numbers of B cells and T
cells. (B) Multiple comparisons between No RT (n = 22) and Mediastinum within RT field (n = 12) at EoT. (C) Absolute numbers of CD4* T cells and selected
subpopulations. (D) Multiple comparisons between No RT (n = 22) and Mediastinum within RT field (n = 12) at FU. (E) Absolute numbers of CD8* T cells and
selected subpopulations. (F) Absolute numbers of T helper subsets (Th1, Th2, and Treg). Paired data are depicted as connected dots that indicate the median
without error bars. Multiple comparisons are depicted as volcano plots of multiple Mann-Whitney tests with a P-value threshold of 0.05 and without correction
for multiple comparisons. The y-axis depicts the negative log10-transformed P values, so dots that are plotted above the horizontal line have a P value that is
<0.05. The x-axis show the mean rank difference between the 2 indicated groups. A positive x-value means that the difference is in favor of the latter group in
the graph title. Stars indicate the P-value of a Mann-Whitney test comparing the indicated groups at the indicated time point. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001. ALC = absolute lymphocyte count; BL = baseline; cHL = classical Hodgkin lymphoma; EoT = end of treatment; FU = follow-up 6 months after EoT; RT = radiotherapy.

with chemotherapy in treatment-naive patients®' and anti-PD-1
monotherapy in R/R patients.®? This raises the question of
whether T-cell exhaustion is simply being remedied by erasing
the tumor by any means rather than by any specific treatment or
drug. The patient’s plasma protein biomarker profiles were also
normalized after treatment.

We generated paired data on lymphocyte frequencies in 2
compartments (PB and LNs) at diagnosis and found that T-cell
frequencies in the PB correlated positively with those in LNs.
Since CCL17/TARC is a well-established and clinically appli-
cable biomarker in ¢cHL,>**** we measured it by ELISA and
expectedly found elevated concentrations. CCL17/TARC selec-
tively recruits the Th2 subtype of CD4* T cells, which express

the CCL17/TARC receptor CCR4.3* We found a positive cor-
relation between the concentration of CCL17/TARC in plasma
and the percentage of CD4* T cells in LNs. Furthermore, we
show that CCL17/TARC concentrations are significantly higher
in patients with a high tumor burden than in those with a low
tumor burden. CCL17/TARC levels normalized at end of treat-
ment and remained low 6 months later. These findings are in
concordance with the reported correlation between CCL17/
TARC and metabolic tumor volume.?*?S Similarly, patients with
a high tumor burden also had higher plasma levels of TGF-f3,
PD-L1, and M-CSF/CSF1 in their plasma than patients with a
low tumor burden, suggesting tumor-associated recruitment of
macrophages (M-CSF) and active secretion of ligands (PD-L1)



Mulder et al

and cytokines (TGF-p, IL-10) with immune modulating activity
by these and other immune cells.

Additionally, we found that the absolute numbers of B cells
were markedly decreased in both patient groups, which con-
firms previously published data.’*” We also show that the per-
centages of B cells in the PB and LNs are positively correlated
and that patients with a high tumor burden have a significantly
lower fraction of B cells in LNs. Interestingly, the number of B
cells in the PB is stably low at end of treatment but normalizes
6 months later.

Similar to earlier reports,>323% we show here that the abso-
lute numbers of NK cells are decreased in advanced-stage cHL.
Further, we show that this is accompanied by a sharp decrease
in the number of CD56M s NK cells and that this is associ-
ated with high inflammation in all patients. The higher CD69
expression together with decreased NKG2D and DNAM-1
expression furthermore indicate that NK cells from patients
had an activated, yet functionally impaired phenotype. This is
in line with previous reports that showed elevated serum lev-
els of soluble NK-cell inhibiting factors and increased propor-
tions of NK cells with limited killing capacity in the PB of cHL
patients.’** However, this is in contrast with Vari et al that
reported that the proportion of CD56 % NK cells is increased
in the PB of cHL compared to controls.’® The reason for this
discrepancy is unclear. In this study, total NK-cell and CD356brsh
NK-cell numbers normalized after treatment, but those that
co-expressed activating receptors NKG2D and DNAM-1 did
not, for unknown reasons. These data suggest that the sys-
temic immunomodulation extends to other cytotoxic effector
cells, that is, NK cells, that arguably play an important role
in a microenvironment that is characterized by a decreased
expression of B2-microglobulin and major histocompatibility
complex class 14!

Interestingly, when we compared patients who received RT
to those who did not, we noticed that the ALC at end of treat-
ment and follow-up was significantly lower. Especially those
that underwent RT involving the mediastinum had lower T
cells, but not B cells. This group still had significantly lower Th2
cells, CD4* T cells, Tregs, Ki67* CD4* T cells, and CD8* T
cells 6 months after end of treatment, compared to patients who
did not receive RT. Since mainly T cells, and particularly since
both CD4* T, and CD8* T cells, were low in patients who had
received RT involving the mediastinum, we hypothesize that
thymus irradiation could contribute to this relative T-cell deficit.

Furthermore, the prolonged CD4* T-cell paucity might
have clinical implications. Indeed, low CD4* T-cell counts put
even HIV-negative immunocompromised patients at risk for
Pneumocystis jirovecii pneumonia (PJP),* as CD4* T cells are
crucial in clearing Prneumocystis infections.*> Moreover, cHL
patients who receive standard first-line treatment are at risk of
developing bleomycin-induced lung injury** and radiation-in-
duced lung injury if the lungs were within the radiation field.*
Interestingly, concurrent chemo-/RT is a risk factor for the
development of PJP in patients with lung cancer.* Prospective
studies should clarify if cHL patients who received RT involving
the mediastinum could benefit from prolonged PJP prophylaxis.

From this study, we conclude that cHL may have systemic
effects on the lymphocytes, leading to exhausted and more anti-
gen-experienced T cells, reduced numbers of B cells, and NK
cells with a functionally impaired phenotype at the periphery.
Systemic NK cell suppression seems to be most prominent in
patients with high inflammation, while elevated levels of CCL17/
TARC and suppressive T-cell populations seem to associate with
a high tumor burden. Most of these changes were reversed by
successful standard first-line treatment. Furthermore, patients
who received RT involving the mediastinum had remarkably
low CD4* T-cell numbers 6 months after end of treatment.

Thus, in addition to the tight control that the neoplastic HRS
cells have over local immune cells, the circulating lymphocytes
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might be adversely affected as well. We believe that this study
provides preliminary insight into cHL biology and possible cor-
relations between immune biomarkers and some clinical fea-
tures of the disease. However, the relatively small number of
patients included is a limitation and prompts further validation
of the results in a larger patient cohort with differential clini-
cal outcome, including therapy-refractory patients. This could
potentially allow the identification of laboratory parameters of
prognostic or predictive value which could be considered in the
choice of the primary treatment or motivate treatment intensifi-
cation if still persistent after the end of treatment. The presence
of remarkably high levels of PD-1 ligands at diagnosis, as an
example, could strengthen the indication to incorporate PD-1
blockade in the primary treatment, a therapeutic approach cur-
rently being assessed in clinical trials. Similarly, the persistence
of high plasma levels of TARC in the presence of PET-negative
enlarged residual nodes could motivate more intensive instru-
mental follow-up.
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