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Abstract

Immune checkpoint inhibition suggests promising progress for the treatment of advanced hepatocellular carcinoma (HCC).
However, the underlying cellular mechanisms remain unclear because liver cancer cells apparently do not upregulate inhibi-
tory checkpoint molecules. Here, we analysed whether regulatory T cells (Tregs) can alternatively trigger checkpoint inhi-
bition pathways in HCC. Using flow cytometry we analysed expression of checkpoint molecules (PD-1, PD-L1, CTLA-4,
GITR, Tim-3) on peripheral CD4*CD25*Foxp3™ Tregs and their secretion of inhibitory mediators (IL-10, IL-35, TGF-beta,
galectin-9) in 116 individuals (50 patients with HCC, 41 non-tumour bearing liver disease controls, 25 healthy controls).
Functional activity of Tregs on T effector cells (IFN-gamma production, cytotoxicity) was characterized in vitro using a
lectin-dependent cellular cytotoxicity (LDCC) assay against checkpoint inhibitor-negative P815 target cells. Unlike liver
patients without malignancy and healthy controls, the frequency of checkpoint inhibitor-positive Tregs inversely correlated
to age of patients with HCC (PD-L1, p=0.0080; CTLA-4, p=0.0029) and corresponded to enhanced numbers of Tregs
producing IL-10 and IL-35 (p <0.05 each). Tregs inhibited [FN-gamma secretion and cytotoxicity of CD8* T cells when
added to LDCC against P815 cells. Treg-induced inhibition of IFN-gamma secretion could be partially blocked by neutral-
izing PD-1 and PD-L1 antibodies specifically in HCC patients. In HCC peripheral Tregs upregulate checkpoint inhibitors and
contribute to systemic immune dysfunction and antitumoural activity by several inhibitory pathways, presumably facilitating
tumour development at young age. Blocking PD-L1/PD-1 interactions in vitro selectively interfered with inhibitory Treg -T
effector cell interactions in the patients with HCC and resulted in improved antitumoural activity also against checkpoint
inhibitor-negative tumour cells.
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Parts of the data were presented as a poster in the poster session
“Liver tumours: Experimental and pathophysiology” at the

Foxp3 Forkhead box p3

International Liver Congress 2019 held in Vienna, Austria from GITR Glucocorticoid-induced TNFR family-related
April 10th to 14th, 2019, which was organised by The European gene
Association for the Study of the Liver (EASL) [1]. HCC Hepatocellular carcinoma
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NK cell Natural killer cell

PBMC  Peripheral blood mononuclear cells

PBS Phosphate-buffered saline

PD-1 Programmed death 1 receptor

PD-L1 Programmed death ligand 1

PD-L2  Programmed death ligand 2

TGF Transforming growth factor

Tim-3 T cell immunoglobulin and mucin-domain
containing-3

Treg Regulatory T cell

Introduction

Hepatocellular carcinoma (HCC) has become the fifth most
prevalent malignancy worldwide and holds the second rank
concerning cancer-related mortality owing due to its limited
treatment options [2—4]. Mostly as a result of viral hepatitis
C, alcohol abuse and non-alcoholic steatohepatitis (NASH)
the incidence of HCC is increasing also in many industrial-
ized countries [5]. The discovery of the so-called immune
checkpoint inhibitors has resulted in the unprecedented suc-
cess of cancer therapy in several other forms of cancer, e.g.,
malignant melanoma and has prompted high expectations to
also control advanced HCC [6-8].

Immune checkpoints involve membrane expression of
distinct molecules which fine-tune immune responses [9].
Most immune checkpoint molecules display immunosup-
pressive activity, presumably preventing over-activation of
T cells and limiting collateral tissue damage after immune
activation [10]. Cancer cells may exploit this mechanism
by upregulating ligands for inhibitory checkpoint molecules
to escape immune surveillance [11]. Novel oncological
immune therapies attempt to interrupt aberrant checkpoint
inhibitor interactions between tumour cells and T lympho-
cytes with specific blocking antibodies [12, 13].

In HCC, expression of programmed death 1 receptor
(PD-1) is increased on CD8* T effectors cells and interac-
tion with its ligands PD-L1 (programmed death ligand 1)
and PD-L2 (programmed death ligand 2) on tumour cells
blocked signalling, proliferation, and cytokine secretion of
T cells [14, 15]. Several reports have shown an association
between the infiltration of CD8™ T cells in HCC and patient
survival [16, 17] suggesting that interferon (IFN)-gamma
secretion by CD8* cells has antitumour activity [18].

PD-1 inhibitors are supposed to interrupt this inhibitory
interaction between PD-1 on activated CD4" and CD8* T
effector cells and its ligands on tumour cells [19]. Indeed,
the recent open-label phasel/2 dose escalation and expan-
sion trial studying the PD-1 antibody nivolumab (CheckMate
040 trial) observed substantial tumour reductions with up
to 20% objective response rates in patients with advanced
HCC [20]. Another non-randomized, open-label phase 2 trial
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(KEYNOTE-224) with the PD-1 inhibitor pembrolizaumab
confirmed durable clinical efficacy in patients who had pro-
gressed after treatment with sorafenib or were intolerant to
the drug [21]. However, expression of PD-1 ligands was
unexpectedly low on tumour tissue in both studies and did
not correlate with response rates suggesting that other path-
ways of checkpoint inhibitory interactions might be involved.

To explain the mechanism of immune checkpoint inhibi-
tion, it has been proposed that PD-1 ligand signalling might
be provided by other immune cells surrounding the HCC
microenvironment [22-24]. In particular, regulatory T cells
(Tregs) stand out among the immunosuppressive candidate
cells in and around the tumour niche [25, 26]. Tregs are
a subset of CD4*CD127~ T lymphocytes which constitu-
tively express the transcription factor Foxp3 (forkhead box
p3) and the interleukin-2 (IL-2) receptor a chain CD25
[27]. Activated Tregs inhibit different subsets of immune
cells via contact-dependent interactions between check-
point molecules and their ligands involving PD-1, PD-L1,
CTLA-4 (cytolytic T lymphocyte-associated antigen), GITR
(glucocorticoid-induced TNFR family-related gene), Tim-3
(T-cell immunoglobulin and mucin-domain containing-3),
and galectin-9. Furthermore, Tregs can contribute to a strong
immunosuppressive tumour environment by releasing inhib-
itory cytokines such as transforming growth factor (TGF)-
beta, IL-10 and IL-35 [28, 29].

Since the effect of immune checkpoint inhibitors on
Tregs is poorly understood in liver cancer, in this study we
analysed the expression of checkpoint molecules on Tregs
as well as release of inhibitory cytokines in patients with
HCC compared to those in non-tumour bearing patients with
chronic liver disease and in healthy controls. Furthermore,
we analysed the impact of Tregs through the interaction with
immune checkpoints on effector functions of CD8* T cells in
an in vitro model against tumour cells not expressing check-
point inhibitory molecules.

Patients and methods
Study group

In this study, we prospectively recruited 50 patients with
HCC, 41 patients with non-tumour bearing chronic liver
disease and 25 healthy controls. All patients were recruited
from the Department I of Internal Medicine and the Center
for Integrated Oncology (CIO) at the Bonn University Hos-
pitals between January 2016 and February 2019. Control
blood samples were obtained from healthy volunteers via
the Bonn university blood banking service. The clinical
features of all study subjects are summarized in Table 1.
The diagnosis of liver cancer was established either by his-
tology and/or contrast-enhanced MRI (magnetic resonance
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Table 1 Characteristics and

demographics of subjects

imaging) and/or computer tomography (CT) scans accord-

2057
Healthy controls  Liver disease HCC
without HCC

Numbers 25 41 50
Median age (years) 42 (24-86) 56 (27-76) 68 (52-89)*
Sex

Male 14 (56%) 28 (68%) 38 (76%)

Female 11 (44%) 13 (32%) 12 (24%)
Etiology

HCV NA 32 (78%) 22 (44%)

HBV NA 0 (0%) 3 (6%)

NASH NA 4 (10%) 15 (30%)

ASH NA 5(12%) 10 (20%)
ALT median (U/ml) NA 69 (25-753) 53 (15-397)

Cirrhosis NA 10 24%) 48 (96%)**

Child—Pugh Score A (%) NA 6 (15%) 31 (62%)

Child—Pugh Score B (%) NA 4 (10%) 14 (28%)

Child—Pugh Score C (%) NA 0 (0%) 3 (6%)
Alpha-fetoprotein

AFP median (ng/ml) NA 6.0 (1.9-35.9)  32.5 (2.0-50,000)**

>400 ng/ml (%) NA NA 11 (22%)
Treatment prior to study inclusion and blood collection

Treatment Naive NA NA 28 (56%)
Local therapy

Resection NA NA 7 (14%)

Radiofrequency ablation (RFA) NA NA 1 (2%)

Transarterial chemoembolization (TACE) NA NA 12 (24%)

Selective internal radiation therapy (SIRT)  NA NA 5 (10%)
Systemic therapy

Sorafenib NA NA 3 (6%)
More than 2 treatment options NA NA 6 (12%)
Tumour stage at diagnosis of HCC

BCLB 0 NA NA 6 (12%)

BCLB A NA NA 15 (30%)

BCLB B NA NA 14 (28%)

BCLB C NA NA 13 (26%)

BCLB D 2 (4%)
Tumour size, cm (<5/>5) NA NA 34/16
Tumour number (single/multiple) NA NA 40/10
Vascular invasion (present/absent) NA NA 40/10
Extrahepatic manifestation (present/absent) NA NA 48/2

Other results were not significantly different

NA not applicable

*p<0.001; HCC compared with disease controls and healthy controls

**p <0.001; HCC compared with disease controls

ing to internationally accepted radiological criteria [30].

Due to limitations in sample volume and cell yield, not all

experiments could be performed in every subject.

Materials

Immunohistochemistry of HCC specimens

Immunostaining was specifically performed on whole sec-
tions (2 um) from formalin-fixed, paraffin-embedded tumour
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tissue. All slides were processed on a BenchMark Ultra auto-
mated immunostainer (Ventana Medical Systems, Tucson,
AZ, USA) according to the manufacturer’s instructions. The
following primary antibodies were used: anti-PD-1 (Clone
NAT105, Fa. Abcam, Cambridge, UK), anti-PD-L1 (Clone
22C3, Fa. Agilent, Santa Clara, CA, USA), anti-CD8 (Clone
C8/144B, Fa. Agilent, Santa Clara, Ca, USA) and anti-per-
forin (Clone MRQ-23, Fa. Cell Marque, Rocklin, USA).
Sections were counter-stained with haematoxylin and image
acquisition performed with a Leica-microscope. Immune
cells in the tumours were analysed using serially stained
sections. All histopathology specimens were reviewed by
an expert pathologist (Marieta Toma).

Isolation and immunostaining of peripheral blood
mononuclear cells (PBMC)

PBMC were isolated from venous blood by Ficoll-Paque
(PAA Laboratories; Colbe, Germany) density gradient cen-
trifugation, washed with phosphate-buffered saline (PBS),
and cryopreserved in liquid nitrogen until further analysis.

For fluorescence-activated cell sorting (FACS) analy-
sis, frozen PBMC were thawed and cultured in RPMI 1640
medium (PAA Laboratories). After 1 h, brefeldin A (BFA,
0.5 pg/ml Sigma-Aldrich, St. Louis, Missouri, USA) was
added, and the cells were cultured at 37 °C and 5% CO,.
After overnight culture, PBMC were stained with Zombie
Aqua™ (Biolegend; Eching, Germany) to discriminate dead
cells. Then, cell surface staining was performed using anti-
CD3 (PE-Cy7-labelled), anti-CD4 (APC-Cy7-labelled),
anti-CD8 and anti-CD25 (both PerCP-labelled), anti-PD-
L1, anti-CTLA-4, and anti-GITR (all APC-labelled), anti-
PD-1 and anti-Tim-3 (both Brilliant Violet 421-labelled).
For intracellular staining cells were fixed and permeabilized
using the Cytofix/Cytoperm Kit (BD Pharmingen, Heidel-
berg, Germany) and the Foxp3 staining Kit (eBioscience,
Frankfurt, Germany), respectively. Next, cells were stained
with intracellular antibodies (anti-Foxp3 [FITC-labelled],
anti-TGF-beta, anti-IL-35 [both PE-labelled], anti-IL-10
and anti-galectin-9 [both APC-labelled]). Finally, samples
were analysed on a FACSCanto II (BD Biosciences) with
the FlowJo V10 software (TreeStar Inc., Ashland, OR,
USA). Fluorescence minus one (FMO) controls and isotype
controls were performed for all antibody panels to confirm
proper compensation and define positive signals.

In vitro suppression of CD8* T cells by autologous
Tregs

To circumvent variation resulting from differential tumour

epitope recognition and HLA-restriction we decided to
study cytotoxic activity of CD8% T cells in vitro using a
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lectin-dependent cellular cytotoxicity (LDCC) assay [31,
32]. In this assay, IFN-gamma secretion and CD107a
degranulation of CD8* T cells against P815 target cells were
studied in the presence and absence of autologous Tregs.
P815 cells are a natural killer cell (NK cell) resistant mouse
mastocytoma cell line. Unlike human hepatoma cell lines
P815 cells do not upregulate checkpoint inhibitory mole-
cules in tissue culture such as PD-L1, PD-L2, PD-1, GITR,
CTLA-4, Tim-3 nor galectin-9.

Pan T cell medium from PanBiotec (Aidenbach, Ger-
many) was used for culture of T cells. Human recombinant
proteins IL-2, OKT-3 (human anti-CD3) were obtained from
R&D Systems (Wiesbaden, Germany), anti-CD28 from BD
Biosciences. The following LEAF™ purified blocking anti-
bodies were used: anti-PD-1 (EH12.2H7), anti-PD-L1 (clone
29E.2A3), anti-CTLA-4 (clone L3D10), anti-GITR (clone
621), and control antibodies (mouse IgG isotype control).
All antibodies were purchased from Biolegend.

Untouched T cells and Tregs were isolated using the
Human Pan T Cell Isolation Kit and the Human CD4"
CD25* CD1274mnegative Regylatory T Cell Isolation Kit I
(both Miltenyi, Bergisch Gladbach, Germany). Purity of iso-
lated cell populations was>95%. Then, untouched T cells
(=Teff) were cultured with IL-2 (100 U/ml) in the presence
or absence of autologous Tregs (Treg to Teff ratio 1:2). The
next day, concanavalin A-loaded P815 cells (Con A; 5 ug/ml
for 20 min) were added to the co-cultures (ratio 1:5) together
with PE-conjugated CD107a mAb (Biolegend). After 1 h
Golgi Stop (BD Biosciences) and monensin (Biolegend)
were added for additional 3 h. In the co-culture, T cells
were differentiated with the following antibodies: anti-CD8§
(PE-Cy7-labelled), anti-CD3 (APC-Cy7-labelled), anti-
CD56 (APC-labelled), anti-CD25 (PerCP-labelled), anti-
IFN-gamma (FITC-labelled), anti-Foxp3 (FITC-labelled)
(all BioLegend). Viability was checked with Zombie Aqua™
(Biolegend). Finally, intracellular accumulation of IFN-
gamma and surface expression of CD107a was measured in
CDS8™ T effector cells via flow cytometry. IFN-gamma and
CD107a expression in CD8" T effector cells were deter-
mined at baseline and upon stimulation with Con A-loaded
P815 cells. Suppression by Tregs is reported as frequencies
of IFN-gamma®* and CD107a*CD8™ T effector cells that
remain detectable when Tregs had been added and is given
in percent relative to the number of cells measured in the
absence of Tregs (=residual frequencies).

Adding cells to functional experiments in vitro could
result in reduced numbers of cells per unit volume rather
than true inhibition. To exclude this type of bias we also
repeated the co-culture experiments in the presence of irra-
diated autologous PBMC (3000 rad) as proposed by Mayer
et al. [33] (Supplementary Fig. 1a).
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Fig. 1 Expression of PD-1/PD-L1 on HCC tumour tissues and »

tumour cell lines. a Representative images of immunohistochemistry
sections in the tumour tissue of HCC patient #20. Positive cells are
stained brown by immunoperoxidase. Arrows mark PD-1-positive
mononuclear cells (upper left), CD8* T cells (upper right) and per-
forin-positive cells (lower right), respectively. PD-L1 staining shown
in the lower-left panel indicates a greater number of positive mono-
nuclear cells (macrophages and CD8" T cells). Of note, HCC tumour
cells did not stain positive for PD-1 and PD-L1. Tu tumour. b The
flow cytometric analysis of PD-L1/L2 expression on P815 mouse
mastocytoma cells in contrast to various hepatoma cell lines (HepG2,
HepT1, Huh4, Hep3B, Huh7). Unlike hepatoma cells, which up-regu-
lated PD-L1 and PD-L2, P815 cells remained PD-L1 and PD-L2 neg-
ative in cell culture. Thus, we used P815 cells as target cells in lectin-
dependent cellular cytotoxicity (LDCC) assays to study the functional
role of Tregs on T cell functions in a model of PD-L1/L2-negative
tumour cells

Statistics

Differences between groups were analysed using an unpaired
non-parametric Mann—Whitney U test, Wilcoxon matched-
pairs signed-rank test and paired Student ¢ test as appro-
priate. Correlations were compared by linear regression
analysis. p values below 0.05 were considered to indicate
statistically significant differences. Calculations and graphs
were obtained with the SPSS statistics software (version 24)
and GraphPad Prism 8.0 software package (GraphPad Prism,
San Diego California, USA), respectively.

Results
Clinical and histological features of patients

Patients with chronic liver disease—both with and without
HCC—were mostly male and mainly suffered from hepatitis
C, alcoholic and non-alcoholic fatty liver disease (Table 1).
Patients with HCC were significantly older (»p <0.001) and
had more frequently cirrhosis (47/50, 94%; p <0.001). His-
tology was available in 25 patients with HCC (Fig. la).
None of the tumour cells were positive for PD-1, and we
only found PD-L1 positive tumour cells in 2 of the 25 HCC
patients (8%). In addition, there was a variable number of
CDS8™ T cells infiltrating the tumours [4-250 cells/high
power field (HPF)]. On average between 0.3 and 9 T cells/
HPF were perforin positive. Interestingly, we found a linear
relationship between the numbers of perforin positive cells
in the tissue and serum alanine aminotransferase (ALT) lev-
els (”*=0.522; p <0.0001). Finally, we detected PD-1 and
PD-L1 expression on immune cells in 6/25 and 8/25 of our
HCC patients (PD1: 0.5-20%, PD-L1: 0.5-30% of mononu-
clear cells), respectively (Supplementary Table 1).

Flow cytometric analysis of various hepatoma cell lines
showed that all tested cells up-regulated PD-L1 and PD-L2
expression in tissue culture (Fig. 1b). In contrast, P815
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mouse mastocytoma cells remained PD-L1 and PD-L2 nega-
tive in tissue culture and did also not express any of the other
checkpoint molecules (PD-1, GITR, CTLA-4, Tim-3, galec-
tin-9) (Fig. 1b and data not shown). Thus, P§15 were chosen
as target cells to study the role of Tregs on functional T cell
capacity against checkpoint inhibitor-negative tumour cells
using a lectin-dependent cellular cytotoxicity (LDCC) assay.
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Phenotypic characterization of peripheral T cell
subsets

Unlike overall frequency of T effector cell subsets and
expression of CTLA-4, GITR and Tim-3 on CD4" and CD8*
T cells (Supplementary Table 2a), the frequency of PD-1*
cells among CD4" and PD-1% cells among CD8* T cells was
significantly enhanced in the blood of patients with HCC
(Fig. 2a, b; Supplementary Fig. 2a, b).

Next, we analysed several Foxp3*CD257CD4" Treg
subsets: Overall frequencies of Tregs and frequencies of

Fig.2 Frequency and phenotype

PD-L1-positive cells among Tregs were increased in the
blood of both patients with non-tumour-bearing liver dis-
ease without HCC and patients with HCC compared to
healthy controls but did not differ between patients with
HCC and patients with chronic liver diseases (Fig. 2c, d;
Supplementary Fig. 2c, d). When we analysed cytokine
production in Tregs at the single-cell level by intracellu-
lar cytokine staining, both IL-10- and IL-35-positive Treg
subsets were more frequent in the patients with HCC than
in the patients with chronic liver diseases without detect-
able malignancy (Fig. 2e, f; Supplementary Fig. 2e, f). To
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exclude that differences in IL-10- and IL-35-positive Tregs
were due to the imbalance in the distribution of cirrhotic
patients between the disease controls and patients with HCC,
we analysed their frequency in cirrhotic and non-cirrhotic
disease controls without malignancy and found identical
numbers in the two subgroups (Supplementary Fig. 3). In
addition, CTLA-4%, GITR*, PD-1%, and PD-L1* Tregs
apparently defined a closely related T cell subset, because
the numbers of positively stained cells were significantly
related to each other (Supplementary Fig. 4). Concerning
expression of CTLA-4, GITR, PD-L1, and Tim-3 as well
as production of galectin-9 and TGF-beta, Treg subsets did
not differ significantly between the patients with and without
HCC (Supplementary Table 2b).

Of note, we observed inverse relationships between age
of HCC patients and the frequency of the CTLA-4* and
PD-L1" Treg subsets specifically in the patients with HCC
(Fig. 3a, b). In contrast, analogous correlations were not
detected in patients without HCC nor the healthy controls
(Fig. 3c, d).

Functional in vitro analysis of Tregs
To study the regulation of T effector cell functions against

PD-L1/L2-negative tumour cells by Tregs, we analysed
lectin-dependent cellular cytotoxicity (LDCC) against Con

A-loaded P815 cells (Fig. 4). Exposure to Con A-loaded
P815 cells induced both IFN-gamma secretion and degranu-
lation in CD8™ T effector cells (Fig. 4a). Peak induction of
IFN-gamma production and degranulation did not differ sig-
nificantly between the study groups (%IFN-gamma*CD8"
T cells (mean + SD): 7.8 +2.4 in healthy controls; 9.7 +4.0
in disease controls; 6.2 +4.6 in HCC; %CD107atCD8* T
cells (mean+ SD): 14.7 + 3.1 in healthy controls; 11.5+2.5
in disease controls; 15.4+7.9 in HCC; Fig. 4b). Finally, add-
ing autologous Tregs to the P815-stimulated CD8* T cells
in the LDCC assays resulted in both reduced IFN-gamma
production and CD8" T cell degranulation in each patient
group (Fig. 4b).

Analysis of checkpoint inhibition on Treg/T effector
cell interactions

Tregs can inhibit T effector cell functions by several con-
tact-dependent mechanisms. To clarify whether checkpoint
inhibitory molecules can recover the functionality of CD8"
T cells by blocking the interaction between Tregs and T
effector cells, we repeated the LDCC experiments and added
neutralizing antibodies against PD-1, PD-L1, CTLA-4, and
GITR to the Tregs in the co-culture (Fig. 4c). While Treg-
mediated inhibition of T cell degranulation was not reversed
by any of the antibodies, anti-PD-1 and anti-PD-L1—but
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«Fig. 4 IFN-gamma production and degranulation by CD8* T cells in
lectin-dependent cellular cytotoxicity (LDCC) assays and effects of
checkpoint inhibition. a The gating strategy to analyse IFN-gamma
production and T cell degranulation in CD8* T effector cells by flow
cytometry in co-cultures with Con A-loaded P815 cells and Tregs
(Treg to Teff ratio: 1:2). b IFN-gamma production (left) and CD107a
degranulation (right) of CD8* T effector cells in LDCC assays before
(BL), with exposure to Con A-loaded P815 target cells (stim=peak
secretion) and upon adding Tregs (stim+ Tregs). Adding autologous
Tregs reduced P815-induced peak IFN-gamma secretion and degran-
ulation of CD8" T cells in all study groups. p values refer to signifi-
cances obtained by paired Student ¢ test marked by bars. ¢ Provides
the summary statistics concerning the differences of IFN-gamma-pro-
duction (left) and CD107a degranulation (right) by CD8" T cells after
sequential addition of Con A-loaded P815 target cells and autologous
Tregs (Treg to Teff ratio: 1:2), as well as in the presence of added
neutralizing anti-PD-1, anti-PD-L1, and anti-CTLA-4, and anti-GITR
(10 pg/ml each). Columns represent the mean=+SD of 6-18 different
donors. Anti-PD-1 and anti-PD-L1—but not anti-CTLA-4 nor anti-
GITR—partially reversed Treg-associated inhibition of IFN-gamma
secretion in CD8* T cells from patients with HCC. Treg-mediated
inhibition of T cell degranulation was not reversed by any of the anti-
bodies. p values refer to significances obtained by paired Student ¢
test marked by bars

not anti-CTLA-4 nor anti-GITR—partially reversed Treg-
associated inhibition of IFN-gamma secretion in CD8% T
cells from the patients with HCC (Fig. 4c). This reversal was
not observed in CD8" T cells from the non-tumour-bearing
patients with chronic liver disease nor the healthy controls.
Furthermore, control experiments with anti-PD-1 and anti-
PD-L1 in the LDCC assay without Tregs did not show that
IFN-gamma production or degranulation of T effector cells
were affected by inhibitory checkpoint antibodies (Supple-
mentary Fig. 1b).

Discussion

Currently, monoclonal antibodies against immune check-
point pathways are evaluated as new potential antitumour
agents across a broad variety of different tumour types
also comprising HCC [34-36]. This strategy is based on
the idea that the monoclonal antibodies interrupt inhibi-
tory interactions between checkpoint molecules on tumour
cells and T effector cells. However, in HCC this mode of
action seems implausible because the liver tumour cells
themselves express only negligible amounts of checkpoint
inhibitor ligands. Furthermore, expression of checkpoint
molecules on tumour cells did apparently not correlate with
response rates to checkpoint inhibitor antibodies in the first
clinical trials in HCC [20, 21, 37, 38]. To account for this
discrepancy, it has been suggested that other cells in the
HCC microenvironment, which can also express checkpoint
molecules, can inhibit antitumour responses. Several stud-
ies proposed that macrophages, myeloid-derived suppres-
sor cells [22-24], and especially Tregs might substitute for

the low expression of checkpoint molecules on liver tumour
cells [25, 26]. Thus, these cell types are potential candidates
to explain poor immune responsiveness to checkpoint inhibi-
tor blockade in liver cancer. However, this hypothesis has
not been checked thus far.

Since our studies confirmed negligible in situ expression
of PD-1 and PD-L1 on liver tumour cells and up-regulated
expression of PD-1 on immune cells in line with previous
reports on hepatoma and various other solid cancers [14, 37,
39], we studied Foxp3tCD257CD4* Tregs in patients with
liver cancer compared to patients with corresponding liver
diseases without malignancy and healthy controls.

First, the study focused on the expression of inhibitory
checkpoint molecules on Tregs (PD-1, PD-L1, CTLA-
4, GITR, Tim-3), and their secretion of immunomodu-
latory factors (IL-10, IL-35, TGF-beta, galectin-9). In
our ex vivo studies, we detected higher frequencies of
Foxp3*tCD257CD4" Treg subsets in the blood of patients
with HCC than in either control group, which also secreted
inhibitory cytokines IL-10 and IL-35. This difference
appeared to be particularly linked to the presence of malig-
nancy because cirrhotic and non-cirrhotic liver patients
without malignancy did not differ concerning IL-10 and
IL-35 secreting Tregs.

Next, we studied in vitro interactions between Tregs and
T effector cells in a tumour model not expressing checkpoint
inhibitory molecules on the tumour cells by analysing lectin-
dependent cellular cytotoxicity (LDCC) of patient T cells
against Con A-loaded P815 tumour cells. LDCC is a well
characterized immune assay [31, 32] where Con A-loaded
target cells cross-link T cell receptors and trigger calcium
influx in T effector cells mimicking T cell activation by anti-
gen. Thus, our LDCC assay offers several advantages: we
could assess T cell functional capacity independently from
antigen specificity and—with the choice of P815 cells—
could analyse antitumoural activity against checkpoint inhib-
itor-negative tumour cells. Stimulation with Con A-loaded
P815 cells activates CD8" T effector cells independently
from antigen recognition and thus assesses their functional
capacity. Finding on average rather similar peak results for
IFN-gamma production and T cell degranulation excludes
intrinsic cell activation defects of T effector cells.

Inhibition by Foxp3*CD257CD4* Tregs may involve
several molecular pathways. In previous studies, we had
demonstrated that Tregs inhibit proliferation and cytokine
secretion of T effector cells via IL-10 and IL-35, which
is reversed by adding neutralizing antibodies [40, 41].
To clarify the role of additional contact-dependent path-
ways, we performed blocking experiments in our LDCC
assays using anti-PD-1, anti-PD-L1, anti-CTLA-4, and
anti-GITR, respectively. Here, IFN-gamma production
was partially reversed in the patients with HCC when the
interaction between PD-L1 on Tregs and its receptor PD-1
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on T effector cells was blocked by either adding anti-PD-
L1 or PD-1 antibodies. This novel finding suggests that
Tregs contribute to suppression of antitumoural immunity
in HCC via the PD-L1/PD-1 pathway, even when expres-
sion of inhibitory checkpoint molecules is negligible on
the tumour cells. Immunosuppressive effects were appar-
ently rather moderate, but it has to be taken into account
that Con A provides a much stronger T cell activation sig-
nal than conventional antigen. On the other hand, inhibi-
tion was not fully reversed by adding PD-L1 and PD-1
antibodies, indicating that our study did not address all
inhibitory mechanisms. For example, tumour-associated
macrophages and myeloid-derived suppressor cells are
further candidate cell types in the tumour microenviron-
ment potentially contributing to T effector cell inhibition
[23, 24]. Finally, perforin and granzyme release as well as
triggering of death receptors by their cognate ligands—not
analysed in this study—may also contribute to the control
of tumour growth by cytotoxic T effector cells.

Our study had been designed to gain functional insights
on Tregs at the cellular level rather than to find prognostic
markers in patients with HCC. Interestingly, however, we
observed an inverse correlation between the expansion of
PD-L1- and CTLA-4-positive Tregs and the age of diag-
nosis in our patients with HCC. Increased frequencies of
Tregs can be associated with various liver diseases even
without malignancy [40, 41], however, the absence of a
relationship between Treg frequencies and age both in
healthy and disease controls without HCC largely is evi-
dence against a general age-related change in Treg subset
frequency. Thus, the inverse relationship between age and
Treg frequencies selectively in patients with HCC may
be a hint that patients with liver disease and pronounced
expansions of CTLA-4/PD-L1-positive Tregs carry a
particularly high risk to develop HCC and thus become
diagnosed at an early age, in line with other reports claim-
ing a substantial role of Tregs for tumour progression and
survival [42-44].

In summary, our studies extend previous findings
reported for Tregs in breast cancer and malignant mela-
noma to liver cancer [45, 46] and provide experimental evi-
dence that Tregs contribute to immune dysfunction in HCC
via several pathways. These pathways also involve Tregs
and their interaction with T effector cells via the inhibi-
tory checkpoint molecules PD-L1 and PD-1. Thus, further
studies should also take into account circulating Tregs as a
potential therapeutic target and predictive biomarker in HCC
immunotherapy.
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