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Introduction: Pancreatic ductal adenocarcinoma (PDAC) represents the 4™
most common cause of cancer-related deaths in Western countries. Most
patients are diagnosed at advanced stages, often already with metastases. The
main site of metastasis is the liver and hepatic myofibroblasts (HMF) play a pivotal
role in metastatic outgrowth. Immune checkpoint inhibitors (ICI) targeting
programmed death ligand 1 (PD-L1) or programmed cell death protein 1 (PD-1)
improved treatment of several cancers but not of PDAC. Therefore, this study
aimed to better understand the impact of HMF on PD-L1 expression and immune
evasion of PDAC cells during liver metastasis.

Methods: Formalin-fixed and paraffin embedded biopsy samples or diagnostic
resection specimens from liver metastases of 15 PDAC patients were used for
immunohistochemical analyses. Serial sections were stained with antibodies
directed against Pan-Cytokeratin, aSMA, CD8, and PD-L1. To investigate
whether the PD-1/PD-L1 axis and HMF contribute to immune escape of PDAC
liver metastases, a stroma enriched 3D spheroid coculture model was
established in vitro, using two different PDAC cell lines, HMF, and CD8™ T cells.
Here, functional and flow cytometry analyses were conducted.

Results: Immunohistochemical analysis of liver tissue sections of PDAC patients
revealed that HMF represent an abundant stroma population in liver metastases,
with clear differences in the spatial distribution in small (1500 ym) and large
(> 1500 um) metastases. In the latter, PD-L1 expression was mainly located at the
invasion front or evenly distributed, while small metastases either lacked PD-L1
expression or showed mostly weak expression in the center. Double stainings
revealed that PD-L1 is predominantly expressed by stromal cells, especially HMF.
Small liver metastases with no or low PD-L1 expression comprised more CD8* T
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cells in the tumor center, while large metastases exhibiting stronger PD-L1
expression comprised less CD8* T cells being mostly located at the invasion
front. HMF-enriched spheroid cocultures with different ratios of PDAC cells and
HMF well mimicking conditions of hepatic metastases in situ. Here, HMF
impaired the release of effector molecules by CD8" T cells and the induction
of PDAC cell death, an effect that was dependent on the amount of HMF but also
of PDAC cells. ICI treatment led to elevated secretion of distinct CD8" T cell
effector molecules but did not increase PDAC cell death under either spheroid
condition.

Conclusion: Our findings indicate a spatial reorganization of HMF, CD8" T cells,
and PD-L1 expression during progression of PDAC liver metastases.
Furthermore, HMF potently impair the effector phenotype of CD8" T cells but
the PD-L1/PD-1 axis apparently plays a minor role in this scenario suggesting that
immune evasion of PDAC liver metastases relies on other immunosuppressive
mechanisms.

KEYWORDS

pancreatic cancer, immune evasion, 3D coculture, hepatic metastasis, programmed
death ligand 1, tumor microenvironment

1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the 4™ most
common cause of cancer-related deaths in Western countries
with a 5-year survival rate of less than 10% (1). Lacking specific
symptoms, PDAC is lately (80%) diagnosed at a locally advanced or
metastatic stage, with the liver representing the main site of
metastases (2). To date, the only curative treatment is the RO
resection of the primary tumor. However, even these patients
often relapse and develop metastases shortly after or even during
adjuvant therapy (3). Since PDAC patients with liver metastases
have an even worse prognosis, it is of outmost importance to better
understand the mechanisms underlying metastatic progression in
the liver and to identify effective treatment options (4). Treatment

Abbreviations: 0SMA, alpha-Smooth Muscle actin; ccK18, caspase-cleaved
Keratin 18; CAF, cancer-associated fibroblasts; CD, Cluster of Differentiation;
CTLA-4, Cytotoxic T-Lymphocyte-associated Protein 4; CXCL, chemokine C-X-
C motif ligand; ECM, extracellular matrix; FFPE, formalin-fixed and paraffin-
embedded; FoV, Fields of View; G-CSF, Granulocyte Colony-stimulating Factor;
HME, hepatic myofibroblasts; HSC, hepatic stellate cells; ICI, immune checkpoint
inhibitors; IENY, Interferon-gamma; IHC, immunohistochemical; IL, Interleukin;
LAG3, Lymphocyte-Activation Gene 3; M-CSF, Macrophage Colony-stimulating
Factor; MHC, Major Histocompatibility Complex; NSCLC, Non-small cell lung
cancer; PanCK, Pan-Cytokeratin; PBMC, peripheral blood mononuclear cells;
PDAC, Pancreatic ductal adenocarcinoma; PDGF, Platelet-derived Growth
Factor; PD-1, Programmed cell death protein 1; PD-L1, Programmed cell
death protein 1-ligand 1; TCM, T cell medium; TGF-B1, Transforming Growth
Factor-beta 1; TIM3, T cell immunoglobulin and mucin domain-containing
protein 3; TME, tumor microenvironment; VEGF, Vascular Endothelial

Growth Factor.
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with immune checkpoint inhibitors (ICI), e.g. targeting
programmed death ligand 1 (PD-L1) or its receptor programmed
cell death protein 1 (PD-1), have improved the therapy of many
cancers but failed in PDAC yet. Monoclonal antibodies such as
Durvalumab and Pembrolizumab blocking PD-L1 and PD-1,
respectively, aim to boost cancer-directed immunity by induction
of CD8" T cell-mediated killing of tumor cells. However, so far ICI
did not add any considerable benefit to the treatment of PDAC
patients (5, 6). Nevertheless, a high infiltration of CD8" T cells is
associated with longer overall survival of PDAC patients indicating
that CD8" T cells exhibit a potent anti-tumorigenic potential in
PDAC (5, 7). Moreover, absent PD-L1 expression and high CD8* T
cell infiltration of PDAC are even linked to a better prognosis (8).
Of note, PD-L1 expression in PDAC is very heterogeneous, as some
tumors show no PD-L1 expression while others show high
expression (8, 9). In the latter cases, PD-L1 is mostly expressed
by stromal cells rather than tumor cells (9). However, whether and
how stromal cell-associated PD-L1 expression impacts immune
evasion is still poorly understood.

Desmoplasia, the tumor-associated excessive formation of
connective tissue formed by fibroblasts, stellate cells, and their
activated counterparts, the myofibroblasts, represents a hallmark of
PDAC (10). Desmoplasia is an integral component of the stroma of
primary PDAC as well as its liver metastases. Hepatic stellate cells
(HSC) make up to 5% of all liver cells and are important to maintain
liver homeostasis. In the presence of Transforming Growth Factor-
beta 1 (TGF-B1), Platelet-derived Growth Factor (PDGF), or
Interleukin-6 (IL-6) HSC transdifferentiate into hepatic
myofibroblasts (HMF). HMF are characterized by a high expression
of alpha-smooth muscle actin (SMA) as well as the secretion of
various inflammatory mediators and ECM molecules, that have been
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reported to support tumor growth (11, 12). Furthermore, cancer-
associated fibroblasts (CAF) can impact the immune response by
secreting cytokines, like IL-6, Granulocyte Colony-stimulating Factor
(G-CSF), and Macrophage Colony-stimulating Factor (M-CSF), or
inhibiting CD8" T cells by either expressing PD-L1 or promoting
expression of PD-1 and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) on CD8" T cells (13). Lenk et al. showed that the
inflammatory status of the liver microenvironment is an essential
driver for the outgrowth of liver metastases. Here, HMF promoted
PDAC cell growth in a Vascular Endothelial Growth Factor (VEGF)
dependent manner (14). Owing to their ability to release high amounts
of ECM proteins and immune regulatory mediators, HMF generate a
dense stroma, which acts as a physical barrier for immune cells and
drugs (12). Although several studies have already demonstrated that
myofibroblasts essentially contribute to drug resistance and immune
evasion in PDAC (15-17), their impact on immune evasion of PDAC
liver metastases is still poorly understood. Since metastases are not
routinely resected in PDAC patients, tissue samples from PDAC
metastases are rare and the expression of immune regulatory
molecules such as PD-L1 within liver metastases is rarely
characterized. Hence, this study intended to elucidate the role of PD-
L1 in the interplay of PDAC cells, the hepatic microenvironment, and
CD8" T lymphocytes in order to provide novel insight into the
mechanisms contributing to immune escape of PDAC liver metastases.

2 Material and methods

2.1 Immunohistochemical analysis of liver
tissues with PDAC metastases

Formalin-fixed and paraffin embedded (FFPE) biopsy samples or
diagnostic resection specimens from liver metastases of 15 PDAC
patients were used for immunohistochemical (IHC) analyses. The
study was approved by the ethics committee of the Medical Faculty of
Kiel University (reference number: A110/99). Written informed
consent was obtained from all patients. Thirteen patients were
male and two were female. The median age at diagnosis was 70
(range: 59-82). The histopathological diagnosis was confirmed by
board certified surgical pathologists. From one patient a
histopathological assessment was also performed from the primary
tumor, from all other patients only from the liver biopsies. One
patient suffered from metastasized PDAC with liver metastases and
peritoneal carcinosis. Liver tissues for sectioning were mostly
obtained from liver biopsies. Serial sections were used throughout
this study and stained with antibodies directed against Pan-
Cytokeratin (PanCK) (dilution 1:200, clone AE1/AE3, NeoMarkers
via ThermoFisher Scientific, Waltham, MA, USA), aSMA (dilution
1:400, clone 1A4, NeoMarkers via ThermoFisher Scientific,
Waltham, MA, USA), CD8 (dilution 1:100, clone C8144B, Leica
Biosystems GmbH, Wetzlar, Germany), and PD-L1 (dilution 1:100,
clone: E1L3N, Cell Signaling Technology, Danvers, MA, USA).

Furthermore, IHC double staining of liver metastases was
performed. The first step involved the staining of PD-L1 (dilution
1:100, clone E1L3N; Cell Signaling Technology, Danvers, MA, USA).
Antigen retrieval was achieved with ER2 (EDTA-buffer Bond pH 9.0;
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20 minutes). The antigen retrieval step was modified for the PD-L1
staining of those slides, which were to be combined with olSMA
staining in the second step. In those cases, PD-L1 visualization was
enhanced in relation to the naturally intense aSMA signal by
prolonging ER2 antigen retrieval to 30 minutes. The
immunoreaction was visualized with the Bond Polymer Refine
Detection Kit (DS 9800; brown labeling; Novocastra; Leica
Biosystems GmbH, Wetzlar, Germany) resulting in a brown color.
The second step involved the staining of either tSMA (dilution 1:400,
clone: 1A4, NeoMarkers via Thermo Fisher Scientific, Waltham, MA,
USA), or CD68 (dilution 1:100, clone: 514H12, Leica Biosystems
GmbH, Wetzlar, Germany), or PanCK (dilution 1:200, clone AE1/
AE3, NeoMarkers via ThermoFisher Scientific, Waltham, MA, USA).
Antigen retrieval was carried out with ER1 (citrate buffer Bond pH 6.0;
20 minutes for aSMA), or ER2 (EDTA-buffer Bond pH 9.0; 20 minutes
for CD68). The immunoreaction was visualized with the BOND™
Polymer Refine Red Detection Kit (DS9390; red labeling; Leica
Biosystems GmbH, Wetzlar, Germany) resulting in a red color.

The THC stainings were carried out on the autostainer BOND ™
RX system (Leica Biosystems GmbH, Wetzlar, Germany). The stained
tissue sections were scanned on the Hamamatsu NanoZoomer 2.0 RS
digital slide scanner (Hamamatsu Photonics, Shizuoka Prefecture,
Japan). Scanned tissue sections were analyzed with NDP.view2
software (Hamamatsu Photonics, Shizuoka Prefecture, Japan).

First, PanCK staining of the liver sections were used to categorize
metastases into small (< 1500 um) and large (> 1500 pum) metastases.
Afterwards, the predominant localization of CD8, aSMA, and PD-L1
staining was rated as followed i) mostly in the tumor center, ii) mostly at
the invasion front, or iii) evenly distributed between both regions. The
analysis was performed at a magnification of 5-fold or 10 fold depending
on the size of the respective metastasis. Further, the proportion of cells
stained for CD8 and PD-L1 was analyzed in 10 representative fields of
view (FoV) both at the invasion front of the metastases and in the tumor
center at 100-fold magnification. The scoring was graded as i) 0%
(negative), ii) < 1%, or iii) > 1%. Additionally, PD-L1 staining intensity
was scored as absent, low, or high. Finally, the percentages of the
proportion of each score were calculated. All stainings were evaluated
independently by two examiners (SB and LA).

2.2 Cell lines and cell culture

Human PDAC cell lines PancTul and Panc89 were cultured in
PDAC cell medium (RPMI 1640 medium supplemented with 10%
FCS, 1% L-Glutamine, and 1% sodium pyruvate (PAN-Biotech
GmbH, Aidenbach, Germany)). PancTul cells were isolated from a
primary tumor of a female PDAC patient and were used as a PDAC
cell line with moderate PD-LI cell surface expression. PancTul cells
exhibit mutations in k-ras (G12V) and p53 (C176S) and a depletion
of p16, while SMAD4 shows a wildtype status (18, 19). Panc89 cells
were isolated of a lymph node metastasis of a 64-year-old male
PDAC patient and were used as a PDAC cell line with low PD-L1
surface expression. Panc89 cells exhibit a mutation in p53 (T220C)
and depletion of pI6, while the genes k-ras and SMAD4 show a
wildtype status (18, 19). Human myofibroblasts (Provitro GmbH,
Berlin, Germany) were cultured in stellate cell medium
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supplemented with 2% FCS, 1% stellate cell growth supplement,
and 1% Penicillin and Streptomycin (Science Cell Research
Laboratories, Carlsbad, CA, USA). One ng/ml of recombinant
human TGF-B1 (BioLegend, San Diego, CA, USA) was added to
maintain the myofibroblastic phenotype. All cell lines were
cultivated in a 75 cm? cell culture flask at 37°C, 5% CO,, and
86% relative humidity. The cells were regularly examined with a
MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza Group,
Basel, Switzerland) to assure mycoplasma-free conditions.

2.3 Isolation of primary human CD8*
T cells

Peripheral blood mononuclear cells (PBMC) were isolated from
blood donations by healthy donors provided by the Institute of
Transfusion Medicine, UKSH Campus Kiel. The research was
approved by the ethics committee of the Medical Faculty of Kiel
University and the University Hospital Schleswig-Holstein, Campus
Kiel (reference number: A110/99 and D490/17). Written informed
consent from all donors was obtained. For PBMC isolation, a Pancoll
(PAN-Biotech GmbH, Aidenbach, Germany) density gradient
centrifugation (350 xg, 25 min, 4°C) was performed. Afterwards,
125x10° isolated PBMCs suspended in 10 ml RPMI 1640 medium
supplemented with 1% FCS were transferred into a 75 cm? cell culture
flask. After 45 minutes, the supernatant was carefully removed to obtain
only the lymphocytes. Only lymphocyte purities of over 80% were used
for isolation of CD8" T cells, which were verified by flow cytometry. In
order to obtain untouched CD8" T cells, magnetic cell sorting was
performed using a negative selection strategy with the CD8" T cell
isolation kit from Miltenyi Biotec, according to the manufacturer’s
instructions (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).

2.4 Activation of CD8* T cells

Activation of primary naive CD8" T cells was performed by
stimulation with anti-CD3 and anti-CD28 antibodies which were
used to mimic antigen-presenting cells. For this purpose, a 24-well
plate was coated with 1.5 ug/ml anti-CD3 antibody (clone: OKTS3,
BioLegend, San Diego, CA, USA) diluted in 200 pl sterile PBS for
2 h at 37°C. Afterwards, the plate was washed twice with PBS to
remove all unbound antibodies. Then, 1.5 x10° CD8" T cells per
well were seeded in 1 ml PDAC cell medium further supplemented
with 2% HEPES and 1% Penicillin and Streptomycin (TCM).
Finally, 1.5 pg/ml anti-CD28 antibody (clone: CD28.2, BioLegend,
San Diego, CA, USA), and 60 ng/ml recombinant human IL-2
(BioLegend, San Diego, CA, USA) were added. After 72 h, CD8" T
cells were collected and used for subsequent coculture experiments.

2.5 Spheroid cultures of PDAC cells and HMF

In order to mimic the tumor cell to HMF ratio in small and
large PDAC liver metastases, different ratios of PancTul or Panc89
cells and HMF were seeded for spheroid formation. Here, a PDAC
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cell to HMF ratio of 3:1 was seeded to mimic large metastases. A
PDAC cell to HMF ratio of 5:1 was seeded to mimic small
metastases. HMF and either PancTul or Panc89 cells were seeded
together at the respective ratios at a total cell number of 2x10* in
150 pl TCM in 96-well ultra-low attachment plates (faCellitate,
Mannheim, Germany). As control, PancTul and Panc89 cells,
respectively, were seeded as monoculture spheroids. After seeding,
plates were centrifuged at 300 xg for 5 min and spheroids were
cultured for 72 h, at 37°C, 5% CO2, and 86% relative humidity.

2.6 Spheroid cultures with CD8* T cells

In order to investigate the effect of PDAC cells and different
amounts of HMF on the effector phenotype of CD8" T cells, medium
from spheroid cultures was removed after 48 h and 2x10> activated
CD8" T cells were added in 150 pl of TCM/well for further 24 h.

2.7 Treatments of spheroid cultures

For ICI treatment medium of spheroid cultures was discarded
after 48 h. Then, 2x10° activated CD8" T cells were added and
spheroid cocultures were treated with either 10 pg/ml of the
respective isotype control antibody [hIgGl (AstraZeneca,
Cambridge, UK)/hIgG4 (Merck, KGaA, Darmstadt, Germany)],
10 pg/ml Durvalumab (AstraZeneca, Cambridge, UK), or 10 pg/
ml Pembrolizumab (MSD, Kenilworth, NJ, USA) for 24 h.

Treatment with 10 pg/ml Gemcitabine (Hexal, Holzkirchen,
Germany) was conducted 24 h after seeding of the spheroids.
Respective controls were left untreated. After 24 h of treatment,
the medium was discarded and 2x10° activated CD8" T cells were
added for further 24 h.

2.8 Flow cytometry

The expression of cell surface proteins on PDAC, HMF, and
CD8" T cells was examined by immunofluorescence staining and
subsequent flow cytometric analysis. For staining, supernatants
containing CD8" T cells were collected from spheroid cultures and
spheroids were mechanically dissociated with a 30G cannula to
generate a single-cell suspension. Staining was performed according
to the protocol of BioLegend. PancTul, Panc89 cells, and HMF were
stained with anti-PD-L1-PeCy7 antibody (clone: MIH3, #374506).
PDAC cells were also stained with anti-EpCAM-APC antibody
(clone: 9c4, #324208 (all from BioLegend, San Diego, CA, USA).
CDS8" T cells were stained with anti-CD8-FITC (clone: RPA-TS,
#301006), anti-PD-1-PE (clone: EH12.2H7, #621608), anti-CD69-
PeCy7 (clone: FN50, #310912), and anti-CD25-APC antibodies
(clone: BC96, #302610) (all from BioLegend, San Diego, CA,
USA). Staining specificity was verified by staining with respective
isotype control antibodies: mIgG1l-PeCy7 (clone: MOPC-21,
#400126), mIgG2b-APC (clone: MPC-11, #400321), mIgG1-FITC
(clone: MOPC-21, #400108), mIgG1-PE (clone: MOPC-21,
#400112), and mIgG1-PAC (clone: MOPC-21, #400122), (all from
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BioLegend, San Diego, CA, USA)). For relative quantification of cell
surface expression levels, median fluorescence intensity (MFI) ratio
was calculated by dividing the MFI detected for the specific staining
by the MFI detected for the staining with the respective isotype
controls. For the assessment of the lymphocyte purity prior to
isolation of CD8" T cells (see section Isolation of primary human
CD8" T cells) cells were washed once with MACS Bufter (PBS (PAN-
Biotech GmbH, Aidenbach, Germany) supplemented with 0.5%
BSA (Biomol, Hamburg, Germany) and 2 mM EDTA (Carl Roth
GmbH, Karlsruhe, Germany)) and then fixed in MACS Buffer
supplemented with 1% PFA (ThermoFisher Scientific, Waltham,
MA, USA). Data acquisition was performed with a MACS Quant X
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) and
evaluation was conducted using the FlowJo program v10.8.1 (BD
Bioscience, Franklin Lakes, New Jersey, USA).

2.9 LEGENDplex™

LEGENDplex " Human CD8/NK Mix and Match Subpanel
and LEGENDpleXTM Human total TGF-B1 (BioLegend, San Diego,
CA, USA) were used according to the manufacturer’s instructions
for quantification of Interferon-gamma (IFN-y), Granzyme A,
Granzyme B, Perforin, Granulysin, and TGFB-1 concentrations in
cell culture supernatants. Measurement was performed on the BD
FACSymphonyTM Al flow cytometer (BD Bioscience, Franklin
Lakes, New Jersey, USA). The evaluation was conducted using the
LEGENDplexTM data analysis software (BioLegend, San Diego,
CA, USA).

2.10 M30 CytoDeath™ ELISA

Cell death induction in PDAC cells in the different spheroid
cultures was assessed with the M30 CytoDeath ELISA kit following
the manufacturer’s instructions (Diapharma Group Inc., West
Chester, OH, USA). The assay detects caspase-cleaved Keratin 18
(ccK18) which is generated exclusively by PDAC cells undergoing
apoptotic cell death in the used spheroid cultures. Measurement of
ccK18 in supernatants of spheroid cultures was performed on the
Infinite 200 PRO microplate reader (Tecan, Crailsheim, Germany).

2.11 Statistical analysis

Statistical analyses were performed with GraphPad Prism 9.2.0
(GraphPad Software, San Diego, CA, USA). First, data was tested
for normal distribution and equal variances using Shapiro-Wilk
test. Two tailed t-test was performed for analysis of two normally
distributed data sets. Groups of data sets that did not pass the test
for normal distribution and equal variances were analyzed by the
Mann-Whitney Rank Test. Parametric data sets of including more
than two groups were analyzed with the one-way-analysis of
variance (one-way-ANOVA). For multiple comparison the Tukey
Test was used. Non-parametric data sets comprising more than two
groups were analyzed using Kruskal-Wallis one-way-ANOVA on
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Ranks and for multiple comparison the Dunn’s Test was performed.
Statistical significance was considered for p-values of < 0.05,
according to Student-Newman-Keuls test for parametric and
Dunn method for non-parametric data. The significance levels are
indicated by asterisks: p < 0.05 =*, p < 0.01 =**, p < 0.001 = ***.

3 Results

3.1 Different spatial distribution of
myofibroblasts, CD8* T cells, and PD-L1
expression in small and large liver
metastases of PDAC patients

To better understand whether PD-L1 might play a role in
immune evasion of PDAC cells in liver metastasis, it was examined
whether PD-L1 is expressed in liver metastasis, and how this relates to
defined stroma compositions. For this purpose, serial sections of liver
metastases from 15 PDAC patients were stained for PanCK, oSMA,
CD8, and PD-L1 (Figure 1A). Since previous studies reported that
stroma composition markedly differs with regard to metastasis size
(20), metastases were categorized into small (< 1500 pm) and large (>
1500 pm) metastases (Supplementary Figure 1A). In general, more
small than large metastases were detected in the liver sections
(Supplementary Figure 1B). First, desmoplasia was assessed by
evaluating the abundance of myofibroblasts. Small and large
metastases clearly differ with respect to aSMA+ the spatial
distribution (Figure 1B) and extent (Figure 1C) of aSMA+
myofibroblasts. While in small metastases aSMA-expression was
detectable in the tumor center or evenly distributed between tumor
center and the invasion front, 0SMA staining was predominantly
located inside of large metastases (Figure 1B). Further, the number of
myofibroblasts was rated and compared (+ = low number, ++ =
medium number, or +++ = high number of myofibroblasts). While
small metastases were mostly characterized by low numbers of
myofibroblasts, 50% of large metastases exhibited high numbers
(Figure 1C). Moreover, also spatial distribution of CD8" T cells
clearly differed between small and large metastases. While CD8" T
cells were predominantly located inside or evenly distributed in small
metastases, in large metastases the majority of CD8" T cells were
almost exclusively found at the invasion front (Figure 1D). In line
with these findings, 15% of all FoV examined in the tumor center of
large metastases exhibited no CD8" T cells. These FoV were only
scored in the tumor centers (Supplementary Figure 1C). However,
within the majority of FoV more than 1% of these cells were stained
for CD8 in both small and large metastases, albeit in small metastases
over 60% of FoV contained even higher proportions of CD8" T cells
(Figure 1E). Finally, histoanatomical localization and intensity of PD-
L1 staining were analyzed. Here, 35% of small metastases showed no
PD-LI staining and if present, staining was predominantly observed
in the tumor center. In contrast, PD-LI staining in large metastases
was either evenly distributed or localized predominantly at the
invasion front (Figure 1F). Of note, FoV in large metastases
exhibited significantly more PD-L1" cells compared to small
metastases (Figure 1G) which were associated with significantly
more FoV with strong PD-L1 staining. Interestingly, strong PD-L1
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>19%  stiningintensity perFov absent Tow strong

Different spatial distribution of myofibroblasts, CD8" T cells, and PD-L1 expression in small and large liver metastases of PDAC patients. (A) Representative
images of the staining of PanCK, aSMA, CD8 and PD-L1 in large and small liver metastases of PDAC patients. The main localization of (B) aSMA, (D) CD8 T
cells, and (F) PD-L1 expression were scored comparing absent expression and expression in the tumor center, at the invasion front, or evenly distributed
between tumor center and invasion front in small and large liver metastases. (C) The abundance of aSMA was rated as low number (+), medium number (+
+), or higher number (+++) of myofibroblasts in each metastasis. Furthermore, a maximum of 10 microscopic Fields of View (FoV) in the tumor center and
at the invasion front were analyzed and the proportion of (E) CD8" T cells and (G) PD-L1" cells was determined. The proportion was ranked as 0%, < 1%, or
> 1% for CD8 and PD-L1, respectively. (H) Intensity of PD-L1 staining was ranked for each FoV, comparing absent, low, or strong expression. Data represents
the mean + SD of 15 independent liver tissue sections. * = p < 0.05, ** = p < 0.01, ***p < 0.001.

staining was mostly found at the invasion front (Figure 1H,
Supplementary Figure 1E). In contrast, PD-L1" cells were detected
only in 33% of all FoV in small metastases. Comparing the spatial
distribution of PD-L1, PanCK, and aSMA in serial liver sections
demonstrated that PD-L1 staining was mainly colocalized with
0SMA staining rather than PanCK staining, indicating that PD-L1
is mainly expressed by myofibroblasts in PDAC liver metastases
(Figure 1A). For validation, IHC double stainings of PanCK/PD-L1,
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0SMA/PD-L1, and CD68/PD-L1 were performed showing that PD-
L1 was more expressed by myofibroblasts and also macrophages
rather than tumor cells (Supplementary Figures 2A-C).

In summary, our ITHC analyses revealed that small liver
metastases comprise more CD8" T cells in their tumor center
with no or low PD-L1 expression, while large metastases exhibit
stronger PD-L1 expression and less CD8" T cells being mostly
located at the invasion front. Furthermore, HMF represent an
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abundant stroma population in liver metastases of PDAC, with
clear differences in the spatial distribution in small and large
metastases and being a main source of PD-L1 expression. Overall,
these findings support the hypothesis that outgrowth of hepatic
PDAC metastases is accompanied by stroma remodeling involving
considerable alterations in the localization and number of CD8" T
cells, myofibroblasts as well as PD-L1 expression.

3.2 Spheroid coculture of PDAC cells and
HMF mimic hepatic PDAC metastases

The THC analysis of PDAC liver metastases revealed clear
differences with respect to PD-L1 expression and number of

10.3389/fonc.2023.1160824

HMF in small and large metastases. To investigate whether the
PD-1/PD-L1 axis and HMF contribute to immune escape of PDAC
liver metastases, a stroma enriched 3D spheroid coculture model
was established in vitro. To mimic small and large hepatic PDAC
metastases, PancTul or Panc89 PDAC cells and HMF were seeded
at different ratios (PDAC : HMF 5:1 = 83,3% vs. 16.7%,
representative for small metastases; PDAC : HMF 3:1 = 75% vs.
25%, representative for large metastases). As control, PancTul and
Panc89 cell monoculture spheroids were seeded (Figure 2A). In
general, mono- and coculture spheroids of PancTul cells were
larger (~800 um) compared to Panc89 cell spheroids (~500 pm). In
line with the in situ findings of small and large liver metastases, less
HMEF were present at the 5:1 ratio (small metastases) compared to
the 3:1 ratio (large metastases) in both PDAC cell models after
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Spheroid coculture of PDAC cells and HMF mimic hepatic PDAC metastases. (A) Schematic illustration of the PDAC spheroids cultures: PancTul and
Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios (5:1 or 3:1) in ultra-low attachment
plates for 3 days. Figure was created with BioRender.com. (B) Representative images of PancTul and Panc89 spheroids in mono- and coculture with
HMF after 3 days. In green (cell tracker green) PDAC cells and in blue (cell trace violet) HMF. For flow cytometry analysis, spheroids were
mechanically dissociated and the median fluorescence intensity (MFI) ratio of PD-L1 on (C) PancTul cells, Panc89 cells, and (D) HMF after mono- or
coculture was determined. Data represents the mean + SD (normally distributed) or the median with interquartile range (not normally distributed).

N=5.* = p < 0.05, ** = p < 0.0L.
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spheroid formation. In addition, HMF appeared to be evenly
distributed in the spheroids at a 5:1 ratio and more inside at a 3:1
ratio (Figure 2B). Moreover, monocultured PancTul cells exhibited
higher PD-L1 cell surface levels compared to Panc89 cells, which
well mimics the expression heterogeneity in tumor cells observed in
hepatic PDAC metastases. After coculture, PD-LI cell surface levels
were slightly increased in both PDAC cell lines in the presence of
HMEF independent of the coculture condition (Figure 2C). In line
with the in situ findings, monocultured HMF exhibited higher PD-
L1 cell surface levels compared to those on PDAC cells which were
slightly downregulated by coculture with PancTul cells and slightly
upregulated by coculture with Panc89 cells (Figure 2D).

Overall, our stroma enriched spheroid coculture model containing
PDAC cells and HMF at different ratios well mimicked the proportion
and distribution of PDAC cells and HMF as well as their PD-L1
expression detected in small and large hepatic PDAC metastases.

3.3 The effector phenotype of CD8™
T cells and induction of PDAC cell
death are impaired by HMF in PDAC
coculture spheroids

Having provided evidence that our in vitro model well
simulates the contextual situation identified in PDAC liver
metastases in situ, we next examined whether the effector
phenotype of CD8" T cells is impacted by the different stroma
conditions. For this purpose, CD8" T cells were pre-activated for
72 hours and then seeded in the different spheroid cultures
(Figure 3A). At this time point, CD8" T cells exhibited high cell
surface expression of CD25 and the early activation marker CD69
along with considerable expression levels of PD-1 (data not
shown). As seen in Figure 3B, cell surface levels of CD25 and
CD69 as well as PD-1 in CD8" T cells were hardly affected by
different spheroid coculture conditions in both PDAC cell models.
Next, supernatants derived from CD8" T cells cultured with
mono- and coculture PDAC cell spheroids were analyzed for the
presence of cytotoxic effector molecules (Figure 3C). Levels of
Granzyme A and B, Perforin, Granulysin, and IFNYy were not
altered in supernatants obtained from CD8" T cells cultured with
HMF-enriched PancTul spheroids compared to supernatants
from PancTul monoculture spheroids. However, levels of
Granzyme A, Granulysin, and IFNy were decreased in
supernatants from CD8" T cells after culture with Panc89 HMF
spheroids compared to culture with Panc89 monoculture
spheroids being even more reduced in the presence of higher
amounts of HMF (PDAC : HMF ratio 3:1) resembling large
metastases (Figure 3C). Finally, we analyzed whether the effector
phenotype of CD8" T cells correlates with the induction of PDAC
cell death. For this purpose, supernatants of CD8" T cells cultured
with PDAC mono- and coculture spheroids were analyzed for the
presence of ccK18 indicative for induction of PDAC cell death. As
shown in Figure 3D, ccK18 levels were detectable at low levels and
comparable between mono- and coculture PancTul and Panc89
spheroids in the absence of CD8" T cells. In the presence of CD8"
T cells, significantly elevated ccK18 levels were measured in both
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PancTul and Panc89 spheroids devoid of HMF. However, a clear
reduction of ccK18 levels was observed in supernatants of
coculture spheroids of either PDAC cell line in the presence of
CD8" T cells, with the strongest reduction observed in
supernatants of spheroids containing higher amounts of HMF
(3:1). This effect was more pronounced in the Panc89 HMF
spheroids being in line with more pronounced reduction of
CD8" T cell effector molecules in supernatants from HMF
enriched Panc89 coculture spheroids (Figure 3D).

Overall, these data suggest that HMF impair the release of
effector molecules by CD8" T cells and the induction of PDAC cell
death, an effect that is dependent on the amount of HMF but not on
the PDAC cells.

3.4 ICl treatment leads to elevated
secretion of distinct CD8" T cell effector
molecules but does not increase

PDAC cell death

After having shown that the PDAC-HMF interplay impairs the
effector phenotype of CD8" T cells, it was investigated whether ICI
treatment is able to restore the effector phenotype and leads to
enhanced induction of PDAC cell death. PD-L1 and PD-1 were
blocked by Durvalumab and Pembrolizumab, respectively, for 24
hours under the distinct spheroid conditions cultured with CD8" T
cells (Figure 4A). Successful blocking of cell surface associated PD-L1
and PD-1 by either Durvalumab or Pembrolizumab treatment on each
cell population was validated by flow cytometry. Cell surface levels of
PD-1 on CD8" T cells were significantly lower after Pembrolizumab
treatment (Figure 4B) and cell surface levels of PD-L1 on PDAC cells
and HMF were also significantly lower after Durvalumab treatment
compared to treatment with respective the control antibody
(Supplementary Figures 3A-C). In order to examine the effect of
Durvalumab and Pembrolizumab treatment on the respective
effector phenotype of CD8" T cells, we first analyzed cell surface
expression levels of T cell activation markers CD25 and CD69. No
considerable effects on the cell surface expression levels of CD69 and
CD25 on CD8" T cells by Durvalumab treatment after culture with
either spheroid condition was observed (Figure 4B). However,
treatment with Pembrolizumab led to a slight decrease of the
expression of CD25 in CD8" T cells cultured with PancTul
coculture spheroids but not with Panc89 coculture spheroids, while
the expression of CD69 was only decreased on CD8* T cells when
cultured with PancTul coculture spheroids at a ratio of 3:1 (Figure 4B).
Next, the concentration of CD8" T cell effector molecules in
supernatants of the different spheroid cultures was analyzed.
Durvalumab did almost not affect levels of Granzyme A, Granzyme
B, Perforin, Granulysin, and IFNY in supernatants of CD8" T cells
cultured with either PDAC cell spheroids (Figure 4C, light grey), except
Granulysin levels which were diminished after coculture with
PancTul:HMF spheroids (5:1 ratio). In contrast, levels of Granzyme
B and IFNY were elevated in supernatants from CD8" T cells cultured
with Panc89 coculture spheroids but not with Panc89 monoculture
spheroids after Durvalumab treatment. Notably, no decrease in
Granzyme A, Granulysin, and IFNy concentration was detectable
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FIGURE 3

The effector phenotype of CD8" T cells and induction of PDAC cell death are impaired by HMF in PDAC coculture spheroids. (A) Schematic illustration of the
PDAC spheroids cultures in the absence or presence of CD8" T cells. PancTul and Panc89 cells were either seeded in mono- or coculture with hepatic
myofibroblasts (HMF) at different ratios (5:1 or 3:1) in ultra-low attachment plates. After 48 h, activated CD8" T cells were added at a ratio of 1:10 in one half of
the cultures for further 24 h. Figure was created with BioRender.com. (B) CD8" T cells obtained from different spheroid cultures were stained for CD69, CD25,
and PD-1 analyzed by flow cytometry analysis and the median fluorescence intensity (MFI) ratio of each specific staining was determined. (C) The
concentration of Granzyme A, Granzyme B, Perforin, Granulysin, and IFNywas analyzed in the supernatants of differentially cultured spheroids. Data was
normalized on the expression and the concentration in supernatants of CD8" T cells in culture with mono-culture spheroids. (D) Levels of caspase-cleaved
cytokeratin 18 (ccK18) were measured in supernatants of mono- and coculture spheroids in the absence or presence of CD8" T cells and normalized to the
seeded PDAC cell number. Data represents the mean + SD (normally distributed) or the median with interquartile range (not normally distributed). N=4.* = p <

0.05,** = p<0.01, ***p < 0.001

anymore in supernatants from Panc89 cell spheroids enriched with
HMF (mainly at 3:1 ratio, Figure 4B, light grey), indicating a
compensation of the HMF mediated inhibitory effect by the PD-L1
inhibitor. Pembrolizumab treatment did almost not affect levels of
Granzyme A, Perforin, and Granulysin in supernatants of CD8" T cells
cultured with mono- or coculture spheroids of either PDAC cell line
(Figure 4C, dark grey), while levels of Granzyme B and IFNYy were
enhanced in supernatants of HMF enriched spheroids of PancTul and
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Panc89 cells. Finally, it was analyzed whether ICI treatment increased
PDAC cell death under the different culture conditions. Overall, no
considerable effect of PD-L1 or PD-1 blockade on PDAC cell death was
detectable in either spheroid condition and Durvalumab treatment led
even to decreased ccK18 levels in supernatants of CD8" T cells and
HMF-enriched PancTul spheroids (at 5:1 ratio, Figure 4D, light grey).

Overall, these data indicate that although either ICI treatment led
to slight elevation of distinct CD8" T cell cytotoxic effector molecules
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FIGURE 4

ICI treatment leads to elevated secretion of distinct CD8" T cell effector molecules but does not increase PDAC cell death. (A) Schematic illustration
of the PDAC spheroids cultures before adding CD8* T cells. PancTul and Panc89 cells were either seeded in mono- or coculture with hepatic
myofibroblasts (HMF) at different ratios (5:1 or 3:1) in ultra-low attachment plates. After 48 h, the medium was discarded and activated CD8" T cells
were added at a ratio of 1:10 in one half of the cultures and either 10 ug/ml of the respective isotype control, Durvalumab or Pembrolizumab were
applied for 24 h. Figure was created with BioRender.com. (B) CD8" T cells obtained from different spheroid cultures were stained for CD69, CD25,
and PD-1 by flow cytometry analysis where the median fluorescence intensity (MFI) ratio of each specific staining was determined. (C) The
concentration of Granzyme A, Granzyme B, Perforin, Granulysin, and IFNy was analyzed in the supernatants of differentially treated culture spheroids.
Data was normalized on the expression and on the concentration in supernatants of the respective IgG control treated spheroid cultures. (D) Levels
of caspase-cleaved cytokeratin 18 (ccK18) were measured in supernatants of CD8"* T cells with mono- and coculture spheroids after ICI treatment.
Data was normalized to the isotype control of the respective spheroid culture setting. Data represents the mean + SD (normally distributed) or the
median with interquartile range (not normally distributed). N=4. * = p < 0.05, ** = p < 0.01, ***p < 0.001.
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which seemed to be dependent on the presence of HMF and PDAC
cells, this did not result in enhanced induction of PDAC cell death.

3.5 Gemcitabine affects the effector
phenotype of CD8" T cells and PDAC
cell death induction in dependence
on PDAC cells

Since treatment with Gemcitabine represents the most frequent
first-line therapy of PDAC patients, it was investigated whether
Gemcitabine impacts PD-L1 and PD-1 expression as well as the
effector phenotype of CD8" T cells in the context of the PDAC-
HMEF interplay. For this purpose, monocultured and HMF-enriched
PancTul and Panc89 spheroids were either left untreated or treated
with Gemcitabine for 24 hours and then cultured with CD8" T cells
(Figure 5A). As shown in Figure 5B, Gemcitabine treatment led to
diminished CD25 cell surface expression levels on CD8" T cells
derived from Panc89 mono- and coculture spheroids, while CD69
cell surface expression was almost not altered on CD8" T cells
obtained from either PDAC cell spheroid culture (Figure 5B). PD-1
cell surface levels were significantly lower on CD8" T cells derived
from any culture with PDAC mono- or coculture spheroids, which
were pretreated with Gemcitabine (Figure 5B). In contrast,
Gemcitabine hardly altered PD-L1 cell surface expression on
monocultured PDAC cells as well as HMF (Supplementary
Figure 4). Moreover, levels of Granzyme A, Granzyme B,
Perforin, and Granulysin were reduced - either by trend or
significantly - in all supernatants of CD8" T cells and
Gemcitabine treated PDAC mono- and coculture spheroids, while
IFNYy was almost not altered in supernatants of Gemcitabine treated
cultures (Figure 5C). Finally, it was analyzed whether Gemcitabine
affects induction of PDAC cell death in dependence on the presence
of HMF and CD8" T cells. While treatment with Gemcitabine
hardly impacted cell death of either PDAC cell line in mono- and
coculture spheroids in the absence of CD8" T cells, clear differences
were observed in their presence (Figure 5D). While ccK18 levels
were markedly lower in supernatants of CD8" T cells cultured with
Gemcitabine treated PancTul mono- and coculture spheroids,
elevated ccK18 levels were noted in supernatants from any
Panc89 cell spheroids cultured with CD8" T cells (Figure 5D).

Overall, these data demonstrate that Gemcitabine treatment
diminishes the release of CD8" T cell effector molecules and reduces
cell surface expression level of PD-1 on CD8" T cells. Since cell
death induction was reduced in PancTul spheroids but enhanced in
Panc89 spheroids cultured with CD8" T cells after Gemcitabine
treatment, these effects seem to be dependent on the PDAC cells.

4 Discussion

In many cancer entities, ICI treatment has emerged as a
successful therapeutic option even at advanced disease stages
prolonging the overall survival of the patients (21-23). However,
PDAC patients have not shown significant treatment responses yet
(24, 25). Still, the mechanisms of ICI resistance of PDAC are poorly
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understood, particularly regarding the metastatic setting. Besides
expression of PD-L1 and PD-1 by tumor and stromal cells, a high
mutational tumor burden and high infiltration and presence of CD8"
T cells are known prognostic parameters for the prediction of an ICI
response (26-30). PDAC is characterized by a low mutational burden
and regarded as a so called “cold” or “excluded” tumor with a general
low T cell infiltration into the tumor (30). In addition, CD8" T cells
are often defined as exhausted and show a higher resistance towards
ICI treatment (31, 32). Altogether, these findings provide an
explanation for ICI resistance of this tumor (33). However, these
parameters have been described for primary PDAC and still
knowledge about expression of PD-L1 and stromal composition in
PDAC metastases is rare and whether immune evasion of metastatic
PDAC relies on the PD-L1/PD-1 axis.

Rahn et al. showed that PD-L1 is expressed in primary tumor
tissues of PDAC patients staged T3N1MO, however, only in 20% of
the analyzed tissues (9). As 80% of PDAC patients are diagnosed at a
locally advanced or metastatic stage, with the liver representing the
main site of metastases (2, 34), it was first to be determined whether
PD-L1 is expressed in liver metastases of PDAC patients and how this
relates to the abundance and spatial distribution of CD8" T cells. In
this study, IHC stainings of liver tissue sections revealed that during
metastatic progression (from small to large metastases) the tumor
microenvironment (TME) seems to be remodeled. Staining of
oSMA, indicative for myofibroblasts, was less detectable in small
metastases compared to large metastases which is in line with the
findings of Quaranta et al., who showed in a PDAC mouse model that
0SMA expression was lower in small metastatic lesions compared to
large liver metastases (20). Myofibroblasts are the main source of
ECM molecules such as collagen or fibronectin within the
desmoplastic tumor stroma (11). The ECM is a physical barrier for
T cells and has been shown to prevent the penetration of CD8" T cells
into the liver metastases (12). The inability of CD3" and CD8" T cells
to infiltrate into metastases was also observed in our cohort,
particularly in large metastases. Here, CD3" T cells and CD8" T
cells, respectively were mostly found at the invasion front, while in
small metastases CD8" T cells were detected throughout the whole
lesions or in the tumor center. Since the proportion of myofibroblasts
was higher in large metastases, it can be speculated that
myofibroblasts along with the released ECM molecules provide a
physical barrier preventing T cell infiltration into metastases.
Quaranta et al. demonstrated similar results in liver metastases of
PDAC patients. Here, the number of CD8" T cells was higher and
closer to PanCK poor lesions (reflecting small lesions) compared to
PanCK rich lesions (reflecting large lesions) (20). Grout et al. also
showed that in non-small-cell lung cancer (NSCLC) tumor
infiltration by CD3" and CD8" T cells was significantly lower
when aSMA™ CAF are present at the invasion front (35). Finally,
PD-L1 expression was mainly located at the invasion front or evenly
distributed in large metastases, while small metastases either lacked
PD-L1 expression or showed mostly weak expression in the center.
Double staining revealed that PD-L1 is predominantly expressed by
stromal cells, especially HMF. Besides HMF also Kupffer cells (36) or
other metastases-associated macrophages seemed to be an important
source of tumoral PD-L1 expression. The fact that in PDAC stromal
cells appear to be the main source of PD-L1 expression rather than
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FIGURE 5

Gemcitabine affects the effector phenotype of CD8" T cells and PDAC cell death induction in dependence on PDAC cells. (A) Schematic illustration
of Gemcitabine treatment of PDAC spheroids cultures before adding CD8" T cells. PancTul and Panc89 cells were either seeded in mono- or
coculture with hepatic myofibroblasts (HMF) at different ratios (5:1 or 3:1) in ultra-low attachment plates for 24 h. Then, spheroids were either left
untreated or treated with 10 ug/ml Gemcitabine. After 24 h, the medium was changed and activated CD8" T cells were added at a ratio of 1:10 in
one half of the cultures. (B) CD8" T cells obtained from different spheroid cultures were stained for CD69, CD25, and PD-1 by flow cytometry
analysis and the median fluorescence intensity (MFI) ratio of each specific staining was determined. (C) The concentration of Granzyme A, Granzyme
B, Perforin, Granulysin, and IFNy was analyzed in supernatants of differentially and treated culture spheroids. Data was normalized on the expression
and on the concentration in supernatants of CD8" T cells in culture with untreated mono-cultured spheroids. (D) Levels of caspase-cleaved
cytokeratin 18 (ccK18) were measured in supernatants of CD8* T cells with untreated or Gemcitabine treated mono- and coculture spheroids. The
ccK18 levels were normalized to seeded cell number of PDAC cells. Data represents the mean + SD (normally distributed) or the median with
interquartile range (not normally distributed). N=4. * = p < 0.05, ** = p < 0.01, ***p < 0.001.

the PDAC cells has been already demonstrated by Rahn et al. in  invasion front. Overall, these findings led to the conclusion that HMF
primary tumors of PDAC patients (9). Of note, small liver metastases  associated PD-L1 expression might contribute to immune evasion of
with no or low PD-L1 expression comprised more CD8" T cellsinthe ~ PDAC cells.

tumor center, while large metastases exhibiting stronger PD-L1 These differences between small and large metastases were
expression comprised less CD8" T cells being mostly located at the  experimentally well mimicked in 3D cocultures in vitro by using
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different tumor cell to HMF ratios (3:1 ratio = large and 5:1 ratio =
small metastases). The fact that the diameter of the spheroids was
larger after coculture with HMF along with a higher number of
PDAC cells (data not shown) indicates that HMF support tumor
cell growth, which is in line with previous findings from other in
vivo and in vitro studies (14, 37). As observed in the liver metastases,
HMEF exhibited higher PD-L1 expression compared to PDAC cells.
Moreover, PD-L1 cell surface levels on HMF were altered in the
presence of PDAC cells, and HMF were able to increase PD-L1
expression on PDAC cell lines. In line with these findings, Inoue
et al. reported that patients with lung adenocarcinoma classified
with a high expression of aSMA were PD-L1 positive suggesting a
correlation between a high abundance of myofibroblasts and
elevated PD-L1 expression. Furthermore, CAF have been shown
to increase PD-L1 expression on different lung adenocarcinoma cell
lines via CXCL2 secretion and signaling (32). CXCL2 can activate
the JAK-STAT signaling pathway, resulting in the upregulation of
transcriptional factors that control the expression of PD-L1 (38).
Therefore, strong PD-L1 expression and high local abundance of
myofibroblasts might be also mechanistically linked in hepatic
PDAC metastases. Gorchs et al. also showed that CAF isolated
from tumor tissues of PDAC patients enhance the expression of
immune checkpoint molecules, like PD-1 and CTLA-4, on CD8"
and CD4" T cells (13). In PDAC tissues, most CD8" T cells are
exhausted and show a high expression of PD-1 (39). Likewise, CD8"
T cells used in our 3D cultures were characterized by high PD-1
expression. In a PDAC mouse model, it was shown that CD8" T
cells around large liver metastases showed higher PD-1 expression
compared to those located around small metastases (20) further
pointing to a role of the PD-L1/PD-1 axis in immune evasion of
PDAC. Indeed, ccK18 levels were lower in supernatants of CD8"' T
cells cultured with PDAC coculture spheroids, particularly when a
high amount of HMF was present in the spheroids, indicating a
reduced PDAC cell death induction the more HMF are abundant.
This finding is in line with the lower cell surface expression levels of
activation markers on CD8" T cells as well as lower levels of
cytotoxic T cell associated effector molecules in the supernatants,
particularly of culture with Panc89 HMF spheroids.

In order to investigate whether the PD-1/PD-L1 inhibitory axis
is involved in the HMF mediated impairment of CD8" T cells in our
stroma enriched PDAC spheroid models, treatment with the
clinically validated PD-L1 and PD-1 inhibitors Durvalumab and
Pembrolizumab, respectively, was performed. In line with results
from recent clinical trials that tested the benefit of ICI for the
treatment of PDAC patients (5, 31, 40), neither Durvalumab nor
Pembrolizumab treatment improved the effector phenotype of
CD8" T cells and increased PDAC cell death in our human
stroma enriched 3D PDAC model. In this context, it has to be
critically noted that based on our current imaging modalities, no
reliable conclusion can be made whether CD8" T cells infiltrate
differentially into HMF enriched spheroids compared to
monoculture PDAC spheroids and whether this is impacted by
ICI. For obtaining clear information regarding the spatial
distribution of CD8" T cells and the other cell components in our
spheroids, ongoing studies have been started to fix the spheroids in
formalin and embed them in paraffin for sectioning and
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immunohistochemical stainings as performed with the liver
metastases. Nevertheless, overall these findings support the view
that PD-1/PD-L1 axis may not be the major regulator of T cell
mediated immunity in liver metastases of PDAC and rather indicate
that other mechanisms are more relevant.

In this context, it has been shown that signaling via the tumor
suppressor protein p53 can upregulate expression of CD80 on tumor
cells, which in turn causes T cell suppression via CTLA-4 signaling
(41). Further, Yazdanifar et al. showed that pancreatic cancer cells
express Galectin-9, which can inhibit CD8" T cells by binding to T
cell immunoglobulin and mucin domain-containing protein 3
(TIM3) (42). The expression of different mucins, like MUCI,
MUC4, and MUCL16, which are upregulated during cancer
progression, may also inhibit apoptosis of tumor cells (43). Other
reported mechanisms that affect the resistance towards ICI might be:
downregulation of the major histocompatibility complex I (MHCI),
resulting in less antigen recognition, loss of IFNY sensitivity due to
IFNY receptor mutations or deletions, an immunosuppressive TME
or upregulation of other immune checkpoint regulators (TIM3,
LAG3, CTLA-4) (44). Another mediator of ICI resistance might be
a hypoxic microenvironment. PDAC is a hypoxic tumor (45) and in
other cancer entities tumor hypoxia has been identified as a physical
and molecular driver of resistance towards PD-1 blockade (32, 46).
Furthermore, Thomas et al. and Trapani et al. showed that TGF-3
secreted by myofibroblasts inhibits CD8" T cells, especially the
expression of genes encoding for cytotoxic effector molecules (47,
48). In our spheroid models, TGF-B1 levels in supernatants of
PancTul coculture spheroids were slightly elevated compared to
the respective monoculture, especially in coculture spheroids
containing the highest proportion of HMF, fitting together with the
reduced PDAC cell death under these conditions (Supplementary
Figure 5A). However, in supernatants of Panc89 coculture spheroids
TGF-B1 levels were not altered, suggesting that also other
mechanisms contribute to the impairment of the T cell effector
phenotype (Supplementary Figure 5B). Besides Granzyme A/B,
Perforin, Granulysin, and IFNYy, CD8" T cells secrete various other
effector molecules by which they are able to induce cell death in their
target cells. One of these mediators is FasL (CD95), which binds to its
membrane-bound receptor Fas (CD95) and, thereby, initiates
caspase-mediated apoptosis. In 2D cocultures of CD8" T cells with
HMF, we observed lower FasL levels in comparison to respective
monocultured CD8" T cells (data not shown), indicating that effector
molecules like FasL might also play a role in our spheroid culture
system. Rashid et al. showed that PDAC cell lines exhibit different cell
surface levels of Fas, which can be altered by Gemcitabine (49).

Of note, pretreatment of Panc89 spheroids with Gemcitabine
reversed the HMF reduced PDAC cell death in the presence of
CDS8" T cells, although activation markers and release of cytotoxic
molecules were decreased. Interestingly, the secretion of TGF-B1
was reduced in Panc89 spheroids pretreated with Gemcitabine
compared to untreated spheroids, providing an explanation for
the observed elevated PDAC cell death induction under these
conditions (Supplementary Figure 5D). However, although
Gemcitabine is one of the first-line therapies for PDAC patients,
it only slightly prolongs the overall survival (50). One important
reason for this is the often intrinsic or acquired resistance of PDAC
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cells which can be also seen in PDAC cell lines (51). Accordingly,
PancTul cells have been described as chemoresistant, as apoptosis
could not or only slightly be induced by Gemcitabine (52). This is in
line with the findings of our study, in which treatment with
Gemcitabine led to slightly lower ccK18 levels in supernatants
from PancTul spheroids compared to Panc89 spheroids.
Furthermore, sensitivity towards Gemcitabine treatment was
reduced in both PancTul and Panc89 spheroids cocultured with
HME, underscoring the impact of myofibroblasts on the mediation
of drug resistance in PDAC (53, 54). Of note, Gemcitabine
treatment did not alter PD-L1 expression on PDAC cells and
HMEF but significantly diminished PD-1 surface levels on CD8" T
cells. Considering this finding, Gemcitabine treatment might also
impair therapeutic efficiency of ICI treatment in PDAC patients
As outlined above, HMF show high expression of PD-L1 and
clearly exert immunosuppressive effects on CD8" T cells, but this
seemed to be independent of or at least not exclusively dependent on
the PD-L1/PD-1 axis. Therefore, combinational therapeutic strategies
simultaneously targeting different immune checkpoints or different
tumor promoting stromal cells, might be a more effective approach to
overcome immunosuppression leading to tumor elimination of
PDAC, as recently demonstrated in PDAC mouse models (55, 56).
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SUPPLEMENTARY FIGURE 1

Analysis of small and large PDAC metastases in liver tissue sections.(A)
Representative image of PanCK stained liver tissue sections obtained from
a PDAC patient showing small and large metastatic lesions. (B) Number of
small and large metastases in all analyzed liver sections of PDAC patients
Proportion and localization (discriminated into tumor center and invasion
front) of (C) CD8"* and (D) PD-L1* cells as well as (E) intensity of PD-L1
staining in small and large metastases. Data represents the mean + SD of 15
independent liver tissue sections. * = p < 0.05, ** = p < 0.01, *** p < 0.001.

SUPPLEMENTARY FIGURE 2

aSMA* myofibroblasts and CD68" macrophages are the main PD-L1
expressing cells in liver metastases of PDAC patients. Representative
images of double immunohistochemical staining of (A) PanCK/PD-L1, (B)
oSMA/PD-L1, and (C) CD68/PD-L1 in a large liver metastasis of a PDAC
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patient at 200 x (left images) and 400 x magnification (right images). Arrows
indicate PD-L1 staining in aSMA* myofibroblasts or CD68* macrophages.

SUPPLEMENTARY FIGURE 3

Durvalumab binds to PD-L1 on PDAC cells and hepatic myofibroblasts.
PancTul and Panc89 cells were either seeded in mono- or in coculture
with hepatic myofibroblasts (HMF) at different ratios in ultra-low attachment
plates. After 48 h, either 10 ug/mlisotype control or Durvalumab were added
to spheroid cultures for 24 h. Afterwards (A) PancTul cells, (B) Panc89 cells,
and (C) HMF were stained for cell surface localized PD-L1 and analyzed via
flow cytometry. Data were normalized on the respective isotype control. MFI
ratio for specific PD-L1 staining was determined. Data represents the mean +
SD (normally distributed). N=3. * = p < 0.05, ** = p < 0.01, *** = p < 0.001

SUPPLEMENTARY FIGURE 4

PD-L1 expression on PancTul, Panc89 cells, and hepatic myofibroblasts after
Gemcitabine treatment. PancTul, Panc89 cells, and hepatic myofibroblasts
(HMF) were seeded in monoculture in ultra-low attachment plates for 24 h.
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