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Carcinoma-associated pancreatic broblasts (CAFs) are th major type of cells in
the stroma of pancreatic ductal adenocarcinomas and beside their pathological
release of extracellular matrix proteins, they are also pegived as key contributors
to immune evasion. Despite the known relevance of tumor irtlating lymphocytes in
cancers, the interactions between T-cells and CAFs remairatgely unexplored. Here,
we found that CAFs isolated from tumors of pancreatic canceipatients undergoing
surgical resection (i D 15) expressed higher levels of the PD-1 ligands PD-L1 and
PD-L2 compared to primary skin broblasts from healthy dones. CAFs strongly
inhibited T-cell proliferation in a contact-independentashion. Blocking the activity of
prostaglandin B (PGE) by indomethacin partially restored the proliferative cazity of
both CD4¢ and CD8® T-cells. After stimulation, the proportion of proliferatig T-cells
expressing HLA-DR and the proportion of memory T-cells werelecreased when CAFs
were present compared to T-cells proliferating in the absere of CAFs. Interestingly,
CAFs promoted the expression of TIM-3, PD-1, CTLA-4 and LAG in proliferating
T-cells. Immunohistochemistry stainings further showedhat T-cells residing within
the desmoplastic stromal compartment express PD-1, indicéing a role for CAFs on
co-inhibitory marker expression alsan vivo. We further found that PGE promoted the
expression of PD-1 and TIM-3 on T-cells. Functional assayst®wed that proliferating
T-cells expressing immune checkpoints produced less IFN; TNF-a, and CD107a after
restimulation when CAFs had been present. Thus, this indi¢as that CAFs induce
expression of immune checkpoints on CD% and CD8® T-cells, which contribute to a
diminished immune function.

Keywords: cancer-associated pancreatic stellate cells,
markers, PD-1, TIM-3
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INTRODUCTION (TIM-3), lymphocyte-activation gene- 3 (LAG-3), cytotoxic
T-lymphocyte-associated antigen-4 (CTLA-4), and T-cell Ig
The late diagnosis and the lack of an e ective treatment Bingand ITIM domain (TIGIT). These exhausted T-cells have a
pancreatic cancer to the fourth leading cause of cancete®la diminished proliferative ability and lose their cytotoxic fttions
death, with a 5-year survival rate of only 6%).(During the last  (17). Supporting this evidence a recent study shows that high

decade, immunotherapy drugs have o ered signi cant bene tjeyels of CD8 PD-1C TILs is correlated with poor prognosis and
for certain malignancies including melanoma, lung cane@d  shorter overall survival in PDACLE).

head and neck cancer, but it has so far been unsuccessful for The fact that the T-cells can be held back by the tumor
pancreatic cancer patientQ,(S). The failure of developing a stroma in pancreatic Cancerl% 20) Suggests that CAF-
successful treatment is due in part to the limited undersiagd  derived factors may be able to modulate T-cell functions and
of the Complex microenvironment in the paaneatiC tumor. phenotype_ Here, through a series of vitro experiments
The most common form of pancreatic cancer, pancreatique demonstrated that CAFs induce expression of immune-

ductal adenocarcinoma (PDAC), is characterized by @heckpoints on CD% and CD& T-cells, which contribute to a
voluminous desmoplastic reaction mediated by carcinomgiminished immune function.

associated pancreatic stellate cells and other canceciaresh

broblasts (CAFs). Under normal conditions, pancreatic kttd

cells have a limited proliferative capacity and store vitarin MATERIAL AND METHODS

containing lipid droplets in their cytoplasm. In the presencePatients and Samples

of cancer cells, pancreatic stellate cells acquire an isedea pancreatic tumor tissues were collected from 15 patients
contractile ability which promotes the expressionabmooth  undergoing surgery at the Pancreatic Surgery Unit at Kasin
muscle actin §-SMA), podoplanin and the loss of their university Hospital, Huddinge, Swedefable 1). Thirteen of
characteristic cytoplasmic lipid droplets which results ireth the patients had PDAC, one had adenosquamous carcinoma of
pathological release of extracellular matrix proteins ti#9g the pancreas and one had colloid carcinoma of the pancreas.
brosis and building a “wall” for therapy deliverylj. Therefore, Primary normal skin broblasts were obtained from healthy
the presence of large amounts of CAFs are associated with po@énors and peripheral blood samples were collected from hgalth
prognosis §). Recent studies also suggest that there are sevembod donors. Written informed consent was obtained from
subtypes of CAFs in pancreatic cancer that may play di erenthe patients. The study was approved by the regional review
roles in the tumor microenvironment-8). board of ethics in research of Karolinska Institutet (entrysno

The importance of CAFs in tumors has mainly been studiec2009/418-31/4, 2013/977-31.3, and 2017/722-32).
in the context of interactions with tumor cell9(10). CAFs

express the catabolic enzyme indoleamine 2,3-dioxygeti2®d (  Cell Isolation
and release a variety of factors such as transforming growtRor isolation of pancreatic CAFs, a similar outgrowth method
factor- b (TGF- b), vascular endothelial growth factor (VEGF), as rst described by Bachem et al. was uséd).( Freshly
interleukins (IL)-6, IL-1 and IL-8, and prostaglandin FPGE)  resected pancreatic tumor tissues were cut into small pieces
that directly or indirectly participate in the development of and cultured in Dulbecco's modi ed Eagle's medium (DMEM)
an immunosuppressive tumor milieu that promote tumor (GE Healthcare, cat no. SH3002101) supplemented with 10%
growth, angiogenesis and metastasi€).( However, a growing fetal bovine serum (HyClone, cat no. SV3016003) and 1%
number of studies perceive broblasts as key contributorgpenicillin-streptomycin (HyClone, cat no. SV30010) (complete
of immune evasion and show the direct interplay betweerDMEM) in 6 well plates. Fibroblasts were let to migrate
broblasts and immune cells. Cancer associated broblastput the tissue fragments for 15-20 days and then cells were
(CAFs) induce T-regulatory cells as well as T-cell apoptasis iharvested with trypsin-EDTA (HyClone, cat no. SH3023602)
head and neck squamous cell carcinoma){ modulate natural and transferred to T75 or T175 asks for further expansion.
killer cell functions in melanomal(?), educate dendritic cells Skin-derived broblasts were isolated from punch biopsies in
into regulatory cells in hepatic carcinomad and induce the same fashion. Cells were expanded until passage 3 and
protumoral M2 macrophages in PDAC14{). However, the then cryopreserved in complete DMEM with 10% dimethyl
interactions between CAFs and T-cells in pancreatic canc&ulfoxide (GmbH cat no. WAK-DMSO-70) until analysis. Before
remain largely unexplored. the experiments, cells were thawed in complete DMEM medium
The presence of both Cl%4and CD& tumor inltrating  and characterized by ow cytometer using the antibodies show
T lymphocytes (TILs) is a predictor of long term survival in Supplementary Table S1Peripheral blood mononuclear cells
in PDAC (15 16). However, in the majority of cases (PBMCs)were isolated from bu y coats from healthy donors and
cancer cells readily evade immune surveillance with theatients by density gradient over Lymphopf&gradient (Axis
help of immune checkpoints. The general notion is thatShield, cat no. 1114547).
the chronic stimulation by tumor antigens and the exposure
of suppressive cytokines, drive TILs to dierentiate into anProliferation Assays
exhausted phenotype characterized by the expression of immuBMCs were labeled with carboxy uorescein succinimidyes
checkpoint molecules such as programmed cell death-1 (POEFSE) (Molecular Probes, Life Technologies, cat no. C34554
1), T-cell immunoglobulin and mucin-domain containing-3 (5mg/ml) in PBS at 37C for 15 min. After washing, the cells were
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TABLE 1 | Patient characteristics. have on the proliferative response of T-cells in the absence of
CAFs, a ratio of the response of T-cells in the presence and

Variables "DI5 absence of CAFs was calculated for the control and the bigcki
DEMOGRAPHIC CHARACTERISTICS conditions, respectively.
Age, years To study the interactions between CAFs, tumor cells, and
Female gendern a PBMCs, we used the pancreatic tumor cell line PANC-1. The
Median age, years (range) 64 (55-82) experiments were performed as described above, including
Male gender.n ; irradiation of PANC-1 cells and CAFs at 30Gy, but the CAFs or
Medi ' PANC-1 cells were added at a ratio of 1 cell per 20 PBMCs (1:20).
edian age, years (range) 52 (34-78)

For intracellular detection of cytokines, 25ng/ml PMA,
1mg/ml ionomycin, 10mg/ml Brefeldin-A (Sigma-Aldrich, cat
no. 79346, 10634, and B7651), and Golgi Stop (diluted 101,50

ONCOLOGIC CHARACTERISTICS
Histological type

Pancreatic ductal adenocarcinoma,n 13 . .
AdenosaUAMOUS Carcinoma.n 1 BD Biosciences, cat no. 554715) were added.,RGEmMg/ml,

) a ) ' Sigma Aldrich, cat no. P0409) was added to PBMC cultures for a
Colloid carcinoma of the pancreasn 1

, set of experiments.
Tumor size, cm

>2and 5 11
>5 4
Tumor depth, n

Flow Cytometry
A list for the antibodies used in this study is shown in
Supplementary Table S1Extracellular staining was performed

T3 13 in CliniMACS PBS/EDTA buer (Miltenyi Biotech cat no.
i 2 200-070-025) supplemented with 0.1% bovine serum albumin.
Lymph node metastasis, n Extracellular markers were analyzed on viable cells (7-AAD
NO 1 negative). Intracellular staining ci-SMA, IFN-g, and TNF-

N1 14 a was performed using the BD Cyto x/Cytoper kit (BD
Metastasis, n Biosciences, cat no. 554714) according to the manufadurer
MO 12 instructions. Intracellular staining for FOXP3 was done hwit
M1 3 FOXP3 staining buer set (eBioscience, cat no. 0052300)
Chemotherapy (FOLFOX), n according to the manufacturer's instructions. Phycoeriti{PE)

Yes 3 conjugated CD107a was added in the cell cultures togethér wit
No 12 PMA/I, Brefeldin A, and GolgiStop on day 5 for 6 h. Boolean

gating strategy was used to study the frequency of €@aAd
CD8& T-cells that were triple positive for TIM-3, PD-1 and
CTLA-4 or for TIM-3, PD-1, and LAG-3. AFACSCanto (BD) was
plated in 96-well plates (2 1), 24-well plates (1 10°), or  used for data acquisition and FlowJo (Tree Star, Ashland, OR,
12-well plates (2 1CF) (Corning) in the presence or absence USA) version 10.2 was used for data analysis. Sub-gating| for a
of 30Gy irradiated CAFs at a 1:10 ratio (1 CAF per 10 PBMCshgnalyzed samples was done with more than 100 events, and no
The culture medium used was RPMI-1640 (HyClone, cat nodata points were excluded due to low events.
SH3025501) supplemented with 10% human AB serum and
1% penicillin-streptomycin. PBMCs were stimulated with OKT3Immunohistochemistry Stainings
(25ng/ml) (Biolegend, cat no. 317315) or left unstimulatedFresh tumor tissue was sampled by specialized pancreatic
To prevent contact between broblasts and PBMCs, a 12-wepathologists immediately after surgical resection. Theuéss
Transwell system [0@m pore size membrane (Corning)] was sample was divided in two pieces: one was put in culture
used for a set of experiments. Fibroblasts were added to theedium and sent for cell isolation, while the other was
upper chamber and PBMCs were added to the lower chamber. Ored in 4% formalin, embedded in paran and processed
day 5, PBMCs were harvested and analyzed by ow cytometrjor histology and immunohistochemistry as matched refeeenc
The majority of the proliferation assays were performed withtissue. Fournm thick sections were immunohistochemically
allogeneic PBMCs, but a number for experiments were done withtained using a Leica BOND Il automated immunostainer. The
PBMCs and CAFs derived from the same patient. antibody panel consisted of CD3 (clone LN10, manufacturer
Blocking experiments were performed in 96-well platesNovocastra, product code NCL-L-CD3-565, dilution 1:108),
and 20mM indomethacin [(Sigma-Aldrich, cat no. 17378) SMA (1A4, Dako, M0851, 1:500) and PD-1 (NAT105, Cell
for PGE; blocking], 1 mM 1-methyl-DL-tryptophan [(Sigma Marque, 315M-96, 1:100). CD3 amdSMA were combined by
Aldrich, cat no. 860646) for IDO blocking], Xg/ml anti-PD-  duplex immunohistochemistry and stained using DAB (brown)
L1 and 10ng/ml anti-PD-L2 (BioLegend cat no. 329710 andrespective AP (red) chromogens to better visualize the dpatia
345504), tng/ml anti-TGFb (R&D systems, cat no. MAB246) relation between T-cells and CAFs.
or the appropriate isotypes [IgG1/IgG2b (R&D systems, cat no. Quantitative analysis of C¥3and PD-£ cells was performed
MABO002 and MABO004)] or vehicles were added to the celbn the whole slide images using QuPath?) Briey, four
cultures. To control for the e ect that these substances mayectangular regions of equal size containing tumor cells and

T (3,4), Tumor stage; N1, lymph node with cancer; M1, Distant metastasi
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stroma, but not benign ducts or acinar tissue, were de ned orand podoplanin Figures 1A,B, which are markers known
each CD3 anda-SMA stained slide. The tumor regions wereto be associated with cancer. To examine if the phenotype
annotated manually and validated by a specialized pancreatif CAFs is altered during serial passaging, the phenotype of
pathologist (CFM). The rectangular regions for quanti catio CAFs from 3 to 6 donors were compared between passage
and the tumor annotations within the regions were transéetr 1, 2 and 3. No consistent dierence was observed for the
to, corrected where needed, and validated in the matched PIexpression o&-SMA, PD-L1, PD-L2, or podoplanin at di erent

1 stained slides. Afterwards, the several tumor annotationpassagesSUpplementary Figure S The morphology of the
were combined and a stroma annotation was derived for eacisolated CAFs can be seen in a representative microphotograph
quanti cation region. Tissue areas and cells were deteatatl in Figure 1C

quanti ed for each region. The cells positive for CD3 or PD-

1, respectively, according to DAB staining, were classi ed aProliferative Capacity and Functionality of

residing within the tumor nests or within the stroma accardito  T_cells Are Compromised in the Presence
the annotation regions. Finally, the positive cells clostitoor of CAFs

cells were identi ed using Delaunay triangulation with a&tdince T av h AF h literati ¢

of 20mm. Quantitative data was exported in a tabular format for_l_0 ﬁtu yCFSoI\éVI E | Z ?:)E(':\;Ct ef proli Eratll\;]e r(tjasponse 0

descriptive statistical analysis. An overview of the imagdyais -cells, & -labele s from ea_t y donors were
cultured in the presence or absence of irradiated patient-

ipeline is provided irSupplementary Figure S7
PP P PP yra derived CAFs and stimulated or not with OKT3 for 5 days.
ELISA The presence of CAFs signi cantly reduced the proliferation

Concentrations of IL-10 were measured in the supernatant8’ CD4 (p < 0.0001) and CDB (p < 0.0001) T-cells
obtained after co-cultures with an in-house ELISA, using ariFigure 24). This e ect was mediated in a dose-dependent
anti-human IL-10 coating antibody (R&D, cat no. MAB2172), amanner Supplementary Figure S2jA T-cell proliferation was
secondary biotinylated goat anti-human IL-10 antibody (R&D NOt induced by CAFs aloneF{gure 2A). To clarify whether
cat no. BAF217), a standard of recombinant human IL-10 (R&Dthe MHC mismatch between the PBMCs and CAFs is a ecting
cat no. 1064-IL), and horseradish peroxidase (Sanquin, eat nthe assay, a number of experiments were done with autologous

M2032) for the enzymatic reaction. PBMCs. The same e ect was seen when PBMCs from patients
were co-cultured with autologous CAFs derived from the same
Statistical Analysis patients Figure 2B).

To detect di erences across two groups, Wilcoxon matched- TO determine whether the observed immunosuppressive
pairs signed rank test was used. Data are expressed as fh@Cts of CAFs were mediated in a contact dependent or
med|an TO Study d| erences between more than two groupsl é{]dependent faShiOn, CFSE'labeIed PBMCS were Cultured in
Friedman's test followed by Dunn's test was used. Cori@iati direct contact with CAFs or separated by a transwell memhbrane
between proliferation and expression of markers was performefyS shown inFigure 2C no signi cant di erences were found

by Spearman correlation test.pAvalue of< 0.05 was considered in the level of inhibition of CD& and CD& T-cells between
statistically signi cant. All statistics were done usingaphPad the two conditions, indicating that the suppression is mainly

Prism version 7 (La Jolla CA, USA). mediated by soluble factors.
To examine whether the immunomodulatory properties of
RESULTS CAFs derived from PDAC diered from CAFs isolated from
colloid carcinoma and adenosquamous carcinofab(e 1), we
Characterization of Cancer Associated co-cultured the di erent types of CAFs paired with the same
Pancreatic Fibroblasts PBMC donors. The CAFs derived from the other types of

The phenotype of primary CAFs was characterized by 0V\,pancreatic cancer displayed a similar e ect on T-cell prolifienat
cytometry and compared to normal skin broblasts. Both and co-inhibitory markers expression as observed for the £AF

types of broblasts were positive for the common stromal'SCiated from PDAC Supplementary Figures S3A-E

markers CD29, CD44, CD73, CD90, and CD105, but negative .

for the endothelial marker CD31 and the epithelial markerCOX-2 Is Involved in the Immune

EPCAM (Figure 1A). CAFs and skin broblasts were both Regulatory Functions of Pancreatic CAFs
negative for VCAM, CD86 and HLA-DR, but positive for Next, we investigated whether the immune suppressive mascul
ICAM-1 and HLA class | Figure 1A). However, only CAFs PGE, TGFb, IDO, and PD-L1/L2, that previously have been
were positive fora-SMA (p < 0.0001) with a median described to be expressed by carcinoma broblags5), were
expression of 62%F(gures 1A,B. The expression of both involved in pancreatic CAF-mediated suppression. By inhilgiti
PD-L1 @ D 0.001) and PD-L2 g D 0.01) was also PGE productionwiththe COX-2 inhibitorindomethacin, C4
higher in CAFs compared to skin broblast$igures 1A,B. and CD& T-cell proliferation was partially restored in all paired
We also noted that the expression of PD-L2 was generallyfamplestt D 13) (Figure 2D). Blockade of the PD-1 pathway
higher compared to PD-L1 in both CAFs and normal skinwith anti-PD-L1 and PD-L2 antibodies signi cantly restale
broblasts. There was no statistically signi cant dieremdn  CD4° T-cell proliferation and was restored in over half of the
the expression levels of broblast activation protein (FAP)experiments for CD8 T-cells (11 out of 17)Figure 2B). We
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FIGURE 1 | Phenotypic analysis of carcinoma associated pancreatic stlate cells (CAFs) and normal skin broblasts (NSFs) by ow ¢gmetry. (A) Representative
histograms showing different CAFs (gray) and NSFs (white)akecules expression compared to FMO controls (dashed lingfB) Comparison ofa-SMA, PD-L1, PD-L2,
FAP and podoplanin expression between CAFs (black dotsh© 8-15) and NSFs (open trianglesn(D 5). (C) Representative image showing the morphology of CAFs
at passage 3 (Original magni cation 10). All broblasts were characterized in passage 3. The barindicate the median. Wilcoxon matched-pairs signed rank tet

was used to detect statistically signi cant differences P < 0.05, **P < 0.01, ***P < 0.001.

found no correlation between e cacy of PD-L1 and PD-L2 PD-L2 only marginally increased the proliferation (media2-1
blockade and the expression levels of these proteins in CARsld for CD4® and 1.1-fold for CD&) (Figure 2H). When
(data not shown). By blocking TGB-with neutralizing anti- combining inhibition of both the COX-2 and PD-1 axis, no
TGF-+ antibodies or IDO with 1-D/L-MT, T-cell proliferation increased e ecton T-cell proliferation was observEajure 2H).
was not signi cantly restored Higures 2F,3. To examine if Overall, since one of the main functions of the COX-2 inhibito
the combined blocking of the COX-2 and PD-1 axis wouldindomethacin is to block PGEsynthesis, our data suggests
further abrogate the CAF-mediated suppression on T-cells, wéhat PGE was one important factor involved in the CAF-
performed a set of experiment using indomethacin, anti-PD-mediated anti-proliferative capacity on T-cells. PD-L1 arid-P
L1/L2 antibodies or both. Again, COX-2 inhibition increase L2 probably also play a role in suppressing T-cell proliferation
the proliferation for CD& and CD& T-cells (median 2.7- in this setting, although this pattern was only signi cantrfo
fold and 1.8-fold, respectively), whereas blockade of Psid  CD4C T-cells.
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FIGURE 2 | CAFs inhibit T-cell proliferation, but COX-2 inhibition p#ally restores T-cells proliferation. CFSE-labeled PB8& were co-cultured in the absence (¢) or
presence (\) of CAFs and stimulated with OKT3 (25 ng/ml) for 5 day4A) Frequency of proliferating CD# and CD8&C T-cells in the absence or presence of allogeneic|
CAFs in unstimulated 1§ D 14) and stimulated ¢ D 18) conditions (left). Representative CFSE histograms onD2iC T-cells (right).(B) Frequency of proliferating
patient-derived CD4£ and CD8C T-cells in the absence or presence of autologous CAF\(D 3). (C) Frequency of proliferating CD% and CD&C T-cells in direct
co-cultures (N), indirect transwell cultures ) or without allogeneic CAFs () D 12) (left). Representative CFSE histograms on CI54T-cells (right).(C—F) Proliferating
CD4C and CD&C T-cells was measured by ow cytometry after addition of correponding isotype control or vehicle i) or the following blocking substances (¢){C)
indomethacin to inhibit PGE production (0 D 13), (D) anti-PD-L1 and anti-PD-L2 antibodies it D 17), (E) anti-TGFb antibodies f1 D 8), or (F)
1-methyl-DL-tryptophan (1-D/L-MT) to inhibit indoleamine,3-dioxygenase (IDO) activityn((D 8). (H) COX2 inhibition, PD-L1 and PD-L2 blockade or combined of
both pathways (1 D 5). (A,C) The bars indicate the median(B,D-H) Lines between dots indicate paired samples. Data are relatkto those of the control cultures
without CAFs. Wilcoxon matched-pairs signed rank test was sed to detect statistically signi cant differences betweerpaired samples in the absence or presence of
CAFs, and between cultures with isotype or vehicles and cultes with the different immunomodulatory factors neutraled, *P < 0.05, ***P < 0.001, ns, not signi cant.
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Pancreatic CAFs Upregulate the co-cultures, although PD-1 expression was still higher comgar
Expression of FOXP3 in Unstimulated to activated PBMC aloneSipplementary Figure S5¢
CD4* T-Cells

CAFs from other types of cancers have previously been showfiimunoregulatory Functions of CAFs and
to induce regulatory T-cells (Tregs)1 26). Our results also Pancreatic Tumor Cells in Combination
showed a signi cant increase in FOXP3-expressing cells gmorNext, we examined how CAFs and tumor cells in combination
CD4C T-cells when PBMCs were cultured in the presence ofvould a ect T-cell proliferation and expression of co-inhibito
CAFs without further stimulation. This was observed in bothmarkers. Overall, as shown by the connecting lines, both
direct co-cultures (median 2.3%) and indirect transweltatds CAFs and PANC-1 inhibited CO8 T-cells proliferation
(median 1.8%) conditions compared to PBMCs cultured alon¢Supplementary Figure S6Aand upregulated the co-inhibitory
(median 1 and 0.7%, respectivelpupplementary Figure S48  markers PD-1, TIM-3 and LAG-3 compared to activated
CAFs also induced a signi cant increase in IL-10 levels irT-cells cultured alone Supplementary Figures S6B-D
the supernatants, which was most pronounced when celHowever, by using multiple comparison tests, there was a
cell contact was allowedS(pplementary Figure S4B CAFs  stronger inhibitory e ect of CAFs on T-cells proliferation
alone did not produce IL-10, suggesting that PBMCs were theompared to PANC-1 cells Supplementary Figure S6A
source of IL-10, but it is also possible that IL-10 could beMoreover, the upregulation of the expression of the co-intuhyjt
produced by CAFs after receiving signals derived from PBMCmarkers TIM-3 and LAG-3 on proliferating T-cells was
(Supplementary Figure S4B No signi cant correlation was greater in the presence of CAFs compared to PANC-1 cells
observed between the proportion of FOXP# CD4¢ T-cells  (Supplementary Figures S6C,D Finally, the expression of
and the levels of IL-10 in the supernatant (data not shown). HLA-DR was more inhibited in the presence of CAFs compared
to PANC-1 (Supplementary Figure S6f
Pancreatic CAFs Upregulate the When both CAFs and PANC-1 were added to the PBMC
Expression of Immune Checkpoints on _cult_u_r(_es, the immun_omoglulatory e ects were enhanced,_farth
Proliferating T-Cells inhibiting T-cell proliferation and upregulating PD-1 expréss

. ) . . and the co-expression of PD-1 and TIM-3 on proliferating T-
Since the tumor microenvironment promotes expression of co-

inhibitory markers on T-cells, we next sought to examine ifCeIIS Supplementary Figures S6A,B,DJF This might suggest

pancreatic CAFs are involved in altering the expression afahe a possible crosstalk between CAFs and cancer cells that leads

. . .~ to an even stronger upregulation of inhibitory factors. Hoxee
receptors. We investigated how CAFs a ect the expression Qﬁrther functional experiments are needed to con rm this.

ve co-inhibitory receptors on activated proliferating T-t=l
We found that the expression of TIM-3F{gures 3A,B, PD-1 L + .
(Figures 3A,Q and CTLA-4 Figures 3A,D) were higher in the LOcalization of T-Cells and PD-1 Cells in
presence of CAFs on both C4and CD& T-cells in a dose- a-SMA™ Desmoplastic Tumor Stroma
dependent mannerSupplementary Figures S2B)Ecompared  To corroborate the localization of PD<1T-cells in pancreatic
to the T-cells cultured in the absence of CAFs. The frequerficy tumors, we performed immunohistochemistry stainings of
LAG-3 expression was increased in CDB-cells Figures 3A,H,  central tumor tissues from three donors, two with pancreatic
while the levels of TIGIT expression was lower on €D8  ductal adenocarcinoma and one with colloid carcinoma of the
cells in the presence of CAFBiQures 3A,B. The co-expression pancreas. In all three cases, the tumor nests were surrounded
of TIM-3 and PD-1 Figures 3A,Q, TIM-3, PD-1 and CTLA- by a densea-SMAC desmoplastic stromaF{gure 4A). T-cells
4 (Figure 3H) and TIM-3, PD-1, and LAG-3 Kkigure 3l) were were present in the tissues, but they were primarily found ia th
also higher in the presence of CAFs. Interestingly, the upstroma with few T-cells in Itrating the tumor nestg-(gure 4A).
regulation of co-inhibitory markers did not coincide with a Stainings of consecutive slides further revealed that Il5-ce
higher expression of the late activation marker HLA-DR, vhic residing within the stroma expressed PDHidure 4B).
was lower in the presence of CAFs on both ¢Dand CD& To quantify the number and location of the T-cells and
proliferating T-cells Figures 3A,J in a dose-dependent manner PD-1C cells within the tumor nests and stroma, we the used
(Supplementary Figure S2E The same tendency was observedhe QuPath software to analyze the immunohistochemistry
when patient-derived PBMCs were co-cultured with autologoustainings. A step-by-step description of the analysis is show
CAFs Figure 3K). in Supplementary Figure S7 From each slide, we quanti ed
The up-regulation of co-inhibitory markers on T-cells the number of cells in four di erent areas. The data retrieved
was at least partially mediated by soluble factors since nibom the analysis is shown ifiable 2 The proportion of CD§
signi cant dierences were found on the expression of T-cells among total number of nucleated cells in these areas
TIM-3, LAG-3 and CTLA-4 on CD% or CD& T-cells varied between 2.6 and 26%, and the proportion of FDeglls
in transwell cultures conditions compared to direct co-between 0.5 and 2.1%dble 2. When quantifying the number
cultures Gupplementary Figures S5A,B,D)E Additionally, of T-cells and PD-& cells in tumor and stroma, we found that
no dierence were observed for HLA-DR expressionboth T-cells and PD-4 cells were more numerous per ndnn
(Supplementary Figure S5% Only PD-1 expression was lower the stroma compared to the tumor nests in all three patients
on CD4 and CD& T-cells in transwell cultures compared to (Figure 4CandTable 2. Consequently, a larger proportion of all
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FIGURE 3 | CAFs promote the expression of co-inhibitory markers on piiferating T-cells. CFSE-labeled PBMCs were co-cultureahithe absence (¢) or presence K)
of CAFs and stimulated with OKT3 (25 ng/ml) for 5 day/A) Representative ow cytometry dot plots on proliferating CD# T-cells showing the expression of different
molecules after stimulation in the presence or absence of lalgeneic CAFs. Expression ofB) TIM-3 (0 D 18), (C) PD-1 (n D 18), (D) CTLA-4 (D 8), (E) LAG-3
(n D 12), (F) TIGIT @ D 8), (G) co-expression of TIM-3 and PD-1 D 16), (H) co-expression of TIM-3, PD-1 and CTLA-41f D 6) and (I) co-expression of TIM-3, PD-1
and LAG-3 (1 D 12), and (J) HLA-DR (@ D 18) on proliferating CD# and CD&C T-cells in the absence (+) or presencel) of allogeneic CAFs(K) Co-inhibitory
markers on patient-derived CD& and CD8C T-cells in the absence or presence of autologous CAF(D 3). (A-J) The bars indicate the median(K) Lines between
dots indicate pared samples. Wilcoxon matched-pairs signé rank test was used to detect statistically signi cant diffeences, *P < 0.05, **P < 0.01, ***P < 0.001.

CD3® T-cells in the examined tissue was located to the stromal-cells in contact with tumor cells. As shown Figure 4D, we

compartment, ranging between 94 and 96% of all detected|$-cefound that including the cells in close proximity to tumor cells

(Figure 4D). Likewise, the percentage of all PB-tells was also
higher in the stroma compared to the tumor neskdure 4D).

We next investigated if inclusion of T-cells in close proxiynit
to the tumor cells (20im), which potentially could mediate
anti-tumor e ects, would change the delineation of the deysi

marginally changed the proportion of T-cells localized to the
stroma. A very similar pattern was observed for PD-1 expressin
cells fFigure 4D). These data suggest that the majority of T-
cells in the pancreatic tumor microenvironment are trapped
in the stromal compartment, with little interaction with tuor
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FIGURE 4 | Localization of T-cells and PD-£ cells ina-SMAC desmoplastic tumor stroma. (A) Microphotographs of representative tumor areas from threelifferent
patients showing abundant desmoplastic stroma composed of-SMAC CAFs (red) with foci of CcD§ T-cells (brown). In these three patients, most of the T-celliwere
localized in the stroma with little direct cell-cell contaicwith adjacent adenocarcinoma cells. Second row of samplerbm patient 2 (a patient with colloid carcinoma of
the pancreas) illustrates a peritumoral tertiary lymphoistructure. (B) Consecutive slides stained for PD-1 (brown) show abundanteression of PD-1 in T-cell rich
areas within the desmoplastic stromal compartment(C) Number of cDZF T-cells and PD-1C cells per mn? in stroma and tumor nests in 4

annotations(D) Percentage of cDF and PD-1€ cells detected in the stroma, in the stroma without close irgraction with the tumor (20mm), in the tumor nest, and in
the tumor nest including positive cells in close proximityotthe tumor (20nm).
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TABLE 2 | Computational analysis of immunohistochemistry stainirsy

Patient 1 Patient 2 Patient 3
Number of annotations 4 4 4
Total number of nucleated cells* 22,753 15,537 20,447
20,159 14,970 18,752
Total tumor area (mn?)* 0.62 0.48 0.90
0.64 0.49 0.85
Total stroma area (mnf)* 3.4 35 3.1
3.4 35 3.1
Number of CDZ cells in total area 919 4,065 543
Number of PD-1° cells in total area 180 1,226 94
Number of CD3E cells per mn# in tumor 65 285 38
Number of CDZ® cells per mn? in stroma 260 1,115 164
Number of PD-1° cells per mn? in tumor 24 49 1
Number of PD-1° cells per mn? in stroma 49 342 29
Percentage cDF cells of all nucleated cells in total area (%) 4.0 26.2 2.7
Percentage PD-1C cells of all nucleated cells in total area (%) 0.89 8.2 0.50
Percentage of cD¥F cells in tumor (%) 4.4 3.3 6.3
Percentage of cD¥ cells in and close to tumor (20mm) (%) 9.7 5.9 10.1
Percentage of cD¥ cells in stroma (%) 95.6 96.7 93.7
Percentage of cD¥ cells in stroma, not close to tumor (20mim) (%) 90.3 93.6 89.1
Percentage of PD-1IC cells in tumor (%) 8.3 2.0 1.1
Percentage of PD-1C cells in and close to tumor (20mm) (%) 11.7 5.0 3.2
Percentage of PD-I cells in stroma (%) 91.7 98.0 98.9
Percentage of PD-1I cells in stroma, not close to tumor (20mm) (%) 88.3 95.0 96.8

*Indicates the number of cells or areas from the two consecutive slide€D3 and PD-1, respectively).

FIGURE 5 | PGE2 inhibits T-cell proliferation and upregulate co-inbitory markers on proliferating T-cells. CFSE-labeled PB®s were cultured in the absence (¢) or

presence ( ) of 0.1mg/ml PGE, and stimulated with OKT3 (25 ng/ml) for 5 daysn(D 8). (A) Frequency of proliferating CD# and CD8C T-cells (left). Representative
CFSE histograms on CD# T-cells (right). Expression ofB) TIM-3, (C) PD-1, (D) TIM-3 and PD-1(E) LAG-3, and (F) HLA-DR on proliferating T-cells. Lines between
dots indicate paired samples. Wilcoxon matched-pairs siged rank test was used to detect statistically signi cant di#érences *P < 0.05, **P < 0.01, ns (not signi cant).
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cells. Furthermore, PD-1 expressing cells were predomipantcultured in the absence of CAFs, and a smaller proportion
localized to the stroma, suggesting a role for CAFs in thef the T-cells adopted an e ector memory phenotype

upregulation of PD-1 alsm vivo. (Figures 6E,l. Similar results were found when using a
transwell system Supplementary Figure S5  Together,

PGE, Upregulates the Expression of these results suggest that CAF-derived soluble factors are

Immune Checkpoints in able to suppress dierentiation of eector memory T-

cells, which may further explain the decreased functional T

Proliferating T-Cells
cell response.

Since we found that the immune modulatory activity of CAFswa
at least partly mediated by COX-EZigure 2), we next examined
the impact of PGEon T-cell proliferation and expression of co- PD-1 Expression Is Negatively Correlated
inhibitory markers. The concentration of PGEsed was similar g the Proliferative Capacity of CD8 +

as in previously reported studie&7). As previously shown by T-Cells in the Presence of CAFs

others @8), we found that PGE inhibits T-cell proliferation To determine which co-inhibitory markers that was most

(Figure 5A), but we also found that it promoted the up- . .
regulation of TIM-3 and PD-1 and consequently co-expressior?trongly aected by CAFs, we performed a multiple comparison

of TIM-3 and PD-1 on T-cells Rigures 5B—B. However, no _test_on pooled data frqm di erent experiments. As shown
. . in Figure 7A, co-expression of PD-1 and TIM-3 followed by

€ ect on LAG-3 expression was observédgure 58. PGE also expression of PD-1 were the markers that was most strongl

decreased the expression of HLA-DR in CDb8-cells, but not P aly

sign canty i CDX T-cls g 5 T median educton 172354 317 0 sl s CACS, T Suggese vy
in proliferation after addition of PGEwas 1.7- and 2.7-fold '

for CD4° and CD& T-cells, respectively, which can be put in & ected by CAFs.

. . . . To investigate how the expression pattern of co-inhibitory
comparison to CAF-mediated suppression of a median of 2.6- . .
fold for CD4C T-cells and 2-fold for CD8 T-cells Eigure 2A) markers a ects proliferation of CD8 T-cells, we used the pooled
9 ' data from di erent experiments to generate a correlation nyatr

. AT As shown in the correlation heat maps depictedrigures 7B-C
T-Cells Express_lng C_O_Inhlbltory Markers we found that the pattern looked di e?rent gepending on whether
Are Less Functional in the Presence CAFs had been added to the cultures or not. In the presence of
of CAFs CAFs, proliferation was negatively associated to the exjpressi
Co-inhibitory receptors are associated with T-cell exhaust of PD-1 and to co-expression of PD-1 and TIMRigures 7C,§,
but they can also indicate T-cell activation and di erenigat.  but proliferation was not signi cantly correlated to thesefars
Having shown that CAFs upregulate the expression of coin the absence of CAF§&igures 7B,D. In contrast, proliferative
inhibitory receptors on proliferating T-cells, we investigdt responses were positively correlated to TIM-3 in the presence of
whether CAFs alter the cytokine production of T-cells expregsi CAFs Eigures 7C,§, but not in CD&" T-cells cultured without
PD-1 and/or TIM-3. After initial stimulation of T-cells in the CAFs Figures 7B,D. LAG-3 was not associated to proliferation,
presence or absence of CAFs for 5 days, T-cells were restedulabut there was a trend for a negative association between LAG-
with PMA/lonomycin for 6 h.Figure 6 shows that proliferating 3 and proliferation in T-cells stimulated in the absence of GAF
CD8&® T-cells expressing the co-inhibitory markers PD-1, TIM-3(r D 0.47 and® D 0.07) Figure 7B).
or co-expressing both PD-1 and TIM-3 expressed less CD107a Furthermore, in CD8 T-cells cultured in the presence
and IFN-g in the presence of CAFs in all paired samplesof CAFs, we found that PD-1 expression and co-expression
(Figures 6A,B. In addition, CD& T-cells expressing PD-1 of PD-1 and TIM-3 was negatively correlated to LAG-
contained lower levels of TN&-(Figure 6C). The same pattern 3 expression Kigures 7C,j. The late activation marker
was also observed for CB4T-cells (data not show). Thus, this HLA-DR was also negatively correlated to PD-1 and TIM-
indicates that the CAPSC-mediated expression of co-inbifgit 3 co-expressionr(D 0.36, p D 0.035), and the same
markers leads to loss of T-cell e ector functions. trend was seen for PD-1 expressiond 0.33,p D 0.053)
When we examined the intensity of expression of PD-1(Figure 70). In line with this, LAG-3 expression was positively
and TIM-3 on proliferating T-cells, we found that C58T-  associated to HLA-DR expressionFigures 7C,§, which
cells that had been cultured in the presence of CAFs had was evident also in the absence of CAFsggre 7B). This
higher median uorescence intensity (MFI) expression of #hes suggest that LAG-3 is associated with activation, rathenth
markers Figure 6D). Thus, this could suggest that the decreasedo-inhibition, under these experimental settings. Finally
functional e ect observed above could be due to a highethe expression of PD-1 was correlated to PBFIM-
intensity of expression of PD-1 and TIM-3. 3¢ Tcells, both in the presence and absence of CAFs
We next examined the impact of CAFs on the memory(Figures 7B,C,, indicating that the majority of PD-2 T-
phenotype of the proliferating CB3 T-cells. After stimulation cells also express TIM-3. Together, this points to a complexity
with OKT3 in the absence of CAFs, a large proportion ofin the function of co-inhibitory marker expression and T-
the T-cells dierentiated into e ector (CD45RACCR7 ) or cell proliferation, but also suggests that the CAF-mediated
central (CD45RACCR¥) memory T-cells. In the presence upregulation of PD-1 play a key role in suppressing €DBcell
of CAFs, a larger proportion of the T-cells retained theirproliferation. However, further functional assays are neketie
naive phenotype (CD45FKACCR¥) compared to T-cells conrm this.
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FIGURE 6 | CAFs promote non-functional T-cells. CFSE-labeled PBMCs &re co-cultured in the absence (+) or presenceN) of CAFs and stimulated with OKT3
(25 ng/ml). On day 5 PBMCs were re-stimulated with PMA/lonomyni(l) for 6 h. Expression ofA) CD107a and (B) IFN-g in PD-1€, TIM-3© and PD-1€TIM-3© CcD8C
T-cells (1 D 12). (C) Expression of TNFa in PD-1¢ CD8C T-cells f D 8) (upper). Representative dot plots showing the gating sategy in (A—C) (bottom). (D) Median
uorescence intensity (MFI) of PD-1 and TIM-3 expression on CO8 T-cells. (E) Pie charts with proportions of cD¥ T-cell memory subsets in unstimulated and
proliferating T-cells after OKT3 stimulation(F) Frequency of CD45RA CCR7° (naive), CD45RA CCRT7C (central memory), CD45RA CCR7 (effector memory),
CD45RAC CDR7 (terminally differentiated) expressed as percentage of piiferating CDE T-cells 1 D 6) in the presence or absence of CAFs (left). Flow cytometry
gating strategies for naive (N), central memory (CM), effiec memory (EM) and terminally differentiated (TD) on pfeliating cDF T-cells (right). Lines between dots
indicate paired samples. Wilcoxon matched-pairs signed nak test was used to detect statistically signi cant differeses *P < 0.05, **P < 0.01, ***P < 0.001.

DISCUSSION microenvironment is dominated by a dense stroma created by
activated CAFs, which mediate tumor growth and progression
Tumors have developed several strategies to escape amy producing extracellular matrix proteins, growth factors,
tumor immunity, including physical barriers and recruitmen chemokines, and cytokines. Numerous studies have explored
of immunosuppressive cells. In pancreatic cancer, the tumahe immunosuppressive properties of CAFs and their role in
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FIGURE 7 | CAF-induced expression of PD-1 is negatively associated t&D8C T-cell proliferation.(A) Multiple comparison test between expression of different
co-inhibitory markers on CD& T-cells in the absence (black) or presence (orange) of CAFdter OKT3 stimulation it D 40 for TIM-3 and PD-1, andn D 16 for LAG-3)
(Continued)
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FIGURE 7 | in pooled experiments.(B,C) Heat map correlation matrix showing positive (orange) andegative (black) correlations between proliferation and
co-inhibitory marker expression in OKT-3 stimulated CD8 T-cells £ D 40 for proliferation, TIM-3 and PD-1n D 16 for TIM-3, andn D 34 for HLA-DR) in the(B)
absence or (C) presence of CAFs.(D,E) Correlations between proliferation and TIM-3, PD-1, and P-and TIM-3 expression in the absence or presence of CAFs.
(F) Correlation between expression of LAG-3 and expression of P-1, and HLA-DR on T-cells cultured in the presence of CAFYF) Correlations between expression
of PD-1 and co-expression of PD-1 and TIM-3 in CcD§ T-cells cultured in the presence of CAFs. Friedman's test flowed by Dunn's test was used to evaluate

signi cant difference between groups. Correlations were ezluated by using Spearman’s correlation test. Spearmem and p-values are presented.

supporting tumor cell growth by favoring the presence of tumorit can be speculated that both pro-tumorigenic and anti-
promoting immune cells [reviewed in Ziani et a9)]. However, tumorigenic subtypes of CAFs are present in pancreatic cancer.
most studies have focused on the e ect of CAFs on the innat&he CAFs studied here are likely a combination of di erent CAF
immune cells, rather than on the adaptive immune responsesubpopulations, and there was also an inter-individual vaoiati
Since T-cells are the dominant immune cell subset with an the expression of the majority of the markers investigated
potential capacity to eradicate tumor cells, we have performeiticluding a-SMA and podoplanin. Fur future studies, it would
an in-depth examination of how CAFs aect the phenotypebe interesting to examine how di erent subpopulations of CAFs
and activation status of T-cells. One of the most interasgtin a ect T-cell responses.
ndings was that CAFs induce the expression of the co-intubjt The binding interaction between PD-1, expressed on
markers TIM-3, PD-1, CTLA-4, and LAG-3 on activated T-cellsactivated T-cells, and its co-regulatory ligands PD-L1 abdLR2
upon stimulation. We further identi ed PGfas an inducer of has previously been suggested as a mechanism underlying the
co-inhibitory marker expression. In addition, T-cells exmieg  suppressive e ects of broblastsl{, 25 31, 32). Moreover,
immune checkpoints produce less IFN-TNF-a, and CD107a Shibuya et al. reported that the majority of TILs in pancreatic
after restimulation when CAFs had been present, suggestir@ancer express PD-13%), suggesting that PD-L1/PD-1
that CAPCSs promote T-cell exhaustion that leads to funetion interactions can modulate T-cell cytotoxic functions in ghi
incapacity. We used OKT3 as a stimulation since it is commonlynalignancy 84). PD-L1 overexpression has been reported in
used to study T cell activation and due to that it is di cult to PDAC and it has also been correlated with poor overall sutviva
nd a more physiological stimuli that universally activategells outcome (4-36). However, few studies have explored the
from di erent donors. expression PD-L1 and PD-L2 in human carcinoma broblasts. In
The phenotype and function of CAFs can be altered duringour study, we show by ow cytometry that CAFs constitutively
in vitro cultivation and expansion. However, broblasts from express PD-L1 and PD-L2 in a higher frequency than normal
di erent anatomical sites of the body have been shown to havekin broblasts and that the expression varies greatly betwee
distinct transcriptional patterns even aft@n vitro expansion, patients. We further noted that PD-L2, rather than PD-L1, was
indicating a positional memory of stromal cell3dj. We the dominant PD-1 ligand. Nazareth et al. also showed abuhdan
compared the phenotype of CAFs throughout passages 1 atelels of PD-L1 and PD-L2 in a subset of broblasts obtained
up to 3, but no apparent dierences were observed. Tdrom non-small cell lung carcinoma3g), and another study by
limit the potential variation by the phenotype throughout the Takahashi et al. showed a modest, but constitutive, expressio
experiments, all the broblasts used in the study were in pgesa of these ligands in broblasts from head and neck squamous
3. The high expression of the cancer-associated markers FARIll carcinoma 11). We found that blockade of these ligands
and podoplanin in normal skin broblasts, could suggest anpartially restored the proliferative ability of C54T-cells, which
upregulation of some markers through serial passaging. Hewev was also observed for CB8T-cells in 65% of the experiments.
the activation markea-SMA was only expressed in CAFs. Studies by Nazareth et al. and Takahashi et al. could alsaeesto
Pancreatic CAFs display heterogeneity and several subtypise T-cell suppression in some samples. The di erence in the
of CAFs have been identi ed in pancreatic cancer. Ohlundexpression and function of PD-L1 and PD-L2 within a tumor
et al. have described two dynamic subsets of pancreatic CARad between tumors further strengthen the general perception
based on the expression afSMA (6). A subpopulation ofa- that broblasts are a diverse group of cells and its functional
SMANS" myo broblasts were predominantly localized in closeactivity might vary depending on the tumor microenvironment
proximity with tumor cells, whilea-SMA°V cells represented and the cytokine milieu.
in ammatory CAFs associated with elevated expression oidum  Even though the CAFs secretome is still not completely
promoting cytokines, including IL-6, and were located morecharacterized, there is evidence that the wide variety ofvgr
distantly from the tumor cells. Bi et al. further showed tha factors and cytokines released by CAFs play a major role
tumor-derived TGFb is involved in driving di erentiation into  in orchestrating tumor progression and immune evasia. (
myo broblasts, whereas IL-1 signaling via JAK/STAT adima  Since our transwell assays indicated that the immunosuppess
promoted in ammatory CAFs {). TGFb also counteracted the e ects of CAFs are mediated by soluble factors, we attempted
di erentiation of in ammatory CAFs. Furthermore, Neuzillet to identify factors involved in T-cell suppression by blodkithe
recently demonstrated the presence of at least four di erenactivity of the known soluble immunosuppressive factors RGE
subpopulations of pancreatic CAFs, which can be distinguishe@iGF-b, and IDO. PGE, the major metabolite of the COX-2
based on the expression of periostin, podoplanin, and myosinenzyme, is known for its role to promote tumor growth, suriiva
11, and were also associated to prognostic imp&gt Thus, invasion, angiogenesis, and suppression of anti-tumor imityun
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(37, 39). However, little is still known about the importance cells and also included cells that was in close proximity to the
of PGE in the context of CAF—mediated immunosuppression.tumor cells. Although the number of patients analyzed are, low
The expression of COX-2 in broblasts from pancreatic cancethe data consistently shows that over 90% of all T-cells in the
(23 39 and other tumor types 40, 41) has been previously tumor microenvironment are localized to the stroma, andttha
reported. Here, we show that by blocking PG#oduction with  inclusion of T-cells that are close enough to potentially intéra
indomethacin, T-cell proliferation was partially restoreddaine  with tumor cells only marginally increase the estimatedell-c
positive e ect was consistent in all paired samples. No increasetkensity in tumors.
e ectin proliferation was observed when both the COX-2 andthe Regardless of the existence of TILs in pancreatic cancer and
PD-1 axis was blocked, suggesting that the COX-2 inhibit®on the fact that high number of TILs correlates with an increhse
the most important pathway. However, there is also a possibilitoverall survival {5 16, 19), the prognosis is still dismallj.
that the CAFs upregulate even higher levels of the PD-1 ligandrhis can partly be explained by that CAFs, together with
during thein vitro culture, which could reduce the e cacy of tumor-in ltrating Tregs, M2 macrophages, and myeloid derive
PD-1 axis blockade using neutralizing antibodies. PD-ICE/P  suppressor cells, create an immunosuppressive tumor miligu tha
L2 knock-out experiments could be a better approach to fullyinhibits the activation and function of e ector T-cellgi8, 49).
explore the importance of the PD-1 axis in CAF-mediated T-Here, we have further explored the interactions betweenllE-ce
cell suppression. and CAFs and show, for the rst time to our knowledge, that
IDO and TGFb are also expressed by CAEsZ4) and they CAFs promote the expression of the co-inhibitory markers TIM-
can contribute to immune evasion by catabolizing tryptophan3, PD-1, CTLA-4 and LAG-3 on activated T-cells. Since CAFs
into a number of downstream immunosuppressive metabolitesnarkedly suppressed the proliferation of T-cells, we reasoned
(42) and by targeting cytotoxic T-cell function€®), respectively. that the most fair way to compare the T-cell phenotypes
However, T-cell proliferation was not a ected by blocking s#ee would be to only study T-cells that respond to the stimulation
molecules in our system. This does not exclude the posgibilite g proliferating cells. In a more physiological setting, this
that these molecules exert a negative regulatory activity would only apply to T-cells that have gone through clonal
vivo. Fibroblast-derived soluble factors can modulate the tumoexpansion after encountering their antigen. Our ndings tino
microenvironment by recruiting other immune cells, which the immunohistochemistry stainings of tumor tissue alsogesj
in turn secrete more immunosuppressive cytokines, creatinthat PD-1¢ T-cells can be found in close proximity to tumor cells
autocrine and paracrine loops which can interfere with T-but also toa-SMAC CAFs. Thus, considering the high levels of
cell activity @9, 44). Here, in line with previous studies we PD-L1/L2 on CAFs, one could speculate that CAFs e ect T-cell
found that the proportion of CD2FOXP3¥ putative Tregs was functionalityin vivoupon PD-L1/L2 binding.
signi cantly increased when CAFs were added to unstimaate It has previously been proposed that the co-expression
PBMCs. This was also accompanied by increased levels daff inhibitory receptors rather than individual expression is
the immunosuppressive cytokine IL-10 in the supernatantsindicative of T-cell exhaustion50). We found a 5.9-fold and a
but the source of IL-10 remains to be determined. An2.7-fold increase in the frequency of CB4nd CD& T-cells,
association between tumor in ltrating FOXP3Tregs and a respectively, co-expressing TIM-3, PD-1 and CTLA-4 and a 2.3-
dismal prognosis has been shown in several cancers. Kimoshfbld and a 1.7-fold increase in the frequency of Cahd CD&
et al. demonstrated that Tregs were primarily localized to th&-cells, respectively, co-expressing TIM-3, PD-1 and LAG-3. We
stroma in lung adenocarcinoma, and less to the tumor ned, analso observed that the proliferating T-cells positive for PD-1
that CAFs isolated from tissues with high Treg numbers had &1M-3, or double positive for PD-1 and TIM-3 expressed lower
better FOXP3-inducing e ect compared to CAFs from low Treglevels of the degranulation marker CD107a and reduced devel
adenocarcinomasg2(). of the in ammatory cytokines IFNg and TNFa when CAFs
There is evidence that CAFs interact with T-cells in thehad been present. The low cytokine production could also be
tumor stroma by skewing the immune response toward ThZxplained by the fact that most of the proliferating T-cellsne
(45, and cross-present antigens which leads to T-cell apoptosikeir naive phenotype in the presence of CAFs. Thus, although
and dysfunction 81). Studies with murine models have alsosome T-cells di erentiate into a central memory phenotype,
reported that CAFs limit the access of CB8l-cells to the they fail to fully di erentiate into cytotoxic e ector memory T
tumor (19, 46). However, this perception has been challengedaells. We used the expression of CD107a as a marker for T-
by studies of stained human tissues samples which show a gre&il degranulation, which previously have been shown to be a
variability of TILs and that the stroma microenvironmente® good surrogate marker for cytolytic activitpl). However, it
not a ect cytotoxic T-cell in Itration (15 33). Stromnes et al. still needs to be determined if CAFs diminishes the capacity
recently showed that the majority of T-cells localize toigest  to kill tumor cells in an antigen-speci ¢ manner. Considerabl
lymphoid structures rather than the tumor nest in many patient research has been devoted to investigate how tumor cells\ahi
with high T-cellin Itration (47), whichis in line with our ndings  immune evasion by interacting with T-cell co-inhibitory meers
that the majority of the T-cells reside in the desmoplastiosia  (52). However, less attention has been paid on the impact of the
and that few T-cells are in immediate contact with cancelscel tumor stroma broblasts on T-cell functions. It remains to be
Since a recent paper suggested that the desmoplastic stromhetermined if our ndings that CAFs are capable to disarm T-
does not prevent T-cells from entering the tumor nesi)( cell e ector functions and promote upregulation of co-inhibity
we analyzed the distribution of T-cells and PD-1 expressingnarkers are also relevaintvivo.
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Among the co-inhibitory markers that we have studiedand T-cells. An increased understanding of how broblasts
here, PD-1 and co-expression of PD-1 and TIM-3 were mostrom tumor tissues aect T-cell phenotype and functions
strongly aected by pancreatic CAFs. Correlation analysesould lead to the development of improved combined
further indicated that PD-1 expression and co-expression ofmmunotherapy strategies.

PD-1 and TIM-3 were negatively associated to proliferative

capacity of CD8 T-cells that had been cultured with CAFs. ETHICS STATEMENT

On the other hand, TIM-3 and LAG-3 expression was not

associated to less proliferation, but rather to increaseigaiton  All subjects gave written informed consent in accordancewit
as determined both by HLA-DR expression and proliferationthe Declaration of Helsinki. The protocol was approved by the
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We used allogeneic PBMC in the majority of the experimentsA UTHOR CONTRIBUTIONS
and one could argue that the MHC-mismatch between the
PBMCs and CAFs could aect the response of the assayG designed, performed, and analyzed the experiments,
However, very similar results were observed in transwélhggs,  interpreted the results, and wrote the manuscript.
suggesting that response to alloantigens are not a ecting theF analyzed the immunohistochemistry stainings and
assay. This also was con rmed in a number of experiments usingiterpreted the results. PB performed digital analyses of the
autologous patient-derived PBMCs. immunohistochemistry stainings and interpreted the result
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