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ORIGINAL RESEARCH

Hypoxia increases melanoma-associated fibroblasts immunosuppressive potential 
and inhibitory effect on T cell-mediated cytotoxicity
Linda Ziania,b,c, Stéphanie Buarta,b,c, Salem Chouaiba,b,c,d, and Jerome Thiery a,b,c

aINSERM, UMR 1186 “Human Tumor Immunology and Cancer Immunotherapy”, Villejuif, France; bGustave Roussy Cancer Campus, Villejuif, France; 
cFaculty of Medicine, University Paris Saclay, France; dThumbay Research Institute of Precision Medicine, Gulf Medical University, Ajman, United Arab 
Emirates

ABSTRACT
Cancer-associated fibroblasts (CAFs) and hypoxia are central players in the complex process of tumor cell- 
stroma interaction and are involved in the alteration of the anti-tumor immune response by impacting 
both cancer and immune cell populations. However, even if their independent immunomodulatory 
properties are now well documented, whether the interaction between these two components of the 
tumor microenvironment can affect CAFs ability to alter the anti-tumor immune response is still poorly 
defined. In this study, we provide evidence that hypoxia increases melanoma-associated fibroblasts 
expression and/or secretion of several immunosuppressive factors (including TGF-β, IL6, IL10, VEGF and 
PD-L1). Moreover, we demonstrate that hypoxic CAF secretome exerts a more profound effect on T cell- 
mediated cytotoxicity than its normoxic counterpart. Together, our data suggest that the crosstalk 
between hypoxia and CAFs is probably an important determinant in the complex immunosuppressive 
tumor microenvironment.
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Introduction

Within the tumor microenvironment (TME), activated fibro-
blasts that share similarities with fibroblasts stimulated by 
inflammatory signals, activated during a wound healing pro-
cess or observed during tissue fibrosis, termed cancer- 
associated fibroblasts (CAFs), have emerged as important reg-
ulators of tumor progression.1–3 CAFs are spindle-shaped cells 
who represent the prominent stromal component in many 
types of human tumors, and who differentiate in the TME in 
a transforming growth factor-β (TGF-β)-, platelet-derived 
growth factor (PDGF)- and fibroblast growth factor (FGF)- 
dependent manner from other cell types such as resident fibro-
blasts, endothelial, epithelial or mesenchymal stem cells.4–8 

Phenotypically, these cells can be identified by the expression 
of common fibroblastic markers such as fibroblast-specific 
protein-1 (FSP-1/S100A4) or PDGF receptors (PDGFR) α/β, 
and by the presence of activation markers including, but not 
limited to, α-smooth muscle actin (α-SMA), fibroblast- 
activation protein (FAP), tenascin-C (TNC), periostin 
(POSTN) or podoplanin (PDPN),9 even if none of these mar-
kers is entirely specific for normal or activated fibroblasts. By 
directly interacting with tumor cells and by secreting extracel-
lular matrix components, matrix metalloproteinases (MMPs), 
chemokines, vascularization inducing proteins or other factors, 
CAFs play a crucial role in tumor growth, angiogenesis, extra-
cellular matrix remodeling and tissue invasion/metastasis 
formation.10,11 Importantly, CAFs have also emerged as impor-
tant regulators of the anti-tumor immune response and several 
studies have shown that CAFs exhibit a particular 

immunomodulatory proteome and secretome that can poten-
tially regulate both innate and adaptive anti-tumor immune 
responses.12–14 For example, CAFs can increase the recruit-
ment and differentiation of myeloid-derived suppressive cells 
(MDSC),15 regulatory T cells (Tregs)16 or type 2 tumor- 
associated macrophages (TAM) within the TME,17,18 can affect 
dendritic cell (DC) maturation and antigen presentation 
functions19 or can alter proliferation, survival and cytolytic 
functions of cytotoxic T cells (CTL)20 and natural killer (NK) 
cells.21–23

Another component of the TME is hypoxia. Indeed, 
solid tumor tissues are often poorly oxygenated, with 
a limited number of fully functional blood vessels, resulting 
in the presence of zones with a low O2 pressure called 
“hypoxic zones”.24,25 Hypoxia influences several biological 
parameters (angiogenesis, metabolism, cell proliferation, 
apoptosis . . .) that can modify the malignant potential of 
the tumor and its susceptibility to anti-tumor therapies.26,27 

Furthermore, hypoxia also contributes to the immunosup-
pressive network within the TME.28–30 For example, 
hypoxic stress within the stroma alters NK and T cell 
activation and effector functions,31 induces PD-L1 expres-
sion on MDSC32 and attracts TAM or Tregs to the tumor 
bed.33 Importantly, hypoxia also promotes tumor cell secre-
tion of TGF-β and PDGF that can potentially promote 
differentiation of precursor cells into CAFs34,35 and favors 
their PDPN expression.36 Similarly, it was shown that 
hypoxic stress, especially through hypoxia-driven reactive 
oxygen species (ROS) production leading to dermal fibro-
blast activation, enhances melanoma aggressiveness.37 
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Furthermore, in colorectal cancers, hypoxic CAFs hyper- 
secretion of TGF-β2 can induce strong expression of GLI2 
(GLI family zinc finger 2) by cancer stem cells, and conse-
quently promotes resistance to therapy.38 In mammary 
tumors, hypoxia also induces a pronounced remodeling of 
the CAF proteome, favoring endothelial sprouting and 
angiogenesis.39 Thus, these studies, and others, indicate 
a role of hypoxia in the process of CAFs activation, and 
on their functionality within the TME. Furthermore, one 
may consider that hypoxia might also modulate CAF 
immunosuppressive properties, even if this particular 
point needs to be further explored.

In the present study, we thus used fibroblasts isolated 
from melanoma tumor biopsies to evaluate in vitro the 
effect of hypoxia on CAF immunosuppressive capabilities. 
Using this model, we validated the effect of hypoxia on 
CAF activation and most importantly we observed that 
hypoxia increases the expression and/or secretion of several 
immune suppressive factors (including, but not limited to, 
TGF-β, IL6, IL10, VEGF, MMPs and PD-L1). Furthermore, 
we provide evidence that these hypoxia-mediated changes 
in the CAFs immune-suppressive proteome potentiate the 
inhibitory effect of CAFs on T cell-mediated killing of 
melanoma tumor cells.

Materials and methods

Isolation and culture of melanoma-associated fibroblasts

A panel of five pathology-confirmed melanoma tumor 
resections was obtained in accordance with consent proce-
dures approved by the Gustave Roussy Institute. CAF were 
obtained by mechanical dissociation of these biopsies, serial 
passage and low trypsin detachment, as previously 
described.21 Cells population homogeneously displaying 
a fibroblast-like morphology were phenotypically character-
ized and assessed for purity by the analysis of the indicated 
markers. The obtained cell populations were maintained in 
culture in DMEM-F12, 10% FCS, 100 U/ml penicillin and 
100 mg/ml streptomycin.

Hypoxic conditioning of CAFs

Hypoxic treatment was conducted during 48 hrs in a hypoxia 
workstation (Invivo2 400, Ruskinn) in a humidified atmo-
sphere containing 5% CO2, 1% O2 and 94% N2 at 37°C. All 
RNAs and proteins were prepared by lysing cells directly in the 
hypoxia workstation to avoid reoxygenation.

Preparation of fibroblast-derived conditioned media

CAFs were seeded at equal density (2 × 105 cells/well in 12 
well plates) and maintained in culture under normoxic or 
hypoxic conditions during 48 hrs in DMEM/F12 medium 
supplemented with 1% FCS. Culture supernatants were 
then collected and centrifuged 15 min at 2,000 rpm to 
remove cell debris. These supernatants, considered as con-
ditioned media (CM), were then immediately used or fro-
zen at -20°C for subsequent use.

Tumor cell line and CTL culture

T1 tumor cells, established from the primary lesion of a patient 
suffering from a melanoma,40 were grown in RPMI1640/ 
Glutamax™ supplemented with 10% FCS, 100 U/ml penicillin, 
100 mg/ml streptomycin and 1% sodium pyruvate (Life 
Technologies). The LT12 CTL clone was isolated from T1 
autologous tumor infiltrating lymphocytes, recognizes 
a peptide derived from the MelanA/MART-1 Ag and was 
maintained in culture as described40,41 in RPMI1640/ 
Glutamax™ supplemented with 5% human serum and 50 U/ 
mL recombinant human IL2.

Viability and proliferation assays

CAFs viability under normoxic and hypoxic conditions was 
measured after trypan blue dye staining using a TC20 auto-
mated cell counter (Biorad) to determine the live/dead cell 
ratio. CAF proliferation was evaluated with MTT assay 
(Roche) following the manufacturer’s instructions.

Flow cytometry analysis

Briefly, 0.2 × 106 fibroblasts were stained at 4°C with the 
following Abs: anti-FSP-1/S100A4 rabbit mAb (clone 
EPR2761, Abcam); anti-vimentin rabbit mAb (clone SP20, 
Abcam); PE-conjugated anti-E Cadherin/CD324 mouse mAb 
(clone 67A4, Biolegend); Alexa Fluor® 488-conjugated anti- 
CD31 mouse mAb (clone M89D3, BD Pharmingen); FITC- 
conjugated anti-CD34 mouse mAb (clone AC136, Miltenyi 
Biotec.); PE-conjugated anti-CD45RO mouse mAb (clone 
UCHL1, DakoCytomation); anti-FAP mouse mAb (ab54651, 
Abcam); PE-conjugated anti-PD-L1 mouse mAb (clone 
29E.2A3, BioLegend). For LT12 CTL clones, cells were fixed 
and permeabilized with Cytofix/Cytoperm kit (BD 
Pharmingen), followed by intracellular staining with APC- 
conjugated anti-GzmB mouse mAb (clone GR05, Invitrogen). 
Acquisitions were performed using a BD Accuri™ C6 flow 
cytometer (BD Biosciences) and data were processed using 
the FlowJo program.

Fluorescence microscopy

Cells were grown on rat collagen-coated glass coverslips 
(Sigma) and fixed for 15 min in PBS/2% PFA, washed and 
incubated 10 min in PBS/50 mM NH4Cl. Cells were then 
washed with PBS, permeabilized for 5 min in PBS/0.2% 
Triton X-100. After 2 washes in PBS, coverslips were placed 
in blocking solution (PBS/10% FCS) for 30 min, washed once 
in PBS and incubated for 1 hr at RT with anti-α-SMA mouse 
mAb (clone 4A4, Abcam) and anti-Vimentin rabbit mAb 
(clone SP20, Abcam) in incubation buffer (PBS/0.05% Triton 
X-100). Cells were then washed 3 times with incubation buffer 
and incubated 1 hr at RT with Alexa-Fluor 488 and Alexa- 
Fluor 647-conjugated secondary antibody (Life Technologies) 
in incubation buffer containing 5% FCS. Cells were then 
washed 3 times in PBS and mounted in Vectashield mounting 
medium containing DAPI (Vector Laboratories) before 
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imaging (IX83 microscope, Olympus) and analysis (CellSens 
Dimension software, Olympus).

Western Blot

Total cellular extracts were prepared by lysing cells in RIPA 
buffer (Thermo Scientific) containing a cocktail of protease 
inhibitors (Roche). Protein concentration was determined 
using PierceTM BCA protein assay. Protein denaturation 
was performed by boiling samples in Laemmli buffer before 
SDS-PAGE separation on 4–20% precast gels (Biorad). 
Blots were probed with the following Ab: anti-α-SMA 
mouse mAb (clone 4A4, Abcam), anti-HIF-1 mouse mAb 
(clone 54/HIF1α, BD Biosciences), HIF-2 rabbit mAb 
(clone D9E3, Cell Signaling), anti-Vimentin rabbit mAb 
(clone SP20, Abcam), anti-PD-L1 rabbit mAb (clone 
E1L3N, Cell Signaling), HRP-conjugated anti-actin mouse 
mAb (clone AC-74, Sigma), HRP-conjugated goat anti- 
mouse or anti-rabbit Ab (Santa Cruz Bio.). Images were 
captured using a ChemiDoc Imaging System (Biorad). CAF 
CMs were analyzed by silver staining using PierceTM silver 
stain kit. Western blot quantifications were performed 
using Image-J densitometry software.

RT-qPCR analysis

Total RNA extraction was performed with TRIzol TriReagent 
(Sigma). cDNAs were synthesized using a Maxima first strand 
cDNA synthesis kit (Thermo-Fischer Scientific). Gene expres-
sion was quantified by SYBR Green qPCR method using SYBR 
Select Master Mix on a StepOnePlus Real Time PCR system 
(Thermo Scientific). Relative expression was calculated using 
the comparative Ct method (2-ΔΔCt). Transcript level of 18S 
was used as endogenous control. Primers were purchased from 
Sigma-Aldrich and their sequences are listed in supplementary 
table 1.

Multiplex and ELISA analysis

Human TGF-β concentration was measured in normoxic and 
hypoxic CAF CMs using a TGF-β1 ELISA kit (eBiosciences). 
Human VEGF, IL6, IL10, CCL2, CCL5 and IFN-γ concentra-
tions were simultaneously measured in normoxic or hypoxic 
CAF CMs using a Bio-Plex ProTM human cytokine Multiplex 
Immunoassay, according to the manufacturer protocol. Data 
were analyzed using a Bio-Plex 200 instrument and Bio-Plex 
software (Biorad).

Measurement of MMPs activity in conditioned media

The metalloproteinases activity in CAFs CMs was measured 
using the fluorometric SensoLyte® 520 Generic MMP Activity 
Kit (AnaSpec) according to a modified manufacturer proto-
col. This assay is based on a 5-FAM/QXL520 fluorescence 
resonance energy transfer (FRET) peptide as an MMP sub-
strate. In the intact FRET peptide, the fluorescence of 5-FAM 

is quenched by QXL520. Upon cleavage into two separate 
fragments by MMPs, the fluorescence of 5-FAM is recovered 
and can be monitored. Briefly, the supernatants of normoxic 
or hypoxic CAFs were collected and centrifuged for 10– 
15 min at 1,000 g at 4°C. MMPs substrate and MMPs dilu-
ents were then mixed together in a 96 wells plate before 
adding freshly prepared CAFs CMs to initiate the enzymatic 
reaction. Fluorescence was then immediately measured and 
monitored every 10 min at Ex/Em = 490/520 nm during 8 
hrs using a FLUOstar Optima microplate reader (BMG 
Labtech).

Chromium release assay

Cryopreserved LT12 CTL clones were thawed and pre- 
treated during 16 hrs with normoxic or hypoxic CAF 
CMs (diluted 3:2 (v/v) in regular CTL culture medium 
containing IL-2) before measuring their lytic activity 
against T1 tumor target cells. CAF culture medium was 
used as control. Cytotoxicity was measured by a 4 hrs 
chromium release assay as previously described.42 

Experiments were performed in triplicate. Data are 
expressed as the percentage of specific 51Cr release from 
target cells, calculated as (experimental release- 
spontaneous release)/(maximum release-spontaneous 
release) x 100.

Statistical analysis

Data are expressed as mean ± standard deviation (s.d.). 
P values were determined by unpaired two-tailed student’s 
t tests using Prism – GraphPad.

Results

Phenotypic characterization of human fibroblasts isolated 
from melanoma

In order to investigate the impact of hypoxia on melanoma- 
associated fibroblast immunosuppressive properties, we estab-
lished five fibroblast primary cell cultures from melanoma 
patient’s tumor resection, named CAF1-5 (Figure 1(a)). The 
adherent cells displaying a fibroblast-like morphology (i.e. 
elongated cells with cytoplasmic extensions) (Figure 1(b)) 
were carefully characterized by flow cytometry and/or fluores-
cence microscopy. These cell populations express the fibroblas-
tic marker FSP-1 and the mesenchymal marker vimentin, but 
not the epithelial marker E-cadherin, the endothelial marker 
CD31, the hematopoietic marker CD34 or the leukocyte mar-
ker CD45 (Figure 1(c)). Furthermore, the melanoma-derived 
fibroblasts exhibit an activated phenotype as shown by α-SMA 
(Figure 1(d-e)) and FAP (figure 1(f)) expression. Together, 
these observations indicate that these cell populations are 
mainly fibroblasts, with minimal contamination with epithe-
lial, endothelial or hematopoietic cells, and confirm their acti-
vated status, as expected.
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Hypoxia induces HIF-1α expression in melanoma-derived 
fibroblasts and increases their expression of activation 
markers

In order to validate that our CAFs are able to respond to 
hypoxic stress, CAF1-5 were cultured during 48 hrs under 
hypoxic condition (1% O2) to mimic the median 1.5% of O2 
in melanoma compared to 5.3% in the related normal tissue, 
before evaluating expression of HIF-1α (Hypoxia-Inducible 
Factor 1-alpha), a subunit of the heterodimeric transcription 
factor HIF-1, considered as the master regulator of cellular 

response to hypoxia,25 and of HIF-2. As compared to nor-
moxia, a strong expression of HIF-1αwas observed in CAF1-5 
following hypoxia exposure (Figure 2(a)). Of note, HIF- 
2αexpression was not detected in either normoxic or hypoxic 
CAFs. Consequently, expression of VEGF (Vascular 
Endothelial Growth Factor), CA-IX (Carbonic Anhydrase IX), 
SLC2A1/GLUT1 (Solute Carrier Family 2 Member 1/Glucose 
transporter 1) and PDK1 (Pyruvate Dehydrogenase Kinase 1), 
four well-known HIF-1 target genes, is also strongly upregu-
lated in CAF1-5 in response to hypoxia (Figure 2(b)). 
Furthermore, CAFs viability (Figure 3(a)) and CAFs 
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Figure 1. Phenotypes of fibroblasts derived from melanoma . (a) List of the different fibroblast populations isolated from melanoma primitive or metastatic tumor 
biopsies. (b) Representative morphology of the different fibroblastic primary cultures by brightfield microscopy (scale bar: 50 μm). (c) Expression of the fibroblastic, 
mesenchymal epithelial, endothelial, hematopoietic or leukocytic markers FSP-1, Vimentin, E-cadherin, CD31, CD34 and CD45 by the different isolated fibroblast 
populations. Data are expressed as the percentage positive cells ± s.d. from three independent flow cytometry experiments. (d-f) CAFs isolated from melanoma patient’s 
tumor biopsies display an activated phenotype. Expression of the activation marker α-SMA, together with the mesenchymal marker Vimentin, was evaluated by western 
blot (d) and fluorescence microscopy (e). FAP mRNA expression was measured by RT-qPCR and compared to 18S (f). Data are representative of two independent 
immunoblots (d) or the mean ± s.d. from three independent qPCR (f). Two representative fluorescence microscopy images (CAF2 and CAF1; scale bar: 10 μm) are shown 
in (e).
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proliferation (Figure 3(b)) are not affected by hypoxia. 
However, we observed that hypoxic conditions increase FAP, 
but not vimentin, mRNA expression (Figure 3(c)), αSMA 
protein level (Figure 3(d-e)), FAP expression at the cell surface 
(figure 3(f-g)), as well as the overall CAFs secretion of soluble 
factors (Figure 3(h)). Together, these data demonstrate that 
melanoma-derived fibroblasts are able to respond to hypoxic 
stress by inducing HIF-1α expression, confirm that hypoxia 
participates and/or improves their activation, as previously 
suggested,43–46 and improves their global secretion of soluble 
proteins.

Hypoxia increases melanoma-derived fibroblasts 
expression of several immune-suppressive factors

As mentioned above, several studies have shown that 
CAFs exhibit a particular immunomodulatory “secre-
tome”. In particular, CAF secretion of TGF-β, arginase 
(ARG), indoleamine-2,3-dioxygenase (IDO), prostaglandin 
E2 (PGE2), interleukin (IL)-6 or -10, MMP-2 or -9, 
C-X-C motif chemokine ligand-12 (CXCL12/SDF1), che-
mokine ligand-2 (CCL2/MCP-1) or -5 (CCL5/Rantes) and/ 
or VEGF profoundly affects both the innate and adaptive 

Figure 2. Hypoxia induces HIF-1α and HIF-1-target genes expression in CAFs. (a) CAFs cultured in hypoxia (1% pO2) for 48 hrs express more HIF-1α (but not HIF-2) 
compared to their normoxic counterpart. The HIF-1α/Actin ratio was calculated by densitometry and normalized to “1” for each normoxic CAF (A.U: arbitrary units). (b) 
Expression of HIF-1α target genes (VEGF, CA-IX, GLUT1, PDK1), tested by RT-qPCR, is increased in hypoxic CAFs. Results are expressed as the mean ± s.d. of three 
independent experiments, normalized to “1” in normoxic conditions (N: Normoxia; H: Hypoxia). P values were determined by unpaired two-tailed student’s t-test. 
(*p < .05; ** p < .01).
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Figure 3. Hypoxia increases CAF activation level. (a-b) CAFs viability (a) and proliferation (b) are not affected by 48 hrs culture under hypoxic conditions (1% pO2). 
Viability and proliferation percentages (mean ± s.d. of three independent experiments) were normalized to “100” for normoxic conditions. (c-g) Expression of the CAF 
activation markers FAP, tested by RT-qPCR (c) and flow cytometry (f-g), and αSMA, evaluated by fluorescence microscopy (d) or western blot (e), is strongly increased in 
hypoxic condition. Vimentin expression was used as control. Results are expressed as the mean ± s.d. of three independent experiments, normalized to “1” in normoxic 
condition (c). A representative fluorescence microscopy image for CAF2 (D; scale bar: 10 μm) or western blot (E) and a representative flow cytometry histogram for CAF1 
(f) together with the mean ± s.d. of three independent experiments (g) are shown. (h) Protein secretion level was measured in CAF culture supernatants (conditioned 
medium; CM) under normoxic and hypoxic conditions using SDS-Page and silver staining. The intensity level of each profile is indicated. A representative image (CAF2) is 
shown. P values (a-c, g) were determined by unpaired two-tailed student’s t-test. (NS: non-significant; *p < .05; ** p < .01). N: Normoxia; H: Hypoxia.

e1950953-6 L. ZIANI ET AL.



antitumor immune response.12,13 Similarly, CAF can 
potentially express ectonucleoside triphosphate dipho-
sphohydrolase 1 (ENTPD1/CD39),47 Programmed death- 
ligand 1 (PD-L1)48–50 or Fas ligand (FasL/CD95-L)51 at 
their surface, further altering the efficacy of the immune 
system within the TME. In order to elucidate the impact 
of hypoxia on CAF immunosuppressive secretome, we 
thus used RT-qPCR to evaluate the impact of hypoxic 
stress on the expression of all these factors. As mentioned 
earlier (Figure 2(b)), VEGF expression is strongly 
increased in CAF1-5 after hypoxia exposure. Similarly, 
TGF-β1or TGF-β2, ARG1 or ARG2, IDO, CXCL12, Cox2 
(involved in PGE2 formation) and MMP2 expression is 
consistently increased following CAF1-5 exposure to 
hypoxic stress, while IL6, IL10 and MMP9 expression is 
significantly up-regulated in three out of the five hypoxic 
fibroblast populations (Figure 4(a)). In parallel, we 
observed a strong up-regulation of CD39, but not CD73, 
in hypoxic CAF1-5 (Figure 4(b)), an increase of PD-L1 
(but not PD-L2) expression in hypoxic CAF2-5 (Figure 4 
(c)) and a more pronounced expression of FasL by 
hypoxic CAF1-3 (Figure 4(d)). In addition, we observed 
a significant induction of CD47 (a cellular receptor known 
for its immunoregulatory functions that can be induced in 

tumor cells by hypoxic stress) in three out of the five 
hypoxic CAFs (Figure 4(e)). On the opposite, no signifi-
cant changes regarding CCL2 and CCL5 expression was 
observed after exposure of CAF1-5 to hypoxia, compared 
to normoxia (figure 4(f)). Thus, these data suggest that 
hypoxia profoundly affects the expression of several 
immune suppressive factors by melanoma-derived fibro-
blasts although some variability between cell cultures was 
observed.

Hypoxia increases the secretion of several 
immune-suppressive proteins by melanoma-derived 
fibroblasts and improves their expression of PD-L1

To validate our data on the hypoxic CAF secretome at the 
protein level, we used conditioned media (CMs) obtained 
from the cell culture supernatants of either normoxic or 
hypoxic CAFs and used them to randomly validate the secre-
tion of the chosen target. Using multiplex immunoassays, we 
quantified the concentration of VEGF, IL6, IL10, CCL2, CCL5 
and IFN-γ (used as control) in the CMs of CAFs. Consistently 
with the RT-qPCR data, and compared to normoxia, VEGF 
concentration is significantly increased in hypoxic CAF1-5 
CMs, IL6 and IL10 concentration are significantly increased 
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Figure 4. Hypoxic conditioning of CAFs improves their expression of several immune-suppressive factors. RT-qPCR analysis of (a) TGF-β1, TGF-β2 ARG1, ARG2, IDO1, 
CXCL12 (SDF-1), PTGS2 (Cox2), IL6, IL10, MMP2, MMP9, (b) ENTPD1 (CD39), CD73, (c) PD-L1, PD-L2, (d) FasL, (e) CD47, (f) CCL2 and CCL5 expression by hypoxic versus 
normoxic CAFs. Results are expressed as the mean ± s.d. of three independent experiments, normalized to “1” in normoxic conditions (N: Normoxia; H: Hypoxia). 
P values were determined by unpaired two-tailed student’s t-test. (NS: non-significant; *p < .05; ** p < .01).
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in respectively hypoxic CAF3-5 and CAF1-2,4 CMs, while 
hypoxia does not affect the secretion of CCL2/5 by CAFs 
(Figure 5(a)) and IFN-γ was not detected in either normoxic 
or hypoxic conditions (data not shown). Furthermore, we 
evaluated by ELISA the concentration of TGF-β in the CMs 
of CAFs, and observed that hypoxic conditions strongly 
increase its secretion compared to normoxia (Figure 5(b)). 
We also evaluated MMPs activity in the normoxic and hypoxic 
CAFs CMs. We used a fluorescence-based assay to measure the 
activity of MMP-1, 2, 3, 7, 8, 9, 12, 13, and 14. Using this 
approach, we showed that hypoxic CAFs CMs contain higher 
levels of active MMPs compared to the CMs of normoxic CAFs 
(Figure 5(c-d)). Finally, we evaluated PD-L1 and PD-L2 
expression by normoxic and hypoxic CAFs. Flow cytometry 
experiments demonstrated that PD-L1 expression is signifi-
cantly increased at the surface of hypoxic CAFs, except for 
CAF1 (Figure 5(e-f)). These data were also validated by wes-
tern blot for the PD-L1+ CAF2-4 (Figure 5(g)). Of note, PD-L2 
expression was almost undetectable at the surface of CAFs, 
regardless of the normoxic or hypoxic conditions (Figure 5(e) 
and data not shown). Together, these data show that hypoxia 
increases the CAF-dependent secretion or expression at their 
surface of several immuno-suppressive molecules.

Hypoxia improves the CAF-dependent alteration of 
CTL-mediated lysis

As previously mentioned, several studies have pointed out that 
CAFs can regulate T cell activity and function in the TME by 
the secretion of several factors,20 including TGF-β, ARG or 
IDO. Thus, to validate the physiological relevance of our data 
pointing out improved immunosuppressive capabilities of 
hypoxic CAFs, we used T1 melanoma tumor cells and the 
autologous LT12 CTL clone in order to test the differential 
effect of normoxic versus hypoxic CAF CMs on T cell cytotoxic 
activity. LT12 CTLs were cultured during 16 hrs in the pre-
sence of either normoxic or hypoxic CAFs CM before testing 
their ability to kill their autologous tumor target cells (T1). As 
expected, normoxic CAF1-5 CMs decrease the lytic potential of 
LT12 CTL (Figure 6(a)). Importantly, hypoxic CAF1-5 CMs 
also decrease LT12 killing activity (Figure 6(b)), but to a greater 
level compared to normoxic CAF CMs-treated CTL (Figure 6 
(c)). Interestingly, these data correlate with an enhanced 
decrease of the cytotoxic serine protease granzyme B (GzmB) 
expression by LT12 CTL following hypoxic CAF1-5 CMs treat-
ment, compare to normoxic CAF CMs (Figure 6(d-e)). 
Together, these data demonstrate that hypoxic CAFs possess 
an enhanced capability to alter CTL killing activity than nor-
moxic CAFs.

Discussion

Within the TME, the complex immunosuppressive network is 
still not fully decrypted but is of major importance for the 
understanding of the antitumor immune response global reg-
ulation and for the development of more integrated immu-
notherapeutic therapies. This immunosuppressive network is 
not only related to tumor cells or to the different individual 
components of the tumor stroma, but is also the consequence 

of the crosstalk between these different components. In this 
regard, solid tumors create a hostile hypoxic microenviron-
ment which can interfere with the effectiveness of the immune 
response.

We sought to understand the influence of this metabolic 
component and to “mimic” in vitro a hypoxic TME in which 
are the CAFs. In particular, we focus our attention on the effect 
of hypoxia on the immunomodulatory capacities of mela-
noma-associated fibroblasts and on an eventual additional or 
synergetic effect between these two components of the TME. 
Here, we provide evidence that fibroblasts isolated from mel-
anoma tumor biopsies respond to hypoxia by inducing HIF-1α 
(but not HIF-2) expression. Interestingly, using different 
tumor models, several studies have suggested that HIF-1 acti-
vation in fibroblasts participates to their acquisition of a CAF 
phenotype.52 Consistently, we observed in our model that HIF- 
1 induction in hypoxic CAFs correlates with a greater activa-
tion level compared to normoxia, as shown by the increased 
expression of activation markers FAP and α-SMA.

It is now well established that different soluble factors 
released by tumor cells in the TME locally activate fibroblasts 
which acquire phenotypic and functional properties different 
from their normal counterparts. In particular, when exposed to 
these stimuli, CAFs express and/or secrete different proteins 
involved in the modulation of the anti-tumor immune 
response. Hypoxia seems to participate and to improve the 
expression/secretion of these immunosuppressive factors by 
melanoma-associated fibroblasts. Indeed, the mRNA expres-
sion of most of the major proteins previously described as 
CAF-related important regulators of anti-tumor immunity 
(TGF-β, ARG, IDO, VEGF, CXCL12, Cox2, IL6, IL10, MMP2, 
MMP9, PD-L1, CD39, CD47 or FasL) is significantly increased 
under hypoxic conditions. Consequently, the increased secre-
tion or membrane expression of VEGF, IL-6, IL-10, TGF-β, 
MMPs or PD-L1 by hypoxic CAFs were successfully validated 
in our model. Thus, hypoxia-dependent HIF-1 induction cor-
relates with a high activation level of CAF and an improved 
immunosuppressive potential of these cells. Of note, some of 
the genes encoding these immunosuppressive factors have 
been described as direct target of HIF-1α transcription factor, 
including VEGF,53 TGF-β,54,55 IL-10,56 MMP-957 or PD-L1.32 

Moreover, studies revealed that CD39 is transcriptionally 
induced by hypoxia through an SP1-dependent transcriptional 
pathway in cardiac ischemia models.58,59 ARG activity is also 
increased in MDSC by a HIF-1α-dependent miR210 induction 
mechanism,60 and hypoxia enhances IDO production in den-
dritic cells61 or MMP-2 expression by endothelial cells.62 Thus, 
hypoxia probably induces the expression of several immuno-
suppressive factors by CAF in a HIF-2-independent but HIF- 
1-dependent manner, even if this particular point clearly needs 
further investigations.

Of note, CCL2/5 or CD73 expression is not increased fol-
lowing hypoxic exposure of CAFs. This point is perhaps sur-
prising since CD73, CCL2/ and CCL5 are known as two direct 
HIF-1α targets, but might reflect a particularly regulation of 
these proteins in the context of CAFs and melanoma. 
Moreover, it is also important to note that a degree of varia-
bility between the CAF populations used in our study has been 
observed regarding the expression level of some of these 
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Figure 5. Hypoxia increases the secretion of TGF-β, IL6, IL10, VEGF and MMPs by CAFs and improves their expression of PD-L1. (a) VEGF, IL-6, IL-10, CCL2/MCP1, and 
CCL5/Rantes concentration simultaneously measured in normoxic or hypoxic CAF conditioned media (CM) by multiplex analysis. (b) TGF-β1 concentration measured in 
normoxic or hypoxic CAF conditioned media by ELISA. Results (a-b) are expressed as the mean ± s.d. of two independent experiments performed in duplicate. (c-d) The 
activity of MMPs was evaluated in the conditioned media of normoxic or hypoxic CAFs by measuring the fluorescence emission of 5-FAM/QXL520 FRET peptide as MMP 
substrate. Fluorescence was measured every 10 min. A representative experiment performed in triplicate for CAF2 CM is displayed in (c). The relative mean fluorescence 
intensity ± s.d of two independent experiments using CAF1-5 CMs, measured at 8 hrs, is represented in (d). (A.U.: arbitrary units). Regular culture medium was used as 
background control. (e-g) PD-L1 and PD-L2 expression at the surface of normoxic or hypoxic CAFs was measured by flow cytometry (e-f). A representative flow 
cytometry histogram for CAF2 is shown in (e) and the percentage PD-L1+ CAF1-5 (mean ± s.d. of three independent experiments) in (f) (not shown for PD-L2). (g) PD-L1 
expression measured by western blot for PD-L1High CAF2-4. P values (a-b, f) were determined by unpaired two-tailed student’s t-test. (NS: non-significant; *p < .05). N: 
Normoxia; H: Hypoxia.
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Figure 6. Hypoxia potentiates CAF-dependent alteration of CTL-mediated cytotoxicity (a-c) The lysis of T1 melanoma cell line by LT12 CTL clone, pre-treated with 
normoxic or hypoxic CAF1-5 conditioned medium (CM) during 16 hrs, was evaluated by 51Cr release assay at different effector:target (E:T) ratios. Regular culture medium 
was used as control. Data (a-b) are the mean ± s.d. from two independent experiments performed in triplicate. Experiments in (a-b) were performed at the same time 
but separated in two different panels. (c) represents the mean ± s.d. of all T cell-mediated lysis experiments from (a-b) using the normoxic or hypoxic CAF CMs pre- 
treatment of the LT12 CTL clone. (d-e) Granzyme B expression by LT12 CTL clone after 16 hrs incubation with normoxic or hypoxic CAF CMs, measured by flow 
cytometry. Regular culture medium was used as control. A representative flow cytometry histogram using CAF2 CM treatment is shown in (d) and the percentage 
GzmB+ LT12 T cell after treatment with hypoxic or normoxic CAF1-5 CMs (mean ± s.d. of three independent experiments) in (e). N: Normoxia; H: Hypoxia. P values (a-e) 
were determined by unpaired two-tailed student’s t-test. (*p < .05).
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immunosuppressive factors. For example, ARG1 seems to be 
mostly expressed by hypoxic CAF1-2, while ARG2 expression 
is mostly increased in CAF4-5. This particular point might be 
the reflection of the heterogeneity of CAF population between 
patients, but might also be the reflection of the presence within 
the same tumor of distinct subsets of functional CAFs, with 
possible diverse functions, as suggested.63

Finally, we validated the improved immunosuppressive 
potential of hypoxic CAFs by studying their impact on 
T cell-mediated cytotoxicity. We observed that hypoxia 
potentiates the inhibitory effect of CAF CMs on CTL- 
mediated lysis of melanoma tumor cells. Thus, the 
increased secretion of one or several immunosuppressive 
factors by hypoxic CAFs is probably responsible for the 
observed effect. For example, hypoxia might potentially 
increase the alteration of cytotoxic CD8+ T cell function 
by increasing the CAF-dependent secretion of TGF-β, and 
consequently its negative effect on the expression of key 
genes involved in their cytotoxic activity, including per-
forin, or granzymes.64,65 As such, we observed that hypoxic 
CAFs possess a greater capability to decrease GzmB expres-
sion by LT12 CTL, compare to normoxic CAF. However, 
and even if this question is beyond the main point of this 
study and will require further validation, other factors than 
TGF-β and other targets than GzmB are probably involved 
in the enhanced alteration of T cell functionality triggered 
by hypoxic CAFs. For example, pancreatic cancer suffering 
patients with CAFs expressing high levels of Arg2 in HIF- 
1α+hypoxic zones, demonstrate a poor clinical outcome,66 

which to our point of view might be directly related to the 
important inhibition of T cell functions with the TME. 
Furthermore, we believe that the hypoxic CAF secretome 
also influences through different mechanisms other 
immune cell populations within the TME, and potentiate 
their immune suppressive capabilities. As such, targeting 
hypoxia and hypoxic signaling,67 for example using HIF-1 
inhibitors like Acriflavine or PX-478, might be a relevant 
approach to indirectly but broadly target CAF activation 
level with the TME and to decrease, at least partly, the 
hypoxic CAF secretion/expression of immunosuppressive 
factors. In other words, lowering the hypoxic CAF immu-
nosuppressive secretome by targeting tumor hypoxia or for 
example HIF-1 expression by CAFs,68 may help to reduce 
immune effector cell dysfunctions as well as the recruitment 
of immunosuppressive cells in hypoxic zones, thus releasing 
the “brake” for a more effective immune response in com-
bination with therapies targeting immune checkpoints or 
other mechanisms impairing the anti-tumor immune 
response in patients.
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