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ABSTRACT

Whether fibroblasts regulate immune response is a crucial issue in the modulation of inflammatory
responses. Herein, we demonstrate that foreskin fibroblasts (FFs) potently inhibit CD3™ T cell proliferation
through a mechanism involving early apoptosis of activated T cells. Using blocking antibodies, we
demonstrate that the inhibition of T cell proliferation occurs through cell-to-cell interactions implicating
PD-1 receptor expressed on T cells and its ligands, PD-L1 and PD-L2, on fibroblasts. Dual PD-1 ligand
neutralization is required to abrogate (i) binding of the PD-1-Fc fusion protein, (ii) early apoptosis of T cells,
and (iii) inhibition of T cell proliferation. Of utmost importance, we provide the first evidence that PD-1
ligand expression is regulated through proteolytic cleavage by endogenous matrix metalloproteinases
(MMPs) without transcriptional alteration during culture-time. Using (i) different purified enzymatic
activities, (ii) MMP-specific inhibitors, and (iii) recombinant human MMP-9 and MMP-13, we demonstrated
that in contrast to CD80/CD86, PD-L1 was selectively cleaved by MMP-13, while PD-L2 was sensitive to
broader MMP activities. Their cleavage by exogenous MMP-9 and MMP-13 with loss of PD-1 binding
domain resulted in the reversion of apoptotic signals on mitogen-activated CD3* T cells. We suggest that
MMP-dependent cleavage of PD-1 ligands on fibroblasts may limit their immunosuppressive capacity and
thus contribute to the exacerbation of inflammation in tissues. In contrast, carcinoma-associated
fibroblasts appear PD-1 ligand-depleted through MMP activity that may impair physical deletion of
exhausted defective memory T cells through apoptosis and facilitate their regulatory functions. These
observations should be considered when using the powerful PD-1/PD-L1 blocking immunotherapies.
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Introduction
immunity, and autoimmunity.' Fibroblasts isolated from dif-

Stromal cells such as fibroblasts are traditionally viewed as con-
stituents of connective tissues, passively providing structural
and homeostatic support. Fibroblasts are mainly involved in
the synthesis of extracellular matrix (ECM) and in the defini-
tion of the structure of tissue environment. Furthermore, it
becomes evident that fibroblasts may also shape innate and
adaptive immune responses involved in host defense, tumor

ferent anatomic sites have distinct transcriptional patterns and
exhibit different functional properties* such as migrating abil-
ity, ECM production and degradation, and contractility. More
recently, their active role in the control of inflammatory
response has been reported.'”

The immunosuppressive effects of mesenchymal stem cells
(MSCs) is a fundamental property."” shared by adult dermal
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fibroblasts® and mature mesenchymal stromal cells.>” Within
an immune reaction, stromal cells modulate immune cell
behavior by conditioning the local cellular and cytokine milieu.
Fibroblasts control the accumulation, retention, survival, acti-
vation, and differentiation of immune cells in a site-dependent
manner at sites of inflammation. This control is achieved
through cellular cross-talk with immune cells and through their
production of cytokines (IL-1, TGEB, IL-6, and IL-8), chemo-
kines (CCL2 or MCP-1, CXCL1 or Growa, and CXCL10 or IP-
10), enzymes (indoleamine 2,3-dioxygenase, prostaglandin-
endoperoxide synthase 2), prostaglandin E2, and adhesion mol-
ecules.® Fibroblasts derived from sites of chronic inflammation
such as inflamed synovial joints in rheumatoid arthritis patients
possess an imprinted phenotype that is stable in long-term cul-
ture. Fibroblasts modify the quality and the quantity of the
inflammatory infiltrate during the induction of inflammatory
response and influence the switch from acute to chronic
inflammation.”°

At the termination of response, fibroblasts contribute to the
resolution of inflammation by withdrawing survival signals and
normalizing the chemokine gradients, thereby constraining
infiltrating leukocytes to undergo apoptosis or leave the tissue
through draining lymphatics.” Most previous studies have
reported the effects of fibroblasts on lymphocytes in non-malig-
nant”’ and malignant tissues'' through production of cyto-
kines, chemokines, biologically active factors, and chemical
mediators.® Herein, we have focused our interest on the immu-
nomodulatory cross-talk between membrane-associated mole-
cules (e.g. Programmed Death Ligand-1, B7-H1/PD-L1, and
Programmed Death Ligand-2, B7-DC/PD-L2) expressed on
fibroblasts and their receptor PD-1 expressed on T cells. PD-1
expression is induced when T cells become activated,'* as well
as during T cell differentiation toward effector cells."> PD-1 is
expressed on activated T cells including immunosuppressive
CD4" T cells (TReg) and exhausted CD8" T cells, but also on
B cells, myeloid dendritic cells (MDCs), monocytes, thymo-
cytes, and natural killer (NK) cells. This broad PD-1 expression
suggests a wide implication of the PD-1 pathway needed for
effective immunity and maintenance of T cell homeostasis."*
Within the tumor microenvironment, PD-1 is highly expressed
on a large proportion of tumor-infiltrating lymphocytes from
many different tumor types and suppresses local effector
immune responses. Indeed, blockade of the PD-1 pathway was
shown to enhance antitumor immune response.”> As the
expression of PD-L1/-L2 in the tumor environment represents
a major immune escape mechanism, therapy blocking PD-1
has very recently shown unprecedented rates of durable clinical
response in a variety of cancer types.'®'? Of relevance, high lev-
els of PD-L1 expression in the tumor microenvironment appear
predictive of a better clinical response to therapies targeting the
PD-1/PD-L1 pathway.'””°* In addition to its expression on
tumor cells, PD-L1 is also expressed on B cells, DCs, macro-
phages and T cells, and is upregulated after their activation.
PD-L1 is also detected on several non-hematopoietic cell types
including lymphatic and micro-vascular endothelial cells,”>**
pancreatic islet cells,” and keratinocytes in particular upon
cytokine exposure.”® The expression of PD-L2 was initially
thought to be restricted to antigen-presenting cells (APCs)
such as macrophages and DCs.”” However, PD-L2 expression

can be induced on a wide variety of other immune cells and
non-immune cells depending on environmental stimuli."” As
PD-L2 is generally expressed at lower level, PD-L1 is still con-
sidered the more dominant negative inhibitory molecule.*®
although relative PD-L1/PD-1 affinity is lower than PD-L2/
PD-1.* MSCs, normal fibroblasts, human colonic fibroblasts in
gut mucosa, and also non-small-cell lung tumor-associated
fibroblasts constitutively express PD-L1 and PD-L2.'%%
Although PD-1 ligand expression on stromal cells is relatively
well known, their function in immune regulation remain
largely elusive either in a chronic inflammatory context or in a
tumor microenvironment.

Herein, we focused our interest on a population of dermal
fibroblasts, the infant FFs. We provide evidence that, upon cul-
ture, FFs express PD-L1 and PD-L2 which are upregulated in
vitro by pro-inflammatory cytokines. We also report that simi-
larly to murine® and human® MSCs, FFs suppress activated
CD3* T cell proliferation. This inhibitory effect was due to the
induction of early apoptotic signals on mitogen-activated T
cells through a cell-to-cell contact involving PD-1 inhibitory
molecule on T cells and its ligands PD-L1 and PD-L2 on FFs.
More importantly, and for the first time to our knowledge, we
demonstrate that MMPs, mainly MMP-13, modulate the
expression of both PD-1 ligands through the cleavage of their
PD-1 binding domain. Taken together, these novel data suggest
that PD-1 ligands expressed by fibroblasts are among the criti-
cal processes that suppress T cell response in inflamed or dis-
eased tissues. Furthermore, disruption of this pathway by
MMPs might lead to exacerbated inflammation associated with
severe tissue damage and/or impaired physical deletion of
exhausted defective memory T cells through apoptosis by driv-
ing the increase of the magnitude of T cell response.

Results

Both irradiated and non-irradiated infant foreskin
fibroblasts express PD-1 ligands able to interact with the
soluble PD-1-Fc fusion protein

Our study was performed with 30 Gray-irradiated infant fore-
skin fibroblasts (y-FFs) instead of non-irradiated FFs in order
to strictly abrogate fibroblast proliferation without affecting
their immunosuppressive capacity, as reported on bone
marrow-derived mesenchymal stem cells (BM-MSCs).>>*
Flow cytometry analysis showed that y-FFs retain similar phe-
notype compared to non-irradiated cells: (i) expression of mes-
enchymal markers (CD73, CD90, and CD105), (ii) lack of
hematopoietic and co-stimulatory molecules (CD45, CD80,
and CD86), (iii) lack of other lineage markers (CD34, MASC-1,
and low CD146) (Fig. S1A), and (iv) constant expression of
MHC class I molecules (HLA-A, B, C) and absence of MHC
class II (HLA-DR) molecules (Fig. 1A). Like non-irradiated
FFs, y-FFs respond to pro-inflammatory cytokines with strong
upregulation and induction of MHC class I and MHC class II
(HLA-DR) expression respectively in response to IFNy and
low MHC class I upregulation in response to TNFa, while
CD80 and CD86 were not induced (Fig. S1B). These results
showed that y-FFs behave like non-irradiated FFs.
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Figure 1. Infant foreskin fibroblasts express PD-L1 and PD-L2 molecules and bind
PD-1-Fc fusion protein. (A) PD-L1 and PD-L2 expression on infant foreskin fibro-
blasts (FFs) is not modulated by a 30 Gray-irradiation after 3-5 passages. The
expression of surface markers was analyzed by flow cytometry on FFs that were
irradiated or not and cultured for 48 h under an identical seeding concentration.
Flow histograms are representative of n = 3 independent experiments. Filled his-
tograms showed isotype control staining and open histograms showed the specific
expression of the indicated cell surface marker. Mean Fluorescence Intensity (MFI)
values are indicated upper left for isotype mAb and upper right for specific
markers. (B) Frequency of PD-L1 and PD-L2 expression, and of PD-1-Fc fusion pro-
tein binding on 30 Gray-irradiated infant foreskin fibroblasts. The frequency of cells
expressing PD-L1, PD-L2, and binding PD-1-Fc fusion protein was analyzed by flow
cytometry on y-FFs after 24 h of culture under an identical seeding concentration.
Each symbol represents a different FF donor, n = 14 independent donors are
shown.

Importantly, we showed that FFs expressed significant levels
of PD-L1 and PD-L2 that were not modulated upon y-irradia-
tion (Fig. 1A). As a first evaluation of the relevance of PD-L1
and PD-L2 expression on y-FFs, we investigated the binding of
soluble PD-1-Fc fusion protein. Among 14 different y-FFs, the
frequency of PD-1-Fc* y-FFs ranges from 66.3 to 83.4%
(78.1 £ 11.3%) and the percentages of y-FFs expressing PD-L1
(729 £ 17.5%) and PD-L2 (81.7 £+ 12.5%) were similar.
(Fig. 1B)
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The PD-1-Fc binding on y-FFs (Fig. 2A-E) was marginally
affected by pre-incubation with anti-PD-L1 monoclonal anti-
body (mADb) (less than 9.5% inhibition whatever the concentra-
tion of mAbs used (Fig. 2B-E) and massively abrogated by pre-
incubation with anti-PD-L2 mAb (more than 89.6% inhibition
whatever the concentration of mAbs used (Fig. 2C-E) and
totally abrogated by pre-incubation with both anti-PD-L1
(50 ng/mL) and anti-PD-L2 (10 to 50 ug/mL) mAbs (less than
1% of positive y-FFs e.g., more than 98.7% inhibition (Fig. 2D-
E). Pre-incubation with mixed IgG,, (50 ng/mL)/IgG,;, (10 to
50 png/mL) isotype-matched controls did not change the PD-1-
Fc binding on y-FFs (Fig. 2E). The same observation was made
when analyzed in mean fluorescence intensity (MFI) (Fig. 2F).
This abrogation was still complete with very low concentrations
of PD-L2 mAb (40 ng/mL) and 50 pg/mL PD-L1 mAb (data
not shown). Similar profiles of mAb-dependent blockade of
PD-1-Fc binding were obtained when y-FFs were harvested
either through an enzymatic cell dissociation buffer (trypsin/
EDTA) or through an EDTA-based chelating agent
(Versene™) (Fig. S2). Although anti-PD-L2 mAb is indeed the
dominant blocking mAb, both anti-PD-L1 and anti-PD-L2
mAbs were required to reach a complete blockade of PD-1-Fc
binding.

Non-irradiated FFs and y-FFs shared a similar surface
marker profile, and expressed PD-L1 and PD-L2 retaining the
capacity to bind a soluble PD-1-Fc fusion protein. The abro-
gation of the binding to PD-1-Fc fusion protein required addi-
tive blockade by anti-PD-L1 and anti-PD-L2 mAbs.

Pro-inflammatory cytokines upregulate the expression of
PD-1 ligands on infant foreskin fibroblasts

We next showed that PD-L1 expression was specifically upre-
gulated in response to IFNy (Fig. 3, Fig. S3 and S4), while PD-
L2 expression levels were increased by IFNy, TNFq, IL-1e, and
TGEFp resulting in potent increase in PD-1-Fc binding in
response to most pro-inflammatory cytokines (Fig. 3B and
Fig. S3B). The addition of IFNy to TNF« and IL-la did not
favor a greater increase in PD-L2 expression (Fig. S4A), but
resulted in a greater increase in PD-1-Fc binding (Fig. S4B).
y-FFs retained the ability to respond to pro-inflammatory cyto-
kines and consequently, to increase the PD-1-ligand interac-
tions to the soluble PD-1-Fc fusion protein. PD-L1 expression
was enhanced only by IFNy while PD-L2 expression was more
slightly enhanced by other cytokines.

y-irradiated infant foreskin fibroblasts suppress mitogen-
activated T-cell proliferation through early apoptosis

The effect of y-FFs on CD3* T cell proliferation and activation
in presence of the mitogen PHA was examined, as previously
reported.® The y-FFs were plated at three different densities
and cultured for 24 h/48 h before successive additions of Car-
boxyfluorescein succinimidyl ester (CFSE)-stained T cells and
of the mitogen PHA. We observed that y-FFs inhibited PHA-
stimulated CD4" and CD8" T cell proliferation in a dose-
dependent manner (Fig. 4A1-2). The suppression was potent
as the inhibitory effects were already significant at a ratio of
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Figure 2. Binding of PD-1-Fc fusion protein on 30 Gray-irradiated infant foreskin fibroblasts is abrogated by anti-PD-1 ligand mAbs. The binding of PD-1-Fc fusion protein
(PD-1-Fc) to y-FFs was analyzed before (i and ii) and after (from iii to viii) exposure to blocking anti-PD-L1 (clone 29E2A3) and/or anti-PD-L2 mAbs (clone 24F10C12). Rep-
resentative dot plots showing isotype control (i, iii, v, and vii) and PD-1-Fc binding (ii, iv, vi, and viii) on y-FFs non pre-incubated (A) or pre-incubated with PD-L1 (B), PD-
L2 (C), and both PD-L1 and PD-L2 (D) blocking mAbs. (A-D) Representative flow histogram overlay of PE-GAH-Fc control (filled histograms) and of PD-1-Fc + PE-GAH-Fc
(open histograms). Mean Fluorescence Intensity (MFI) values are indicated upper left for negative control and upper right for PD-1-Fc. (E) Frequency and (F) MFI of posi-
tive cells showing binding to PD-1-Fc fusion protein. PD-1-Fc binding was neutralized by anti-PD-L1 (open circle), anti-PD-L2 alone (open square) or combined to 50 pg/
mL anti-PD-L1 (closed triangle) blocking mAbs at the indicated concentrations. Closed circle on dotted lines represent isotype-matched controls (mixed IgG,, (504g/mL)/
IgG,) and large dotted lines represent PE-conjugated goat anti-human immunoglobulin Fc portion (PE-GAH-Fc) alone. Data are representative of n = 3 independent
experiments (n = 2 y-FF donors). Bars represent the SD. **p < 0.01 and ***p < 0.001.

1.25 y-FFs to 100 T cells and more visible on the CD4™" T cells
(77.9 £ 2.6% inhibition) than CD8" T cells (56.1 £ 3.7%
inhibition).

Next, we pre-incubated y-FFs in presence of pro-inflamma-
tory cytokine cocktails (TNFo + IL-1er or IFNy + TNFo + IL-
la) to increase PD-1 ligand expression (Fig. S4). Cytokine pre-
stimulation of y-FFs did not lead to a significant increase in the
y-FFs-mediated suppression of activated CD4™" T cell prolifera-
tion and activated CD8" T cell proliferation (except for the
TNFa + IL-1oe + IFNy cocktail), in a ratio-dependent manner
(Fig. 4A1-2). At a ratio of 2.5 y-FFs pretreated with TNFa/IL-
la to 100 T cells, the percent inhibition was 71.4+4.0% and
53.541.0% for CD4" and CD8™ T cells, respectively. At a simi-
lar y-FE:T cell ratio, when y-FFs were pretreated with TNFo +
IL-1a + IFNy, the CD4" T cells and the CD8" T cells were
similarly suppressed with 75.7 + 2.3% and 747 + 5.9%

inhibition, respectively (Fig. 4A1-2). Although y-FF pretreat-
ment with cytokine cocktails leads to a high increase of PD-1
ligand expression (Fig. S4), upregulation of MHC molecules
may also be induced (Fig. S1) and other soluble mediators may
be released (data not shown) which may partly compensate for
the increase of PD-1 engagement.

To determine the mechanism by which y-FFs suppressed
both activation and proliferation of T cells cultured in presence
of PHA, in CD4" and CD8" T cell subsets we compared: (i)
the absolute cell numbers, (ii) the percentage of dividing cells,
and (iii) the Proliferation Index (PI) of the proliferative
response assessed by CFSE dilution. We compared culture con-
ditions in absence of y-FFs or in presence of non-treated and
treated y-FFs by TNFa + IL-loe +/— IFNy. At a ratio 5
y-FF:100 T cells (Fig. 4B1-2), we observed a decrease of 32—
34% of the PI for the CD4" T cells and the CD8" T cells,
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Figure 3. At low seeding density, 30 Gray-irradiated infant foreskin fibroblasts upregulate PD-1 ligand expression and their capacity to bind PD1-Fc fusion protein in pres-
ence of pro-inflammatory cytokines. y-FFs seeded at 7 x 10%/cm? were maintained in culture for 2 d in presence of pro-inflammatory cytokines (IFNy, TNFe, IL-1c, IL-18,
TGFB1, and IL-17A). Expression levels of PD-1 ligands and binding capacity of PD-1-Fc were detected by flow cytometry. (A, B) Representative flow histogram overlay
showing isotype control staining (filled histograms) and specific expression of PD-L1 and PD-L2 (open histograms). Mean Fluorescence Intensity (MFI) values are indicated
upper left for isotype mAb and upper right for specific markers. (C) Representative flow histogram overlay showing control staining with PE-GAH-Fc (filled histograms)
with MFI value in upper left and PD-1-Fc binding (open histograms) with MFI value in upper right. Cytometry data are representative of n = 3 independent experiments.

respectively. A similar distribution of the CFSE profile for every
T cell subpopulation whatever the pre-treatment of y-FFs by
TNFa + IL-1la +/— IFNy suggest identical number of T cell
division for CD4™ T cells and for CD8™ T cells, respectively. In
contrast, we observed an important reduction of the absolute
numbers of CD4" T cells and CD8* T cells in presence of
y-FFs. Fig. 4A1-2 showed summary data at the three different
y-FFs to target CD3" T cell ratios. These results suggest that
y-FFs suppressed T cell proliferation by limiting the number of
T cells initially entering in division and that the non-dividing T
cells are lost. One hypothesis is that the immunosuppression of
y-FFs occurred at a very early step of T cell proliferation by
increasing early apoptosis and limiting the number of T cells
retaining the ability to achieve proliferation in response to the
mitogen.

We then examined whether y-FFs triggered apoptosis of
short time PHA-activated T cells. The percentage of early apo-
ptotic T cells was assessed (DAPI-/Annexin V* CD3% T cells)
after 3 h of co-culture without PHA addition and 17 h of co-
culture in presence of PHA (20 h) (Fig. S5). In presence of
y-FFs, a strong increase of apoptosis (p < 0 .05) was observed
(Fig. 4C) at 20 h including 17 h of PHA activation. In the
CD4™ T cell subset, 58.8+5.2% of cells were DAPI”/Annexin
V™ with y-FFs versus 27.648.0% without y-FFs. In the CD8™
T cell subset, 66.3+7.4% of cells were DAPI™/Annexin V* with
y-FFs vs. 33.949.0% without y-FFs. Similar results were
observed after a pre-incubation of y-FFs with TNFa (100 ng/
mL) that was chosen in order to selectively favor the upregula-
tion of PD-L2 and PD-1 binding and not that of PD-L1
(Fig. 4C). These data confirmed that y-FFs limited the number
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of T cells capable of proliferation by increasing T cell apoptosis
at a very early stage of T cell proliferation.

PD-L1 and PD-L2 blockade on y-irradiated FFs reverts the
inhibition of T cell proliferation and the induction of T cell
apoptosis

Previous functional studies reported that PD-L1 and PD-L2
exert overlapping effects on T cell response.”” To assess the
functional significance of the expression of PD-1 ligands on
y-FFs, we examined the impact of anti-PD-L1 and anti-PD-L2
neutralizing mAbs in y-FFs-mediated suppression of PHA-
stimulated CD3% T cell proliferation. A pre-incubation of
y-FFs with both blocking anti-PD-1 ligand mAbs but not iso-
type controls, partially restored PHA-stimulated CD4™ T cell
numbers, but increased rescue was observed in presence of
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TNFa-treated y-FFs expressing more PD-L2 (p < 0 .01 at both
ratios) (Fig. 5A1-2). Of importance, the restoration was com-
plete in the CD8™ T cell subset, even more strikingly when co-
cultured with TNFa-treated y-FFs. Following PD-1 ligand
blockade, the functional influence of the diverse array of small
molecules secreted by TNFa-treated y-FFs (growth factors, chi-
miokines, and cytokines) and direct cell-cell contact might pro-
mote specific CD8" T cell proliferation. Collectively, these data
demonstrate that y-FFs-mediated suppression of PHA-stimu-
lated CD3 T cell proliferation involved PD-1 ligands.

We then analyzed the consequences of PD-1 ligand blockade
on y-FFs-induced apoptosis of PHA-activated CD3" T cells
(Fig. 5B1-2). Neutralization with mixed anti-PD-L1 and anti-
PD-L2 mAbs, but not isotype-matched controls, significantly
reduced the percentage of early apoptotic T cells triggered by
y-FFs. Indeed, the y-FFs induced apoptosis decreased from
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Figure 5. PD-L1 and PD-L2 blockade by mAbs reverts the inhibition of T cell proliferation and the induction of T cell apoptosis triggered by 30 Gray-irradiated infant fore-
skin fibroblasts. (A1, A2) PHA was added to a co-culture of y-FFs pre-treated or not with TNFo and CD3™ T cells at different ratios of 2.5 y-FFs:100 T cells and 5 y-FFs:100
T cells. Flow cytometry analysis of the number of the total bulk CD3™ T cells, co-labeled with anti-CD4 and anti-CD8 mAbs was performed after 7 d of co-culture in the
presence or not of anti-PD-L1 (clone 29E23A3)/anti-PD-L2 (clone 24F10C12 ) mAbs or isotype control antibodies (mouse 1gG,./IgG,y). Results are mean + SD of the num-
ber of CD4™ cells and CD8™ T cells within the CD3™ T cells and are representative of three independent experiments. Bars represent the SD, **p < 0.01. (B1, B2) The
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PE-Annexin V, and then analyzed by flow cytometry. Results are representative of n = 3 independent experiments. Bars represent the SD. “p < 0.05, *p < 0.01.
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13.7+£1.7% to 8.1+£1.6%, p < 0 .01 (2.5 y-FF:100 T cell ratio)
and from 33.84+4.5% to 24.0+3.3%, p < 0 .01 (5 y-FF:100 T
cell ratio) in the CD4™ T cell subset. In the CD8™ T cell subset,
y-FFs induced apoptosis decreased from 20.64+1.1% to 13.4+
1.8%, p < 0.05 (2.5 y-FF:100 T cell ratio) and from 28.6+2.4%
to 22.2£2.5%, p < 0 .01 (5 y-FF:100 T cell ratio) (Fig. 5B1-2).
These experiments confirm that both PD-L1 and PD-L2
expressed on y-FFs play a role in the induction of early apopto-
sis of PHA-activated T cells co-cultured with y-FFs.

PD-1 ligand expression is lost on y-irradiated infant
foreskin fibroblasts as a function of time and cell-seeding
density

By contact-inhibition, primary fibroblasts can be induced into
reversible quiescence, but unlike most primary cells, fibroblasts
remain healthy and highly active metabolically in culture in a
quiescent state for as long as 30 d with little apoptosis or senes-
cence.”®® We investigated the impact of cell density and cul-
ture time on PD-1 ligand and CD10 expression. CD10 was
chosen as a reference surface molecule on y-FFs. y-FFs were
cultured at the seeding cell concentration of 13 x 10°/cm® and
analyzed for PD-L1 and PD-L2 expression and PD-1-Fc bind-
ing by flow cytometry (frequency and MFI) on day 1, day 4,
and day 14 of culture. A progressive loss of PD-L1 and PD-L2
expression and PD-1-Fc binding (both percentages (Fig. 6B)
and relative MFI values (Fig. 6C) was observed from day 1 up
to day 14 on DAPI™ adherent fibroblasts. The loss for PD-L1
expression level (loss of 63.8% PD-L17 cells and of 54.2% MFI
ratio), that of PD-L2 (loss of 64.7% PD-L2" cells and of 47.9%
MFI ratio) and that for PD-1 binding (loss of 75.3% positive
cells and of 53.9% MEFI ratio) were significantly observed on
day 4 at that seeding cell density (13 x 10°/cm?®) (Fig. 6B-C).
CD10 expression level remained stable from day 1 to day 14 of
culture (loss of 3.7% CD10" cells and of 2.3% MFI ratio)
(Fig. 6B-C). We controlled whether the loss of expression level
of PD-1 ligands was related to changes in RNA copy number
along the culture-time. CD10 was kept as a reference molecule.
The copy number of PD-1 ligands and CD10 was assessed via
droplet digital PCR (ddPCR) that is more sensitive than real-
time PCR and enables the absolute quantitation of nucleic
acids. The copy numbers/uL increased from day 1 to day 14
for PD-L1, PD-12, and CDI10 in the three y-FF donors
(Fig. 6A). ddPCR shows an increase of the PD-1 ligand gene
expression levels suggesting that the observed progressive loss
of PD1 ligand cell surface expression cannot be due to an
altered transcription.

In order to exclude a loss of cell viability/integrity during the
14 d of culture, we performed detailed analyses of DAPI exclu-
sion, Annexin V binding and senescence. Through all the
study, PD-1 ligand expression was studied on DAPI™ adherent
y-FFs, thus the loss of PD-L1 and PD-L2 cannot be related to a
loss of viability (Fig. S6A-B). Furthermore, Annexin V binding
to phosphatidylserine (PS) translocated to the outer cellular
surface was analyzed on DAPI™ cells and revealed that the cells
were 61.8+7.1% Annexin V' on day 1, 32.4+3.0% on day 4
and 19.8+4.6% on day 14 (Fig S6C-D). As expected, because
FFs were y-irradiated adherent cells were all senescent as
revealed by senescence-associated p-galactosidase (SA-S-gal)

activity (Fig S6E-G) and y-FFs remain metabolically active and
resistant to apoptosis as described.*’

We next examined whether this loss of PD-1 ligand expres-
sion was dependent on cell seeding density. y-FFs were cul-
tured at different densities (from 7 x 10°/cm?® to 140 x 10°/
cm?) and PD-1 ligand expression was analyzed on day 1 (refer-
ence day with optimal expression) and day 4 of culture (Fig. 7).
After 4 d of culture, y-FFs showed a significant decrease of
both PD-1 ligand expression at the seeding concentration of 35
x 10%/cm® (Fig. 7A3-4, B3-4) (loss of 49.6% of PD-L17" cells
and 48.7% of PD-L2" cells). On day 4, the loss of PD-1 ligand
expression was observed from the lowest (35 x 10°/cm?) to the
highest (140 x 10°/cm?) seeding concentrations, with a nearly
complete loss of expression at the highest seeding density
(Fig. 7A1-2, B1-2). These data indicated that the loss of PD-1
ligand expression on y-FFs was culture time-dependent and
cell-seeding density-dependent.

Loss of PD-L1 and PD-L2 expression on y-irradiated infant
foreskin fibroblasts involved matrix metalloproteinases 9
and 13

In order to decipher the mechanisms of PD-1 ligand loss, we
then investigated whether PD-L1 and PD-L2 would undergo
extracellular domain proteolytic cleavage by enzymes endowed
with MMP-like proteolytic activity that would be secreted by
cultured y-FFs. At first, in order to mimic MMP-proteolytic
activity, we selected three enzymes: (i) a highly purified collage-
nase (CLSPA) with collagenase activity similar to that of the
MMP-1, MMP-8 and, MMP-13 sub-group, (ii) Dispase II®
with a proteolytic activity found in the gelatinase MMP-2 and
MMP-9 sub-group, and (iii) Thermolysin with additional enzy-
matic activities such as aspartyl proteinase-like activity found
in the Collagenase-3/MMP-13.

The highly purified collagenase (CLSPA) had no effect on
PD-1 ligand expression nor on PDI1-Fc binding on y-FFs
(Fig. 8A-B). In contrast, pre-incubation with Dispase II®
resulted in a complete loss of PD-L2 detection and a strong
decrease of PD-1-Fc binding (1742.1% of PD-1-Fc" cells with
2 U/mL Dispase I1®), while PD-L1 expression remained nearly
unchanged (68.243.1% of PD-L1™ cells with 2 U/mL Dispase
II, versus 80+1.6% of PD-L1" cells without enzymatic treat-
ment) (Fig. 8A-B). Using 200 pg/mL Thermolysin, both PD-1
ligands were strongly cleaved (37.64+3.0% of PD-L1* cells;
0.2£0.06% of PD-L2™ cells) resulting in complete loss of PD-1
binding (0.740.4% of PD-1-Fc™ cells) (Fig. 8A-B). PD-L2 and
consequently, PD-1-Fc fusion protein binding, were more sen-
sitive to cleavage in presence of Thermolysin than PD-L1 (0.9+
0.1% of PD-L2" cells and 28.9+3.5% of PD-1-Fc* cells vs.
78.943.8% of PD-L1" cells in presence of 50 ;g/mL Thermoly-
sin) (Fig. 8B). Similar pattern of cleavage by the three enzymes
(collagenase/CLSPA, Dispase I1I®, and Thermolysin) was
obtained when y-FFs were pre-fixed with 2% PFA confirming
that PD-L1 and PD-L2 expression but not CD10 expression are
regulated through proteolytic cleavage (Fig. S7). This demon-
strated that the expression of PD-1 ligands is affected by
enzymes with aspartyl proteinases and to a lesser extent, gelati-
nase-like MMP activities (in particular PD-L2 molecule was
cleaved by Dispase II®), but not collagenase activities.
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Figure 6. PD-L1, PD-L2, and CD10 transcript quantitation by droplet digital PCR and loss of PD-L1 and PD-L2 expression, and of the capacity to bind PD-1-Fc fusion pro-
tein on 30 Gray-irradiated infant foreskin fibroblasts after 4 d and 14 d of culture. Under similar seeding cell density (13 x 10%/cm?) y-FFs (three donors) were maintained
in culture for 1, 4, and 14 d (A) Purified total RNA of y-FFs were examined. All RNAs were quantified by droplet digital PCR and all transcript concentrations are given in
copy number/uL (B) Frequency of CD10™, PD-L1%, and PD-L2" cells and frequency of positive cells showing a binding to PD-1-Fc at different times of culture were
detected by flow cytometry. (C) Mean fluorescence intensity (MFI) ratio = MFI of cells after labeling with anti-CD10 PE-mAb, anti-PD-L1 PE-mADb, and with anti-PD-L2 PE-
mAb: MFI of cells incubated with PE-IgG, isotype. MFI ratio = MFI of cells after binding with PD-1-Fc fusion protein + PE-conjugated goat anti-human immunoglobulin
Fc portion (PE-GAH-Fc):MFI of cells incubated with PE-GAH-Fc. Summation data of three y-FF donors are shown and representative of n = 3 independent experiments.

Bars represent the SD. *p < 0.05, ***p < 0.001.

We controlled the cellular and molecular specificity of colla-
genase/CLSPA, Dispase II®, Thermolysin activities on 2%
PFA-pre-fixed monocyte-derived dendritic cells (Mo-DCs).
Similarly to y-FFs, PD-L1 expression and PD-1-Fc binding are
negatively regulated by a high concentration of Thermolysin
(>100 pg/mL). CD80 and CD86 expression underwent no sig-
nificant downregulation with the three enzymes.(Fig. S8).

To further define which MMP-subgroup contributes to
PD-1 ligand expression, we used MMP inhibitors with dif-
ferent specificities. As shown in Fig. 9 (Fig. 9A1-2), only
the MMP-13 specific inhibitor (CL82198) significantly (p <
0 .05) restored PD-L1 expression (20.6£5.9% recovery of
the frequency of PD-L1" cells from day 1 to day 4 in pres-
ence of 12 pug/mL CL82198) when compared to the other



€1091146-10 C. DEZUTTER-DAMBUYANT ET AL.

A1

100+

Loss of positive cells (%)
from day1 to day4

- PD-L1day1
= PD-L1day4
o.
u.

IgG1 day 1
lgG1 day 4

80

PD-L1-positive cells (%)

B 1_." Loss of positive cells (%)

- PD-L2 day 1

from day1 to day4 = PD-L2day4
@ lgG1 day 1

100+ ‘8 IgG1 day 4

80

..I----...__“

PD-L2-positive cells (%)

40
204
of
+88—8— a2 T 8 +88—8— & T 8-
0 50 100 150 0 50 100 150
seeding concentration x 10%/cm? seeding concentration x 10%cm?
A2150- =~ PD-L1day1 Bz 100+ - PD-L2 day 1
- PD-L1day4 - PD-L2day4
o -@- lgG1day 1 ] 80+ -0 IgG1day1
2 1004 -8 1gG1day 4 3 8 1gG1day 4
g g
L L
=] =]
™ ™
= =
0 T T 1 0 T T 1
0 50 100 150 0 50 100 150
seeding concentration x 10%/cm? seeding concentration x 10%cm?
PE-IgG1 PE-IgG1
MFI: upper left ™ sper left)
A3 o1 pigee B3 pays 0 o
T e |“ (MFI: upper right) 1 v o | vl {MF1: uppar right}
+m’ | 15 A\ 122 +'n’i ' |15 55
= 2 2| / =3 1 b A
@ 2 18 . \ o’ 4 | w0 P
:cs“w' ,‘ 10 r" . _J"f \\ g'u' 4 ' ke / "\\
0| 4 RE NRC) M i £ ¥ A \ ol ™ wous ol T weam| | AL N
R g e @ & BEET g B ¢ ¢ ¢ e
A4 oxs B4 oays
A|iii i% 25 a| AV | Vi “25 N a4
§nm’ 4 10? 5 ™ | g;u’ py w'| 4 @ \
EIGI .", 10’ "’ :: l'l‘ ém‘. '*, '] .‘ :: \.‘
] 40.08| .0 %36.24) 4 5 T, %008 ,° % 34.21 X,

Bt peofyig f W o

3 4 o ' z a
o

PR Sy o .1 2 E :
I&E-‘IngGm 10 “ BeBollo! ic n o i) w o

Figure 7. High seeding density of 30 Gray-irradiated infant foreskin fibroblasts favored the loss of PD-L1 and PD-L2 expression between day 1 and day 4 of culture. Under
different seeding cell concentrations (7 x 10% 14 x 10% 35 x 10% 70 x 10% 140 x 10%/cm?), y-FFs were maintained in culture for 1 and 4 d. Expression levels of PD-1
ligands were detected by flow cytometry. (A1, B1) Frequency of PD-L1 (A1) and PD-L2 (B1) positive cells, and isotype controls (PE-IgG;). Loss of positive cells was calcu-
lated between day 1 and day 4 at each seeding density (dotted line). (A2, B2) Mean fluorescence intensity (MFI) of positive cells after labeling with anti-PD-L1 PE-mAb
(A2) and with anti-PD-L2 PE-mAb (B2). (A3, A4, B3, B4) For a seeding concentration of 35 x 10%/cm?, representative dot-plots showed isotype control (i,iii) and PE-PD-L1
mADb (ii,iv) on y-FFs on day 1 (A3) and day 4 (A4), respectively. Representative flow histogram overlay showed isotype control (filled histograms) with MFI value in upper
left and PE-PD-LT mAb (open histograms) with MFI value in upper right. Representative dot-plots showed isotype control (v,vii) and PE-PD-L2 mAb (vi,viii) on y-FFs on
day 1 (B3) and day 4 (B4), respectively. Representative flow histogram overlay showed isotype control (filled histograms) with MFI value in upper left and PE-PD-L2 mAb
(open histograms) with MFI value in upper right. Cytometry data are representative of n = 2 independent experiments.

MMP inhibitors tested (actinonin, SB3CT, NNGH, Z-Pro-
Leu-Gly-NHOH and GM6001) (Fig. 9A1). In contrast, PD-
L2 expression was partially restored by three MMP inhibi-
tors (22.9 £ 1.7% recovery for CL82198, 12.2 £ 3.0% for
actinonin, and 12.740.2% for NNGH) (Fig. 9B1). For both
PDLI and PDL2, similar patterns were observed on day 4
only and CL82198 significantly (p < 0 .05) restored their
expression when compared to the other MMP inhibitors.
(Fig. 9A2, B2)

As the expression of both PD-1 ligands was signifi-
cantly restored by the specific inhibitor of MMP-13
(CL82198), we suggested that MMP-13 was implicated in
the shedding/cleavage of PD-L1 and PD-L2 on the
y-FFs.

PD-L1 and PD-L2 cleavage by exogenous MMP-9 and
MMP-13 on y-irradiated infant foreskin fibroblasts reverts
apoptotic signals on mitogen-activated T cells

Based on above results, we focused our interest on the MMP-9
with a gelatinase activity, and the MMP-13 with wider proteo-
lytic capacities.*’** To block endogenous MMPs, y-FFs were
pre-fixed with 2% PFA. Both MMP-9 and MMP-13 were found
to partially but significantly cleave PD-L1 and PD-L2. The per-
centage of PD-L17 fixed y-FFs decreased from 48.6 & 2.8% to
39.4 £ 0.1% and to 31.1 & 2.01% in presence of MMP-9 and
MMP-13, respectively. The percentage of PD-L2% cells
decreased from 49.8 £ 0.2% to 40.2 =+ 2.7% and to 36.8 £
0.4% in presence of MMP-9 and MMP-13, respectively
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Figure 8. Cleavage/shedding of PD-L1, PD-L2, and PD-1-Fc binding by exogenous enzymes with MMP-like activities. After 1 day of culture, y-FFs were maintained at 37°C
in suspension in presence of different concentrations of chromatographically purified collagenase (CLSPA, 500 and 1000 U/mL), Dispase II® (0.5, 1, and 2 U/mL), and Ther-
molysin (50, 100, and 200 pg/mL) for 1 h. Expression levels of PD-1 ligands and binding capacity of PD-1-Fc were detected by flow cytometry. (A) Representative flow his-
togram overlay showed isotype control (filled histograms) with MFI value in upper left and PE-PD-L1 mAb/PE-PD-L2 mAb (open histograms) with MFI value in upper right.
Representative flow histogram overlay showed PE-GAH-Fc control (filled histograms) with MFI value in upper left and PD-1-Fc 4+ PE-GAH-Fc (open histograms) with MFI
value in upper right. (B) Frequency of PD-L1T, PD-L2" cells, and PD-1-Fc-binding cells after cleavage by collagenase (CLSPA), Dispase lI®, and Thermolysin. Data are repre-

sentative of n = 3 independent experiments. Bars represent the SD. “p < 0.05.

(Fig. 10A-B). Similarly, both MMPs significantly decreased the
percentage of PD-1-Fc* fixed y-FFs from 36.0 £ 2.2% to 21.7
=+ 2.6% and to 21.0 & 0.9% in presence of MMP-9 and MMP-
13, respectively (Fig. 10C). This result showed that PD-1-bind-
ing domains of both PD-1 ligands are partially but significantly
cleaved by MMP-9 and by MMP-13.

We controlled the cellular and molecular specificity of
MMP-9 and MMP-13 activities on 2% PFA-pre-fixed Mo-DCs.
Both MMP-9 and MMP-13 were found to partially but signifi-
cantly decrease the percentage of PD-1-Fc* PFA-prefixed Mo-
DC from 49.9 £ 2.2% to 39.5 & 3.6%, and to 23.7 & 0.1% in
presence of MMP-9 and MMP-13, respectively (Fig. S9). CD80,
CD86, and PD-L1 expression was non-significantly decreased
through both MMP proteolytic cleavage.(Fig. S9).

We then assessed the impact of MMP-9 and MMP-13 on
y-FFs-mediated early apoptosis of PHA-activated T cells.
MMP-9 treatment of y-FFs induced a decrease in the percent-
age of early apoptotic T cells, for both y-FF:T cell ratios tested.
The percentage of early apoptotic CD4™ T cells decreased from
26.9 £ 3.3% to 18.2 £ 0.3%, p < 0 .05 with the ratio 5 y-FF:100
T cells while that of CD8" T cells decreased from 50.5 & 9.6%
to 28.5 £ 0.6%, p < 0 .05 with a similar ratio (Fig. 10D-E).
Similarly, y-FFs-treatment by MMP-13 induced a decrease in
the percentage of early apoptotic CD4™ T cells (from 26.9+
3.3% to 17.4 + 0.1%, p < 0 .05 with the ratio 5 y-FF:100 T cells
and CD8" T cells subset (from 50.5 + 9.6% to 26.8 + 1.4%, p
< 0 .05 with a similar ratio) (Fig. 10D-E). These data demon-
strate that MMP-9 and MMP-13 cleaved PD-1 ligands
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Figure 9. The specific MMP-13 inhibitor CL82198 significantly restored PD-L1 and PD-L2 expression on 30 Gray-irradiated infant foreskin fibroblasts maintained in culture
for 4 d. After 1 day of culture at 37°C, y-FFs were further cultured for 4 d at 37°C in presence or not of MMP inhibitors (without any medium change). Six MMP inhibitors
were tested at two different concentrations. Expression levels of PD-L1 and PD-L2 were detected by flow cytometry on y-FFs on day 1 and day 4. (A1, B1) Recovery (%) of
the frequency of PD-L1* and PD-L2™ cells after 4 d of culture in presence of the MMP inhibitors. (A2, B2) Recovery (%) of mean fluorescence intensity (MFI) value of the
PD-L1" and PD-L2" cells cultured in presence of MMP inhibitors for 4 d. Results are representative of n = 4 independent experiments. Bars represent the SD *p < 0 .05
between CL82198 12 ng/mL (black histogram) and all other concentrations of MMP inhibitors tested (Actinonin, SB3CT, NNGH, Z-Pro-Leu-Gly-NHOH, GM6001).

(Fig. 10A-C) and consequently, abrogate y-FFs-induced T cell
apoptosis.(Fig. 10D-E)

Carcinoma-associated fibroblasts behave like PD-1 ligand-
depleted fibroblasts

We compared the behavior of isolated and irradiated-carci-
noma-associated fibroblasts (y-CAFs) to emphasize the biolog-
ical relevance of MMPs in a cancer microenvironment. CAFs
were isolated from the connective tissue of fresh tumors from
patients diagnosed with primary breast carcinoma. CAFs fol-
lowed similar irradiation protocol as FFs. We showed that
y-CAFs expressed significantly lower levels of PD-L1 and PD-
L2, and a low binding of soluble PD-1-Fc fusion protein com-
pared to y-FFs (Fig. 11A). Among 13 different y-FFs and 8

y-CAFs studied in the same period, the frequency of PD-1-Fc™*
cells was 61.6 + 10.9% for y-FFs versus 13.0.7 + 15.2% for
y-CAFs, the percentages of PD-L17 cells were 61.1 + 13.4% for
y-FFs vs. 14.7£17.6% for y-CAFs, and the percentages of PD-
L27 cells were 66.9 £ 11.6% for y-FFs versus 9.43 & 11.8% for
y-CAFs.(Fig. 11A)

The effect of y-FFs and y-CAFs on CD3" T cell prolifera-
tion in presence of the mitogen PHA was examined. We
observed that y-FFs but not y-CAFs (two donors) significantly
(p < 0 .05 at both ratios) inhibited PHA-stimulated CD4" and
CD8™" T-cell proliferation by reducing the absolute numbers of
CD4* T cells and CD8™ T cells (Fig. 11B). As previously shown
in Fig. 5A1-2, a pre-incubation of y-FFs with both blocking
anti-PD-1 ligand mAbs, partially restored PHA-stimulated
CD4" T cell and CD8" T cell proliferation (p < 0 .05 at both
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Figure 10. PD-L1 and PD-L2 cleavage by exogenous MMP-9 and MMP-13 on 30 Gray-irradiated infant foreskin fibroblasts reverts apoptotic signals on mitogen-activated T
cells. (A-C) After 2 d of culture in presence of 100 ng/mL TNFe, plated y-FFs were fixed with 2% PFA then after washing were incubated at 37°C in presence of APMA-
activated pro-MMP-9 and pro-MMP-13 in culture medium (1% FCS) for 24 h. Expression levels of PD-1 ligands and binding capacity of PD-1-Fc (3 g/mL) were detected
by flow cytometry. Frequency of PD-L1*, PD-L2* cells (A, B), and PD-1-Fc-binding cells (C) was calculated after 24 h incubation in presence or not of exogenous MMP-9
and MMP-13. Results are representative of two independent experiments. Bars represent the SD. “p < 0 .05. (D-E): After 2 d of culture, y-FFs were directly incubated at
37°Cin presence or not of APMA-activated pro-MMP-9 and pro-MMP-13 in culture medium (1% FCS) for 24 h. CD3* T cells were added and early T cell apoptosis after
17 h-PHA activation was determined by the difference of percentage of early apoptotic CD3™ T cells (DAPI™ T cells/Annexin V™) in presence or in absence of y-FFs at two
ratios of 2.5 y-FFs:100 T cells and 5 y-FFs:100 T cells. After PHA activation in the conditions as indicated, T cells were co-labeled with anti-CD4-FITC mAb and anti-CD8-
PerCP-Cy5.5 mAb, stained with PE-Annexin V and, then analyzed by flow cytometry. Results are representative of n = 2 independent experiments. Bars represent the SD
*p < 0.05.

ratios) (Fig. 11B). These results show that y-CAFs, did not sup- We controlled whether the loss of PD-1 ligand expression
press but even slightly enhance T cell proliferation. Thus, and the impaired immunosuppression on T cell by y-CAFs
y-CAFs behave like y-FFs that were pre-incubated with both compared to y-FFs were due to a higher secretion of MMPs
blocking anti- PD-1 ligand mAbs. and consequently, cleavage of PD-1 ligands on y-CAFs. y-FFs



€1091146-14 C. DEZUTTER-DAMBUYANT ET AL.

A PD-L1 PD-L2 _ PD-1-Fc

1004 100+ =100
= = £
i -5 pet .
w w — = [ ]
% _l._:_ .g ..~... 3
o
: L i s =y : | e
2 504 R 2 504 -~ 2 50- =
g .o 8 2
o — & L & —_
L a I = fre
< = = -
[=] E C‘I I
= . aalaa 0 Bgla® o g . ol
FF +CAF FF -CAF -+~FF CAF
3 Tecells 33 2.5FFs/M00 T Cells
B = T cells + PHA-L == 5FFs/100 T Cells C D MMP-1
— 200
*

60000 o *
—* 150-

*
{ ~l~ 100
400004 50+
-} 0 T T T
+FFs +FFs +CAFs
Medium (5d) TNFq (2h)  Medium (5d)
+Medium (5d)
200004
. MMP-9
v
0 | | | | | | | | 6001
*

» OO4K

naimLi1.10° cells

# CD4-positive T cells

2100
CD8 o
i 5 60 o
=)
600004 ——— 2
‘=ﬂ ‘} 20 .—£
[
o 0 r r .
: v-FFs y-FFs +-CAFs
.2 400004 Medium (§d) TNF. (2h) Medium (5d)
= +Medium (5d)
[=]
R
[==]
3
- 0] MMP-13
1800
17001 o
1600
0- L] | | L 2 700
100Tcellsalone + + = = = = = = = = = = = = == gﬁﬂﬂ E
+PHAL = 4 = = + + 44+ == +4+ == ++ = 500
257FFsM00Tcells = = 4+ = + = 4 = = = = = = o = 5 400
5y-FFsi00Tcells = = = + = F = 4 = = = = = = = = £ 300 / A
+anti-PD-LU/PD-LZmAbS = = = = = = 4 4 = = = = = = = = 2 200
25y-CAF4TS/00 Teells = = = = = == = = oma o= 100 ?’,’/‘G
5y-CAF47TSM00Tcells = = = = a s =% =% - - - 0 * g T
25y-CAF49s/100 Tcells = = = = A - - Fo- +FFs +-FFs -CAFs
5-CAF49/100 T cells = = 5 5 3 . Sa 2 Medium (5d) J:;E;z?gd] Medium (5d)

Figure 11. Comparison between 30 Gray-irradiated Carcinoma Associated Fibroblasts (y-CAFs) and 30 Gray-irradiated infant foreskin fibroblasts (y-FFs) in their PD-1
ligand expression, inhibitory capacity of mitogen-induced T cell proliferation, and MMP-1, MMP-9, and MMP-13 secretion capacity. (A) Frequency of PD-L1 and PD-L2
expression and of PD-1-Fc fusion protein binding on y-FFs (n = 13 donors) and y-CAFs (n = 8 donors). The frequency of cells expressing PD-L1, PD-L2, and PD-1-Fc bind-
ing was analyzed by flow cytometry after 24 h of culture under identical seeding concentrations. Each symbol represents a different donor. Bars represent mean values +
SD. (B) y-CAFs do not reduce the numbers of CD3™ T cells after 7 d of co-culture in presence of the polyclonal mitogen PHA-L (0.5 ntg/mL). PD-L1 and PD-L2 blockade by
anti-PD-1 ligand mAbs (clone 29E23A3 + clone 24F10C12) only reverts the inhibition of T cell proliferation by y-FFs. Data represent the numbers of CD4" cells and CD8*
T cells within the CD3™ T cells. Bars represent SD *p < 0.05. (C) Quantitative determination of MMP-1, MMP-9, and MMP-13 released by y-FFs (n = 4 donors) and y-CAFs
(n = 4 donors). y-FFs and y-CAFs were plated for 4 h in D-MEM supplemented with 10% FCS and D-MEM/F-12:1/1 supplemented with 10% FCS, respectively at 37°C.
Only y-FFs were incubated for 2 h at 37°C in presence of 100 ng/mL TNFe in D-MEM supplemented with 1% FCS while y-CAFs were directly incubated in D-MEM/F-12:1/
1 supplemented with 1% FCS. Both y-FFs and y-CAFs were maintained for 5 d in their respective medium supplemented with 1% FCS (without any medium change).
Supernatants (duplicate) were analyzed with Magnetic Luminex® Performance Assay test (Human MMP-1, MMP-9, and MMP-13).

and y-CAFs were maintained in similar culture conditions and  y-FFs with TNF« for 2 h at 37°C enhanced the secretion of
MMP-1, MMP-9, and MMP-13 were measured in supernatants MMP-1 (31.9 & 10.9 ng/mL/1 x 10° cells vs. 85.4 & 61.5 ng/
by Magnetic Luminex® assay (Fig. 11C). A pre-treatment of mL/1 x 10° cells in presence TNFa) and MMP-13 (135.1 +



85.7 pg/mL/1 x 10° cells versus 246.2 £ 104.9 pg/mL/1 x 10°
cells in presence of TNFw). Without TNFw treatment, y-CAFs
showed a 2-4-fold higher level in MMP-1 secretion, 10-fold in
MMP-9 and 3-6-fold in MMP-13 compared to y-FFs
(Fig. 11C). These results suggest that any environmental condi-
tions favoring MMP release by fibroblasts may impair their
immunosuppressive capacities by alteration of the PD-1/PD-1
ligand pathway.

Discussion

Similarly to MSCs' fibroblasts are not just passive structural
cells but may play an active role in immune cell functions
through early apoptosis induction of activated T cells in a PD-
1/PD-1 ligand-dependent manner. We provide evidence, for
the first time to our knowledge, that an MMP activity can pre-
vent early apoptosis of activated CD3™" T cells through PD-1
ligand cleavage on fibroblast cell membrane. We showed that
both y-irradiated and non-irradiated FFs express the co-inhibi-
tory molecules PD-L1 and PD-L2. While the expression of PD-
L2 in normal conditions has been thought to be predominantly
restricted to professional APCs such as DCs and macro-
phages,”>*’ the expression of PD-L1 appears more ubiquitous.
PD-1 ligand expression and functions linked to attenuating T
cell response, promoting T cell tolerance or preventing autoim-
munity were well documented on hematopoietic cells.'>** In
contrast, conflicting data were reported on the expression and
functions of PD-1 ligands by murine/human bone marrow-
MSCs and fibroblasts. After isolation and in vitro expansion,
mesenchymal/stromal cells from different cellular sources may
express from negligible to high levels of PD-L1 and PD-L2 mol-
ecules.”” Furthermore, PD-L1 expression by human normal
dermal fibroblasts/myofibroblasts has been reported.”’ Indeed,
PD-L1 and PD-L2 were shown to be constitutively expressed
by fibroblasts/myofibroblasts in the normal colonic mucosa
both in situ and in culture®” and by carcinoma-associated fibro-
blasts in non-small cell lung tumor.'" Furthermore, we clearly
demonstrate that PD-L1 expression on y-FF was selectively
upregulated by IFNy as reported on murine MSCs,** human
bone marrow-derived MSCs,'> human carcinoma-associated
fibroblasts in non-small-cell lung tumor,'' and placenta-
derived MSCs,*” while PD-L2 expression and PD1-Fc binding
was mainly increased in presence of IFNy, TNF« or IL-1e, as
well as in combinations. These observations are in agreement
with previous studies showing that PD-L1 expression can be
upregulated by both type I and type II interferons**** but also
induced by intrinsic signals such as activation of EGFR*’ and
KRas™® signaling pathways, while PD-L2 expression was
reported to be potently upregulated on non-hematopoietic cells
by IFNy and TNFa.’“> It is currently accepted that PD-1
ligands are upregulated by a variety of hematopoietic and non-
hematopoietic cells in the presence of strong inflammatory sig-
nals presumably to prevent collateral damage induced by
potentially destructive Th1/Th17 T cell responses.'**>>"">*

The expression of PD-L1 and PD-L2 of y-FFs on the out-
come of their interactions with PD-1" effector T cells was dem-
onstrated by the binding of PD-1-Fc that was potently blocked
by anti-PD-L2 mAb alone compared to anti-PD-L1 mAb alone
although both mAbs were required to completely abrogate the
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binding of PD-1-Fc protein. Our observation is also in agree-
ment with a previous study’’ demonstrating by surface plas-
mon resonance and cell surface binding®” that, although both
PD-1 ligands cross-compete to bind to their receptor PD-I,
PD-L1 binding to PD-1 involves complex conformational
changes while PD-L2 interacts in a direct manner with PD-1,
revealing distinct molecular mechanisms of interaction between
PD-1 and its ligands.28 Furthermore, the relative affinity of PD-
L2 for PD-1 is 2-6-fold higher than that of PD-L1.** PD-L2
expressed at the same level of PD-L1 would be expected to out-
compete PD-L1 for the binding of PD-1. Nevertheless, PD-L1
remains the primary binding ligand of PD-1 by the fact that
PD-L2 is generally expressed at lower basal levels.'>**>> While
PD-L1 is considered as the dominant negative inhibitory mole-
cule, in our study PD-L2 on infant y-FFs appeared as a critical
suppressive molecule in the binding to PD-1 receptor. Indeed,
the blockade of both ligands is required for optimal restoration
of the mitogen-activated CD8" T cell proliferation instead of
the single blockade of either PD-L1 or PD-L2 (data not shown).

We demonstrated that y-FFs inhibited PHA-stimulated T
cell proliferation through induction of apoptosis, and that
blocking both PD-L1 and PD-L2 significantly reduced early
apoptosis of PHA-activated T cells and consequently abrogate
inhibition of T cell activation and proliferation. This finding
complements previous observation (i) from Curiel et al.>
showing that, in human ovarian carcinoma, blockade of PD-L1
on differentiated myeloid DCs (MDCs) improves T cell activa-
tion by upregulation of MDC IL-12 and downregulation of IL-
10 and (ii) from Nazareth et al.'! showing that, in human non-
small-cell lung cancer, blockade of PD-L1 and/or PD-L2 on
tumor-associated fibroblasts reverse the suppressed tumor-
associated T cell activation. Many reports have shown that PD-
1 engagement inhibits T cell activation and suppresses immune
response by inducing apoptosis, anergy, unresponsiveness, and
functional exhaustion of T cells.'” Previous reports emphasize
the role of PD-1 on either cell cycle arrest” or T cell death™
PD-1 might directly engage a death pathway or indirectly by
downregulating survival signals and growth factors or synergiz-
ing with death pathways. PD-1 ligation inhibits expression of
the cell survival gene bcl-xL and several growth factors."” The
outcome of PD-1/PD-L1 interactions on T cell expansion and
survival might also depend on the type of APCs that interact
with the T cells. Indeed, in absence of CD28 ligation (y-FFs are
CD80/867), the engagement of PD-1 may preferentially favor
activation-induced cell death as previously suggested for the
PD-L1" HepG2.2.15 cell line, promoting CD8" T cell
apoptosis.”’

Because activated and in vitro cultured fibroblasts/MSCs
are reported to produce important levels of TGFA1-3,>® IL-
10,3260 Prostaglandin E2,%' and IDO,*%? we do not exclude
that the interaction between y-FFs and PHA-activated T
cells may trigger release of these suppressive molecules by
fibroblasts and these, in turn, may contribute to inhibit T
cell proliferation.

Although most studies agree that soluble factors are
involved in inhibition by MSCs, controversial results render
these molecular mechanisms rather elusive in experiments
involving fibroblasts.® Furthermore, in contrast to MSCs, y-FFs
did not express Fas Ligand (data not shown) and would not be
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capable to induce early apoptosis of activated T cells through
Fas/Fas ligand interactions.”” In contrast to normal PD-
L17PD-L2" human colonic myofibroblasts and fibroblasts,
our results did not support the notion that PD-L1/-L2-medi-
ated suppressive functions are due to inhibition of IL-2
production.”

Furthermore, our work proved that PD-L1 and PD-L2 are
spontaneously expressed by FFs and are lost as a function of
culture-time and cell-seeding density. ddPCR data showed no
evidence of alterations at the transcriptional level of the mole-
cules. For the first time, to our knowledge, we demonstrated
proteolytic cleavage of PD-L1 and PD-L2 occurring through
the release of MMPs by the y-FFs. Consequently, the loss of
extracellular PD-1-binding domain leads to the loss of y-FFs-
mediated T cell apoptosis. Using (i) different purified enzy-
matic activities e.g. collagenase, Dispase II®, and Thermolysin,
(ii) a specific MMP-13 inhibitor and MMP inhibitors with
broader specificities, and (iii) recombinant exogenous MMP-9
and MMP-13, we demonstrated that while PD-L1 was selec-
tively cleaved by MMP-13, PD-L2 was sensitive to a broad
range of MMP activities. MMP-13 shares additional enzymatic
activity with both MMP-subgroups of collagenases and gelati-
nases and was also described as a protease able to cleave certain
chemokines (MCP-3/CCL7, SDF-1/CXCL12), collagen IV, and
to activate pro-MMP-2, pro-MMP-9, and pro-MMP-13.°> As
previously reported, MMP-13 can be produced by skin fibro-
blasts and breast-cancer-cell-associated myofibroblasts.** Our
hypothesis of y-FFs as a source of MMP-13 was substantiated
by in vitro experiments showing MMP-13 release in y-FFs
treated or not with TNF« although y-FFs were less efficient
than y-CAFs in MMP-9 and MMP-13 secretion. Finally, we
clearly showed evidence that cleavage activity by exogenous
MMP-13 not only led to a partial loss of PD-L1 and PD-L2
expression but also to a loss of the extracellular PD-1 binding
domain that was found linked to the reversal of early apoptosis
of PHA-activated T cells. We showed that such MMP-13 cleav-
age may also concern the PD-1 binding domain present on
other hematopoietic cells such as MDC populations. Inciden-
tally, we provide evidence of proteolytic sensitivity of both PD-
1 ligands to enzymes used to disrupt basal membranes and dis-
sociate multiple epithelial solid tissues, indicating potential
issues with cell surface staining performed following enzymatic
tissue disruption.

Studies have described soluble form of PD-L1 (sPD-L1) in
culture supernatant and plasma of patients, levels of which cor-
relate with that of cell membrane expression.®>*® Although
binding of sPD-L1 to PD-1 has been reported,®> based on the
fact that only the dimeric form of the recombinant sPD-L1
(PD-L1-Fc fusion protein) activates signaling through PD-1,%
it is likely that the cleaved form of PD-L1 would function as a
PD-1 antagonist. It is worth mentioning that soluble PD-L2
was also described through splice variants, although the biolog-
ical function of these soluble PD-L2 forms remain
unknown.*+%’

The substrates that can be cleaved by proteinases (MMPs
and A Disintegrin And Metalloproteinases (ADAMs)) are
proven to be essential for proper immune-cell function.***®
MMPs are extracellular zinc-dependent neutral endopepti-
dases® that have many different substrates, and besides ECM

structures, they activate and alter bioactive state of cytokines,
chemokines, growth factors, and also affect cell surface recep-
tors, release soluble forms of co-regulatory molecules that may
impact immunity. MMPs and ADAMs may serve as activators
or inhibitors of immune mediators through several type of pro-
teolytic processing including (i) clipping/cleavage of low-
molecular weight chemokine MMPs*7" and (ii) shedding
which releases an intact ectodomain of the target cell-surface
molecule e.g., shedding of the cell-membrane form of TNF"?
and IL-6R by ADAMI17; shedding of CD23 or FceRII by
ADAM10.”?

Shedding of ligands of the B7 family can occur, producing
soluble forms that might act as antagonists of the immune
response.’* Similarly, soluble active B7-H3 forms can be
released by monocytes, DCs, activated T cells, and B7-H3™ car-
cinoma cells were found able to bind to the B7-H3 receptor on
activated T cells, indicating that soluble B7-H3 forms retain
biological activity. Although B7-H3 shedding was blocked by a
synthetic MMP inhibitor (GM6001), the identity of the specific
enzyme(s) is not yet known.”>’® Similarly to our observation,
Schlecker et al.”” identified ectodomain shedding of B7-H6 by
ADAM-10 and ADAM-17 as a novel mechanism of immune
escape by tumor cells. Shedding of B7-HS6, a ligand for the acti-
vating receptor NKp30 abrogates NK-cell activation and conse-
quently NK-cell-mediated killing.”” Functions of PD-L1/CD80
pathway reside in its complexity of ligand-receptor interactions
e.g. PD-L1 binds both PD-1 and CD80, while CD80 interacts
with CD28 and CTLA-4 in addition to PD-L1. Selectively, spe-
cific attenuation of PD-L1/PD-L2 expression compared to no
alteration of the CD80/CD86 tandem through MMP-13 pro-
teolytic cleavage might result in the loss of most of these multi-
ple receptor interactions. Thus, deletion of bidirectional
coinhibitory signals to T cells might lead to (i) induction and
maintenance of T-cell exhaustion (abrogation of PD-L1/PD-1
interaction) and/or (ii) prevention and reversion of T cell
anergy (abrogation of PD-L1/CD80 interaction).”®

In our study, we suggest that MMP-9/MMP-13 would not
have a simplistic role in the degradation of matrix and non-
matrix components that would facilitate evasion and migration
of cells but would also regulate T cell response by cleavage/
shedding of negative regulation molecules implicated in T cell
apoptosis. However, although we did not deeply investigate
which mechanism, either cleavage or shedding, occurs through
MMP-9/MMP-13 proteolysis of membrane-bound PD-L1 and
PD-L2 molecules.

The dominant role of PD-1 pathway is to limit the activity of
T cells in inflamed peripheral tissues at the time of infection in
order to limit tissue damage and risk of autoimmunity.'>>>”%%
Indeed, PD-1 pathway is believed not to regulate the initial T
cell activation stage but rather to control effector T cell activa-
tion at the inflammatory site preventing attack of peripheral tis-
sues. While chronic antigen exposure can lead to high levels of
persistent PD-1 expression on effector T cells, inflammatory
signals in tissues induce PD-1 ligand expression on a variety of
cells that down regulate the activity of PD-1" T cells and thus
limit collateral tissue damage. Consequently, blockade or elimi-
nation of PD-1 ligands leads to exacerbated inflammation asso-
ciated with severe tissue damage and increase of the magnitude
of T cell response and potentially detrimental tissue



destruction. In tumor microenvironment, cancer cells develop
resistance mechanisms, including local immune suppression,
induction of tolerance, and systemic dysfunction in T cell sig-
naling driving T cells to differentiate into exhausted T cells.
Exhausted CD8™ T cells express high levels of inhibitory recep-
tors, including PD-1 as the major inhibitory receptor, produce
less effector cytokines, and lose the ability to eliminate cancer.
Considered as defective memory T cells, the final stage of T-cell
exhaustion is the physical deletion by which severely exhausted
T cells are cleared in cancer microenvironment mainly through
PD-L1-associated T-cell apoptosis. PD-L1 expression inversely
correlates with survival of exhausted T cell.”®®". In complex
tumor microenvironment, MMPs (MMP-1, MMP-2, MMP-3,
MMP-7, MMP-9, MMP-13, and MMP-14) expressed by both
tumor cells and stromal cells are known to cooperate and pro-
mote tumor initiation, tumor invasion, metastasis, and angio-
genesis.”> MMP-13 was originally cloned from a human breast
tumor cDNA library.*> Our data depict MMPs as regulators of
survival of exhausted T cells. MMP-mediated loss of PD-1-
ligand expression on stromal cells would prevent blockade of
PD-L1/PD-1 signaling pathway and increase the magnitude of
these defective exhausted memory CD8™ T cell response.
Furthermore, in light of the potent therapeutic activity of
anti-PD-1 and anti-PD-L1 monoclonal antibodies in several
incurable cancer pathologies,'”*°* these observations represent
a novel dimension that would need to be integrated to define
prognostic markers of responses to these immunotherapies.

Materials and Methods
Antibodies and reagents

D-MEM (1X) medium with GlutaMAX™, 4.5 g/L of D-Glu-
cose, and Pyruvate; D-MEM/F-12 (1:1) (1X) with Gluta-
MAX™; RPMI Medium 1640 with GlutaMAX™ and 25 mM
Hepes; 0.05% Trypsine:EDTA; 10 mg/mL Gentamicin;
10,000 U/mL Penicillin, 10,000 pg/mL Streptomycin; HBSS
(1X) solution w/o Ca**, w/o Mg**; Hepes (1M) were obtained
from Gibco® by Life technologies™. Foetal calf serum (FCS)
was obtained from Eurobio Abcys®. Bovine Serum Albumin
(BSA) (30% in D-PBS); NaCl; CaCl,, 2H,0 and paraformalde-
hyde were obtained from Sigma-Aldrich®.

Recombinant human (rh) IL-2, rhIL-7, rhIFNy, rhIL-
lalpha, rhIL-4, rhTGF-betal, and rhIL-17A were from
PeproTech™. RhTNF-« was from Miltenyi™. RhPD-1-Fc chi-
mera, pro-form of thMMP-9, pro-form of rhMMP-13, and
GM-CSF were from R&D Systems™. LEAF™ (Low Endo-
toxin, Azide-Free) purified anti-human CD274 (B7-H1, PD-
L1), clone 29E.2A3, mouse IgG2b,k, and LEAF™ purified anti-
human CD273 (B7-DC, PD-L2), clone 24F.10C12, mouse
IgG2a,k were obtained from BioLegend. Lymphocyte separa-
tion medium was obtained from Eurobio AbCys and Percoll™-
PLUS was from GE Healthcare-Sweden. MMP inhibitors:
CL82198, actinonin, SB3CT, NNGH, Z-Pro-Leu-Gly-NHOH,
and GM6001 were from Enzo Life Science. CL82198 is a novel
selective inhibitor of MMP-13 (89% inhibition) that binds to
the S1’ pocket of MMP-13. CL82198 does not inhibit MMP-1,
-2,-3,-7,-8, -9, -10, -12, -14, or ADAM-17/TACE. Actinonin
is an inhibitor of MMP-1, -2, -3, -7, -8, -9, -10, -12. Actinonin
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would also inhibit MMP-13 but not MMP-14. SB3CT is a com-
petitive inhibitor of MMP-2 and MMP-9 but a weak inhibitor
of MMP-1, -3, -7 and ADAM-17/TACE. GM-6001 is a potent
broad-spectrum inhibitor of MMPs: MMP-1, -2, -3, -7, -8, -9,
-12, -14, -26 and would also inhibits MMP-10, -13, -15, -17,
-20, -21, ADAM-17, -19 and others ADAMs. NNGH is a
potent inhibitor of MMP3 but would also inhibit MMP-1, -2,
-7,-8,-9, -10, -12, -13, -14. Z-Pro-Leu-Gly-NHOH is an inhibi-
tor of collagenases, MMP-2, and MMP-9. Lectin from Phaseo-
Ius vulgaris (red kidney bean) and leucoagglutinin, PHA-L and
Escherichia Coli lipopolysaccharide (LPS) were from Sigma-
Aldrich®. Chromatographically purified collagenase (code
CLSPA) > 300 units per mg activity, was obtained from Wor-
thington Biochemical Corporation by Serlabo Technologies.
Dispase I1®, neutral protease grade II (0.98U/mg) from Bacillus
polymyx was from Roche Diagnostics and Thermolysin
(~40 U/mg) from Bacillus thermoproteolyticus rokko was from
Fluka. DMSO and Bafilomycin Al were used and provided by
Sigma Aldrich®. 5-dodecanoylaminofluorescein di-B-D-galac-
topyranoside (C,,FDG) was provided by Life technologies™.
For activation of pro-forms of MMP-9 and MMP-13, p-Ami-
noPhenylMercuric Acetate (APMA) was used and provided by
Sigma Aldrich®.

Flow cytometry reagents and antibodies

The viable y-irradiated and non-irradiated FFs and the viable T
cells were determined by blue-fluorescent DAPI exclusion
staining (Molecular Probes® of Life Technologies).

For phenotype determination of human FFs, the following
mouse antibodies were used: phycoerythrin (PE)-conjugated
anti-CD10 (Beckman-Coulter, 10-test®, clone ALBI, IgG,),
anti-CD34 (BD PharMingen™, clone TY/23, IgG,), anti-CD45
(Beckman Coulter, clone ]33, IgG;), anti-CD73 (BD
PharMingen™, clone 581, IgG;,), anti-CD80 (Beckman-Coul-
ter, 10-test®, clone MAB104, IgG,), anti-CD86 (Beckman-
Coulter, 10-test®, clone HA5.2B7, IgG,;), anti-CD90 (BioLe-
gend, clone 5E10, IgG,), anti-CD105 (BD PharMingen™,
clone 266, IgG,), anti-CD146 (BD PharMingen™, clone
P1H12, IgG,), anti-MASC-1 (MiltenyiTM, clone W8-B2, IgG,),
anti-CD273 (B7-DC or PD-L2, eBioscience™, clone MIH18,
IgG,), anti-CD274 (B7-H1 or PD-L1, eBioscience™, clone
MIH]I, IgG,), anti-HLA-ABC (BD PharMingen™, clone G46-
2.6, IgG,), anti-HLA-DR (BD PharMingenTM, clone G46-6,
IgG,,). Phycoerythrin (PE)-conjugated polyclonal goat anti-
human IgG (Fc gamma-specific)(eBioscience™).

For cell count determination of CD3™ T cells after suppres-
sive experiment of T cell proliferation stimulated by PHA-L,
the following mouse antibodies were used: PE-conjugated anti-
CD4 (BD Bioscience, clone SK3, IgG;) and APC-conjugated
anti-CD8 (Beckman Coulter, clone B9.11, IgG;).

For Annexin V binding assay and cell count determination
of CD3™ T cells, the following reagents and antibodies were
used: Annexin V-PE (BD PharMingen™), PerCP-Cy5.5-conju-
gated anti-CD4 (BD PharMingen™, clone RPA-T4, IgG,), and
APC-conjugated anti-CD8 (Beckman Coulter, clone B9.11,
IgGy).

The following color- and isotype-matched control antibod-
ies were used to confirm the staining specificities: PE-
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conjugated mouse IgG; (BD BioScience, clone X40), PE-conju-
gated mouse IgG,, (BD BioScience, clone X39), APC-conju-
gated mouse IgG;, (BD PharMingen, clone MOPC-21),
PerCP-Cy5.5-conjugated mouse IgG, (BD BioScience, clone
X40).

Infant foreskin fibroblast cultures, carcinoma-associated
fibroblasts and flow cytometry analysis

The infant FFs (14 donors with a range of ages from 18 months
to 5 years) were provided by “Banque de tissus et cellules des
Hospices Civils de Lyon.” Fibroblasts were expanded up to 3-5
passages in D-MEM medium supplemented with 10% FCS,
20 pg/mL Gentamicin, 100 U/mL Penicillin, and 100 pg/mL
Streptomycin (cD-MEM medium). All FFs came from surgical
residues and were used in accordance with French ethical and
legal regulations. Fresh tumors from patients diagnosed with
primary breast carcinoma were obtained before any treatment
from the Center Léon Bérard (CLB) tissue bank after patient
informed consent. The study was reviewed and approved by
the Institutional Review Board of CLB. After washing with D-
MEM/F-12 medium supplemented with antibiotics, the con-
nective tissue was cut into small pieces (1 mm x 1 mm X
1 mm) that were let stick onto the bottom surface of Petri
dishes for 20-30 min, then the tissue pieces were gently covered
with culture medium (D-MEM/F-12 supplemented with 10%
FCS, 20 pg/mL Gentamicin, 100 U/mL Penicillin, and 100 pg/
mL Streptomycin (¢cD-MEM/F-12 medium) and incubated at
37°C, in a 5% CO, incubator. The culture medium, cD-MEM/
F-12 medium, was changed every 3-4 d. When the spindle-
shaped  fibroblasts/myofibroblasts  (Carcinoma-Associated
Fibroblasts, CAFs) fully covered the Petri dishes, cells were
gathered through trypsinization and expanded up to 2-3 pas-
sages. Irradiation of FFs and CAFs was performed at 30 Gray
(Gy) and both fibroblast populations were subsequently cryo-
preserved at -80°C in a solution containing 10% DMSO and
90% FCS at a concentration of 1-3 x 10° cells/mL. y-CAFs
were seeded in cD-MEM/F-12 medium for phenotype determi-
nation and co-cultures with T cells. For phenotype determina-
tion, y-FFs were seeded in ¢cD-MEM medium at different
concentrations (from 7 x 10%/cm? to 140 x 10%/cm?) and for
different time points (1 d, 4 d, and 14 d, without changing the
medium) depending on the experiment conditions. Fibroblasts
were trypsinized and then assayed by flow cytometry. Fibro-
blasts were resuspended in the labeling buffer (HBSS solution
supplemented with 5% FCS, and 10 mM Hepes) (50,000 fibro-
blasts/50 ©L) and further incubated for 20 min on ice with iso-
typic control or specific PE-conjugated monoclonal antibodies:
anti-CD34, anti-CD45, anti-CD73, anti-CD90, anti-CD105,
anti-CD146, anti-MASC-1, anti-CD273, anti-CD274, anti-
HLA-ABC, and anti-HLA-DR. Then fibroblasts were washed
and resuspended in 300 uL of labeling buffer containing 2 ug/
mL DAPI and then further analyzed by flow cytometry. For
binding of PD-1-Fc fusion protein, fibroblasts were pre-incu-
bated with 5 pg/mL PD-1-Fc fusion protein on ice for 20 min,
then washed and incubated with PE-conjugated goat anti-
human IgG (Fc gamma-specific) on ice for 20 min. Then
labeled fibroblasts were resuspended in 300 uL of labeling
buffer containing 2 ug/mL DAPI and further analyzed by flow

cytometry. At least 30,000 total events were acquired by
Cyan™ ADP (Beckman Coulter) and analyzed on FlowJo™
software (version 7.5.5.).

For blocking experiments, an incubation step, in presence of
anti-PD-L2 mAb in a concentration range between 10 and
50 ug/mL in a PD-L1 mAb solution (50 pug/mL) was per-
formed on ice for 20 min before PD-1-Fc fusion protein
binding.

For cleaving experiments by exogenous enzymes (collage-
nase (CLSPA), Dispase II® and, Thermolysin), y-FFs were
seeded in cDMEM medium at the concentration of 7 x 10°/
cm’ for 1 d, then were trypsinized and resuspended in DMEM
medium without FCS and in presence of different concentra-
tions of exogenous enzymes (CLSPA, concentration range from
500 U to 1,000 U/mL, Dispase II®, concentration range from
0.25 U to 2 U/mL, and Thermolysin, concentration range from
50 to 200 pg/mL) at 37°C for 1h. Then y-FFs were washed and
resuspended in the labeling buffer (HBSS solution supple-
mented with 5% FCS, and 10 mM Hepes) for CD273 and
CD274 expression and PD-1-Fc binding as mentioned above
and further analyzed by flow cytometry.

For incubating y-FFs with MMP inhibitors, y-FFs were
seeded at a concentration of 35 x 10° cells/cm” in P6 plates in
¢DMEM medium then were incubated on day 1 in presence or
not of six MMP inhibitors tested at two concentrations (10 and
12 pg/mL CL82198, 0.5 and 1 ug/mL actinonin, 2 and 5 uM
SB3CT, 10 and 20 uM NNGH, 10 and 20 uM Z-Pro-Leu-Gly-
NHOH, 5 and 10 uM GM6001) and maintained in culture for
4 d at 37°C without medium change. Then y-FFs were trypsi-
nized on day 1 (control) and on day 4 (y-FFs cultured in pres-
ence or not of MMP inhibitors) and resuspended in the
labeling buffer (HBSS solution supplemented with 5% FCS, and
10 mM Hepes) for CD273, CD274 expression analysis by flow
cytometry. The PD-L1/PD-L2 expression recovery (%) was
expressed as following.

Ratio (%) = difference between the percentage of PD-1
ligand-positive cells incubated in presence of MMP inhibitors
on day 4 and the percentage of PD-1 ligand-positive cells in
absence of MMP inhibitors on day 4 + difference between the
percentage of PD-1 ligand-positive cells in absence of MMP
inhibitors on day 1 and the percentage of PD-1 ligand-positive
cells in absence of MMP inhibitors on day 4 x 100.

For cleaving experiments by recombinant human MMP-9
and MMP-13, the proforms of recombinant human MMPs
were activated in TCNB (100 mM Tris, 10 mM CaCl,,
150 mM NaCl, 0.05% (w/v) Brij-35, pH 8.0) in presence of
p-aminophenylmercuric acetate (final concentration 0.5 mM
APMA), at 37°C and 4 h for the pro-form of MMP-13 and
24 h for the pro-form of MMP-9. For cleaving experiments
in suspension, y-FFs were seeded in ¢cDMEM medium at
the concentration of 7 x 10°/cm”® for 2 d in presence of
100 ng/mL TNFew, then were trypsinized and fixed with 2%
paraformaldehyde (PFA) in PBS (1X) for 15 min, washed
for 30 min in PBS, and incubated at 37°C in presence of
APMA-activated MMP-9 (200 ng/mL) and APMA-activated
MMP-13 (200ng/mL) in 1% FCS culture medium (DMEM)
without antibiotics. y-FFs were then washed and resus-
pended in the labeling buffer (HBSS solution supplemented
with 5% FCS, and 10 mM Hepes) for CD273 and CD274



expression and PD-1-Fc binding as mentioned above and
further analyzed by flow cytometry.

For cleaving experiments in 96-well plates (half area), y-FFs
were seeded in cDMEM medium in triplicate at a concentration
of 2,500 and 5,000 cells/well for 2 d, then washed with 1% FCS
culture medium without antibiotics and incubated at 37°C for
24 h, in presence or not of APMA-activated MMP-9 (200 ng/
mL) and APMA-activated MMP-13 (200 ng/mL). y-FFs were
then washed and processed for experimental procedure of the
Annexin V-binding assay on T cells (as described below).

Monocyte-derived dendritic cell generation and incubation
with collagenase, Dispase II®, Thermolysin, MMP-9, and
MMP-13

Mo-DCs were in vitro generated from purified blood mono-
cytes in presence of GM-CSF (50 ng/mL) + IL-4 (50 ng/mL)
for 6 d then, activated or not for 1 additional day with Escheri-
chia Coli lipopolysaccharide (100 ng/mL LPS). Mo-DCs were
fixed with 2% PFA and resuspended in cRPMI1640 medium
(RPMI Medium 1640, GlutaMAX™, 25 mM Hepes supple-
mented with 10% FCS, 20 pug/mL Gentamicin, 100 U/mL Peni-
cillin, and 100 pug/mL Streptomycin).

For cleaving experiments by exogenous enzymes (collage-
nase (CLSPA), Dispase II® and, Thermolysin), Mo-DCs were
resuspended in RPMI1640 medium without FCS and in pres-
ence of different concentrations of exogenous enzymes
(CLSPA, concentration range from 500 U to 1,000 U/mL, Dis-
pase II®, concentration range from 0.25 U to 1 U/mL, and
Thermolysin, concentration range from 50 to 200 pg/mL) at
37°C for 1h. Then, Mo-DCs were washed and resuspended in
the labeling buffer (HBSS solution supplemented with 5% FCS,
and 10 mM Hepes) for CD80, CD86, CD273, and CD274
expression and PD-1-Fc binding and further analyzed by flow
cytometry. For cleaving experiments by recombinant human
MMP-9 and MMP-13, the protocol was similar to that followed
for y-FFs. Briefly, PFA-pre-fixed Mo-DCs were resuspended in
RPMI1640 supplemented with 1% FCS in presence or not of
APMA-activated MMP-9 and APMA-activated MMP-13 at
37°C for 24 h. Then, Mo-DCs were labeled for CD80, CD86,
CD273 and CD274 expression and PD-1-Fc binding, and fur-
ther analyzed by flow cytometry.

Quantitation of MMP secretion by infant foreskin
fibroblast cultures and carcinoma-associated fibroblasts

Quantitative determination of MMP-1, MMP-9, and MMP-13
released by y-FFs and y-CAFs were performed by Magnetic
Luminex® Performance assay (R&D Systems). y-FFs and
y-CAFs were plated for 4 h in D-MEM supplemented with
10% FCS and D-MEM/F-12:1/1 supplemented with 10% FCS,
respectively at 37°C in a 5% CO, incubator. y-FFs were incu-
bated for 2 h at 37°C in presence of 100 ng/mL TNFw in D-
MEM supplemented with 1% FCS without antibiotics while
y-CAFs were directly incubated in D-MEM/F-12:1/1 supple-
mented with 1% FCS without antibiotics. Both y-FFs and
y-CAFs were maintained for 5 d in their respective medium
supplemented with 1% FCS (without any medium change).
Supernatants (duplicate) were analyzed with a Magnetic
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Luminex® Performance Assay multiplex kit including human
MMP-1, MMP-9, and MMP-13. Data were acquired on Bio-
Plex™ 200 System (Bio-Rad Laboratories) and analyzed on
Bio-Plex Manager (version 6.1).

Detection of senescence-associated -galactosidase (SA-
Bgal) activity in 30 Gray-irradiated infant foreskin
fibroblasts

The detection of individual senescent cells was based on the
alkalinization of lysosomes, followed by the use of 5-dodeca-
noylaminofluorescein di-B-D-galactopyranoside (C,,FDG), a
fluorogenic substrate for Bgal activity.** Under similar seeding
cell density (13 x 10°/cm®) y-FFs were maintained in culture
for 1, 4, and 14 d. Positive control (induction of lysosomal alka-
linization) was performed by treatment of plated y-FFs with
100 nM bafilomycin Al for 1 h at 37°C in a 5% CO, incubator.
y-FFs and bafilomycin Al-treated y-FFs were treated (Samples
and Positive controls, respectively) or not (Negative controls)
with 2 mM C,,FDG for 1-2 h at 37°C in a 5% CO, incubator.
After washing with PBS (1X), the cells were harvested by trypsi-
nization and then, resuspended in 300 L of PBS (1X) contain-
ing 2 pug/mL DAPI and further analyzed by flow cytometry.
Events were acquired by Cyan™ ADP (Beckman Coulter) and
analyzed on FlowJo™ software (version 7.5.5.).

RNA extraction and droplet digital PCR quantitation of PD-
L1, PD-L2 and CD10 in 30 Gray-irradiated infant foreskin
fibroblasts

Under similar seeding cell density (13 x 10°/cm®) y-FFs were
maintained in culture for 1, 4, and 14 d and then, harvested by
trypsinization. Total RNA was extracted from cell pellets using
a single phenol/chloroform extraction protocol with TRIzol®
Reagent (Ambion, Life technologies™) according to the manu-
facturer’s instructions. The cDNA was generated using the
SuperScript® VILO™ ¢DNA Synthesis kit (Invitrogen, Life
technologies™ ) with 7 ng of total RNA according to the manu-
facturer’s instructions. The primers and probes were designed
using Primer Express® Software v3.0 (Table 1). For PD-L1, an
amplicon of 54 bp was designed in the common region of the
immunoglobulin variable domain (IgV)-like domain of PD-L1,
and for PD-L2, an amplicon was designed in a common
sequence present in the two forms of PD-L2. The ddPCR work-
flow was carried out as previously described.*>** Briefly, the
PCR reaction mixture was assembled with 10 uL of a 2x
ddPCR™  Supermix for Probes (No dUTP) (Bio-Rad

Table 1. Primer sets and probes used for droplet digital PCR study. All primers and
probes were designed by Primer Express® Software v3.0.

cD10-f Forward primer CTACGGCTAAACCTGAAGATCGA
CD10-r Reverse primer TCTGGGCCAATGTCATCTTG

D10 Probe VIC-ATGATCCAATGCTTCTG-MGB
PD-L1-f Forward primer AAAGAATTTTGGTTGTGGATCCA
PD-L1-r Reverse primer AGCCCTCAGCCTGACATGTC

PD-L1 Probe 6FAM-TCACCTCTGAACATGAAC-MGB
PD-L2-f Forward primer AGTTTGCAAAAGGTGGAAAATGA
PD-L2-r Reverse primer TCCTCCAGCAAAGTGGCTCTT

PD-L2 Probe 6FAM-ACATCCCCACACCGTG-MGB
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Technologies), 1 L of each primer (900 nM final concentra-
tion) (Table 1), 1 uL of probe (250 nM final concentration)
(Table 1), 1 uL of cDNA and 7 uL of water. The droplet was
generated by the addition of 70 uL of droplet generation oil
(Bio-Rad Technologies), to 20 nL of the PCR reaction mixture
in the droplet generator cartridge (DG8™, Bio-Rad Technolo-
gies), and the emulsified samples were generated from a droplet
generator. Droplets were then thermocycled at 95°C for
10 min, followed by 40 cycles of 95°C for 30 s, 60°C for 1 min,
and a final extension for 10 min at 98°C. After PCR, the 96-
well PCR plate was loaded on the Bio-Rad QX200™ Droplet
Reader (Bio-Rad Technologies). Analysis of the ddPCR data
was performed with QuantaSoft™ analysis software (Bio-Rad
Technologies). The ddPCR data were analyzed when more
than 15,000 droplets/well were read. GAPDH was used as the
reference gene both in Reverse Transcription validation and
ddPCR data normalization. All transcript concentrations are
given in copy number/p L.

Human CD3™" T cell isolation

Healthy human blood obtained anonymously from the “Eta-
blissement Francais du Sang, EFS” (Gerland-Lyon, France) after
donor informed consent was collected in sterile bags containing
CTAD. Peripheral blood mononuclear cells (PBMC) were iso-
lated by gradient centrifugation on lymphocyte separation
medium (density 1.077g/L). Cells were washed twice in phos-
phate-buffered saline (PBS) (1X) and suspended in PBS (1X)
supplemented with 5% FCS. PBMC were depleted from mono-
cytes, NK cells, MDCs and plasmacytoid DCs (pDCs) by gradi-
ent centrifugation on Percoll®Plus and resuspended in PBS
(1X) supplemented with 2% FCS. For depletion experiments,
different cell subsets (monocytes, MDCs, pDCs, NK cells, and
B cells) were specifically depleted from PBMCs using positive
selection including anti-human mouse mAbs: anti-CD11b
(clone Bearl, 1gGy,), anti-CD14 (clone RMO052, IgG,,,), anti-
CD16 (clone 3G8, IgG,), anti-CD19 (clone J3-119, IgG,), anti-
CD35 (clone J3D3, IgGy,), anti-CD56 (clone C218, IgG;,) and
anti-CD235a (clone 11E4B-7-6, IgG,) from Beckman Coulter®
and magnetic beads (goat anti-mouse (GAM) IgG dynabeads,
Dynal® by Invitrogen). The absence of remaining positive cells
in the depleted fraction was confirmed by flow cytometry. The
depleted fraction of untouched double CD3%/CD4" T cells:
CD3"/CD8™" T cells (purity 95-98%) was resuspended in com-
plete RPMI Medium 1640 with GlutaMAX™ and 25 mM
Hepes supplemented with 10% FCS, 20 pg/mL Gentamicin,
100 U/mL Penicillin, and 100 pg/mL Streptomycin (cRPMI
medium). CD3™" T cells were subsequently cryopreserved in lig-
uid nitrogen (—196°C) in a solution containing 10% DMSO
and 90% FCS at a concentration of 50-60 x 10° cells/mL.

Co-culture of CFSE-stained CD3" T cells on 30 Gy-
irradiated infant foreskin fibroblasts

Cryopreserved y-FFs were thawed and then seeded in 96-well
black plates (half area, Greiner bio-one® provided by Domi-
nique Dutscher) in triplicate at a concentration of 1,250 or
2,500 or 5,000 cells/well, 1 day prior their incubation with or
without 100 ng/mL TNF« + 100 ng/mL IL-1a or 100 ng/mL

IFNy + 100 ng/mL TNFo 4 100 ng/mL IL-1a. The y-FFs were
cultured for 48 h and washed twice before addition of CFSE-
stained T cells.

T cell proliferation was measured using CFSE dilution assay
and immunophenotyped (CD4" and CD8" phenotype) by T
cell counting. Cryopreserved CD3" T cells were thawed,
washed twice in cold PBS (1X) and resuspended at 5 x 10° total
cells/mL in PBS (1X) with 0.1% Bovine Serum Albumin (BSA).
CFSE was added at a final concentration of 1 uM and incu-
bated at RT for 10 min. Staining was then quenched by the
addition of at least two volumes of FCS. T cells were washed
three times and then resuspended at 1 x 10° T cells/mL in
cRPMI supplemented with 50 U/mL IL-2 and 5 ng/mL IL-7.
One hundred thousand CFSE-stained T cells were added to
wells seeded or not with y-FFs which were stimulated or not
with cytokines and incubated at 37°C in a 5% CO, incubator.
After 4 h of co-culture between y-FFs and T cells, 0.5 pug/mL of
PHA-L was added or not to each well. Then, plates were incu-
bated at 37°C in a 5% CQO, incubator for 7 d CFSE-stained cells
were harvested, immunophenotyped with PE-conjugated anti-
CD4 mAb and APC-conjugated anti-CD8 mAb on ice for
20 min. Then, T cells were washed, resuspended in 300 nL of
labeling buffer containing 0.6 g DAPI and then further ana-
lyzed by flow cytometry. For T cell count determination, 20,000
inert polystyrene beads (size 15um, PolyScience™) were
added. At least 15,000 bead events were acquired by Cyan™
ADP (Beckman Coulter). Data were analyzed on FlowJo™
software (version 7.5.5.).

In blocking experiments, cryopreserved y-FFs were thawed
and were then seeded in 96-well black plates (half area) in trip-
licate at a concentration of 2,500 or 5,000 cells/well, then incu-
bated with or without 100 ng/mL TNF« for 48 h. Four hours
prior the addition of 1-day cultured T cells, y-FFs stimulated or
not with TNFa were incubated either with a mixed PD-L1
mADb (clone 29E23A3)/PD-L2 mAD (clone 24F10C12) solution
or with a mixed mouse IgG,./IgG,y, solution at the concentra-
tion of 50 pug/mL. Then, 100,000 T cells were added and incu-
bated for 4 h with y-FFs treated or not with TNFw. Then,
0.5 ng/mL of PHA-L was added or not to each well. Plates
were further incubated at 37°C in a 5% CO, incubator for 7 d.
T cells were harvested from each well and immunophenotyped
as described above. As previously, data were analyzed on Flow-
Jo™ software (version 7.5.5.).

Annexin V-binding assay on CD3" T cells cultured on 30
Gy-irradiated infant foreskin fibroblasts

To confirm the induction of apoptosis on CD3" T cells cul-
tured on 30 Gy-irradiated infant FFs in presence of PHA-L, the
binding of Annexin V to externalized PS on the outer cellular
surface was assessed.

At first, cryopreserved y-irradiated FFs were thawed and
seeded in 96-well plates (Costar) in triplicate at a concentration
of 10,000 cells/well, then incubated with or without 100 pg/mL
TNF« for 48 h. After washing, 1-day cultured T cells were
added to each well with or without y-FFs treated or not with
TNF«. After 3 h of incubation, 0.25 pug/mL of PHA-L was
added to each well. Plates were further incubated at 37°C in a
5% CO, incubator for 17 h. T cells were harvested from each



well and immunophenotyped on ice with PerCP-Cy5.5-conju-
gated anti-CD4 mAb and APC-conjugated anti-CD8 mAb on
ice for 20 min. Then, T cells were washed, once in PBS (1X)
and once, in the Annexin V binding buffer (10 mM Hepes,
140 mM NaCl, 2.5 mM CaCl,, pH 7.4). Subsequently, cells
were resuspended and incubated in Annexin V binding buffer
with Annexin V-PE (1:25) at RT for 15 min. 50 uL of T cells
were harvested in 250 4L of Annexin V binding buffer contain-
ing 0.6 ug of DAPI and, further analyzed by flow cytometry.
Total T cell events were acquired by Cyan™ ADP (Beckman
Coulter). Data were analyzed on FlowJo™ software. Viable
cells were identified as DAPI™ T cells, and cells in early stage of
apoptosis as DAPI-/Annexin V* T cells.

In blocking experiments, cryopreserved y-FFs were thawed
and, then were seeded in 96-well plates (Costar) in triplicate at
a concentration of 5,000 and 10,000 cells/well. Four hours prior
the addition of 1 day-cultured T cells (200,000 T cells), y-FFs
were incubated either with a mixed PD-L1 mAb (clone
29E23A3)/PD-L2 mADb (clone 24F10C12) solution or with a
mixed mouse IgG,./IgG,, solution at the concentration of
50 pg/mL at 37°C in a 5% CO, incubator. As described above,
after 3 h of co-incubation y-FFs:T cells, 0.25 pug/mL of PHA-L
was added to each well. Plates were further incubated at 37°C
in a 5% CO2 incubator for 17 h. T cells were harvested from
each well and immunophenotyped as previously. Viable T cells
and early apoptotic T cells were distinguished by analysis on
FlowJo™ software. Because of spontaneous apoptosis of PHA-
stimulated T cells, the data are expressed as the differences
between the percentage of early apoptotic T cells cultured in
presence of y-FFs and the percentage of early apoptotic T cells
kept alone.

Statistical analysis

Statistical analysis was performed with the GraphPad Prism
version 6.0 (GraphPad software). Significance was estimated by
nonparametric Wilcoxon-Mann Whitney test. Differences
were considered significant at p < 0 .05.
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