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Treatment for fibrosis represents a critical unmet need, because fibrosis
is the leading cause of death in industrialized countries, and there is no
effective therapy to counteract the fibrotic process. The development
of fibrosis relates to the interplay between vessel injury, immune cell
activation, and fibroblast stimulation, which can occur in various tissues.
Immunotherapies have provided a breakthrough in the treatment of
immune diseases. The glycoprotein OX40-0X40 ligand (OX40L) axis
offers the advantage of a targeted approach to costimulatory signals
with limited impact on the whole immune response. Using systemic
sclerosis (55¢) as a prototypic disease, we report compelling evidence that
blockade of OX40L is a promising strategy for the treatment of
inflammation-driven fibrosis. OX40L is overexpressed in the fibrotic skin
and serum of patients with SSc, particularly in patients with diffuse
cutaneous forms. Soluble OX40L was identified as a promising serum
biomarker to predict the worsening of lung and skin fibrosis, highlighting
the role of this pathway in fibrosis. In vivo, OX40L blockade prevents
inflammation-driven skin, lung, and vessel fibrosis and induces the regres-
sion of established dermal fibrosis in different complementary mouse
models. OX40L exerts potent profibrotic effects by promoting the infil-
tration of inflammatory cells into lesional tissues and therefore the release
of proinflammatory mediators, thereafter leading to fibroblast activation.
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Ithough they contribute to up to 45% of deaths in the in-

dustrialized countries, until now little progress has been made
in deciphering fibrotic diseases (1). Nonetheless, it has been
demonstrated that pulmonary, renal, hepatic, and even dermal
fibrosis share common pathways that drive the pathologic events.
In all these tissues, the development of fibrosis relates to the in-
terplay between immune cell activation and fibroblast stimulation,
and perpetuation of the fibrotic process leads to progressive im-
paired organ function. Systemic sclerosis (SSc) is an autoimmune
T-cell disease that is defined by pathological fibrosis of the skin
and also of internal organs such as lungs (2). Therefore SSc is
considered a prototype entity for studying the pathogenesis of
fibrosis in fibrotic diseases and particularly the links between
inflammation/autoimmunity and fibrosis. Immunotherapies have
provided a breakthrough in several autoimmune diseases, such as
rheumatoid arthritis, but are associated with increased risk of in-
fections. An emerging therapeutic approach for T-cell-mediated
diseases is targeting the antigen-specific T cells involved in the
disease without leading to generalized immunosuppression (3).
The glycoprotein OX40-0X40 ligand (OX40L) pair, which is
involved in late T-cell costimulatory signaling and is transiently
expressed following antigen recognition, fits these criteria (4).
Blocking OX40-OX40L was effective in preventing the development
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of disease in several in vivo animal models of autoimmune and in-
flammatory diseases (5). This strategy has not yet been evaluated in
fibrotic conditions such as SSc. Genetic data have shown that
TNFSF4, which encodes for OX40L, is an SSc susceptibility gene,
suggesting a potential role of this pathway in SSc, although the
functional effects of the gene variants are not known (6-8). Pre-
liminary results have shown that serum soluble OX40 levels were
significantly increased in SSc patients as compared with healthy in-
dividuals (9). OX40L blockade was shown to be more effective than
0OX40 blockade in reducing autoimmunity in the murine model of
collagen-induced arthritis, suggesting that signaling via OX40L (and
not via OX40) promotes inflammation and autoimmunity (10).
Therefore we chose to study the role of OX40L in patients with SSc
and in vivo in complementary murine models of SSc. The role of
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Fibrosis is a leading cause of death in industrialized countries.
Until now, there has been no effective therapy to prevent or
counteract the fibrotic process. This article describes the effect
of the blockade of a late costimulatory molecule to prevent
inflammation-driven skin, lung, and vessel fibrosis and to induce
regression of established dermal fibrosis in vivo in complemen-
tary murine models of systemic sclerosis, a prototypic autoim-
mune fibrotic disease. This article also reveals an unexpected
role of this protein as a biomarker of worsening fibrosis that
might help delineate the prognosis of patients in clinical practice
more accurately.
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Fig. 1. OXA4O0L is overexpressed by B cells, T cells, and fibroblasts in fibrotic
skin of patients with SSc. (A) Sections of skin biopsies stained for OX40L were
obtained from healthy controls and from the lesional skin of patients with
SSc. Four representative tissue sections are shown. (Magnification: 200x.)
(Scale bar: 50 pm.) Dc SSc: diffuse cutaneous systemic sclerosis. Lc SSC, limited
cutaneous systemic sclerosis. (B) Sections of diffuse SSc lesional skin stained
for OX40L. (Magnification: 400x.) (Scale bar: 25 um.) Single asterisks indicate
fibroblasts (spindle-shape aspect); double asterisks indicate endothelial cells;
triple asterisks indicate inflammatory cells (spherical/ovoid aspect and localized
in perivascular area). (C) Skin biopsies from a patient with SSc stained for OX40L
and for an isotype control. (Magnification: 200x.) (D and E) Semiquantitative
analysis of immunostaining intensity using ImageJ software. Values are repre-
sented by dot blots with the mean + SEM. *P < 0.05; **P < 0.01; two-tailed
Mann-Whitney test. AU: arbitrary units. (F-/) Sections of skin biopsies from pa-
tients with SSc stained by immunofluorescence for OX40L and CD3 (F), CD22 (G),
CD90 (H), and a-SMA (/). (Magnification: 400x.) (Scale bar: 10 pm.) (/ and K)
Fibroblasts obtained from lesional skin of patients with scleroderma (J) and
from healthy controls (K). Nuclei were stained by DAPI. (Magnification: 630x.)
(Scale bar: 5 pm.) The staining was performed in three independent series.
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OXA40L in SSc was highlighted by the overexpression of the protein
in the skin and serum of patients with SSc, particularly in patients
with diffuse cutaneous SSc, the most severe and fibrotic form of
the disease. Soluble OX40L also was identified as a promising
biomarker predictive of fibrosis worsening in patients with SSc. In
vivo, blocking OX40L prevented inflammation-driven dermal fi-
brosis, fibrosing alveolitis, and lung vessel remodeling in comple-
mentary murine models of SSc, suggesting that the anti-OX40L
antibody offers a promising strategy for the treatment of the in-
flammatory stages of fibrotic diseases.

Results

OX40L Is Overexpressed in the Skin of Patients with SSc. The ex-
pression of OX40L protein was 3.6-fold higher in fibrotic skin of
patients with SSc, particularly in patients with diffuse cutaneous
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forms (Fig. 1 A-E), than in the skin of healthy controls (P = 0.003). As
expected, OX40L was expressed by CD3* T cells and CD22" B cells
(Fig. 1 F and G) as well as by endothelial cells (Fig. 1B) (4). OX40L
staining also was identified in CD90" and o-smooth muscle actin
(a-SMA)-positive cells in SSc skin (Fig. 1 H and [), suggesting that
OXA40L is expressed by fibroblasts and myofibroblasts in fibrotic skin.
The expression of OX40L by dermal fibroblasts from both patients
with SSc and healthy controls was confirmed in vitro (Fig. 1J and K).

Soluble OX40L as a Biomarker of Fibrosis. In a cross-sectional anal-
ysis soluble OX40 levels were significantly higher in patients with
SSc (n = 177), particularly in patients with the diffuse cutaneous
subset, than in healthy controls (» = 100) (Fig. 24). Longitudinal
analyses showed that a high OX40L level in serum at baseline was
highly predictive of worsening of dermal fibrosis during the follow-
up period [hazard ratio (HR): 8.28, 95% confidence interval (CI):
2.11-32.50; P < 0.001] (Fig. 2B). The association between fibros-
ing alveolitis and baseline OX40L serum levels was nonsignificant
P = 0.266 (Fig. S1), but a high OX40L serum level at baseline
was highly predictive of pulmonary worsening during the follow-
up period (HR: 4.60, 95% CI:1.52-12.18, P < 0.001) (Fig. 2C).
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Fig. 2. Soluble OX40L is overexpressed in the serum of patients with SSc and is
predictive of worsening of fibrosis. (A) Serum OX40L levels in patients with SSc
(n = 177) and in healthy controls (n = 100). (B, C, and E) Kaplan—-Meier survival
curves for worsening of dermal fibrosis (B), lung fibrosis (C) and de novo de-
velopment of PAH (E) during the follow-up period according to OX40L levels in
serum at baseline. The dashed line represents survival probability in patients
with high OX40L levels in serum at baseline (concentration equal to or above
the 95th percentile in healthy controls, i.e., 8.4370). The solid line represents
survival probability in patients with low OX40L levels in serum at baseline
(concentration below the 95th percentile in healthy controls, i.e., 8.4370). The
number of patients with SSc at risk is noted below the curves. (D) Serum OX40L
levels in patients with SSc with (n = 8) and without (n = 169) PAH. *P < 0.05.
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Fig. 3. Mice lacking OX40L are protected from dermal fibrosis induced by
bleomycin. (A) Representative H&E-stained sections (magnification: 100x) from
ox40I"* mice injected s.c. with NaCl (n = 8), ox40I** mice injected s.c. with
bleomycin (n = 10), ox401™~ mice injected s.c. with NaCl (n = 4), and ox40l7~ mice
injected s.c. with bleomycin (n = 8). (Scale bar: 100 um.) (B) Representative sec-
tions stained by trichrome. (Magnification: 100x.) (Scale bar: 100 pm.) Hydrox-
yproline content is reduced in lesional skin of ox4017~ mice. (C) Myofibroblasts
were identified by positive staining for a-SMA in slides after counterstaining with
hemalun. (Scale bar: 50 pm.) Values are represented by dot blots with the mean +
SEM. The experiment was performed in two independent series. *P < 0.05; **P <
0.01; ***P < 0.001; two-sided Mann-Whitney test. NS: nonsignificant.

Patients with SSc and pulmonary arterial hypertension (PAH)
had higher OX40L serum levels at baseline (6.74 + 3.31 ng/mL
versus 4.99 + 3.29; P < 0.05) (Fig. 2D). A trend was seen for
patients with elevated serum OX40L levels at baseline to develop
de novo PAH more frequently than patients with a low OX40L
concentration (HR: 3.64, 95% CI: 0.32-41.02; P = 0.13) (Fig. 2E),
but the small number of patients preclude any firm conclusions.
In the replication cohort (n = 241), OX40L was highly associ-
ated with lung fibrosis in the cross-sectional analysis (regression
coefficient B: 0.003, SE 0.001, P = 0.025). At follow-up, OX40L was
predictive for worsening lung fibrosis both in univariate (P = 0.002)
and multivariate linear regression models (HR: 1.5, 95% CI: 1.03—-
2.31; P = 0.037) (Table S1). These results emphasize the role of
OX40L in SSc and in fibrosis and suggest that OX40L might be
used as a biomarker to delineate the prognosis of patients with SSc
more accurately in clinical practice. To assess the role of OX40L in
fibrosis further, the effect of OX40L blockade on fibrosis was
evaluated in vivo in different complementary murine models of SSc.

0X40L-Deficient Mice Are Protected from Bleomycin-Induced Dermal
Fibrosis. 0x401 '~ mice were markedly protected from bleomycin-
induced fibrosis with a mean + SEM decreases of 13 + 7% in
dermal thickness (P = 0.027), 19 & 8% (P = 0.034) in hydroxyproline
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content, and 57 + 32% (P = 0.044) in myofibroblast count in the
lesional skin of 0x401~'~ mice compared with ox401** mice after
bleomycin injections (Fig. 3).

O0X40L Invalidation Reduces T Cells, B Cells, Natural Killer Cells, and
Macrophage Infiltration in Lesional Skin of Mice Challenged with
Bleomycin. CD3"* T cells were reduced by 64 + 8% (P = 0.029),
CD22 B cells were reduced by 71 + 9% (P = 0.016), natural killer
(NK) cells were reduced by 72% + 26% (P = 0.029), and CD68
macrophages were reduced by 74 + 3% (P = 0.029) in lesional
skin of ox401~'~ mice as compared with ox401*"* mice treated
with bleomycin (Fig. 4 A-D).

0X40L Invalidation Reduces Levels of Proinflammatory Cytokines in
the Lesional Skin of Mice Challenged with Bleomycin. 0x401”~ mice
showed reduced levels of IL-6 (56 + 9%, P = 0.029) and TNF-u (66 +
2%, P = 0.016) after bleomycin treatment (Fig. 4 E and F). No dif-
ferences in the levels of IL-4 and IL-10 were observed, but there was
a nonsignificant trend for decreased IL-17 and IFN-y (Fig. S2).

0X40L Invalidation Induces Gene-Expression Changes in the Lesional
Skin of Mice Challenged with Bleomycin. To identify the down-
stream pathways affected by OX40L inhibition, gene expression
was compared in ox40I"* and ox4017~ mice injected with bleo-
mycin. Five top key cell functions (Table 1) and five canonical
pathways (Table 2) were identified by supervised analysis. Inhibition
of matrix metalloproteinase (MMP) was a relevant pathway in the
context of fibrosis (P = 0.020). The main genes identified in this
pathway were MMP-28, thrombospondin-2, and tissue factor
pathway inhibitor-2. Gene set enrichment analysis identified the
NF-kB, and activator protein 1 (AP-1) pathways as down-regulated
in ox401~~ mice (Table 3).

0X40L Regulates Inflammatory and Myofibroblast Lesional Skin
Infiltration Through AP-1. AP-1 regulates the gene expression of
MMP1 and TIMP1, which are involved in matrix remodeling.
Furthermore, AP-1 is up-regulated in a TGF-pf—dependent man-
ner in SSc, and pharmacological inhibition of AP-1 prevents the
pathological activation of dermal fibroblasts in vitro and the de-
velopment of experimental dermal fibrosis in different in vivo
models (11) Therefore we focused on the AP-1 pathway by studying
the expression of two well-known AP-1 proteins. c-fos and c-jun, in
the lesional skin of mice treated with bleomycin. c-Fos was detected
on T cells and myofibroblasts, with fewer myofibroblasts expressing
cfos in the lesional skin of ox401”~ mice than in ox401*"* mice (P =
0.0260) (Fig. 4 GJ). A decrease in the expression of c-jun was also
observed in ox4017~ mice treated with bleomycin (Fig. S3).

OX40L Blockade Prevents Dermal Fibrosis by Acting on both Hematopoietic
and Nonhematopoietic Cells. To determine whether OX40L blockade
acts predominantly on inflammatory cells or fibroblasts to prevent

Table 1. Ingenuity knowledge base analysis

No. of differentially

Molecular and cellular functions expressed genes P value

Cellular assembly and 28 1.74 x 107*
organization

Cellular function and 20 2.59 x 107
maintenance

Molecular transport 13 6.60 x 107*

Protein trafficking 12 6.60 x 107*

Posttranslational 13 1.47 x 1073
modification

A transcriptomic approach was performed to compare genes differen-
tially expressed between ox401** (n = 3) and ox401™~ mice (n = 4) injected
with bleomycin.
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Fig. 4. Decrease in T cells, B cells, macrophages, NK cells, proinflammatory cytokines, and c-fos expression in lesional skin of OX40L-deficient mice subjected to bleomycin
injections. (A-D) The number of CD3* T cells (A), CD22* B cells (B), CD68" macrophages (C), and NK cells (D) by immunohistochemistry in lesional skin of ox40I** and
ox401™~ mice challenged with bleomycin. Ten mice were used for these experiments. Representative sections stained by immunohistochemistry for CD3, CD22, CD68, and
CD57 are shown. (Magnification: 400x.) (Scale bars: 10 pm.) (€ and F) Skin levels of the cytokines II-6 (E) and TNF-« (F) in ox4017~ and ox40I*"* mice subjected to bleomycin.
Sixteen mice were used for these experiments (four mice per group). All cytokine concentrations are normalized on total protein concentration. (G) Representative sections
stained by immunohistochemistry for c-fos (magnification: 200x) from ox401** and ox40l”~ mice receiving s.c. injections of bleomycin. The experiment was performed in two
independent series of three mice. (Scale bar: 200 pm.) (H) c-Fos was expressed by CD3* T cells. The staining was performed in three independent series. (Magnification: 400x.)
(Scale bar: 10 pm.) () c-Fos was expressed by a-SMA™* cells. The staining was performed in three independent series. (Magnification: 400x.) (Scale bar: 10 um.) (J)) Semi-
quantitative analysis of intensity of double staining among cells expressing a-SMA using ImageJ software. The staining was performed in six mice from each group (in two
independent series). Values in E, F, and J are represented by dot blots with the mean + SEM; *P < 0.05; two-tailed Mann-Whitney test. NS: nonsignificant.
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Table 2. Interactive pathway analysis

Top canonical pathways P value
Sulfite oxidation IV 1.49 x 1072
Androgen biosynthesis 1.80 x 1072
Inhibition of matrix metalloproteases 2.03 x 1072
-DOPA degradation 2.96 x 1072
Thiosulfate disproportionation IlI 2.96 x 1072

A supervised analysis revealed the up-regulation of five pathways.

dermal fibrosis, ox401”~ mice were lethally irradiated and recon-
stituted with bone marrow and spleen cells from ox401** mice or
0x401™~ mice. One mouse died in the group reconstituted with cells
from ox40I** mice. A trend was seen for increased thickness and
collagen content of lesional skin in irradiated mice reconstituted with
bone marrow and spleen cells from ox40L™* mice as compared with
mice reconstituted with cells from ox40I7~ mice (Fig. S4), but the
trend did not reach significance. There was no significant differ-
ence between ox401”~ mice reconstituted with bone marrow from
ox40I""* or ox4017/~ mice, suggesting that the blockage of OX40L
acts on both hematopoietic cells and nonhematopoietic cells to
prevent bleomycin-induced dermal fibrosis.

0X40L mAb Protects Against the Development of Bleomycin-Induced
Fibrosis. For therapeutic purposes, we assessed the effect of a
neutralizing mAb against murine OX40L in this model. Toler-
ance of the treatment was good. The anti-OX40L mAbD signifi-
cantly reduced dermal thickening by 31 + 6% (P = 0.002),
hydroxyproline content by 18 + 5% (P = 0.026), and the number
of myofibroblasts by 74 + 67% (P = 0.009) (Fig. 5).

0X40L mAb Induces the Regression of Established Fibrosis in the
Modified Bleomycin Model. Although the prevention of fibrosis is
a major aim in the treatment of SSc, the clinical situation is most
often characterized by patients who present with already estab-
lished fibrosis. We addressed the antifibrotic effects of the anti-
OXA40L mADb in a model of established fibrosis. Treatment with
the anti-OX40L mAb induced a regression of established fibro-
sis, with a decrease in dermal thickness by 26 + 3% (P = 0.002),
in collagen content by 22 + 7% (P = 0.020), and in myofibro-
blasts recruitment by 42 + 6% (P = 0.027) (Fig. 6).

0X40L mAb Does Not Protect Against Noninflammatory Skin Fibrosis
in the Tight Skin 1 Mouse Model. Next, we aimed to determine
whether OX40L inhibition was efficient in an inflammation-
independent model of skin fibrosis, the tight skin 1 (Tsk-1) mouse
model (12, 13). We did not observe any difference in hypodermal
thickening and collagen content between Tsk-1 mice treated with
the anti-OX40L mAb or with a control mAb (Fig. S5).

0X40L mAb Protects Against Fibrosing Alveolitis in the Fra-2
Transgenic Mouse Model. Because interstitial lung involvement
and PAH are key prognostic factors in SSc (14), we aimed to
assess the effects of the OX40L mAb in the Fra-2 mouse model,
which exhibits these severe involvements (15, 16). Fra-2 trans-
genic mice displayed an increased expression of OX40 and
OXA40L in the skin and in the lungs as compared with control
mice (Fig. S6). Treatment by anti-OX40L mAb was well toler-
ated. Micro-computed tomography (micro-CT) revealed higher
lung density consistent with fibrosing alveolitis in Fra-2 mice
treated with control mAb than in C57/BL6 mice (P = 0.007); this
lung density was decreased significantly in Fra2 mice treated with
the anti-OX40L mAb (P = 0.004). Restrictive lung disease was
observed in Fra-2 mice treated with control mAb; these mice had
a functional residual capacity equal to 44.7% of lung volume
versus 77.4% in control mice (P < 0.001). Fra-2 mice receiving
anti-OX40L mAb had a functional residual capacity of 71.4% of
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lung volume (P < 0.001). There was no significant difference at
micro-CT between Fra-2 mice treated with anti-OX40L mAb
and wild-type mice (Fig. 7). Fra-2 mice treated with control IgG
were characterized by SSc-like features of nonspecific interstitial
pneumonia at histology, with large patchy areas of lung paren-
chyma characterized by both diffuse cellular inflammation and
collagen deposition (17). The lung fibrosis histological score was
significantly higher in Fra-2 mice treated with control IgG than
in Fra-2 mice receiving anti-OX40L mAb (mean score: 4.69
versus 2.69; P = 0.032) (Fig. 8 4 and B). The lung fibrosis score
was highly correlated with CT data (correlations with density
score: p: 0.470, P = 0.018) and with forced residual capacity/lung
volume (p: —0.846, 95% CI: —0.930-0.677; P < 0.001). Consis-
tently, hydroxyproline content was reduced by 23 + 9% (P = 0.029)
(Fig. 8C). Second harmonic generation (SHG) microscopy showed
a preferential perivascular distribution of fibrosis, suggesting
fibrosing alveolitis (Fig. 8D). Scoring of fibrillar collagen de-
posits confirmed an increase in collagen scoring in Fra-2 mice
receiving control IgG as compared Fra-2 mice treated with the
anti-OX40L mAb (P = 0.009) (Fig. 8E).

0X40L mAb Protects Against PAH in the Fra-2 Transgenic Mouse
Model. An increase in wall thickness and occlusion of pulmo-
nary arteries, associated with massive perivascular inflammatory
infiltrates, resembling SSc-associated PAH, were detected more
frequently in Fra-2 mice treated with control antibody than in wild-
type mice or Fra-2 mice receiving the anti-OX40L antibody (Fig.
94). Obliterated vessels were undetectable in wild-type mice and
in Fra-2 mice treated with anti-OX40L (0%) but were observed
in 42.9% of Fra-2 mice receiving control antibody (P = 0.02).
Completely muscularized or occluded vessels were observed in five
of seven (71.4%) Fra-2 mice treated with control IgG and none of
10 wild-type and eight Fra-2 mice treated with anti-OX40L mAb
(P = 0.003 and P = 0.007, respectively) (Fig. 9B). We did not
observe coexpression of CD31 and a-SMA in the vessel walls of
Fra-2 mice treated with control mAb, suggesting that PAH in this
model was explained by the differentiation of resident fibroblasts
into myofibroblasts rather than by endothelial-to-mesenchymal
transition. This proliferation was decreased in Fra-2 mice treated
with anti-OX40L antibody (Fig. 9C).

Discussion

Our study provides the first evidence, to our knowledge, that
OX40L, a costimulatory molecule required for full activation of
T cells, is implicated in the development of inflammation-driven
skin, lung, and vessel fibrosis. SSc is the ideal disease for studying
the events preceding the onset of fibrosis because the immune
component and typical fibrotic events coincide in this condition. We
identified increased OX40L expression in the lesional skin and
serum of patients with SSc, particularly in patients with diffuse

Table 3. Gene set enrichment analysis

Top gene set enrichment

analysis signaling pathways Enrichment score P value

PDGF receptor — AP-1/MYC —-0.51 <1x107°
HGFR — AP-1/CREB/MYC -0.50 <1x107°
TGFBR — AP-1 —-0.49 <1x107°
Angiopoietin — AP-1 —-0.47 <1x107°
Notch — NFkB —0.45 <1x107°
IL1R > NFxB -0.44 <1x107°

A transcriptomic approach was performed to compare genes differen-
tially expressed between ox401** (n = 3) and ox401™~ mice (n = 4) injected
with bleomycin. Gene Set Enrichment Analysis showed an up-regulation of
genes involved in two main pathways: the NFkB and AP1 pathways. CREB:
cAMP response element binding protein; HGFR: hepatocyte growth factor
receptor; PDGFR, PDGF receptor; TGFBR: TGF-p receptor.
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Fig. 5. Bleomycin-induced skin fibrosis is prevented upon OX40L inhibition
with a neutralizing mAb. (A) Representative H&E-stained sections (magni-
fication: 100x) from C57/BI6 mice injected s.c. with NaCl and injected i.p.
with IgG (control) (n = 7); C57/BI6 mice injected s.c. with bleomycin injected i.p.
with 1gG (control) (n = 7); and C57/BI6 mice injected s.c. with bleomycin and
injected i.p. with anti-OX40L neutralizing mAb (n = 7). (Scale bar: 100 pm.) (B)
Representative sections stained by trichrome. (Magnification: 100x.) (Scale bar:
100 pm.) The hydroxyproline assay evaluates collagen content. (C) Myofibro-
blasts were identified by positive staining for a-SMA in slides after counter-
staining with hemalun. (Scale bar: 100 pm.) Values are represented by dot blots
with mean + SEM. The experiment was performed in two independent series.
*P < 0.05; **P < 0.01; two-sided Mann-Whitney test.

cutaneous SSc. Diffuse SSc, defined by the highest extent of skin
fibrosis, is associated with high morbidity and mortality (18). In
addition to the expected expression of OX40L in perivascular T
cells and B cells (4), we observed an expression, not previously
reported, of OX40L by activated dermal fibroblasts, suggesting
that mesenchymal cells can be directly activated by the OX40/
OX40L pathway and thus promote collagen synthesis and fibrosis.
Next, we showed that the inhibition of OX40L through comple-
mentary gene inactivation and targeted molecular strategies pre-
vented and even induced the regression of bleomycin-induced dermal
fibrosis. This widely used model mimics early and inflammatory
stages of SSc. Blocking OX40L exerted antifibrotic effects in this
model by decreasing the infiltration of T cells into lesional skin, as
is consistent with previous reports in other preclinical models of
autoimmune disorders (3, 19-22).

Our data support the notion that OX40L regulates the cytokine
balance toward a proinflammatory and profibrotic profile, because
lower levels of TNF-a and IL-6 were detected in ox4017~ mice.
This finding is consistent with the previous description of enhanced
production of TNF-a and IL-6 through OX40/OX40L interaction
(23). Reduced IL-6 release after OX40L invalidation also has been
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described in the murine model of encephalomyelitis (20). Herein,
we confirmed that NF-kB is one of the central mediators of OX40L
signaling (24). We also identified AP-1 as a downstream signaling
pathway of OX40L. This finding has been scarcely reported to date
but is consistent with the up-regulation of c-jun and c-fos mRNA
observed in activated endothelial cells after binding OX40L (25).
Interestingly, AP-1 is implicated both in inflammatory response
and fibrosis. AP-1 is up-regulated in a TGF-p-dependent man-
ner in SSc, and pharmacological inhibition of AP-1 prevents the
pathological activation of dermal fibroblasts and the development
of experimental dermal fibrosis (11). The reduced expression of
c-jun and c-fos observed on T cells and fibroblasts from ox401~/~
mice upon bleomycin challenge suggests that OX40L may reg-
ulate inflammation and fibroblast activation through AP-1 sig-
naling in inflammation-driven skin fibrosis. Despite its known
predominant role in hematopoietic cells and the immune response,
our results indicate that OX40L blocking does not act only through
hematopoietic cells. Indeed, the results obtained in irradiated mice
reconstituted with bone marrow and spleen cells from ox401**
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Fig. 6. Inhibition of OX40L with a neutralizing mAb induces regression of
established fibrosis in the bleomycin mouse model. (A) Representative H&E-
stained sections (magnification: 100x) from C57/Bl6 mice injected s.c. with
bleomycin for 6 wk and injected i.p. with IgG (control) for the last 3 wk (n = 7);
C57/BI6 mice injected s.c. with bleomycin for 6 wk and injected i.p. in parallel
with anti-OX40L neutralizing mAb for the last 3 wk (n = 7); and C57/Bl6 mice
injected s.c. with bleomycin for 3 wk followed by s.c. injections of NaCl for the
last 3 wk (n = 8). (Scale bar: 100 pm.) (B) Representative sections stained by
trichrome. (Magnification: 100x.) (Scale bar: 100 pm.) The hydroxyproline assay
evaluates collagen content. (C) Myofibroblasts were identified by positive
staining for a-SMA in slides after counterstaining with hemalun. (Scale bar:
100 pm.) Twenty-two mice were used for these experiments. Results are re-
presented by dot blots with mean + SEM. The experiment was performed in
two independent series. *P < 0.05; **P < 0.01; two-sided Mann-Whitney test.
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Fig. 7. Inhibition of OX40L prevents the development of fibrosing alveolitis:

CT-scan data. (A) Fibrosing alveolitis was observed in Fra-2 mice receiving
control IgG. Representative micro-CT images are shown. (B) Representative
images of functional residual capacity (in blue) in different mice; bronchi are in
white. (C) Increased lung density at micro-CT in Fra-2 transgenic mice treated
with control IgG (n = 7) compared with Fra-2 mice treated with anti-OX40L
mAb (n = 8) or C57/BL6 wild-type (control) mice (n = 10). (D) Residual lung
volume, expressed as the percentage of functional residual capacity on total
lung volume. Values are dot blots with the mean + SEM; **P < 0.01; ***P <
0.001; two-sided Mann-Whitney test.

mice and the in vitro data presented herein show that both he-
matopoietic and nonhematopoietic cells, including fibroblasts,
are involved in the effects mediated by OX40L in the context of
fibrosis.

Blocking OX40L with a specific mAb did not display anti-
fibrotic properties in the Tsk-1 mouse model, which is charac-
terized by endogenous activation of fibroblasts independent of
inflammation; this result supports the proposition that the in-
flammatory environment is required for OX40L to exert profi-
brotic effects.

Our results highlight the substantial effects of blocking OX40L
to prevent the severe organ damage characterizing SSc. Treat-
ment with OX40L mAb markedly prevented fibrosing alveolitis
in the Fra-2 transgenic mouse model by reducing inflammatory
infiltrates, which are prominent features in this model. Consis-
tently, OX40L transgenic mice spontaneous develop interstitial
pneumonia accompanied by the significant production of anti-
DNA antibody (26). This result is of particular importance be-
cause fibrosing alveolitis is the leading cause of death in SSc, and
no efficient therapy is yet available to treat this devastating
condition (14, 27). Furthermore, Fra-2 transgenic mice receiving
anti-OX40L antibody had reduced perivascular inflammatory
infiltrates and were protected against the vessel remodeling
leading to PAH, the most extreme vascular phenotype of SSc
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(15, 16). The role of OX40L in PAH is also supported by the
observations in OX40L transgenic mice, which spontaneously
develop severe PAH associated with massive lymphocytic peri-
vascular infiltration (28). Thus, OX40L inhibition may have the
potential to address several aspects of SSc-PAH pathology that
are not addressed by current therapies, which act mostly by re-
lieving vasoconstriction. Fighting inflammation is a very appealing
complementary strategy because both endothelial dysfunction and
inflammation are intertwined with the initiation and progression
of PAH.

In idiopathic PAH, proliferative vasculopathy results both from
endothelial-to-mesenchymal transition and from the differentia-
tion of resident fibroblasts into myofibroblasts. Our results suggest
that the second mechanism is prominent in Fra-2 transgenic mice
and that this proliferation was decreased in mice treated with anti-
OX40L antibody.

Taken together, our results may have direct implications, be-
cause a human mAb, anti-OX40L, is available, and preliminary
phase 2 data report that it was well tolerated in patients with
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Fig. 8. Inhibition of OX40L prevents the development of fibrosing alveolitis:

histological analysis. (A) Representative H&E-stained lung sections from Fra-2
mice treated with control IgG (n = 7), Fra-2 mice treated with anti-OX40L mAb
(n = 8), and control C57/BL6 mice (n = 10). (Scale bar: 100 pm.) (B) Lung
fibrosing score was significantly higher in Fra-2 mice receiving control mAb
than in Fra-2 mice treated with anti-OX40L mAb. (C) The hydroxyproline assay
evaluates collagen content. (D) SHG showed fibrillar collagen (in pink) in Fra-2
mice treated with control I1gG. (Scale bar: 50 um.) (E) Second harmonic scores
were higher in Fra-2 mice receiving control IgG than in Fra-2 mice treated by
anti-OX40L mAb or in control mice. Twenty-five mice were used for these
experiments. Values in B, C, and E are represented by dot blots with means +
SEM. *P < 0.05; **P < 0.01; ***P < 0.001; two-sided Mann-Whitney test. AU:
arbitrary units.
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Fig. 9. Inhibition of OX40L prevents PAH in Fra-2 mice. (A) Representative
H&E-stained sections from Fra-2 mice treated with control antibody (two
representative pictures are shown: one vessel is almost occluded, and one is
completely occluded), from C57/BL6 (control) mice, and from Fra-2 mice re-
ceiving anti-OX40L antibody (two representative pictures are shown: one
vessel with a mild infiltrate, and one vessel without vasculopathy or in-
flammatory infiltrate). (Scale bars: 100 pm.) (B) Remodeling of the vessel was
assessed by staining for a-SMA (immunohistochemistry) and was more pro-
nounced in Fra-2 mice receiving control IgG (vessel occluded or almost com-
pletely occluded with a massive inflammatory infiltrate on two representative
pictures) than in Fra-2 mice treated with anti-OX40L mAb or C57/BL6 (control)
mice. Twenty-five mice were used for this experiment. (Scale bars: 100 pm.)
(C) There was no costaining for CD31 (red) or a-SMA (green) in vessels from
Fra-2 mice treated with control antibody or anti-OX40L antibody. Vasculop-
athy in Fra-2 mice receiving control antibody was related to the prominent
proliferation of fibroblasts (marked by a-SMA) rather than endothelial-to-
mesenchymal transition (no coexpression of CD31 and a-SMA). A massive
perivascular infiltrate was noticed (DAPI). (Scale bars: 100 pm.)

mild allergic asthma (29). Fibrosis is the final common pathway
hallmarking SSc and many other diseases. Therefore, blocking
OX40L appears to be a promising strategy for SSc and for nu-
merous fibrotic disorders. In addition, the anti-OX40L antibody
offers the putative advantage of selectively targeting pathogenic
T cells without causing generalized immunosuppression, possibly
decreasing the risk of infections usually observed with other
immunosuppressive drugs (3, 4, 10, 22, 30).

In addition to the lack of an effective therapy, another unmet
clinical need in SSc and fibrotic disorders is the absence of re-
liable biomarkers predicting disease progression. Soluble OX40L
appears to be a promising biomarker, because increased serum
levels were detected in SSc patients with severe skin or lung
disease at baseline, and, of particular interest, high concentra-
tions also were predictive of worsening skin and lung fibrosis
during the follow-up period. The data regarding lung fibrosis
that were independently replicated in a well-structured cohort
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support the robustness of OX40L as a prognostic marker for this
severe complication, which is the leading cause of death in SSc.

Materials and Methods

Patients and Skin Biopsies. OX40L was quantified by ELISA in the serum of 177
patients with SSc and 100 healthy age- and sex-matched volunteers using the
Human Soluble OX40L (sOX40L) ELISA kit (Cusabio). The replication study
cohort was derived from the prospective, observational Oslo University
Hospital SSc cohort study dedicated to lung fibrosis assessment (31).

Paraffin-embedded sections of lesional skin biopsies were obtained from
eight patients with SSc (three patients with limited SSc and five patients with
diffuse cutaneous forms) and from five healthy age- and sex-matched
healthy volunteers.

Fibroblast Cultures. Fibroblast cultures were obtained from biopsies of in-
volved skin of patients with SSc and skin of healthy volunteers. Mouse fi-
broblasts cultures were obtained from samples taken from the ears of mice.
Fibroblasts were prepared by outgrowth cultures. Fibroblasts from passages
2-3 were used for the experiments.

Bleomycin-Induced Dermal Fibrosis in 0X40L-Deficient Mice. Skin fibrosis was
induced in 6-wk-old male mice by local injections of bleomycin for 3 wk (32).
Injections (s.c.) of NaCl were used as controls. The four groups consisted of
30 mice in total. Validated parameters (11, 33) were used for evaluation.
Mice were killed by cervical dislocation after 3 wk of treatment, and the
injected skin was processed further for analysis.

Irradiation and Graft. In all, 20 5- to 7-wk-old 0x40l~~ mice (10 females and 10
males) were included. Recipient mice were lethally irradiated and recon-
stituted with spleen and bone marrow cells from ox401t* mice (n = 7) or
from ox401** mice (n = 7), as previously described (34). Seven ox401~'~ mice
were not irradiated and were used as controls. Beginning on the day after
irradiation, mice were injected s.c. with bleomycin for 3 wk, as previously
described.

Prevention and Treatment of Bleomycin-Induced Fibrosis with anti-OX40L mAb.
In the preventive protocol, one group of seven mice received i.p. injections of
300 pg anti-OX40L mAb (RM134L, rat IgG2b) in 100 pL PBS three times/wk
over a 3-wk period starting on the day before the first injection of bleo-
mycin. Two control groups of seven mice were treated with an equivalent
amount of control rat IgG (Sigma) and were injected with bleomycin and
Nadl, respectively. The three groups consisted of 21 mice in total. In the
therapeutic protocol we assessed the effects of OX40L inhibition in estab-
lished dermal fibrosis. Two groups of mice were challenged with bleomycin
for 6 wk and were treated in parallel with i.p. injection of 300 pg anti-OX40L
mAb or control IgG three times/wk, beginning after the third week of
bleomycin. The third group received bleomycin injections for 3 wk followed
by NaCl injections for the next 3 wk to control for the spontaneous regression of
fibrosis. Mice were killed by cervical dislocation after 6 wk of treatment.

Evaluation of Dermal Thickness. Dermal thickness was analyzed at 100x mag-
nification by measuring the distance between the epidermal-dermal junction
and the dermal-s.c. fat junction at four sites on H&E-stained skin sections.
Measurements were made by two independent blinded examiners (M.F.
and M.E.), as previously described (33, 35).

Collagen Measurements. The collagen content in lesional skin samples was
explored by hydroxyproline assay, as previously described (33, 35). For direct
visualization of collagen fibers, trichrome staining was performed using the
Masson’s Trichrome Staining Kit (Sigma-Aldrich).

Immunohistochemistry for a-SMA, OX40L, c-Fos, c-Jun, CD3, CD22, CD57, and
CD68. Myofibroblasts were identified by staining for a-SMA as previously
described (33). T cells, B cells, NK cells, macrophages, and c¢-fos* and c-jun*
cells were identified by staining for CD3, CD22, CD57, CD68, c-fos, and c-jun,
respectively (all antibodies were from Abcam) (33, 35).

The expression of OX40L in lesional skin from patients with SSc and in skin
from controls was detected by staining with polyclonal rabbit anti-human
OX40L antibody or isotype control (Sigma-Aldrich). The intensity of OX40L
immunostaining was quantified with ImagelJ software.

Immunofluorescence for 0X40L, CD3, CD22, CD31, a-SMA, c-Fos, and CD90. For

costaining experiments, immunofluorescent staining was performed in
lesional skin from patients with SSc. Fibroblasts were identified by staining for
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CD90 (Abcam). The intensity of a-SMA™ cells expressing c-fos was quantified
with Image)J software.

Inflammatory Cytokine Measurement in Lesional Skin Samples of Bleomycin-
Treated Mice. Cytokine levels were measured in the skin of 16 ox401~~ and
ox401*"* mice subjected to bleomycin or NaCl injections (four mice per group),
as previously described (33, 35). Protein concentration was determined with
the amidoblack method (36). Skin lysates were assayed for TNF-q, IL-6, IFN-y, IL-4,
IL-10, and IL-17.

Effects of OX40L Inhibition in the Tsk-1 Mouse Model. Starting at 5 wk of age,
five Tsk-1 mice were treated with 300 pg anti-OX40L mAb and four Tsk-1
mice were treated with control IgG. A third group consisted of five control
mice homozygous for the pallid spontaneous mutation (pa/pa mice). Mice
were killed by cervical dislocation at the age of 10 wk to analyze the hy-
podermal thickness and the hydroxyproline content in lesional skin.

|++ —/—

Transcriptomic Approach. Skin samples from three ox401™"" and four ox40I
mice treated with bleomycin were defrosted, extracted, and hybridized at
the same time. Affymetrix microarray technology was used to analyze gene
expression levels.

Extraction protocol. Total RNA were extracted from lesional skin samples of
three ox401*"+ and four ox40I~ mice treated with bleomycin using the RNeasy
Mini Kit with DNase | digestion according to the manufacturer’s instructions.
Transcriptomes preparation and data analysis. Samples were prepared according
to standard practices of the GENOM'IC facility of the Institut Cochin. All
microarray data and information have been submitted to the National Center
for Biotechnology Information Gene Expression Omnibus site (accession no.
GSE73705). Data were robust multiarray normalized with Bioconductor. We
first controlled and analyzed data in an unsupervised way by principal com-
ponents analysis and used ANOVA to extract differentially expressed genes
with the Partek Genomics Suite. Enrichment analysis was carried out using
Interactive Pathway Analysis and Pathway Studio.

Prevention of Fibrosing Alveolitis and PAH in the Fra-2 Model. Two groups of
Fra-2 transgenic mice were treated by anti-OX40L mAb (n = 8 mice) or control
rat1gG (n = 7 mice) beginning on week 13 of development. Two control groups
of five C57/BL6 mice were treated with anti-OX40L mAb or control rat IgG,
respectively. Mice were killed by cervical dislocation at age 17 wk.

Assessment of Fibrosing Alveolitis by Micro-CT. Fibrosing alveolitis was eval-
uated using micro-CT 2 d before mice were killed. Means of lung density of
both groups were determined by evaluating all CT scans acquired from the
apices to the bases of the lungs. Furthermore, the volume of functional lung
parenchyma corresponding to functional residual capacity (FRC) was drawn
manually, excluding fibrotic area and vessels. Percentages of FRC on total lung
volumes were calculated. The CT expert (J.S.) was blinded to the background of
mice, to the treatment, and to the results of the histological assessment.
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