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Abstract
Systemic sclerosis (SSc) is a chronic autoimmune disorder that can result in extensive tis-

sue damage in the skin and, in advanced cases, internal organs. Vasculopathy, aberrant

immune activation, and tissue fibrosis are three hallmarks of the disease that have been

identified, with vasculopathy and aberrant immunity being amongst the earliest events.

However, a mechanistic link between these processes has not been established. Here, we

have identified a novel role of platelet derived growth factor-BB (PDGF-BB)/PDGFRβ acti-

vation in combination with dermal injury induced by bleomycin as a driver of early, aberrant

expression of interferon stimulatory genes (ISGs) and inflammatorymonocyte infiltration.

Activation of PDGFRβ in combination with bleomycin-induced dermal injury resulted in

increased dermal thickness, vascular density, monocyte/macrophage infiltration, and

exacerbation of tissue injury. Many of these features were dependent on IFNAR-signaling,

and an increase in the number of interferon-beta (IFN-β) producing monocytes cells was

found in the skin lesions. Taken together, these results identify a novel link between

PDGFRβ activation, and Type I IFN-driven vascular maintenance and monocyte/macro-

phage cell recruitment, and provide a potential explanation linking key features of SSc that

were previously thought to be unrelated.

Introduction
Systemic sclerosis (SSc) is a complex multi-system autoimmune disease with three distinct
pathologies that define the disease, namely: vasculopathy, aberrant immune activation, and tis-
sue fibrosis [1]. While vasculopathy and aberrant immune activation occur in early stages of
SSc, the advanced stages are marked by tissue fibrosis that develops in the skin and can prog-
ress to other organs, leading to mortality. TGFβ has been implicated as a driving factor for dif-
ferentiation of pathogenic collagen-producing myofibroblasts which are responsible for the
excessive deposition of extracellular matrix proteins seen in advanced SSc [2]. However, the
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upstream vascular and immune events leading to fibrosis and their influence on other aspects
of SSc disease pathogenesis has not been established.

One of the earliest clinical manifestations of SSc is Raynaud’s phenomenon, a vasculopathy
characterized by an excessive vasospasm response to cold or stress, which can precede the diag-
nosis of SSc by months or even years. Microvascular alterations and loss of small vessel func-
tion can ultimately lead to ischemia in peripheral tissue leading to digital ulcers or more severe
complications such as pulmonary arterial hypertension. In general, the vascular manifestations
of SSc primarily affect the structure and function of small vessels, resulting in abnormally
structured nail-fold capillaries, telangiectasia, and loss of capillaries [3]. Interestingly, despite
the apparent loss of small blood vessels, pro-angiogenic factors, such as PDGF-BB and VEGF,
are highly expressed in SSc skin lesions for reasons unknown [4,5].

PDGF-BB is a multifunctional growth factor with mitogenic activity on cells of the mesen-
chymal lineage including fibroblasts and perivascular pericytes [6]. In SSc, PDGF-BB and its
receptor, PDGFRβ, are upregulated in lesional skin biopsies [4,7]. PDGFRβ expression appears
to be particularly enhanced on pericytes surrounding the dermal microvasculature in patients
with early SSc, suggesting that PDGFRβ activation may have a role in modulating vascular
function [8]. Further, PDGF receptor activating auto-antibodies have been reported in SSc
patients [9]. Taken together, these observations suggest that altered activation of the
PDGF-BB/PDGFRβ-axis may play a role in SSc disease pathogenesis.

In addition to the PDGF-BB/PDGFRβ-axis, Type I interferons have also been implicated in
the pathogenesis of SSc in various studies. In a study of peripheral blood mononuclear cells
(PBMCs) and skin lesions of SSc patients, an increased expression of Type I IFN-associated
genes was observed compared with controls [10,11]. A separate study showed that approxi-
mately half of SSc patients have increased expression of an “interferon signature” [12]. Further
supporting the role of Type I IFNs in SSc, the development of SSc-like skin manifestations was
reported in patients being treated with interferons for the treatment of viral infections [13,14].
Interestingly, patients with genetic mutations leading to the overproduction of Type I IFNs
(termed STING-associated vasculopathy with onset in infancy (SAVI) patients) have been
reported to have systemic inflammatory responses with evidence of cutaneous vasculopathy
and pulmonary inflammation [15]. Many of the clinical manifestation observed in SAVI
patients echo those observed in SSc patients, including Raynaud’s phenomenon, telangiectasia,
abnormal nail-fold capillaries, and digital ulcers [15].

While vasculopathy and immune cell activation in SSc are thought to be distinct features
of the disease, there is some evidence that these processes may in fact be functionally linked.
For example, vascular inflammation in SSc is evidenced by the presence of perivascular
immune cell infiltrates, predominantly of the monocyte/macrophage cell lineage, in the
affected lesions of SSc patients [16]. Further, mice engineered to express a constitutively
active form of PDGFRβ exhibit increased pericyte coverage in capillaries with evidence of
aberrant production of interferon stimulatory genes (ISGs) and other inflammatory media-
tors by brain vascular cells [17]. These mice do not develop tissue fibrosis, but they do exhibit
extensive signs of perivascular inflammation and increased accumulation of myeloid cells in
peripheral tissues. To investigate the roles of PDGF-BB and Type I IFNs in vasculopathy and
aberrant immune cell activation in SSc, we developed a novel experimental model, which fea-
tures PDGF-BB-dependent vascular activation, in combination with bleomycin-induced der-
mal injury and fibrosis. We used this model to study the complex interactions that occur at
the site of disease, and identify the mechanisms by which these interactions may influence
SSc disease pathogenesis.
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Materials and Methods

Animals
C57BL/6J and IFNAR-deficient mice were obtained from The Jackson Laboratory (Bar Harbor,
ME: Stock number: 000664 and 010830, respectively).

Ethics statement
All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) of Biogen (Protocol #516) and performed in accordance with the Guide to the Care
and Use of Laboratory Animals.

Reagents
Recombinant murine PDGF-BB was purchased from Genscript (Piscataway, NJ) and pharma-
ceutical-grade bleomycin was purchased from Teva Pharmaceuticals (Cambridge, MA). All
reagents were reconstituted in sterile saline.

Experimental animal model of cutaneous fibrosis
Adult female C57BL/6J or IFNAR-deficient mice (approximately 8–10 weeks of age) were used
in all experiments. One hundred μl of saline, PDGF-BB (200 ng), bleomycin (0.05 units), or a
PDGF-BB (200 ng) + bleomycin (0.05 units) mixed solution was injected intradermally (using
a 27-gauge needle) into a single location on the back, daily for 21 days. On days 3 and 21 after
the first injection, mice were sacrificed, and skin at the site of injection was harvested for histol-
ogy or RNA extraction as described below.

Histology
Lesional 8-mm punch biopsy skin specimens were obtained on day 21 after treatment, fixed in
formalin, and embedded in paraffin. Immunohistochemistry (IHC) was performed on 5 μm
sections of formalin-fixed paraffin embedded tissue using a Discover XT automated stainer
(Ventana Medical Systems). H&E, Masson's trichrome, and Picrosirius Red (PSR) staining
were also performed according to standard methods. For CD31, IBA-1 (ionized calcium-bind-
ing adapter molecule 1), and PDGFRβ IHC staining, tissues were incubated with primary anti-
CD31 (rabbit monoclonal, clone D8V9E; Cell Signaling; 0.04 μg/ml), anti-IBA-1 (rabbit poly-
clonal; Wako; 1 μg/ml), or anti-PDGFRβ (rabbit polyclonal; Sigma; 20 μg/ml). Tissue sections
were counterstained with hematoxylin and visualized by light microscopy.

Confocal microscopy
For PDGFRβ/CD31 dual immunofluorescence staining, antigen retrieval was performed with
Tris/Borate/EDTA buffer, pH 8.0–8.5 (Ventana) for 1 hour at RT. Tissue sections were then
incubated with primary anti-PDGFRβ (rabbit monoclonal, clone 28E1; Cell Signaling; 40 μg/
ml) and anti-CD31 (rat monoclonal, clone SZ31; Dianova; 0.3 μg/ml) for 1 hour at 37°C. Sec-
ondary antibody staining was performed sequentially for the two antigens. First, tissue sections
were stained with an OmniMap anti-rabbit HRP and developed with Discovery FITC substrate,
followed by a peroxidase inhibitor step to quench residual HRP activity. Next, tissue sections
were stained with an OmniMap anti-rat HRP and developed with Discovery Rhodamine sub-
strate. Tissue sections were counterstained with the nuclear DNA stain DAPI and visualized by
confocal microscopy.
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Image analysis
Quantification of dermal thickness, relative collagen, CD31, and IBA-1 immunopositive area
were performed using customized algorithms on Visiopharm image analysis software (Hoer-
sholm, Denmark). Dermal thickness was determined based on the Trichrome-stained samples,
by using an H&E Hematoxylin filter to identify the dermal area. Ulcerated area was determined
using manual annotation to delineate the perimeter. Total collagen was determined based on
Picrosirius Red- stained samples using a Chromaticity Red filter to calculate relative area in the
dermal and hypodermal area of the whole slide image. CD31 and IBA-1 positive areas were
identified using a DAB filter applied to calculate relative area in the dermal and hypodermal
area of the whole slide image. With the exception of dermal thickness, which only included der-
mis, all parameters were quantified down to the level of the panniculus carnosus.

Flow cytometric analysis of skin single-cell suspensions
Mice were treated with saline, PDGF-BB, bleomycin, or PDGF-BB + bleomycin, as described
above. Twenty-four hours after the third injection, mice were euthanized and 12-mm skin
biopsies were collected and processed into single-cell suspensions as previously described [18].
Briefly, excess fat first removed from the underside of the skin biopsy and the remaining tissue
was cut into small pieces. Skin tissue was digested in RPMI 1640 supplemented with 10 mM
HEPES, 2.6 units/ml Liberase TM (Roche), 100 μg/ml DNase I (Roche), 0.5 mg/ml Hyaluroni-
dase (Sigma), and 1X Penicillin/Streptomycin solution (Invitrogen) for 1 hour at 37°C with
gentle agitation. After enzymatic digestion, the cell suspensions were placed in gentleMACS C
tubes (Miltenyi) and further disrupted using a gentleMACS homogenizer (Miltenyi) before fil-
tration using a 100 μm MACS SmartStrainer (Miltenyi) for FACS staining. Following a block-
ing step with FcBlock (BD Biosciences), cell surface protein expression was analyzed using the
following specific fluorescently conjugated mAbs: CD45 (30-F11), CD11b (M1/70), Ly6C
(HK1.4), B220 (RA3-6B2), CD317 (927), F4/80 (CI:A3-1), CD31 (390), and PDGFRβ (APB5).
All antibodies were purchased from BioLegend (San Diego, CA).

Intracellular staining of IFNβ-producingcells
Mice were treated with saline, PDGF-BB, bleomycin, or PDGF-BB + bleomycin, as described
above. On the third day, all animals were treated with brefeldin A (FBA) intravenously
(500 μg/500 μl saline) [19], prior to a final injection of the respective treatments. After 6 hours,
mice were euthanized and 12-mm skin biopsies were harvested and processed into single-cell
suspensions as described above. Recovered cells were stained with LIVE/DEAD Fixable Cell
Stain Kit (Invitrogen), treated with FcBlock (BD Biosciences, San Jose, CA), and stained with
antibodies targeting cell surface markers. Intracellular detection of IFNβ was performed with
Intracellular Fixation & Permeabilization Buffer Set (eBioscience, San Diego, CA). Cells were
fixed and washed twice with permeabilization buffer and incubated with anti-mouse IFNβ-
FITC (rat monoclonal, clone RMMB-1; PBL; 1:25 dilution) at 4°C overnight followed by a final
wash. Samples were acquired on a FACS LSR II (Becton Dickinson) and analyzed using FlowJo
software (Treestar, Inc.).

Isolation and analysis of RNA by qPCR
At the indicated time points after treatment, 8-mm lesional skin biopsy specimens were col-
lected and snap-frozen in 2-ml tubes containing 1 ml of TRIzol reagent (Invitrogen, Carlsbad,
CA) and 2.3-mm zirconia/silica beads (Biospec, Bartlesville, OK) and subsequently stored at
-80°C. Skin biopsies were fully disrupted using a Mini-BeadBeater-16 (Biospec) for 5 minutes
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in 1-minute intervals and RNA was isolated from the clarified supernatant using Direct-zol
RNA MiniPrep columns (Zymo Research, Irvine, CA) according to the manufacturer’s recom-
mendations. One μg total RNA was reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA) to generate the cDNA used
for quantitative PCR (qPCR) analysis. qPCR analysis was performed using the QuantStudio
12k Flex System (Applied Biosystems).

TaqMan Gene Expression Assay primer and probe sets for all genes, including those for the
normalizer GAPDH, were purchased from Applied Biosystems. The relative quantities of
mRNA per sample were determined using the ΔΔCt formula as previously described [18]. The
following primers were used for qPCR: Mm00434228_m1 (IL1B), Mm00446190_m1 (IL6),
Mm00443258_m1 (TNF), Mm00441242_m1 (CCL2), Mm00487796_m1 (MX1),
Mm00491265_m1 (RSAD2), Mm00516793_g1 (IRF7), Mm00459183_m1 (IFIH1/MDA1),
Mm00545822_m1 (ANGPT2), Mm00516023_m1 (ICAM1), m01178820_m1(TGFB1), and
Mm00435546_m1 (PDGFRB).

Hydroxyproline measurement
Lesional 8-mm punch biopsy skin samples were hydrolyzed with 6N HCl for 18h at 95°C and
total collagen content was quantified using QuickZyme Total Collagen Assay (QuickZyme Bio-
sciences) relative to a standard curve according to the manufacturer’s recommendations.

Statistical analysis
Data were compared using 2-tailed Student’s t tests. Spearman correlation was calculated to
measure the degree of association between IBA-1+ and CD31+ relative area and ulceration
area. Logistic regression was fitted for dichotomized ulceration area (ulceration area = 0 and
ulceration area > 0) and Receiver operating characteristic (ROC) curve was plotted for the fit-
ted probabilities based on logistic regression to evaluate the predictive accuracy of IBA-1+ and
CD31+ relative area for ulceration. All analyses were performed using R 3.1.0. All data are
expressed as mean ± SEM. P values less than 0.05 were considered statistically significant.

Results

Exacerbated skin inflammationwith evidence of vascular activation in
mice treated with PDGF-BB, in combination with bleomycin
In the steady-state, PDGFRβ expression is observed on fibroblasts in the dermis and vascular
structures in normal mouse skin (S1 Fig). To determine if PDGFRβ activation in the skin could
alter vascular- or immune cell activation in the context of dermal injury and fibrosis, we modi-
fied the standard model of intradermal bleomycin injection to include co-administration of
PDGF-BB, the ligand for PDGFRβ (Fig 1A). Mice were treated with either saline, bleomycin
alone, PDGF-BB alone, or the combination of PDGF-BB + bleomycin, and the resultant dermal
injury at day 21 post initiation of treatment was observed. Bleomycin-treated mice had signifi-
cant dermal inflammation, with ulcerative skin lesions seen in 40% of treated animals (Fig 1B).
Consistent with the literature, mice treated with bleomycin alone developed an increase in der-
mal thickness, monocyte/macrophage cell infiltrates, and total collagen area but showed no evi-
dence of altered vascular density in the skin compared to saline-treated mice (Figs 1C–1G and
2). Mice treated with PDGF-BB alone developed a mild inflammatory reaction with a more
modest increase in recruitment of monocyte/macrophage cells to the site of injection, but
showed no evidence of ulcerations, dermal thickening, or changes in total collagen as deter-
mined by image analysis tissue sections (Fig 1B–1G). In contrast, animals treated with the
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Fig 1. Exacerbated skin inflammation and ulceration in mice treated with combination of PDGF-BB + bleomycin. (A) Outline of experimental
design. Intradermal injection of saline, PDGF-BB alone, bleomycin alone, or PDGF-BB + bleomycin were performeddaily for 21 consecutive days on
female mice at 8 weeks of age. (B) Representative photographs of skin lesions on backs of treated mice. Frequency of ulceration was calculated based
on visual examination of H&E stained tissue sections. (C) Representative skin section of treated mice stained by H&E, trichrome,anti-CD31, or anti-IBA-1
immunohistochemistry (scale bar, 500 μm). (D-G)Quantification of dermal thickness (D), percent area CD31 (E) or percent area IBA-1 (F)
immunoreactivity, or total collagen (E) as determined by image analysis as described in the methods. Data is representative of at least two experiments
with at least 5 mice/group/experiment. *P < 0.05, **P < 0.01, ***P < 0.001, versus saline or between bracketed comparisons shown (student’s t test).

doi:10.1371/journal.pone.0162758.g001
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combination of PDGF-BB + bleomycin exhibited the highest levels of dermal inflammation,
with 100% of treated animals developing ulcerative skin lesions (Fig 1B). Further, treatment
with single agent PDGF-BB or bleomycin did not affect the density of blood vessels within the
tissue, whereas mice treated with PDGF-BB + bleomycin, exhibited a 50% increase percent
area of CD31 immunopositivity in the affected tissue compared to those treated with saline
(Fig 1E). Mice treated with PDGF-BB + bleomycin also exhibited a greater increase in dermal
thickness and monocyte/macrophage cell recruitment when compared to those treated with
bleomycin or PDGF-BB alone (Fig 1D–1G). Notably, the combination of PDGF-BB + bleomy-
cin resulted in a 28% and 41% increase in dermal thickness and monocyte/macrophage cell
recruitment, respectively, compared to mice treated with single agent bleomycin. In agreement
with the image analysis of the Picrosirius Red-stained samples (Fig 1G), quantification of total
collagen in lesional skin biopsies using a hydroxyproline assay confirmed that mice treated
with the combination of PDGF-BB + bleomycin did not result in a significant increase in total
collagen content compared to bleomycin alone (S3 Fig). Thus, no differences were observed in
the amount of total collagen in mice treated with the combination of PDGF-BB + bleomycin
compared to single agent bleomycin treatment, suggesting that the increased dermal thickness
observed PDGF-BB + bleomycin-treated mice is likely due to increased monocyte/macrophage
cell recruitment and not fibrosis

To investigate the mechanisms underlying the observed dermal injury, expression analysis
of genes related to vascular activation and tissue fibrosis was performed on skin lesion tissue at
two different time points: days 3 (early) and 21 (late) post initiation of treatment. Results of the
qPCR analysis showed that as early as day 3, the vascular activation markers ANGPT2 and
ICAM1 and the pro-fibrotic marker TGFβ, were all significantly upregulated in mice treated
with single agent bleomycin compared to the saline treated mice (S4 Fig). The combination of
PDGF-BB + bleomycin resulted in an additional 29.9%, 24.4%, and 28.7% increase in the
expression of ANGPT2, ICAM1, and TGFB1, respectively, compared to mice treated with single
agent bleomycin. A qualitatively similar gene expression profile was observed in mice on day
21. The expression of PDGFRB, the receptor for PDGF-BB, was increased 1.5-fold in mice
treated with the combination of PDGF-BB + bleomycin, but not in single agent bleomycin
treated mice compared to those treated with saline at day 21.

Activation of PDGFRβ skews the immune response towards the Type I
IFN axis and promotes recruitmentof monocytes
In addition to investigating the factors involved in vascular activation and tissue fibrosis in our
model, we also analyzed the expression of genes associated with immune cell recruitment and
activation in order to assess a potential link between vascular and immune cell activation. For
consistency, we chose the day 3 time point for analysis, given that increased expression of vas-
cular activation and tissue fibrosis markers was observed as early as day 3 after initiation of
treatment. Gene expression analysis showed that unlike saline or PDGF-BB treated mice, treat-
ment of mice with bleomycin alone consistently induced the expression of ISGs and proinflam-
matory genes (Fig 2A). Surprisingly, mice treated with PDGF-BB + bleomycin exhibited
significantly increased expression of ISGs (> 50% increase vs. bleomycin, on average), but not
pro-inflammatory genes, including IL-1β, IL-6, TNF, or CCL2, as compared to bleomycin-
treated mice (Fig 2A). These data suggest that combination treatment had skewed the immune
response towards the Type I IFN-response.

To further elucidate the cellular changes occurring in response to PDGF-BB + bleomycin
treatment, we processed skin biopsies at day 3 post treatment initiation into single-cell suspen-
sions and performed FACS analysis to determine the phenotype of the immune cell infiltrates
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Fig 2. Inflammatory response is skewed towards a Type I IFN-dependent response with increased recruitment of monocytes. (A) Relative
mRNA expression levels of the ISGs:MX1,RSAD2, IRF7, orMDA5 (top) or proinflammatory mediators: IL1B, IL6, TNF, orCCL2 from lesional skin
homogenates of skin biopsies performed by Q-PCR on day 3. (B-G) Single-cell suspensions of skin biopsies obtained from treated mice and analyzed
by flow cytometry. (B) Representative dot plot of total CD45-postive leukocytes co-stained with CD11b and Ly6C. (C-G) Proportion of total live cells
obtained from each biopsy that stained positive for markers of: (C) monocytes (CD45+CD11b+Ly6Chi), (D) tissue resident macrophages
(CD45+CD11b+F4/80+Ly6C-), (E) plasmacytoid dendritic cells (CD45+CD11b-CD317+B220+), (F) endothelial cells (CD45-CD31+), or (G) stromal cells
(CD45-PDGFRβ+). Data is representative of at least two experiments with at least 5 mice/group/experiment. *P < 0.05, **P < 0.01, ***P < 0.001,
versus saline or between bracketed comparisons shown (student’s t test).

doi:10.1371/journal.pone.0162758.g002
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in the skin lesions at this early time point. We observed the highest level of CD45+CD11b+-

Ly6Chi monocyte accumulation in PDGF-BB + bleomycin-treated mice (253.6-fold increase as
compared with saline-treated controls), with single agent bleomycin and PDGF-BB-treated
mice exhibiting 106.1-fold and 16.1-fold increases, respectively, compared with saline-treated
controls (Fig 2B and 2C). The proportion of tissue resident macrophages, defined as CD45+-

CD11b+F4/80+Ly6C- cells, was not increased in any treatment group relative to saline (Fig 2D),
and the proportion of plasmacytoid dendritic cells, which are known to be major producers of
Type I IFNs, was increased in all treated groups relative to saline (Fig 2E). The proportion of
endothelial cells was increased 1.4-fold in mice treated with PDGF-BB alone and further
increased in mice treated with bleomycin or the combination of PDGF-BB + bleomycin
(2.3-fold each). The proportion of stromal cells was also increased to 8.2- and 8.4-fold, respec-
tively, in mice treated with bleomycin alone or the combination of PDGF-BB + bleomycin, as
compared to saline. Similar results were seen in the absolute number of cells across all compari-
sons (data not shown). These data show that mice treated with PDGF-BB + bleomycin
uniquely exhibited an increased proportion of monocytes. Together, these results confirm that
increased ISG expression and monocyte recruitment in response to PDGF-BB + bleomycin
treatment is an early distinguishing feature of the combination treatment compared with bleo-
mycin or PDGF-BB single agent treatment.

Increased accumulation of IFNβ-producingmyeloid cells in mice treated
with PDGF-BB, in combination with bleomycin
Since many different cell types can produce Type I IFNs, we sought to identify the cell types
that produce IFNβ in the model of dermal PDGF-BB + bleomycin treatment. To accomplish
this, we performed intracellular staining to detect the cellular sources of IFNβ at day 3 post-
treatment as this was the time point where we observed increased ISG production (Fig 2A).
Relative to saline treated mice, mice treated with PDGF-BB alone, bleomycin alone, or
PDGF-BB + bleomycin exhibited a 2.2-fold, 11.5 -fold, or 18.6-fold increase, respectively, in
percentage of total skin cells producing IFNβ (Fig 3A and 3B). Amongst the IFNβ+ cells in
saline treated mice, 18% were CD45+. However, the proportion of IFNβ+ CD45+ cells was
altered with treatment. Single agent PDGF-BB treatment led to a 2-fold increase in the propor-
tion of CD45+ hematopoietic cells that produced IFNβ compared to saline, which was further
increased in mice treated with bleomycin alone or PDGF-BB + bleomycin (2.8- and 3.2-fold,
respectively). Further analysis revealed that greater than 90% of hematopoietic cells that pro-
duced IFNβwere of the myeloid cell lineage and expressed the marker CD11b (Figs 3E and
S5). We further quantified the number of infiltrating inflammatory monocytes (CD11b+-

Ly6Chi) that produced IFNβ and found an increased proportion of in the PDGF-BB
+ bleomycin as compared to single agent-treated mice. The highest level, a 99.7-fold increase in
the absolute number of IFNβ-producing CD45+CD11b+Ly6Chi monocytes was found in
PDGF-BB + bleomycin-treated mice whereas single-agent bleomycin- and PDGF-BB-treated
mice exhibited 33.7-fold and 2.5-fold increases, respectively, compared with saline-treated con-
trols (Fig 3E and 3F). Thus, mice treated with PDGF-BB + bleomycin uniquely exhibited an
increased recruitment of IFNβ-producing monocytes.

IFNAR activation is necessary for PDGF-dependent blood vessel
maintenance and monocyte/macrophage cell recruitment
Since increased production of ISGs and recruitment of IFNβ-producing monocytes were dis-
tinguishing features in PDGF-BB + bleomycin-treated mice compared with those treated with
single agent bleomycin, we hypothesized that IFNAR signaling may drive exacerbation of
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dermal injury in these mice. To test this hypothesis, we compared the skin pathology observed
in wildtype vs. IFNAR-deficient mice treated with single agent or the combination of PDGF-BB
+ bleomycin. Wildtype mice treated with bleomycin or PDGF-BB + bleomycin developed skin
lesions with high frequencies of ulceration (50% and 100%, respectively) (Fig 4A), similar to
the results shown in Fig 1B. In contrast, mice deficient in IFNAR exhibited a reduced frequency
of ulceration with only 12.5% and 50% of mice treated with bleomycin or PDGF-BB + bleomy-
cin developing lesions, respectively (Fig 4A).

The lack of IFNAR signaling did not affect the dermal thickening or total collagen observed
in mice treated with single agent or PDGF-BB + bleomycin (Figs 4B, 4C, 4F and S6). However,
in contrast to the significant increase in blood vessel density seen in wildtype mice treated with
PDGF-BB + bleomycin as compared to controls, there was no increase in blood vessel density
observed in IFNAR-deficient mice treated with the combination of PDGF-BB + bleomycin

Fig 3. Myeloid cells are a prominent source of IFNβ upon treatment with the combinationof PDGF-BB + bleomycin. Wildtype mice were treated
with saline, PDGF-BB alone, bleomycin alone, or PDGF-BB + bleomycin were assessed for production of IFNβ by intracellular staining on day 3 post-
treatment. (A) Representative flow cytometric plots of intracellular staining of IFNβ+ cells from single-cell suspensions obtained from skin biopsies are
shown. (B) Proportionof total live cells positive for IFNβ. (C) Representative flow cytometric plots of IFNβ-producing leukocytes (gated IFNβ+). (D)
Proportion of IFNβ+ cells that are leukocytes as defined by expression of CD45. (E) Representative flow cytometric plots of IFNβ-producing monocytes
(gated IFNβ+CD45+). (D) Absolute number of IFNβ-producing monocytes as defined by co-expression of CD11b and Ly6C (gated IFNβ+CD45+). Data
is representative of at least two experiments with at least 5 mice/group/experiment. *P < 0.05, **P < 0.01, ***P < 0.001, versus saline or for bracketed
comparisons shown (student’s t test).

doi:10.1371/journal.pone.0162758.g003
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(Fig 4B and 4D). Surprisingly, IFNAR-deficient mice, but not wildtype mice, treated with
PDGF-BB alone also exhibited a reduction in blood vessel density, suggesting that IFNAR-sig-
naling may have an important role in blood vessel stabilization after PDGFRβ activation. The
dependence of PDGF-BB-induced mechanisms on IFNAR signaling also extended to the

Fig 4. IFNAR activation is necessary for blood vessel stabilizationand recruitment of monocyte/macrophage cells in PDGF-BB + bleomycin-
treated mice. (A) Representative photographs of skin lesions on backs of treated wildtype or IFNAR-deficient mice. Frequency of ulceration was
calculated based on visual examination of H&E stained tissue sections. (B) Representative skin section of treated mice stained by H&E, trichrome,anti-
IBA-1, or anti-CD31 immunohistochemistry (scale bar for H&E, trichrome,and anti-IBA-1: 500 μm, scale bar for anti-CD31: 300 μm). (C-F)
Quantification of dermal thickness (C), percent area CD31 (E) or percent area IBA-1 (F) immunoreactivity, or total collagen (D) staining as determined
by image analysis as described in the methods. *P < 0.05, **P < 0.01, ***P < 0.001, versus saline or for bracketed comparisons shown (student’s t
test).

doi:10.1371/journal.pone.0162758.g004
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accumulation of IBA-1+ monocyte/macrophage cells (Fig 4B and 4E). The increased recruit-
ment of monocyte/macrophage cells in PDGF-treated animals was completely dependent on
IFNAR signaling as IBA-1-positivity was reduced in IFNAR-deficient mice to levels observed
in saline-treated animals. Similarly, mice treated with the combination of PDGF-BB + bleomy-
cin exhibited a reduction in IBA-1-accumulation in IFNAR deficient mice to levels observed in
animals treated with bleomycin alone. In contrast, the accumulation of monocyte/macrophage
cells in mice treated with bleomycin alone was not dependent on IFNAR signaling. Impor-
tantly, there was a significant positive correlation between the extent of tissue ulceration and
the magnitude of monocyte/macrophage cell infiltration (as assessed by IBA-1+ relative area)
and blood vessel density (as assessed by CD31+ relative area) (S7A and S7B Fig). Further, ROC
curve analysis was applied to evaluate the predictive accuracy of monocyte/macrophage cell
infiltration and blood vessel density for presence or absence of ulceration. ROC analysis
revealed an area under curve (AUC) of 0.86 and 0.73 for IBA-1+ and CD31+ relative area,
respectively, in predicting ulceration. The combination of IBA-1+ and CD31+ relative area did
not improve the predictive accuracy for ulceration compared to IBA-1 alone (p > 0.05). Thus,
the extent of monocyte/macrophage cell infiltration is a better predictor of ulceration than
blood vessel density. Lastly, the production of the ISGs MX1, RSAD2, IRF7, and MDA5 was
completely abrogated in IFNAR deficient mice at both early (day 3) and late (day 21) time
points in mice treated with bleomycin alone or PDGF-BB + bleomycin (S8 Fig). Taken
together, these results demonstrate that PDGF-BB-dependent blood vessel maintenance and
monocyte/macrophage cell recruitment require IFNAR activation.

Discussion
Vasculopathy and aberrant immune cell activation are early events in SSc that precede tissue
fibrosis, which occurs later on as the disease progresses. In the early stages of SSc, dysregulated
production of pro-angiogenic and inflammatory factors has been observed, but a mechanistic
link between these two processes has not been identified. Here, we provide evidence that
chronic activation of PDGFRβ in a novel model of skin fibrosis promotes vascular activation
and skews the system towards a Type I IFN-driven response. PDGFRβ activation was found to
significantly increase the number of inflammatory monocytes recruited to the tissue. These
monocytes were a significant source of IFNβ at the site of disease. The addition of PDGFRβ in
this model resulted in increased inflammation, dermal thickening, angiogenesis, and exacer-
bated tissue injury. Interestingly, PDGF-BB-dependent functions of tissue injury, blood vessel
maintenance, and monocyte/macrophage cell recruitment in the skin were found to be depen-
dent on IFNAR signaling. Taken together, these data suggest a novel link between PDGFRβ-
driven vascular activation and Type I IFN-dependent vascular density, monocyte/macrophage
cell recruitment and tissue damage.

The PDGFRβ axis is implicated in a number of fibrotic diseases. Given the key role of
PDGF-BB as a mitogenic factor in mesenchymal cells, many prior studies have focused on its
role in the expansion of collagen-producing myofibroblasts [20]. However, in SSc, aberrant
activation of PDGFRβ is most prominent in the perivascular region of affected skin and not in
the surrounding fibroblasts [21], yet the significance of this distinction has been underex-
plored. In our efforts to dissect the mechanisms whereby PDGFRβ activation contributes to
disease progression, we have found that exogenous intradermal administration of PDGF-BB in
combination with bleomycin activates the vasculature, as shown by increased CD31 density,
and ANGPT2 and ICAM1 gene expression. This activation state was associated with increased
recruitment of monocytes to the dermis, ultimately leading to tissue ulceration, likely due to
excessive inflammation. We hypothesize that PDGFRβ activation in perivascular cells resulted
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in crosstalk with endothelial cells, leading to proinflammatory changes including ICAM1 upre-
gulation and subsequently, increased inflammatory monocyte infiltration. Surprisingly,
PDGFRβ activation skewed the bleomycin-induced immune response to a Type I IFN pheno-
type, which was necessary for the increased CD31 density, monocyte recruitment, and tissue
ulceration (Fig 5). Consistent with this observation, we also found that IFNAR signaling was
required to maintain PDGF-BB-dependent vascular stability and monocyte recruitment in the
absence of bleomycin challenge. Interestingly, the overall impact of PDGF-BB administration
on dermal fibrosis was nominal, and although we observed an increased expression of TGFB1
in mice treated with PDGF-BB + bleomycin, total collagen accumulation was not significantly
affected compared to mice treated with bleomycin alone. Taken together, these findings suggest
a novel mechanism to explain the functional outcome of aberrant PDGFRβ activation in peri-
vascular cells in SSc, by demonstrating PDGF-BB-induced skewing to a Type I IFN-driven
immune response. While the Type I IFN axis has been previously implicated in SSc in genome-

Fig 5. Model of chronic activation of PDGFRβ in a model of skin fibrosis. Chronic activation of PDGFRβ in a model of skin fibrosis promotes
vascular activation (ICAM1 and ANGPT2) and Type I IFN-dependent inflammatory response (ISGs). PDGFRβ activation significantly increases the
numbers of IFNβ-producing inflammatorymonocytes recruited to the tissue. PDGF-BB-dependent functions of tissue injury, blood vessel
maintenance, and monocyte/macrophagecell recruitment in the skin were found to be dependent on IFNAR signaling (highlighted in green) in this
model of dermal fibrosis.

doi:10.1371/journal.pone.0162758.g005
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wide association studies and reports of the presence of an interferon signature in patients [22],
our study showing the IFNAR-dependence of a more severe skin phenotype further supports a
potential role of Type I IFNs as a driver of dermal disease in SSc.

The contradiction between insufficient angiogenesis and the simultaneous overexpression of
pro-angiogenic factors, such as VEGF and PDGF, in the lesions of these patients has been a key
conundrum in the pathogenesis of SSc. With regards to VEGF, studies using VEGF-transgenic
mice have demonstrated that overexpression of VEGF on one allele can support angiogenesis
whereas bi-allelic expression of the transgene cannot, demonstrating that the magnitude of
VEGF production can influence the stability of blood vessels [23]. While we did not observe a
loss in dermal blood vessels in mice treated with PDGF-BB alone, yet an increase in blood vessel
density in mice treated with the combination of PDGF-BB + bleomycin was apparent. This may
be due to the level of PDGF-BB dosing or the time-course of PDGFRβ–activation in our murine
model. Nevertheless, our results identify a role of Type I interferons in the regulation of PDGF-
dependent blood vessel maintenance. Loss of IFNAR-signaling led to a significant reduction in
blood vessels in both mice treated with PDGF-BB single agent and the combination of
PDGF-BB + bleomycin. Since PDGFRβ expression was ubiquitous in various cell types found in
normal mouse skin, it is unclear if the observed effects of PDGF-BB on dermal vascular density
is mediated by PDGFRβ activation on perivascular cells, or other PDGFRβ-expressing cells,
such as fibroblasts. Further investigation is warranted to explore these aspects.

It has been widely thought that the microvascular changes in SSc could be the result of aber-
rant production of pro-angiogenic factors [24]. However, recently it was shown that patients
with gain-of-function mutations in STING, a cytosolic DNA sensor, leading to constitutive
expression of IFNβ, present with microvascular abnormalities similar to those observed in the
nail-fold capillaries of SSc patients, namely nail-fold capillary tortuosity, capillary-loop loss, tel-
angiectasia, and digital ulcers [15]. Type I IFN dysregulation is also associated with the devel-
opment of the cerebrovascular disease, Aicardi-Goutières syndrome [25]. Further supporting
the role of IFNs in SSc, the development of nail-fold capillary tortuosity, telangiectasia, and dig-
ital ulcers have been reported in patients being treated with IFNs for viral infections [13,26].
Our observation that PDGF-BB-dependent contributions to blood vessel maintenance require
IFNAR signaling provides evidence linking PDGF-BB-dependent activation of the Type I IFN
axis and altered vascular homeostasis, and suggests a novel mechanism for the vasculopathy
seen in early stage SSc. However, it should be noted that in human fibroblasts, poly I:C-induced
Type I IFN production was shown to inhibit pro-fibrotic responses, suggesting that Type I IFN
production in SSc may also have a protective role in limiting fibrosis [27]. Further investigation
will be necessary to determine the exact mechanisms whereby aberrant type I IFN production
contributes to SSc pathogenesis.

Tyrosine kinase inhibitors (TKIs) that can block TGFRβ and PDGFRβ- pathways have been
evaluated in patients with SSc. One such TKI, nilotinib, has been evaluated in a Phase IIa open-
label study in patients with early, diffuse SSc. A subset of patients receiving nilotinib was found
to exhibit a marked reduction in modified Rodnan Skin Score (MRSS), a measure of skin thick-
ening, which correlated with a significant reduction in the expression of inflammatory genes in
the skin, including ISGs [28]. Since nilotinib can affect a number of receptor tyrosine kinases, it
is not immediately clear whether the decrease in interferon signaling observed in nilotinib-
treated patients is a result of PDGFRβ inhibition or whether other receptors are involved. How-
ever, our current study provides support for the notion that blocking PDGFRβ signaling would
decrease interferon signaling.

The lack of murine models that recapitulate the distinct clinical features of SSc has made it
difficult to develop effective therapies to treat patients. The bleomycin-induced dermal fibro-
sis model is the most commonly used preclinical model of SSc [29]. This model recapitulates
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many of the inflammatory changes in early stage SSc, such as the production of reactive oxy-
gen species, and autoantibody production. However, evidence of vasculopathy is poorly repre-
sented in this model [30]. In addition, the vascular and inflammatory aspects observed in the
bleomycin model incompletely model the full spectrum of pathologies observed in SSc
patients. Owing to this, many of the anti-inflammatory therapies that have shown clinical
promise in the bleomycin model were later found to be ineffective in SSc patients in the clinic
[30]. Here, we have modified the bleomycin model to include PDGFRβ activation, resulting in
a novel model that may better recapitulate the subset of human SSc patients with an increased
interferon signature. Using this model, we have identified a novel role for PDGF-BB depen-
dent vascular function and immune cell recruitment, both of which depend on the activation
of IFNAR. These results provide critical insight into the early vascular and immune-mediated
pathologies associated with SSc. In the future, this novel model should be useful in the devel-
opment of novel therapies for SSc, where there is currently high unmet need for disease modi-
fying therapies.

Supporting Information
S1 Fig. PDGFRβ expression in normal murine skin. Representative skin section of normal
mice stained with anti-PDGFRβ (left) or co-stained with anti-PDGFRβ and anti-CD31 (right).
(TIF)

S2 Fig. Higher magnification images wildtypemice treated with PDGF-BB + bleomycin.
Representative skin section of treated mice stained by H&E, trichrome, anti-CD31, or anti-
IBA-1 immunohistochemistry (scale bar, 300 μm).
(TIF)

S3 Fig. Quantification of total collagen. Lesional 8-mm punch biopsy skin samples were har-
vested at day 21 of treatment regimen and assessed for total collagen using a hydroxyproline
assay. ��P< 0.01, versus saline (student’s t test).
(TIF)

S4 Fig. Increased expression of vascular activation- and tissue fibrosis-related genes. Rela-
tive mRNA expression levels of ANGPT2, ICAM1, TGFB1, or PDGFRB from lesional skin
homogenates of skin biopsies performed by Q-PCR on days 3 (top) or day 21 (bottom) of treat-
ment regimen. Data is representative of at least two experiments with at least 5 mice/group/
experiment. �P< 0.05, ��P< 0.01, ���P< 0.001, versus saline or for bracketed comparisons
shown (student’s t test).
(TIF)

S5 Fig. Myeloid cells are the predominant leukocytepopulation that produces IFNβ. (A)
Proportion of CD45+IFNβ+ cells that are myeloid cells as defined by expression of CD11b. (B)
Absolute number of IFNβ-producing myeloid cells as defined by expression of CD11b (gated
IFNβ+CD45+). Data is representative of at least two experiments with at least 5 mice/group/
experiment. �P< 0.05, ��P< 0.01, ���P< 0.001, versus saline or for bracketed comparisons
shown (student’s t test).
(TIF)

S6 Fig. Higher magnification images wildtypeand IFNAR-deficient mice treated with
PDGF-BB + bleomycin. Representative skin section of treated mice stained by H&E, tri-
chrome, or anti-IBA-1 immunohistochemistry (scale bar, 300 μm).
(TIF)
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S7 Fig. Spearman rank correlation and ROC analysis of monocyte/macrophage cell recruit-
ment and vessel density with ulceration area. (A-B) A scatter plot of all treatment groups that
were analyzed by spearman rank correlation is shown for IBA-1 (A) and CD31 (B) percent
area immunoreactivity compared to area of ulceration (rs = 0.56 for IBA-1 and rs = 0.33 for
CD31). (C) The logistic regression and ROC curve analyses were applied to evaluate the predic-
tive accuracy of IBA-1, CD31, or the combination of IBA-1 and CD31 percent area immunore-
activity for presence or absence of ulceration. P-values were calculated relative to the null
hypothesis for IBA-1 and CD31 or relative to IBA-1 alone for the combination of IBA-1 and
CD31 percent area. N = 8 samples per group, two independent studies, 104 total data points.
�P-value relative to IBA-1 percent area alone.
(TIF)

S8 Fig. Expression of ISGs in lesional skin biopsies obtained from wildtypeand IFNAR-
deficientmice. Relative mRNA expression levels of MX1, RSAD2, IRF7, or MDA5 from
lesional skin homogenates of skin biopsies performed by Q-PCR on days 3 (top) or day 21
(bottom) of treatment regimen. �P< 0.05, ��P< 0.01, ���P< 0.001, versus saline or for brack-
eted comparisons shown (student’s t test).
(TIF)

Acknowledgments
We would like to acknowledge Wenting Wang for critical comments and statistical analysis.

Author Contributions

Conceptualization: JSC LCB.

Data curation: JSC TLR DJS SH.

Formal analysis: JSC TLR DJS SH.

Investigation: JSC.

Methodology: JSC TCF LCB.

Project administration: JSC LCB.

Resources: JSC TCF DJS SH.

Software: DJS SH.

Supervision: JSC TCF TLR LCB.

Validation: JSC TLR DJS SH.

Visualization: JSC TLR.

Writing – original draft: JSC LCB.

Writing – review& editing: JSC TCF TLR LCB.

References
1. Katsumoto TR, Whitfield ML, Connolly MK. The pathogenesis of systemic sclerosis. Annual review of

pathology. 2011; 6:509–37. doi: 10.1146/annurev-pathol-011110-130312 PMID: 21090968.

2. Rice LM, Padilla CM, McLaughlin SR, Mathes A, Ziemek J, GoummihS, et al. Fresolimumab treatment
decreases biomarkers and improves clinical symptoms in systemic sclerosis patients. The Journal of

PDGF-BB and Type I Interferon in DermalFibrosis

PLOS ONE | DOI:10.1371/journal.pone.0162758 September 12, 2016 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162758.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162758.s008
http://dx.doi.org/10.1146/annurev-pathol-011110-130312
http://www.ncbi.nlm.nih.gov/pubmed/21090968


clinical investigation. 2015; 125(7):2795–807. doi: 10.1172/JCI77958 PMID: 26098215; PubMed Cen-
tral PMCID: PMC4563675.

3. Fleming JN, Nash RA, McLeod DO, FiorentinoDF, Shulman HM, Connolly MK, et al. Capillary regener-
ation in scleroderma: stem cell therapy reverses phenotype? PloS one. 2008; 3(1):e1452. doi: 10.1371/
journal.pone.0001452 PMID: 18197262; PubMed Central PMCID: PMC2175530.

4. Gay S, Jones RE Jr., Huang GQ, Gay RE. Immunohistologic demonstration of platelet-derived growth
factor (PDGF) and sis-oncogene expression in scleroderma.The Journal of investigative dermatology.
1989; 92(2):301–3. PMID: 2918236.

5. Distler O, Distler JH, Scheid A, Acker T, HirthA, Rethage J, et al. Uncontrolled expression of vascular
endothelial growth factor and its receptors leads to insufficient skin angiogenesis in patients with sys-
temic sclerosis. Circulation research. 2004; 95(1):109–16. doi: 10.1161/01.RES.0000134644.89917.
96 PMID: 15178641.

6. Andrae J, Gallini R, Betsholtz C. Role of platelet-derived growth factors in physiology and medicine.
Genes & development. 2008; 22(10):1276–312. doi: 10.1101/gad.1653708PMID: 18483217; PubMed
Central PMCID: PMC2732412.

7. Klareskog L, Gustafsson R, Scheynius A, Hallgren R. Increased expression of platelet-derived growth
factor type B receptors in the skin of patients with systemic sclerosis. Arthritisand rheumatism. 1990;
33(10):1534–41. PMID: 2171541.

8. Rajkumar VS, Sundberg C, Abraham DJ, Rubin K, Black CM. Activation of microvascular pericytes in
autoimmuneRaynaud's phenomenon and systemic sclerosis. Arthritisand rheumatism. 1999; 42
(5):930–41.doi: 10.1002/1529-0131(199905)42:5<930::AID-ANR11>3.0.CO;2-1 PMID: 10323448.

9. Baroni SS, Santillo M, Bevilacqua F, Luchetti M, Spadoni T, Mancini M, et al. Stimulatory autoantibod-
ies to the PDGF receptor in systemic sclerosis. The New England journal of medicine. 2006; 354
(25):2667–76. doi: 10.1056/NEJMoa052955 PMID: 16790699.

10. Farina GA, York MR, Di Marzio M, Collins CA, Meller S, Homey B, et al. Poly(I:C) drives type I IFN- and
TGFbeta-mediated inflammation and dermal fibrosis simulating altered gene expression in systemic
sclerosis. The Journal of investigative dermatology. 2010; 130(11):2583–93. doi: 10.1038/jid.2010.200
PMID: 20613770; PubMed Central PMCID: PMC3086558.

11. York MR, Nagai T, Mangini AJ, LemaireR, van Seventer JM, Lafyatis R. A macrophagemarker, Siglec-
1, is increased on circulating monocytes in patients with systemic sclerosis and induced by type I inter-
ferons and toll-like receptor agonists. Arthritisand rheumatism. 2007; 56(3):1010–20. doi: 10.1002/art.
22382 PMID: 17328080.

12. Eloranta ML, Franck-Larsson K, Lovgren T, Kalamajski S, Ronnblom A, Rubin K, et al. Type I interferon
system activation and association with disease manifestations in systemic sclerosis. Annals of the
rheumatic diseases. 2010; 69(7):1396–402. doi: 10.1136/ard.2009.121400 PMID: 20472592.

13. Solans R, Bosch JA, Esteban I, Vilardell M. Systemic sclerosis developing in association with the use
of interferon alpha therapy for chronic viral hepatitis. Clinical and experimental rheumatology. 2004; 22
(5):625–8.PMID: 15485018.

14. Tahara H, Kojima A, Hirokawa T, Oyama T, Naganuma A, MarutaS, et al. Systemic sclerosis after
interferon alphacon-1 therapy for hepatitis C. Internalmedicine. 2007; 46(8):473–6. PMID: 17443037.

15. Liu Y, Jesus AA, MarreroB, Yang D, Ramsey SE, Montealegre Sanchez GA, et al. Activated STING in
a vascular and pulmonary syndrome. The New England journal of medicine. 2014; 371(6):507–18. doi:
10.1056/NEJMoa1312625 PMID: 25029335; PubMed Central PMCID: PMC4174543.

16. Ishikawa O, Ishikawa H. Macrophage infiltration in the skin of patients with systemic sclerosis. The
Journal of rheumatology. 1992; 19(8):1202–6. PMID: 1404154.

17. Olson LE, SorianoP. PDGFRbeta signaling regulates mural cell plasticity and inhibits fat development.
Developmental cell. 2011; 20(6):815–26. doi: 10.1016/j.devcel.2011.04.019 PMID: 21664579; PubMed
Central PMCID: PMC3121186.

18. Cho JS, Pietras EM, Garcia NC, Ramos RI, Farzam DM, Monroe HR, et al. IL-17 is essential for host
defense against cutaneous Staphylococcus aureus infection in mice. The Journal of clinical investiga-
tion. 2010; 120(5):1762–73. doi: 10.1172/JCI40891 PMID: 20364087; PubMed Central PMCID:
PMC2860944.

19. Liu F, Whitton JL. Cutting edge: re-evaluating the in vivo cytokine responses of CD8+ T cells during pri-
mary and secondary viral infections. Journal of immunology. 2005; 174(10):5936–40. PMID:
15879085.

20. Trojanowska M. Role of PDGF in fibrotic diseases and systemic sclerosis. Rheumatology. 2008; 47
Suppl 5:v2–4. doi: 10.1093/rheumatology/ken265 PMID: 18784131.

PDGF-BB and Type I Interferon in DermalFibrosis

PLOS ONE | DOI:10.1371/journal.pone.0162758 September 12, 2016 17 / 18

http://dx.doi.org/10.1172/JCI77958
http://www.ncbi.nlm.nih.gov/pubmed/26098215
http://dx.doi.org/10.1371/journal.pone.0001452
http://dx.doi.org/10.1371/journal.pone.0001452
http://www.ncbi.nlm.nih.gov/pubmed/18197262
http://www.ncbi.nlm.nih.gov/pubmed/2918236
http://dx.doi.org/10.1161/01.RES.0000134644.89917.96
http://dx.doi.org/10.1161/01.RES.0000134644.89917.96
http://www.ncbi.nlm.nih.gov/pubmed/15178641
http://dx.doi.org/10.1101/gad.1653708
http://www.ncbi.nlm.nih.gov/pubmed/18483217
http://www.ncbi.nlm.nih.gov/pubmed/2171541
http://dx.doi.org/10.1002/1529-0131(199905)42:5<930::AID-ANR11>3.0.CO;2-1
http://www.ncbi.nlm.nih.gov/pubmed/10323448
http://dx.doi.org/10.1056/NEJMoa052955
http://www.ncbi.nlm.nih.gov/pubmed/16790699
http://dx.doi.org/10.1038/jid.2010.200
http://www.ncbi.nlm.nih.gov/pubmed/20613770
http://dx.doi.org/10.1002/art.22382
http://dx.doi.org/10.1002/art.22382
http://www.ncbi.nlm.nih.gov/pubmed/17328080
http://dx.doi.org/10.1136/ard.2009.121400
http://www.ncbi.nlm.nih.gov/pubmed/20472592
http://www.ncbi.nlm.nih.gov/pubmed/15485018
http://www.ncbi.nlm.nih.gov/pubmed/17443037
http://dx.doi.org/10.1056/NEJMoa1312625
http://www.ncbi.nlm.nih.gov/pubmed/25029335
http://www.ncbi.nlm.nih.gov/pubmed/1404154
http://dx.doi.org/10.1016/j.devcel.2011.04.019
http://www.ncbi.nlm.nih.gov/pubmed/21664579
http://dx.doi.org/10.1172/JCI40891
http://www.ncbi.nlm.nih.gov/pubmed/20364087
http://www.ncbi.nlm.nih.gov/pubmed/15879085
http://dx.doi.org/10.1093/rheumatology/ken265
http://www.ncbi.nlm.nih.gov/pubmed/18784131


21. Maurer B, Distler A, Dees C, Khan K, Denton CP, Abraham D, et al. Levels of target activation predict
antifibrotic responses to tyrosine kinase inhibitors. Annals of the rheumatic diseases. 2013; 72
(12):2039–46. doi: 10.1136/annrheumdis-2013-203729 PMID: 24013728.

22. Wu M, Assassi S. The role of type 1 interferon in systemic sclerosis. Frontiers in immunology. 2013;
4:266. doi: 10.3389/fimmu.2013.00266 PMID: 24046769; PubMed Central PMCID: PMC3764426.

23. Maurer B, Distler A, Suliman YA, Gay RE, Michel BA, Gay S, et al. Vascular endothelial growth factor
aggravates fibrosis and vasculopathy in experimentalmodels of systemic sclerosis. Annals of the rheu-
matic diseases. 2014; 73(10):1880–7. doi: 10.1136/annrheumdis-2013-203535PMID: 23918036.

24. Dor Y, Djonov V, Abramovitch R, Itin A, Fishman GI, CarmelietP, et al. Conditional switching of VEGF
provides new insights into adult neovascularizationand pro-angiogenic therapy. The EMBO journal.
2002; 21(8):1939–47. doi: 10.1093/emboj/21.8.1939PMID: 11953313; PubMed Central PMCID:
PMC125962.

25. BarthPG, Walter A, van Gelderen I. Aicardi-Goutieres syndrome: a genetic microangiopathy? Acta
neuropathologica. 1999; 98(2):212–6. PMID: 10442562.

26. Hashash JG, Tackett SA, McAdams DJ. Digital ischemic necrosis caused by pegylated interferon in a
patient with hepatitis C. World journal of gastrointestinal pharmacology and therapeutics. 2011; 2(1):6–
8. doi: 10.4292/wjgpt.v2.i1.6PMID: 21577311; PubMed Central PMCID: PMC3091160.

27. Fang F, Ooka K, Sun X, Shah R, Bhattacharyya S, Wei J, et al. A synthetic TLR3 ligand mitigates profi-
brotic fibroblast responses by inducing autocrine IFN signaling. Journal of immunology. 2013; 191
(6):2956–66. doi: 10.4049/jimmunol.1300376 PMID: 23956427; PubMed Central PMCID:
PMC3924580.

28. Gordon JK, Martyanov V, Magro C, Wildman HF, Wood TA, Huang WT, et al. Nilotinib (Tasigna) in the
treatment of early diffuse systemic sclerosis: an open-label, pilot clinical trial. Arthritisresearch & ther-
apy. 2015; 17:213. doi: 10.1186/s13075-015-0721-3 PMID: 26283632; PubMed Central PMCID:
PMC4538758.

29. Yamamoto T, Takagawa S, Katayama I, Yamazaki K, Hamazaki Y, Shinkai H, et al. Animal model of
sclerotic skin. I: Local injections of bleomycin induce sclerotic skin mimicking scleroderma.The Journal
of investigative dermatology. 1999; 112(4):456–62. doi: 10.1046/j.1523-1747.1999.00528.xPMID:
10201529.

30. Beyer C, Schett G, Distler O, Distler JH. Animal models of systemic sclerosis: prospects and limitations.
Arthritisand rheumatism. 2010; 62(10):2831–44. doi: 10.1002/art.27647 PMID: 20617524.

PDGF-BB and Type I Interferon in DermalFibrosis

PLOS ONE | DOI:10.1371/journal.pone.0162758 September 12, 2016 18 / 18

http://dx.doi.org/10.1136/annrheumdis-2013-203729
http://www.ncbi.nlm.nih.gov/pubmed/24013728
http://dx.doi.org/10.3389/fimmu.2013.00266
http://www.ncbi.nlm.nih.gov/pubmed/24046769
http://dx.doi.org/10.1136/annrheumdis-2013-203535
http://www.ncbi.nlm.nih.gov/pubmed/23918036
http://dx.doi.org/10.1093/emboj/21.8.1939
http://www.ncbi.nlm.nih.gov/pubmed/11953313
http://www.ncbi.nlm.nih.gov/pubmed/10442562
http://dx.doi.org/10.4292/wjgpt.v2.i1.6
http://www.ncbi.nlm.nih.gov/pubmed/21577311
http://dx.doi.org/10.4049/jimmunol.1300376
http://www.ncbi.nlm.nih.gov/pubmed/23956427
http://dx.doi.org/10.1186/s13075-015-0721-3
http://www.ncbi.nlm.nih.gov/pubmed/26283632
http://dx.doi.org/10.1046/j.1523-1747.1999.00528.x
http://www.ncbi.nlm.nih.gov/pubmed/10201529
http://dx.doi.org/10.1002/art.27647
http://www.ncbi.nlm.nih.gov/pubmed/20617524

