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Fibrosis is the end result of most inflammatory conditions, but its pathogenesis remains
unclear. We demonstrate that, in animals and humans with systemic fibrosis, plasmacytoid DCs
(pDCs) are unaffected or are reduced systemically (spleen/peripheral blood), but they increase
in the affected organs (lungs/skin/bronchoalveolar lavage). A pivotal role of pDCs was shown
by depleting them in vivo, which ameliorated skin and/or lung fibrosis, reduced immune cell
infiltration in the affected organs but not in spleen, and reduced the expression of genes and
proteins implicated in chemotaxis, inflammation, and fibrosis in the affected organs of animals
with bleomycin-induced fibrosis. As with animal findings, the frequency of pDCs in the lungs

of patients with systemic sclerosis correlated with the severity of lung disease and with the
frequency of CD4* and IL-4* T cells in the lung. Finally, treatment with imatinib that has been
reported to reduce and/or prevent deterioration of skin and lung fibrosis profoundly reduced
pDCs in lungs but not in peripheral blood of patients with systemic sclerosis. These observations
suggest a role for pDCs in the pathogenesis of systemic fibrosis and identify the increased
trafficking of pDCs to the affected organs as a potential therapeutic target in fibrotic diseases.

Introduction

Uncontrolled tissue repair or fibrosis is a common end result of tissue injury in a wide range of diseases (1,
2). Fibrotic disorders are estimated to contribute to about 45% of all-cause mortality in the US (3). Inflam-
mation and fibrosis in multiple organs including skin and lung are hallmarks of systemic sclerosis (SSc) that
has no effective treatment. Mechanisms that drive fibrosis remain mostly unclear. Studies in patients and
animal models suggest a role for T cells, particularly those that produce type-2 cytokines such as IL-4 in the
development of fibrosis (4, 5). DCs that play a role in T cell priming and differentiation accumulate in the
lungs of patients with idiopathic pulmonary fibrosis (6) and in the skin of patients with SSc (7). DCs from
SSc patients secrete more cytokines than healthy persons upon TLR stimulation (8). DCs also infiltrate the
lungs of animals injected with bleomycin that causes skin and lung fibrosis (9). However, the exact role of
DCs in the pathogenesis of fibrosis is unclear.

DCs comprise of heterogeneous population of antigen-presenting cells, including myeloid DCs (mDC),
tissue-resident DCs, and plasmacytoid DCs (pDC). These DC subsets may play different roles during dif-
ferent stages of fibrosis development. For example, depletion of non-pDCs that express transcription factor
ZBTB46 worsens bleomycin-induced profibrotic gene changes (10), and depletion of langerin-expressing
skin-resident DCs worsens chronic skin inflammation and fibrosis in animals (11). A previous study report-
ed that pDCs isolated from the peripheral blood of patients with SSc secreted chemokine CXCL4, and
serum CXCL4 levels correlated with skin and lung disease in these patients (12). Additionally, we found
increased pDCs in the lungs of patients with SSc (13). However, it is unclear whether pDCs play a direct
role in the pathogenesis of systemic fibrosis.

Currently, no treatment reverses fibrosis. Imatinib, a tyrosine kinase inhibitor used to treat leukemia and
gastrointestinal tumors (14), inhibits the tyrosine kinase activity of c-abl, c-kit, c-fms, and PDGF receptor
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(15, 16). Since c-abl deficiency attenuates the TGFB-induced extracellular matrix protein production (17) and
PDGTF plays a role in fibrosis (16), imatinib may target multiple profibrotic pathways in SSc. Indeed, several
case series reported the regression of fibrosis following imatinib treatment in patients with graft-versus-host
disease and nephrogenic systemic fibrosis. In patients with SSc, treatment with imatinib led to decreased
modified Rodnan skin score (mRSS, a measure of skin fibrosis, P < 0.001) and a trend toward improvement
of lung functions (18). Similar observations were made in another study, where mRSS decreased by 22.4%
at 12 months (P = 0.001), forced vital capacity improved by 6.4% predicted (P = 0.008), and the diffusion
capacity remained stable after treatment with imatinib (19). After treatment with low-dose imatinib, 73% of
SSc patients with active pulmonary involvement, unresponsive to cyclophosphamide, had an improved or
stabilized lung disease (20). Understanding the effects of imatinib on immune cells may help identify new
therapeutic targets for fibrotic diseases.

Here, we detected pDCs in the lymphoid and affected organs in the bleomycin-induced skin and
lung fibrosis model. To directly test the role of pDCs in vivo, we depleted pDCs in bleomycin-injected
mice and monitored its effect on skin and lung disease, immune cells, and genes and proteins. In order
to translate our findings, we analyzed pDCs in the lung and skin tissues from patients with SSc and
control subjects, and in the bronchoalveolar lavage (BAL) and peripheral blood from SSc patients at
the baseline and after 1 year of treatment with imatinib. We sought correlation of pDCs with disease
parameters, immune cells, and proteins in patients with SSc. Our results suggest a role of pDCs in the
pathogenesis of systemic fibrosis.

Results

Bleomycin increases pDCs in the affected organs, but not in the spleen, in animals. To test the role of pDCs in
systemic fibrosis in vivo, we used the bleomycin-induced skin and lung fibrosis model. C57BL/6 mice
were injected s.c. with bleomycin daily for 14 days, and mediastinal lymph nodes, spleen, and lungs were
harvested on day 28. Their single cell suspensions were analyzed for pDCs, identified as live SSc'**FSC'ov
CD19CD11¢™PDCA-1*B220* cells. Results show increased pDCs (CD11c™**PDCA-1%) in the lung
and lung-draining lymph nodes, but not in the spleen, of bleomycin-injected mice as compared with
PBS controls (Figure 1). The observations showing a more profound increase in pDCs, relative to mDCs
(CD11c*CD11b%), in the lungs and lung-draining lymph nodes but not in the spleen suggest a preferential
trafficking of pDCs to the target organs.

pDC depletion reduces skin and lung fibrosis in the bleomycin model. To determine if pDC accumulation in the
target organs plays a role in the development of fibrosis, we asked if the depletion of pDCs will modulate
bleomycin-induced disease. We first demonstrated that a single injection of 100 ug of anti-PDCA-1 Ab in
naive C57/BL6 mice reduced pDCs but did not affect the frequency of mDCs, B and T cells, and T cell sub-
sets (Supplemental Figure 1). We then established an anti-PDCA-1 Ab regimen that reduces pDCs through-
out the course of bleomycin-induced disease. Bleomycin-injected mice were treated with i.p. injections of
100 pg of anti-PDCA-1 Ab or isotope-matched control IgG at 2 days before the first bleomycin injection
(day —1), and 14 days after the first bleomycin injection (Supplemental Figure 2). With this regimen, pDCs
were significantly lower in the lungs on day 7 and day 14, and in lymph nodes and spleen on day 14 and day
28, as compared with control animals.

To assess the clinical effect of pDC depletion, we monitored the treated and control animals for clinical
features, including alopecia, submandibular erythema, hunchback appearance, and piloerection (Figure
2A). A clinical severity score comprising these features was estimated for each animal, as described in
Methods. As shown in Figure 2B, the clinical severity score was significantly lower in pDC-depleted mice
than in isotype control Ab-treated or untreated mice with bleomycin-induced disease. Whereas 50% ani-
mals in both control groups had a score of =2, only 1 animal (5.11%) in the pDC-depleted group had a
score of =2 (Figure 2C).

Consistent with changes in the clinical score, histopathological changes in the lungs were significantly
reduced in pDC-depleted mice as compared with isotype control-treated or untreated bleomycin-injected
mice (Figure 2, D and E). Whereas 88% of control mice had a lung histopathology score of =2, only 30%
of pDC-depleted mice had a score of =2 (Figure 2F).

Skin fibrosis in these animals was assessed by dermal thickness (Figure 2G) that was significantly lower
in pDC-depleted mice than in control Ab—treated or untreated mice with bleomycin-induced fibrosis (Figure
2H). In fact, the dermal thickness in pDC-depleted mice was comparable with that in healthy control mice.
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Figure 1. Effect of s.c. bleomycin on DCs in the lung-draining lymph nodes, spleen, and lung. (A, B, D, E, G, and H)Animals were injected s.c. with bleo-
mycin (Bleo) or PBS daily for 2 weeks. Twenty-eight days after the first injection, mediastinal lymph nodes (LN), spleen, and lungs were harvested. Their
single cell suspension were analyzed for pDCs and mDCs. Numbers on FACS plots represent the percentage of gated cells: CD11c™PDCA-1* cells as % of live
SScFSC " cells (lymphocyte gate) for pDCs, and CD11b*CD11c* cells as % of all live cells (autofluorescent cells excluded) for mDCs. Results are expressed
as representative FACS plots and as symbol plots, where each symbol represents a single animal. Horizontal lines denote mean. C, F, and I show a relative
increase (ratio) in mDCs and pDCs in bleomycin-injected mice as compared with PBS-injected mice. Results shown are representative of 3 independent

experiments. *P < 0.05; **P < 0.01,

Mann-Whitney U test.

To assess the effect of pDC depletion on fibrosis, we stained lung and skin tissues with Masson’s tri-
chrome and Picrosirius red and measured the collagen content. Trichrome staining (Figure 3, A and B) and
Picrosirius red staining imaged in parallel light (Figure 3, C and D) showed reduced collagen deposition
in pDC-depleted mice as compared with pDC-intact mice. This was further confirmed by measuring total
collagen content using the Sircol assay (Figure 3, G and H). Picrosirius red stain imaged in orthogonal light
to display fibrillary collagen assembly demonstrated its decrease in pDC-depleted animals as compared
with control animals (Figure 3, E and F). Thus, pDC depletion leads to reduced total collagen and fibrillar
collagen in bleomycin-induced skin and lung fibrosis.

To determine whether treatment with anti-PDCA-1 Ab after induction of bleomycin-induced fibrosis
is protective, we injected bleomycin s.c. daily from days 1-14 and treated with anti-PDCA-1 Ab on days 7
and 14 (200 pg each) or on days 7, 10, and 14 (100 pg each). The treated animals showed an improvement
in skin disease with significantly reduced dermal thickness, but there was no improvement in lung disease
(Supplemental Figure 3). However, in these experiments, pDCs were not significantly reduced on day 28
in the lungs and spleen when the treatment was initiated after induction of bleomycin-induced fibrosis
(Supplemental Figure 4), although this Ab significantly depleted pDCs when started a day prior to adminis-
tering bleomycin (Supplemental Figure 2) or when given to naive mice (Supplemental Figure 1). Additional
studies are underway to determine the Ab regimen (dose and route of therapy) that will deplete pDCs that
accumulate in large numbers in the lungs of diseased animals.

pDC depletion reduces immune cell infiltrates in the affected organs but not in the spleen. To explore mechanisms
underlying pDC'’s clinical effect, we asked if pDC depletion affects bleomycin-induced immune cell infiltra-
tion. On day 28, mDCs were significantly lower in lungs, but not in lymph nodes and spleen, of treated ani-
mals compared with controls (Supplemental Figure 2). Total T cells and T cell subsets including NKT, CD4*
and CD8" T cells, and B cells were reduced in the lungs of pDC-depleted mice as compared with control
Ab-treated bleomycin-injected mice (Figure 4). Total T and CD4* T cells were also lower in the lung-drain-
ing lymph nodes of pDC-depleted mice than controls. In contrast, T cells and T cell subsets in the spleen
were higher in pDC-depleted mice than in controls. These observations showing reduced immune cells in
the affected tissue, along with the higher numbers of these cells in the spleen, upon pDC depletion suggests a
possible role of pDCs in regulating the trafficking of immune cells between the lymphoid and affected organs.
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Figure 2. Effect of depletion of pDCs on skin and lung disease in bleomycin-injected animals. Animals were injected with PBS or bleomycin (Bleo), and bleo-
mycin-injected animals treated with PBS, an isotype-matched control Ab (Intact), or an anti-PDCA-1 Ab (Depleted), as described in Supplemental Figure 2A.
Animals were monitored for general health and skin lesions, and organs were harvested on day 28. (A) Representative photographs illustrate clinical features,
including the hunched back appearance (h), submandibular erythema (e), piloerection (p), and alopecia (a), in bleomycin-injected mice. None of the PBS-injected
mice had these lesions. (B and C) Each of the aforementioned features were given a score of 1, as described in Methods, and clinical severity scores derived for
individual animals (n =9, 9, 22, and 19 animals in PBS, bleomycin alone, bleomycin + control Ab, and bleomycin + anti-PDCA-1 Ab groups, respectively). (D-F)
Lung sections stained with H&E were scored for the severity of lung disease. Representative photomicrographs and histology scores are shown (magnification,
10x). (G and H) Skin sections stained with H&E were analyzed for dermal thickness, as indicated by arrows in the representative photomicrographs (magnifi-
cation, 4x). Results are shown as symbol plots, each symbol representing an animal, and/or as stack plots. Horizontal lines on symbol plots represent mean
values. Each stack on stack plots represents proportion of animals with a clinical or histology score, as indicated by the legend on the right of panels. *P < 0.05,
**P < 0.01, ***P <0.001 (1-way ANOVA with Newman-Keuls multiple comparisons test in B, E, and H; 52 test with Yates correction in C and F).
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pDC depletion reduces genes and proteins related to chemotaxis, fibrosis, and immune cell activation. Results of a
focused gene expression array that includes genes involved in cell migration and activation (Figures 5 and
6) further supports a possible role of pDCs in the trafficking of inflammatory cells to the affected organs.
Genes related to chemotaxis were differentially expressed between bleomycin- and PBS-injected mice (Ccl2,
Ccl3, Ccl4, Ccl7, Ccl8, Cclll, Ccll2, Cxcll0, and Cxcl12) (Figure 5), and between pDC-depleted and pDC-in-
tact bleomycin-injected mice (Ccl8, Cxcl12, Ccr2, Cer3, Cer5, Cer9, Cxerl, and Cxcr4) in the lungs (Figure 6A
and Supplemental Figure 5A).

Profibrotic gene Tgfbl that was significantly upregulated (2.76-fold) in bleomycin-injected mice com-
pared with PBS controls had a marked reduction (26.49-fold) in the lungs of pDC-depleted animals com-
pared with pDC-intact controls. In addition, genes related to immune cell activation, inflammation, and
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Figure 3. Effect of depletion of pDCs on measures of fibrosis in bleomycin-injected animals. Animals were injected with PBS or bleomycin (Bleo),
and bleomycin-injected animals treated with PBS, an isotype-matched control Ab (Intact), or an anti-PDCA-1 Ab (Depleted), as described in Sup-
plemental Figure 2A. Lung (left columns) and skin (right columns) tissues harvested on day 28 were stained with Masson’s trichrome (A and B), as
well as Picrosirius red stain imaged in parallel light to display total collagen content (C and D) or orthogonal light to display fibrillar collagen (E and
F). Results are expressed as representative photomicrographs (n = more than 8 each of intact and depleted animals in A and B, and 5 each in C-F).
Magnification, 10x for the lung and 4x for the skin. Photomicrographs below E and F show magnified views of insets in these panels. Magnification,
200x% and 20x, respectively. (G and H) Total soluble collagen content in the lung and skin was measured using the Sircol assay. Results are shown as
collagen levels per 100 pg of total protein in the tissue. Each symbol represents an animal. Horizontal lines denote mean values. *P < 0.05, 1-way

ANOVA with Newman-Keuls multiple comparisons test.
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other cellular processes were differentially expressed in the lungs of bleomycin- vs. PBS-injected mice (Fig-
ure 5) and of pDC-depleted vs. pDC-intact bleomycin-injected mice (Figure 6A and Supplemental Fig-
ure 5A). Genes implicated in chemotaxis and inflammation were also differentially expressed in the skin
between pDC-depleted and intact mice (Figure 6B and Supplemental Figure 5B).

We verified the protein levels of selected differentially expressed genes in the lungs of pDC-intact ver-
sus pDC-depleted animals (Figure 7). TGFp1 levels in lung extracts and latent TGFf on the surface of
lung cells were significantly reduced in pDC-depleted mice compared with pDC-intact animals. Levels of
thrombospondin-1 (TSP-1) that activates latent TGFf (21) were also lower in pDC-depleted mice than in
control animals, although the differences were not statistically significant. Levels of most other proteins
tested, including CXCL12, CCL2, TLR7, STAT3, CD11b (for Itgam), and B220 (for Ptprc), were comple-
mentary to the differentially expressed genes between pDC-depleted and control animals.

pDCs are reduced in the peripheral blood but increase at the disease site in patients with SSc. To translate the
above animal model findings, we analyzed DCs in the peripheral blood of patients with SSc and sex/
race/ethnicity/age-matched (£ 5 years) healthy donors (Supplemental Table 1). The proportions and
absolute number of circulating pDCs, defined as CD123*CD11c HLA-DR*BDCA-2* cells, were lower
in patients with SSc than in heathy donors (Figure 8, A and B), whereas the proportions and number of
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circulating CD123-CD11c" cells (mDC/non-pDC) were not significantly different between patients and
heathy donors (Supplemental Figure 6).

To analyze pDCs at the disease site, we collected BAL samples at the baseline from 15 patients who
were enrolled in a clinical trial of imatinib for treatment of SSc. Patients had high-resolution CT (HRCT)
scans of lungs performed to assess the severity of lung fibrosis (Supplemental Figure 7). Since the dis-
ease (HRCT) scores were substantially different between right middle lobe (RML) and right lower lobe
(RLL) (Supplemental Table 2), RML and RLL BAL samples were analyzed separately for all but the first
2 patients. BAL samples from patients who had bronchoscopy for respiratory symptoms but were found
to have no significant lung disease on further diagnostic evaluations were used as controls. While only
10%—15% of CD11cCD123* cells expressed other pDC markers (BDCA-2 and HLA-DR) in the peripheral
blood (Figure 8A), 90%-98% of CD11¢ CD123" cells were HLA-DR*BDCA-2* in BAL from patients with
SSc (Figure 8C), suggesting a preferential accumulation of pDCs among myeloid cells that express CD123
to the lungs in patients with SSc-associated interstitial lung disease (ILD). As compared with controls, BAL
samples from SSc patients had significantly increased pDCs (Figure 8D).

To confirm that pDCs infiltrate the affected organs, we stained lung tissues from SSc patients and non-
SSc controls to detect pDCs. While few pDCs were detected in the control lung tissues, SSc lungs had
increased pDCs in the interstitial tissue and bronchi (Figure 8E). Similarly, skin biopsies showed more pDCs
in SSc patients than in healthy controls (Figure 8F). Thus, pDCs are decreased in the circulation but are
increased in the affected organs. These observations suggest a possible trafficking of pDCs to the disease site.

pDCs in BAL correlate with disease severity in patients with SSc. To explore a possible link between pDC
accumulation at the disease site and disease development, HRCT scans of lungs from SSc patients enrolled
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Figure 6. Effect of pDC depletion on the expression of

genes related to DC and antigen presenting cell function

in bleomycin-injected mice. Lung (A) and skin (B) tissues
from pDC-depleted and intact bleomycin-injected mice were
profiled using the Mouse Dendritic and Antigen Presenting
Cell RT? Profiler PCR Array (Supplemental Figure 12). Multiple
2-tailed t test and FDR analysis was performed using the cor-
rected method of Benjamini and Yekutieli with a desired FDR
(g) of 10%. Fold changes of the differentially expressed genes
and P and g values are presented on the right of heatmaps.
In the lungs, 40 genes were differentially expressed between
pDC-intact and -depleted mice, of which 33 genes were
significantly reduced and 7 were increased in pDC-depleted
animals as compared with pDC-intact animals. In the skin, 9
genes were differentially expressed between pDC-intact and
-depleted mice, of which 5 genes were significantly reduced
and 4 genes were increased in pDC-depleted animals as com-
pared with pDC-intact mice. Results represent 2 experiments.
*P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001(n =4
pDC-depleted and 3 intact mice).
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Figure 7. Effect of pDC depletion on protein levels for selected differentially expressed genes in bleomycin-injected mice. Protein extracts or freshly
isolated cells from the lungs of pDC-depleted and-intact bleomycin-injected mice were profiled for proteins for 10 downregulated genes and 1 upregu-
lated gene (Rac1), as shown in Figure 6. (A) Levels of TGFB1, CXCL12, and CCR2 ligand (CCL2) were measured by ELISA. (B) Expression levels of TLR7, C/
EBPa, STAT3, Rac-1, thrombospondin-1 (TSP-1, ThbsT gene), and LRP1 were assayed by Western blot. (C) Surface expression of CD11b (for /tgam), B220
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(for Ptprc), and LAP (latency associated peptide) for latent TGFf was detected by flow cytometry. Results are expressed as representative Western blot
and flow cytometry plots, symbol plots with each symbol representing an animal, and as the mean + SEM values. MFI, mean fluorescent intensity. *P <
0.05, ***P < 0.001 (unpaired 2-tailed t test).

in the imatinib trial were scored (Supplemental Figure 7) for disease severity parameters, including ground
glass opacity (GGO) and fibrosis prior to starting the medication (Supplemental Table 2). The frequency of
pDCs in BAL correlated with both GGO and fibrosis scores at the baseline (Figure 9A) but more strongly
associated with GGO that is believed to represent the early stage of SSc-ILD (22, 23). Non-pDCs/mDCs
(CD123°CDl11c" cells) did not correlate with GGO. We then compared pDC frequencies between patients
with <20% vs. 220% HRCT scores, since a 220%—-25% extent of SSc-ILD has been reported as an indepen-
dent predictor of disease progression including mortality in SSc (24, 25). The frequency of pDC in BAL,
but not in blood, could discriminate patients based on 20% GGO cut-off (Figure 9B). pDCs also negatively
correlated with disease duration (Figure 9C). These observations suggest a possible role of pDCs during
early stages of SSc.

BAL pDCs correlate with local immune cell infiltrates and cytokines in patients with SSc. To assess a link
between pDCs and inflammatory cell infiltrate in the affected organs, we sought a correlation between
the frequency of pDCs and of various immune cells and their cytokine responses. BAL pDCs correlated
with the frequency of CD4* T cells and of IL-4—producing T cells in the BAL (Figure 9, D and E) but not
with the frequency of CD8" T cells or IL-17- or IFNy-producing cells in the BAL. Furthermore, staining
of consecutive sections of skin and lung biopsies from SSc patients showed a colocalization of BDCA-2
and TGFp1 (Supplemental Figure 8), suggesting a possible role of pDCs in producing profibrotic cytokine
TGFp. Thus, in patients with SSc, pDCs at the affected site associate with cytokines IL-4 and TGFf, which
have been implicated in the development of fibrosis.

pDCs in the BAL are reduced after treatment with imatinib in patients with SSc. We and others have reported
that treatment with imatinib led to the improved mRSS (18, 26) and a stabilization or trend toward improve-
ment in ILD (18, 20). Previous studies have shown that imatinib inhibits the tyrosine kinase activity of
c-fms (15) that is required for macrophage CSF (M-CSF) to promote pDC development (27). Therefore, we
asked if imatinib treatment affects pDC infiltration in lungs. As shown in Figure 10, pDC frequencies were
reduced in the BAL, but not in the peripheral blood, of patients with SSc after 1 year of treatment with
imatinib. Additionally, changes in the frequency of BAL pDCs between baseline and after imatinib (ApDC)
correlated with the changes in fibrosis scores (r = —0.62). Thus, pDCs were significantly reduced in the
affected tissue, but not in circulation, of patients after treatment with imatinib, which is known to reduce
fibrosis. Additionally, decreased pDCs in BAL correlated with improved/stable SSc-ILD after treatment.

Discussion

This article demonstrates the accumulation of pDCs in the organs affected by fibrosis in animals and
humans. The depletion of pDCs reduced fibrosis, immune cell infiltration, and the expression of genes
and proteins involved in fibrosis, chemotaxis, inflammation, and DC differentiation in the skin and lung of
animals. In resonance with the animal model findings, pDCs in lungs of patients with SSc correlated with
the severity of lung disease — and with local T cell infiltration — and associated with profibrotic cytokines
(IL-4 and TGF). Furthermore, treatment with imatinib that has been shown to improve SSc skin and lung
disease and/or prevent its deterioration (18-20, 26) reduced pDCs in the lungs of patients with SSc. Taken
together, these observations suggest a potential role of pDC accumulation at the affected organs in the
pathogenesis of systemic fibrosis.

Not all DCs are pathogenic in SSc. While pDCs correlated with the severity of lung disease in patients
and pDC depletion in animals reduced fibrosis, mDCs/non-pDCs did not correlate with ILD severity in
SSc patients. In a previous report, depletion of non-pDCs worsened bleomycin-induced profibrotic gene
changes such as TGFB1-induced upregulation of connective tissue growth factor (Ctgf) in the skin (10).
Further analysis of different DC subsets at different stages of SSc disease may unearth diverse roles of DC
subsets in fibrosis development.

In both animals and humans, we found a preferential increase in pDCs in the affected organs (skin/
lungs), but not systemically (spleen/blood). In fact, peripheral blood pDCs were lower in patients with
SSc than in healthy volunteers. These observations suggest a trafficking of pDCs to the affected organs
and/or their local activation during the development of fibrosis. When we analyzed the expression of
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Figure 8. Detection of pDCs in the peripheral blood, BAL, and lung and skin tissues from patients with SSc and controls. (A and B) Peripheral
blood mononuclear cells from 15 each of healthy controls and patients with SSc were analyzed by flow cytometry for CD11c, CD123, HLA-DR, and
BDCA-2 expression. Representative dot plots show CD11c"CD123* cells that were further analyzed for HLA-DR*BDCA-2* cells, which are expressed as
% of gated CD11c"CD123* cells on dot plots (A). The percentage (expressed as the % of CD123*CD11c"HLA-DR*BDCA-2* cells of total blood cells) and
total number of peripheral blood pDCs were compared between healthy controls and SSc patients (B). Data are shown as individual sample values
and as the mean + SEM. **P < 0.01 and ***P < 0.001 (unpaired 2-tailed t test). (C and D) BAL cells from SSc-ILD patients before enrollment into the
imatinib trial were analyzed by flow cytometry for CD11¢c, CD123, HLA-DR, and BDCA-2. Representative dot plots from SSc patients show CD11c
CD123* cells that were further analyzed for HLA-DR*BDCA-2* cells (C). BAL samples from patients who had bronchoscopy for respiratory symptoms
but not found to have any significant lung disease on further evaluations were used as controls. The percentage of BAL pDCs were compared
between SSc-ILD patients and controls (D). pDCs are expressed as the % of CD123*CD11c'HLA-DR*BDCA-2* cells of total BAL cells (mean + SEM; ***p
< 0.001, unpaired t-test). (E) Paraffin-embedded sections (4 um) of lung tissues were obtained from SSc-lung explants and control lungs (wedge
resection for spontaneous pneumothorax or traumatic lung laceration or lungs collected at autopsy from cases with renal cancer or liver cirrhosis).
The sections were stained with anti-BDCA-2 Ab to detect pDCs. While the control lungs had no to a few BDCA-2* cells (left panels), all SSc lungs
show BDCA-2* cells in the interstitial tissue (middle and right panels) and bronchi (right panels). Stained sections were digitized using the Aperio
scanning system. Results from individual subjects are expressed in a symbol plot as the percent IHC-stained area (mean + SEM; *P = 0.01, unpaired
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2-tailed t test). (F) Frozen sections (6 um) of 6-mm punch skin biopsies from patients with 4 SSc and 2 healthy volunteers were stained for BDCA-2.
Similar results were obtained in a separate experiment using paraffin-embedded skin sections from 4 each of SSc patients and healthy volunteers.
Representative photomicrographs show no to rare BDCA-2* cells in control skin (left panels), but abundant BDCA-2* cells in the epidermis and
dermis of 2 SSc patients: a 41-year-old man with an mRSS of 33 (middle panels) and a 21-year-old woman with an mRSS of 25 (right panels). The
stained cells were manually counted, and the results from individual subjects are shown in a symbol plot as the number of pDCs per mm? (mean +
SEM; *P = 0.01, unpaired 2-tailed t test).

genes that could be involved in DC trafficking and local activation, our results showed that Cxc/12, which
is known to regulate pDC migration (28, 29), was increased in the lungs of bleomycin-injected mice and
that both Cxc/12 and its receptor Cxcr4 were reduced by 22-fold and 2.6-fold, respectively, in pDC-depleted
mice. CXCL12 protein levels were also reduced in the lungs of pDC-depleted animals. CCR5 that drives
pDC migration to inflamed tissues and CCR9 that is required for pDC migration to the intestine (28) were
decreased in the lungs of pDC-depleted mice. CCR2 drives recruitment of pDCs to the skin upon TLR7
activation (28); both Ccr2 and TIr7 were decreased by 5- to 13-fold in the skin and lungs of pDC-depleted
mice. Protein levels of CCR2 ligand (CCL2) were also reduced in the lungs of pDC-depleted mice. FLT3
and its ligand (FLT3L) promote pDC development through activation of STAT3 (28); the gene expression
levels of all 3 (Fit3, Fit3l, and Stat3) were significantly reduced in pDC-depleted animals. Transcription fac-
tor Cebpa that plays a role in early-state DC differentiation (30) and tyrosine kinase Erbb2 that can enhance
the maturation and function of DC (31) were 2 of the most downregulated genes (>40-fold) in the lungs of
pDC-depleted mice.

In humans, pDC frequencies in BAL correlated with local levels of proteins involved in chemotaxis
and leukocyte migration (CCL24, IL-16, PAI1) in BAL fluid at the baseline (Supplemental Figure 9). In
addition, we found a correlation between BAL pDC frequency and local levels of IL-3 and M-CSF, which
can promote pDC survival and differentiation (27, 32, 33). Thus, both increased trafficking and local dif-
ferentiation and survival might contribute to pDC accumulation at the affected sites. Ongoing studies will
determine the cellular source of the differentially expressed molecules and their relative contribution to
pDC accumulation in affected organs.

Multiple mechanisms may underlie the ability of pDCs to promote the development and progression
of fibrosis. First, pDC depletion in animals reduced infiltration with T cells, NKT cells, and B cells in the
affected organs, but not in the spleen, with a reduced expression of genes implicated in chemotaxis in lung
and skin. In resonance with the animal findings, BAL pDC frequency in SSc patients correlated with local
CD4* T cells, and both correlated with CCL24 (Supplemental Figure 9) (4), which is a known chemoat-
tractant for CD4" T cells (34). Additionally, BAL pDCs correlated with the local levels of IL-16, which is
also known to promote the recruitment of CD4* T cells into tissues (35). BAL pDCs correlated with GGO,
which represents earlier stages of SSc-ILD (22, 23), and negatively correlated with disease duration. Taken
together, these observations suggest a possible role of pDCs in regulating the trafficking of lymphocytes to
target organs during the earlier stages of development of systemic fibrosis.

Second, BAL pDCs correlated with IL-4—producing T cells at the baseline. After imatinib, pDCs were
reduced (Figure 10), as were IL-4—producing T cells (4). Since type 2 cytokines play a role in the development
of fibrosis (4, 36, 37), pDCs might contribute to SSc pathogenesis by inducing type 2 cytokine responses.
We found that BAL pDC frequencies correlated with IL-3 levels in BAL of patients with SSc (Supplemental
Figure 9). Since IL-3—stimulated pDCs can induce Th2 differentiation (33, 38), increased IL-3 in BAL of SSc
patients may be a potential mechanism of increased IL-4—producing T cells in SSc lungs.

Third, pDC depletion resulted in a 26-fold reduction in Tgfbl gene expression, a significant decrease
in TGFp1 protein levels, and a significantly decreased latent TGFf peptide on the cell surface in the lungs
of animals. Furthermore, staining of consecutive sections of skin and lung biopsies from SSc patients
suggested a colocalization of BDCA-2 and TGFf1 (Supplemental Figure 8). pDC-depleted animals also
had a 25-fold reduction in Stat3 gene expression and a significant decrease in STAT3 protein that is being
investigated as a therapeutic target for fibrosis (39). Additionally, levels of profibrotic proteins, including
PAIl-a, PDGF-AB, and IL-9, in human BAL correlated with local pDC frequency at the baseline (Supple-
mental Figure 9). These observations suggest a potential role of pDCs in producing/inducing profibrotic
cytokine(s). Thus, modulation of chemotaxis of inflammatory cells, induction of type 2 cytokines, and
induction/production of profibrotic cytokines such as TGFB1 may underlie the ability of pDCs to promote
the development and progression of fibrosis.
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Figure 9. Correlation between disease parameters and pDCs in
patients with SSc. The frequencies of pDCs in BAL samples were
correlated with: (A) HRCT scores of GGO and fibrosis, (C) with
disease duration of SSc, (D) with the frequencies of T cell subsets,
and (E) with the frequencies of IL-4-producing CD4* and CD4" cells
(referred to as Th2 and Tc2, respectively) in the BAL from SSc
patients. Cell subsets are expressed as the frequencies of total
cells in the BAL. r values from nonparametric Spearman correla-
tions are indicated on plots. **P < 0.01, *P < 0.05, 'P = 0.05-0.09,
and *P > 0.1. (B) The pDC frequencies in SSc patients with low
(<20%, n =13) vs. high (>20%, n = 5) GGO scores (mean + SEM; P =
0.05, Mann-Whitney U test).

In a previous report, patients with chronic myeloid leuke-
mia who were in complete response after imatinib treatment
restored their blood pDCs both quantitatively and functionally
compared with healthy donors (40). While imatinib treatment
did not affect pDC numbers in the peripheral circulation of
patients with SSc, we demonstrate a significant reduction in
pDCs in the BAL 1 year after imatinib treatment. Thus, ima-
tinib may modulate the trafficking of pDCs and restore their
homeostasis in disease states. In resonance with this hypoth-
esis, ApDC correlated with changes in local levels of proteins
involved in cellular recruitment/chemotaxis (Supplemental
Figure 10). After imatinib treatment, the ApDC also correlated
with changes in BAL levels of PAIl-a, as well as with FGFD,
IL-17, and IL-1R1, all of which can promote extracellular
matrix deposition (Supplemental Figure 10). Taken togeth-
er, these observations raise the possibility of a novel mecha-
nism: that imatinib might ameliorate fibrosis by restoring the
homeostasis of pDCs.

We are cognizant of the limitations of this study. First,
although the anti-PDCA-1 Ab treatment did not reduce oth-
er DC subsets, T, B, and NK cells in the spleen of naive and

bleomycin-injected B6 mice (Figure 4, Supplemental Figures 1 and 2), one cannot exclude some unknown,
off-target effects of anti-PDCA-1 Ab. Complementary gene-targeting approaches would be helpful to fur-
ther address the role of pDCs in fibrosis. Second, the bleomycin model, like other animal models, does not

replicate all aspects of SSc (41). A rapid acceleration of lung disease in this model diminishes its utility
for testing interventions to treat chronic fibrotic diseases. Third, although pDC depletion led to differen-

tial expression of profibrotic and proinflammatory cytokines, it is unclear whether the cytokines directly

elaborated from pDCs play a role in fibrosis. Fourth, results of human studies need to be validated using a

larger sample size. Finally, our results do not explicitly incriminate pDCs as the primary driver of fibrogen-
esis. Since pDCs produce proinflammatory cytokines (28), they may play a role in fibrosis via promoting
inflammation; depletion of pDCs will attenuate such inflammation, thus limiting a cascading event that
culminates in fibrosis. Under certain conditions, pDCs can also suppress aberrant immune response and
inflammation through induction of immune suppressive cytokines and Tregs (42, 43). Hence, it is possible
to speculate that pDCs traffic to the affected organs to quell inflammation via producing or inducing the

production of immunosuppressive cytokines such as TGFB1 and IL-4, which are also known to promote

local tissue repair; this repair, when uncontrolled, leads to fibrosis. Consistent with this idea, pDC fre-
quencies correlated with type 2 cytokines and TGFB1. Nonetheless, our findings implicate pDCs in the

pathogenesis of systemic fibrosis.

In conclusion, we present several lines of direct and correlative evidences in an animal model and in

humans with the disease, which implicate pDCs in the pathogenesis of systemic fibrosis. The frequency of
pDC at the disease site correlated with disease parameters in patients with SSc, and pDC depletion prevented
bleomycin-induced fibrosis in animals. Our observations also suggest potential mechanisms by which pDCs
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Figure 10. Effect of treatment with imatinib on pDCs in peripheral blood and BAL in patients with SSc. Frequencies
of pDCs in blood and BAL were compared at baseline and 1year after imatinib. Each line represents values from a single
patient. Pre, baseline; Post, after imatinib. **P = 0.004, Wilcoxon signed-rank test.

might promote fibrosis. While the exact mechanism underlying pDC'’s effect in SSc remains to be elucidated,
our results offer pDC manipulation as a potential therapeutic target in SSc and other fibrotic diseases.

Methods
Animals. C57BL/6 mice, all 8- to 10-week-old females, were purchased from the Jackson Laboratory.

Human subjects. Human samples from 71 subjects were used in this study (Supplemental Table 1).
Peripheral blood samples were obtained from 15 SSc patients and 15 healthy donors. Major exclusion cri-
teria included active infection, cancer, and recent (within 3 months) use of prednisone (>10 mg daily) and
other immune suppressive agents.

BAL samples were obtained from 15 SSc patients who were participants in a clinical trial of imatinib
for SSc-ILD (18). Patient characteristics included disease duration <7 years, FVC <85% predicted and
=50% predicted, dyspnea on exertion, and presence of GGO on HRCT. Major exclusion criteria included
FVC <50%, FEV1/FVC ratio <65%, abnormalities on HRCT not attributable to SSc-ILD, and pulmonary
hypertension requiring treatment. BAL samples from 6 patients who had bronchoscopy for respiratory
symptoms but were found to have no significant lung disease on further evaluations, including imaging
and/or biopsy, were used as controls.

Punch skin biopsies were collected from 14 subjects, including 8 patients with early SSc (<5 years since
first non-Raynaud symptoms) and 6 heathy volunteers. Lung tissue sections were obtained from 15 subjects,
including 8 SSc lung explants with pulmonary fibrosis and pulmonary hypertension and 7 control lungs.

Induction and assessment of bleomycin-induced fibrosis. Animals were injected with bleomycin (Milli-
poreSigma) 100 pg (4 U per kg body weight) s.c. daily for 2 consecutive weeks. Animals were monitored
daily for any clinical features including alopecia, submandibular erythema, hunchback appearance, and
piloerection. A clinical disease severity score was assessed, where each of the aforementioned features were
given a score of 1, as described previously (44, 45).

For histopathological evaluation of fibrosis, lungs and submandibular skin were harvested on day
28 and fixed in 10% neutral phosphate-buffered formalin. The paraffin-embedded tissues were cut into
5-um sections and stained with H&E or Masson’s trichrome. Fibrosis was assessed using a modified
Ashcroft score (46), a numerical fibrosis scoring scale, in Masson’s trichrome-stained sections. A score
of 0 was considered as no fibrosis, 1 as minimal, 2 as mild, 3 as moderate, and 4 as severe fibrosis. Grad-
ing was performed by 2 investigators in a blinded fashion. Dermal thickness was assessed at 3 different
locations on the same slide. An average value was used to represent findings pertaining to each tissue.

In vivo depletion of pDCs. Animals were injected with anti-PDCA-1 Ab (clone JF05-1C2.41;
Miltenyi Biotec) i.p. 100 g each on days —1 and 14. Control animals received the same regimen of an
isotype-matched Ab (IgG2b; clone ES26-5E12.4; Miltenyi Biotec). The efficiency of depletion was
assessed in the lymphoid organs and lung by flow cytometry for pDCs (CD11c¢™°¥B220*PDCA-1*).
In some experiments, anti-PDCA-1 Ab was injected on days 7 and 14 (200 pg each) or on days 7, 10,
and 14 (100 pg each).

Measurement of collagen content in the skin and lung tissue. Lung and submandibular skin tissues harvested
from animals were homogenized and the soluble collagen content determined in tissue homogenates using
the Sircol Soluble Collagen Assay Kit (Biocolor Ltd.) according to the manufacturer’s instructions. Total
protein was assessed using the Pierce BCA Protein Assay Kit in 96-well-plate format.
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Picrosirius red stain to assess total and fibrillary collagen. Paraffin sections (5 pm) were stained with
0.1% Picrosirius red (Direct Red 80, MilliporeSigma) to reveal fibrillar collagen. The sections were
serially imaged using parallel and orthogonal light. Microscope conditions (lamp brightness, condens-
er opening, objective, zoom, exposure time, and gain parameters) were maintained throughout the
imaging of all samples.

RNA extraction and semiquantitative reverse transcription (RT) PCR. Lung and skin tissues were har-
vested and immediately submerged in RNA/ater Stabilization Solution (Invitrogen). Total RNA was
isolated using Trizol reagent (Invitrogen). RNA obtained from each sample (1 pg) was reverse tran-
scribed to cDNA using the RT? First Strand Kit (Qiagen). The PCR array analysis of 83 genes included
in the Mouse Dendritic and Antigen Presenting Cell RT? Profiler PCR Array (PAMM-406ZA, Qiagen)
using a 1Q5 system (Bio-Rad), according to the manufacturer’s instructions. Heatmaps of all genes
covered in this array are shown in Supplemental Figures 11 and 12. The raw array data were processed
and analyzed using the ACt at the PCR Array Data Analysis System (http://saweb2.sabiosciences.
com/pcr/arrayanalysis.php). Fold changes were calculated and expressed as the log-normalized ratios
of the experimental/control groups.

ELISA. Lung and skin tissues were lysed in a medium containing 20 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 5 mM EDTA, 0.5% of Triton X-100, 1 mM Na3VO4, Protease Inhibitor Cocktail (P8340, Milli-
poreSigma), and 1 mM PMSF and centrifuged at 21,000 g for 20 minutes. The lysate supernatants were
assayed for total protein content using the Pierce BCA protein assay kit. Tissue lysates were analyzed for
TGFp1, CXCL12, and CCL2, according to the manufacturer’s instructions (Supplemental Methods).

Western blot. Protein lysate were prepared as described above. Protein for each sample (50 pg) was load-
ed to individual lanes. Proteins were separated by electrophoresis in SDS-PAGE and transferred to PVDF
membranes. The membranes were used for immunedetection of TLR7, C/EBPa, STAT3, Rac-1 TSP-1,
LRP1, and B-actin (Supplemental Methods). Blots were imaged using Bio-Rad Quantity One gel imaging
software and quantitated using NIH Image J software.

Imatinib treatment. Imatinib was initiated at a dose of 100 mg per day (18) and increased by 100 mg
every 2 weeks to a maximum dose of 600 mg per day. Patients were allowed low-dose prednisone (<10 mg
per day) or equivalent during the trial. Patients were required to discontinue any putative disease-modifying
treatment for SSc at least 4 weeks before the study.

Assessment of lung fibrosis in patients with SSc. HRCT scans were scored by a radiologist blinded to clinical
information, as described in Supplemental Figure 7. A linear scoring system was employed that accounted
for the percentage of area affected in each lobe separately for the extent of parenchymal abnormalities
including GGO and fibrosis. This scoring system is based on that reported (47, 48) but differs by scoring to
the closest percentage and not the quartiles.

Analysis of BAL cells. BAL was collected from RML and RLL before and after imatinib treatment. BAL
cells were stained for cell surface markers of DC and T cells followed by intracellular staining for cytokines.

Statistics. Differences in scores between the 2 groups were determined by nonparametric
Mann-Whitney U test. For multiple comparisons, we used 1-way ANOVA with Newman-Keuls test.
For comparing categorical data, analysis was performed by creating contingency tables and apply-
ing y? test. Two-tailed ¢ tests were performed to compare parametric data. Spearman nonparametric
correlation analysis was performed to determine correlations between cell frequencies and disease
parameters. Correlation values were interpreted as follows: 0.00-0.20, no correlation; 0.21-0.40, low;
0.41-0.60, moderate; 0.61-0.80, marked; and 0.81-1.00, high correlations (49). Wilcoxon signed-rank
test was used to compare baseline and postimatinib values. For gene array data multiple compari-
sons, we used a FDR approach using the 2-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli, with a desired FDR (g) of 10% (50).

Gene function network analysis of differentially expressed genes was performed using GeneMANIA, a
biological network integration algorithm that shows the relationships between genes weighting the molecu-
lar function based on their protein domain attributes (51) (Supplemental Figure 5).

Study approval. All human and animal studies were performed in accordance with the approved institu-
tional guidelines and protocol from the University of California at Los Angeles. Written informed consent
was received from human subjects prior to inclusion in the study.

Additional information is provided in Supplemental Methods.
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