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Abstract

Objective—Semaphorin (Sema) 7a regulates TGF- p1 induced fibrosis. Using a murine model of
pulmonary fibrosis in which an inducible, bioactive form of the human TGF- 1 gene is
overexpressed in the lung, we tested the hypothesis that Sema-7a exerts its pro-fibrotic effects in
part by promoting the tissue accumulation of CD45™ fibrocytes.

Methods—Fibrosis and fibrocytes were evaluated in TGF- B1 transgenic mice in which the
Sema-7a locus had been disrupted. The effect of replacement or deletion of Sema-7a on bone
marrow derived cells was ascertained using bone marrow transplantation. The role of the Sema-7a
receptor B1 integrin was assessed using neutralizing antibodies. The applicability of these findings
to TGF-B1-driven fibrosis in humans was examined in patients with scleroderma-related
interstitial lung disease.

Results—The appearance of fibrocytes in the lungs in TGF- B1 transgenic mice requires
Sema-7a. Replacement of Sema-7a in bone marrow derived cells restores lung fibrosis and
fibrocytes. Immunoneutralization of 1 integrin reduces pulmonary fibrocytes and fibrosis.
Peripheral blood mononuclear cells from patients with scleroderma-related interstitial lung disease
show increased mRNA for Sema-7a and the B1 integrin, with Sema-7a located on collagen
producing fibrocytes and CD19* lymphocytes. Peripheral blood fibrocyte outgrowth is enhanced
in these patients. Stimulation of normal human peripheral blood mononuclear cells with
recombinant Sema-7a enhances fibrocyte differentiation; these effects are attenuated by p1
integrin neutralization.

Conclusion—Interventions that reduce Sema-7a expression or prevent the Sema-7a - f1 integrin
interaction may be ameliorative in TGF- p1-driven or fibrocyte-associated autoimmune fibroses.

The Semaphorins (Semas) are a family of highly conserved, secreted or membrane-bound
proteins that are divided into eight classes based on primary sequence similarity and distinct
structural features (1, 2). Semas are expressed on nerve, myeloid, and lymphoid cells, and
they regulate immune responses as well as developmental processes related to
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organogenesis, angiogenesis, apoptosis, and neoplasia (3-5). Semaphorin 7a (Sema-7a), also
called CDw108, is a GPl-anchored membrane protein that signals through at least two
receptors: the B1-integrin subunit and Plexin C1 (1, 3). Sema-7a-mediated activation of p1-
integrin enhances central and peripheral axonal growth and is requiredfor proper axonal
tracking during embryonic development (4, 5), while Plexin C1 appears to inhibit some of
these B1 integrin-mediated effects (3). Interactions between Sema-7a and its receptors also
contribute to inflammation and immunity by stimulation of macrophage chemotaxis and
cytokine production (6), regulation of dendritic cell migration and chemokine expression
(4), modulation of T cell function (7), and regulation of melanocyte spreading and
melanoma invasion (3, 8). Our recent studies advance the understanding of Sema-7a by
demonstrating that it also plays an important role in the pathogenesis of transforming growth
factor (TGF)-p1 induced inflammation and fibrosis (9). However, the mechanism(s) by
which Sema-7a promotes these outcomes remains obscure.

The CD14* fraction of peripheral blood contains a heterogeneous group of monocyte
progenitors with important roles in tissue injury and repair. A CD34*CD45" subpopulation
of CD14" monocytes differentiates into fibrocytes by acquiring a fibroblast-like morphology
and expressing collagens I and 111 (10). These events occur in a TGF-B1-dependent, PI3
kinase-dependent manner (11, 12), and over time, CD14 and CD34 expression may be
down-regulated. Fibrocytes traffic into and accumulate in injured tissue in response to
chemokines (13, 14), and their presence is associated with various fibrosing disorders
including asthma, pulmonary fibrosis, and scleroderma (15-17). Interestingly, while
Sema-7a is known to affect monocyte activation /n7 vitro via Bl integrin mediated effects (6)
the role of Sema-7a in the development of fibrocytes has not been assessed.

Systemic sclerosis (SSc), or scleroderma, is a multisystem autoimmune disease
characterized by progressive cutaneous and visceral fibrosis and over-activation of TGF-p1
signaling pathways (18, 19). Advances in the treatment of SSc-related renal disease have led
to the emergence of pulmonary involvement as the greatest cause of mortality in SSc (20).
The majority of patients with SSc demonstrate pathologic findings of interstitial lung disease
(SSc-ILD) and show replacement of the normal lung parenchyma with inflamed and fibrotic
tissue that is ineffective for gas exchange (21, 22). Up to 42% of patients with SSc-ILD will
die of disease progression within ten years of diagnosis (20). Treatment with
cyclophosphamide (23) or lymphocyte modulating agents (24, 25) show a modest benefit in
delaying disease progression, but patients often relapse. The prevalence of gastroesophageal
reflux disease (GERD) and ongoing autoimmunity in these patients frequently leads to poor
outcomes following lung transplantation (26, 27). Thus, a better understanding of the
pathogenesis of SSc-ILD may ameliorate the most frequent cause of death in these patients.

We hypothesized that Sema-7a promotes TGF-B1-induced pulmonary fibrosis by
stimulating the accumulation of intrapulmonary fibrocytes and that the p1 integrin subunit
plays an important role in these responses. Fibrocytes have emerged as an important area of
research in SSc-ILD (28). However immunologic factors regulating their accumulation
remain obscure, and a role for Sema-7a has not been considered. We characterized the role
of Sema-7a in fibrocyte accumulation in lung-targeted, TGF-p1 transgenic mice and defined
the tissue compartment and molecular pathway through which Sema-7a exerts these effects.
Our studies demonstrate that TGF-p1 induces fibrocyte accumulation in a Sema-7a
dependent manner, that Sema-7a expression on bone marrow derived cells is sufficient for
the induction of fibrosis and fibrocyte appearance, and that 1 integrin blockade ameliorates
these responses. This signaling axis and pathway for fibrocyte activation exists in normal
human cells and appears enhanced in patients with SSc-ILD.

Arthritis Rheum. Author manuscript; available in PMC 2013 May 11.
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MATERIALS AND METHODS

TGFB; transgenic mice

All mouse experiments were approved by the Yale School of Medicine Institutional Animal
Care and Use Committee. The CC10-tTS-rtTA- TGF-B1 transgenic mice used in this study
have been described (29). These mice use the Clara cell 10-kD protein (CC10) promoter to
specifically express bioactive human TGF-B1 to the lung, and were backcrossed for >10
generations onto a C57BL/6 background (29). The Sema-7a null mice were provided by Dr.
Alex Kolodkin (Johns Hopkins) and have been described previously (5)

Doxycycline Administration

Eight-to-10 week old CC10-tTS-rtTA- TGF-B1 transgene positive (Tg*) or their wild-type
littermate controls (transgene negative, Tg™) with the Sema-7a locus null or intact were
given doxycycline 0.5mg/ml in their drinking water for up to two weeks.

Bone marrow transplantation

Mice were prepared for bone marrow transplantation using 400 cGy total body irradiation.
Bone marrow harvest, preparation, and injection were performed as previously described
(30).

B1 integrin blocking antibodies

TGF-B1 Tg* and Tg~ mice with an intact Sema-7a locus were injected with 125 g of a
neutralizing anti-p1 integrin antibody or isotype control (both from Biolegend) as previously
described (31).

Lung inflammation

Euthanasia and bronchoalveolar lavage were performed as previously described (29). Lung
inflammation was assessed via bronchoalveolar lavage (BAL) samples as described
previously (29).

Collagen assessment

Total left lung collagen was measured using the Sircol Assay following the manufacturer’s
protocol (Biocolour, Ireland).

Flow cytometry for fibrocytes

Lungs were digested for flow cytometry and total viable cells were quantified using Trypan
blue staining as previously described (30) and flow cytometry for fibrocytes was performed
according to our published method (32). Percentages of live cells co-expressing CD45 and
Col-la were multiplied by total viable cell count of digested lung to determine the absolute
number of CD45+ Col-la+ cells per left lung.

For flow cytometry of human cells, antibodies to Sema-7a or isotype control were purchased
from R&D systems. Antibodies against human CD45, CD34, CD14, p1 integrin, and
appropriate isotype controls were obtained from BD Pharmingen. Flow cytometry and cell
sorting was performed using a BD FACSCalibur. Data were analyzed using Flow Jo v. 7.5
software (TreeStar, Inc). For all analyses, isotype control staining was subtracted from true
antibody staining to determine the percentage of positive cells.

Arthritis Rheum. Author manuscript; available in PMC 2013 May 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ganetal.

Page 4

Histologic analysis

Formalin-fixed and paraffin-embedded lung sections were stained with hematoxylin and
eosin to assess gross morphology or Mallory’s trichrome stains to visualize collagen
deposition.

MRNA analyses

Total RNA was obtained using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. Primers specific for human Sema-7a, 1 integrin subunit, Plexin C1 and
GAPDH, and murine B1 integrin subunit, Plexin C1, and B-actin were purchased from
Superarray Bioscience. Gene expression levels were quantified using real time RT-PCR
(Applied Biosystems), according to the manufacturer’s protocols and normalized to GAPDH
or p-actin mRNA.

Human cell isolation and culture

Statistics

RESULTS

All studies were performed with HIC approval and written informed consent at Yale
University School of Medicine. Individuals who self identified as having no known medical
conditions were included as controls. Patients with SSc according to current American
College of Rheumatology criteria with or without ILD were used as our study group.
Following informed consent, 30 ml of peripheral blood was drawn and peripheral blood
mononuclear cells (PBMCs) isolated as previously described (33). Cells were cultured in 96
well plates that had been pre-coated with 80 g of recombinant Sema-7a (Abnova, Taiwan)
or human serum albumin in the presence or absence of B1 integrin blocking antibody or
isotype control. Experiments examining the effect of Plexin C1 inhibition utilized lentiviral
particles encoding specific ShRNAs against Plexin C1 or negative control “scramble”
sequences (Santa Cruz Biotechnology, Santa Cruz, CA) according to the manufacturer’s
instructions. Confirmation of Plexin C1 inhibition was assessed using immunofluorescence.
Cultured cells were assessed visually for fibrocytes based on spindle shaped morphology
and by FACS as we have previously described (28).

Normally distributed data were expressed as means = SEM and assessed for significance by
Student’s ttest or ANOVA asappropriate. Data that were not normally distributed were
assessed for significance using the Mann-Whitney U test.

Role of Sema-7ain TGF-B1-induced fibrocyte accumulation

We and others have previously shown that profibrotic stimuli or transgenic TGF-p1
overexpression leads within 14 days to the robust accumulation of fibrocytes in the murine
lung (13, 32). To further evaluate these findings, studies were undertaken to determine if
Sema-7a plays a role in this response. TGF-B1 Tg™ mice were interbred with Sema-7a null
(=/-) mice. The pulmonary phenotype and accumulation of fibrocytes in Tg* mice with WT
and null Sema-7a loci was enumerated after 14 days of doxycyline. Consistent with prior
findings (13), Sema-7a deficiency did not significantly affect BAL cell counts at this time-
point (1.11 + 0.17 x 10° cells vs. 0.88 + 0.1 x 10° cells, p = 0.3, Figure 1A). Sircol assay
revealed that total left lung collagen was significantly reduced (574.6 = 30 jug vs. 151.8 +
17.3 pg, p<0.0001, Fig 1B). Studies of fibrocytes revealed a 59.6% decrease in the number
of CD45*Col-la* cells in the Sema-7a null mice (1.29 + 0.23 x 10° vs. 0.525 + 0.10 x 10°,
p<0.001, Figure 1C, D). These data demonstrate that in addition to its well-described effects
on fibrosis, Sema-7a mediates fibrocyte accumulation in the TGF-p1 exposed murine lung.

Arthritis Rheum. Author manuscript; available in PMC 2013 May 11.
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Site of expression of Sema-7a

Sema-7a is expressed on stromal cells and bone marrow derived inflammatory cells in the
TGF-p1-exposed lung (9). In order to determine the tissue compartment through which
Sema-7a exerts its effects on fibrosis and fibrocyte accumulation, bone marrow
transplantation was used to create chimeras in which Sema-7a expression was restricted to
the stroma (Sema-7a null donor marrow transplanted into TGF-B1 x WT recipient,
“Sema-7a null = TGF-p1 x WT mice”) or bone marrow derived cells (BMDCs) (WT donor
marrow transplanted into TGF-B1 x Sema-7a null recipient, “WT — TGF-p1 x WT mice”).
A set of transplanted mice in which Sema-7a null marrow was transferred into TGF-p1 x
Sema-7a null mice (Sema-7a null — TGF-B1 x Sema null mice), and WT bone marrow was
transferred into TGF-B1 x WT mice (WT — TGF-p1 x WT mice), were also studied as
controls. After one month, mice were assessed for engraftment, exposed to doxycycline for
two weeks, and assessed for TGF-B1-relevant endpoints including lung inflammation,
fibrosis, and fibrocytes. Compared to the WT — TGF-B1 x WT mice, Sema-7a null —
TGF-p1 x WT mice did not exhibit significantly altered lung inflammation (Figure 2A and
data not shown), collagen content (529.3 + 56.80 g vs 371.0 = 46.06 g, p = 0.06, Figure
2B), or intrapulmonary fibrocytes (9.60 +1.20 x 104 vs 7.50 + 1.19 x 104 p = 0.2, Figure
2C). However, when compared to the Sema-7a null — TGF-B1 x Sema null mice, WT —
TGF-p1 x Sema-7a null mice demonstrated unchanged lung inflammation (Figure 2A and
data not shown), increased lung fibrosis (181.5 = 14.11 g vs 479.1 = 30.05 g, p < 0.001
Figure 2B) and fibrocytes (4.40 + 0.51 x 10% vs 9.60 +0.75 x 104, p =0.0004, Figure 2C).
These data indicate that while Sema-7a-expressing BMDCs may not be required for
pulmonary fibrosis and fibrocyte accumulation, they are sufficient for the development of
these pathologies.

Expression of Receptors for Sema-7a in recipients of bone marrow transplantation

Sema-7a signals through two known receptors, the 1 integrin subunit and Plexin C1. In
order to assess which of these receptors was responsible for the increased fibrosis seen in the
WT — TGF-p1 x Sema-7a null animals, whole lung RNA was obtained from the TGF-B1 x
Sema-7a null mice that had received WT or Sema-7a null BM and assessed for expression of
B1 integrin and Plexin C1. Here we found that in contrast to the Sema-7a — TGF-B1 x
Sema-7a null mice, the lungs of WT — TGF-B1 x Sema-7a null mice contained a 55.5%
increase in B1 integrin subunit expression that approached statistical significance (Figure
2D). Plexin C1 expression was not enhanced in these mice (Figure 2D). These data
demonstrate that the lung fibrosis caused by replacement of Sema-7a on BMDCs is
accompanied by a trend towards increasedfl integrin expression, suggesting that the
profibrotic effects of Sema-7a may be mediated through this receptor.

Role of B1 integrin in the Effects of Sema-7a

These data led us to explore the role of 1 integrin in our model. In addition to epithelial
cells and fibroblasts, the B1 integrin subunit is expressed strongly on monocyte derived
cells, and signals through PI3 kinase to promote monocyte recruitment, adherence, and
activation (30). The B1 integrin also has been shown previously to modulate fibrosis in this
TGF-p1 model (9) and shows induction in the lungs of mice in which Sema-7a was replaced
via bone marrow transplantation. In contrast, Plexin C1 is not known to influence fibrosis
directly, and its expression was not affected in the transplanted mice. Accordingly, we chose
to examine the role of the B1 integrin subunit in our experimental system. TGF-g1 Tg* or
Tg™ mice with the Sema-7a locus intact thus were exposed to doxycycline to induce
transgene expression and then randomized to receive intraperitoneal injection of 125 g of a
neutralizing anti-p1 integrin antibody or isotype control every other day. Mice were
sacrificed at day 14 and inflammation, fibrosis, and fibrocyte content were assessed.
Treatment with anti-p1 integrin antibody caused a 61.8% decrease in BAL cell counts

Arthritis Rheum. Author manuscript; available in PMC 2013 May 11.
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(55.7+14.0 x 108 vs. 21.0+6.4 x 105, p<0.01, Figure 3A), a 34.4% reduction in right upper
lobe fibrosis and collagen accumulation (125 + 2.5 g vs 82 + 5.5ug, p< 0.01, Figure 3B),
and an 86.5% decrease in fibrocyte content (5.2 + 0.80 x 104 vs 0.70 + 0.34 x 104, p<0.001,
Figure 3C). These data demonstrate that interventions that reduce Sema-7a and/or p1
integrin have similar effects on TGF-B1 induced fibrosis and fibrocyte accumulation in the
lung, thus supporting the contention that the effects of Sema-7a are mediated in part via p1
integrin.

Expression of Semaphorin 7a and B1 integrin are increased in the circulation of patients
with Scleroderma-related ILD

In order to better understand the mechanisms behind these findings and to support a role for
the Sema-7a -B1 integrin-axis in human lung disease, we investigated the expression and
action of these proteins in primary cells from patients with SSc that did or did not have ILD.
SSc-ILD is strongly associated with TGF-pB1 over-activation (34). PBMCs obtained from
patients with SSc-ILD (n=9), SSc only (n=4), and normal controls (n=11) were assessed for
the expression of Sema-7a and its receptors B1 integrin and Plexin C1 using gRT-PCR. We
observed that the relative expression of Sema-7a was significantly increased in the PBMCs
of SSc-1LD patients when compared to normal controls or SSc patients that did not have
ILD (p<0.05 both comparisons, Figure 4A). B1 integrin expression was increased in the
SSc-ILD patients compared to normal; however, there was no difference in expression of
this gene in patients with SSc with or without ILD (Figure 4B). The relative expression of
Plexin C1 demonstrated great variability and thus did not meet statistical significance for
enhanced expression in the SSc-ILD group (Figures 4A—C). These data indicate that PBMCs
from SSc patients that have ILD demonstrate robust expression of Sema-7a and its receptor
the B1 integrin, suggesting that the Sema-7a -B1 integrin axis might contribute to the
development or maintenance of this disease.

Expression of Semaphorin 7a and Bl integrin in the circulating cells of patients with SSc-

ILD

Given the observation that Sema-7a gene expression is increased in the blood of SSc-1LD
patients, we further interrogated these findings using flow cytometry. PBMCs from SSc-ILD
(n = 8) and normal controls (n = 8) were obtained and characterized for co-expression of
hematopoietic lineage markers and Sema-7a. The clinical characteristics of participants are
shown in Figure 1. Because our murine data suggest that Sema-7a participates in the
transition from CD14* monocyte to collagen-producing fibrocyte, we initially considered
that Sema-7a would be expressed on collagen-expressing fibrocytes or CD14™ fibrocyte
precursors. Evaluation of collagen-producing cells revealed that low level Sema-7a
expression was evident on collagen producing cells in normal subjects. This expression was
significantly increased in the patients with SSc-ILD (1.530 + 1.018% vs. 37.18 + 12.08%,
p<0.02, Figure 5A-D). In contrast, no significant differences were observed in Sema-7a
expression in CD14* monocytes from normal subjects when compared to SSC-ILD (8.213 +
1.143% vs. 5.284 + 1.689%, p = 0.16, Figure 5E-H).

Because collagen-producing cells comprise only a small component of total PBMCs in
patients with SSc-I1LD (17), we thought it unlikely that this rare population accounts fully
for the observed increase in Sema-7a mMRNA. Thus, we examined other cell populations,
such as lymphocyte subtypes, which are abundant in circulation and are known to express
Sema-7a. Using forward scatter (FSC) vs. side scatter (SSC) criteria, total lymphocytes were
gated and Sema-7a expression was quantified as shown in Figure 51-K. This approach
revealed a robust increase in the percentage of Sema-7a* lymphocytes in the blood of
patients with SSc-1LD (3.946 + 0.9602% vs 9.223 + 2.401%, p<0.025, Figure 5L). Further
analysis using lymphocyte specific markers revealed that this increase in Sema-7a

Arthritis Rheum. Author manuscript; available in PMC 2013 May 11.
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expression localized to CD19* B cells (10.79 + 4.429% vs. 23.80 + 5.880%, p<0.03, Figure
5M). There was no demonstrable change in Sema-7a expression on CD4* or CD8" T cells
between controls and SSc-ILD subjects (Figure 5SN-O and data not shown).

Having found that Sema-7a* lymphocytes were increased in the circulation of patients with
SSc-1LD, we next analyzed the cell population where the p1 integrin subunit was expressed.
We reasoned that if the Sema-7a -1 integrin axis was involved in fibrocyte appearance,
then the B1 integrin also would be expressed on collagen-producing fibrocytes. This indeed
was the case, as, consistent with prior reports (35), nearly all of the collagen producing cells
demonstrated surface expression of the B1 integrin subunit (Figure 5P). These data indicate
that both components of the Sema-7a —p1 integrin axis are expressed in higher levels on
multiple cell populations in patients with SSc-1LD than in normal controls, with increased
Sema-7a located on collagen-expressing fibrocytes and CD19* lymphocytes, and B1 integrin
expression present on collagen producing cells.

Role of Sema-7a and its receptors on fibrocyte differentiation in humans

Lastly, to better understand the functional relationship between Sema-7a, the p1 integrin,
and fibrocyte differentiation, PBMCs were obtained from normal individuals (n = 8) and
patients with SSc-ILD (n=9), cultured under conditions that favor fibrocyte outgrowth, and
the impact of recombinant Sema-7a and/or anti-B1 integrin antibody assessed (8). Given that
Plexin C1 was so highly expressed in the circulating cells from SSc-ILD patients, we also
explored the effect of Plexin C1 inhibition in this system. Fibrocyte phenotype was assessed
visually by morphology (Figure 6A) and confirmed by flow cytometry for co-expression of
CD45, pro-collagen-la, CD14, and CD34 (Figure 6B—F). In these experiments, incubation
with Sema-7a led to a nearly threefold increase in fibrocytes in the normal controls (13.25 +
1.548 x 104 vs. 35.25 + 2.056 x 104, p = 0.0001, Figure 6G). When compared to normal
individuals, baseline fibrocyte outgrowth was enhanced in the subjects with SSc-1LD (23.46
+2.252 x 104 vs 13.25 + 1.548 x 104, p<0.02, Figure 6G) and did not respond to stimulation
with Sema-7a (Figure 6G and data not shown). Importantly, these events were in all cases
inhibited by p1 integrin blockade (Figure 6G, p<0.001 all comparisons), while Plexin C1
inhibition enhanced collagen production in Sema 7a stimulated monocytes from both control
and SSc-ILD subjects, as well as in unstimulated monocytes obtained from SSc-1LD patients
(Figure 6H). These studies demonstrate that exogenous Sema-7a is sufficient to induce
fibrocyte outgrowth in normal controls and that this axis is abnormal in patients with SSc-
ILD. These data also support the conclusion that a balance between the 1 integrin subunit
and Plexin C1 plays a critical role in these Sema-7a -induced inductive events.

DISCUSSION

TGF-B1 is essential for wound healing, stimulates matrix molecule deposition, and is
implicated in the pathogenesis of fibrotic disorders including SSc-ILD. Because prior
studies from our laboratory demonstrated that Sema-7a promotes TGF—f1 induced injury
and fibrosis (13), and that TGF-B1 induces the accumulation of fibrocytes (32), experiments
were undertaken to better define the mechanism by which Sema-7a influences fibrocyte
biology. Our results demonstrate a previously unrecognized relationship between Sema-7a
and fibrocytes. Specifically, they demonstrate that Sema-7a expression on BMDCs is
sufficient for the appearance of fibrosis and fibrocytes in TGF—p1 exposed murine lung and
that these effects are mediated in part through p1-integrin. We also demonstrate that the
expression of Sema-7a and its receptors are increased in the circulation of patients with SSc-
ILD, that exposure to exogenous Sema-7a induces fibrocyte differentiation in PBMCs
obtained from normal controls, and that immunoneutralization of the B1 integrin which
functions as a receptor for Sema-7a abrogates fibrocyte outgrowth, while inhibition of
Plexin C1 promotes fibrocyte accumulation in these subjects. Our data do not rule out a role

Arthritis Rheum. Author manuscript; available in PMC 2013 May 11.
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for other B1 integrin-dependent mechanisms that may involve such as epithelial to
mesenchymal transition and/or fibroblast activation. The increase in fibrocytes that develop
in response to Plexin C1 blockade suggests that the increased expression of this protein in
the circulation of patients with SSc-1LD reflects a counter-regulatory response of either
Sema-7a signaling (3) or other Plexin C1 targets such as cofilin-1, an actin-modifying
protein known to be activated in myofibroblasts (3). Murine modeling using Plexin C1 null
and/or in vivo gene knockdown approaches may be useful strategies to test this hypothesis.
These data nevertheless identify a novel role for Sema-7a in the regulation of fibrocyte
accumulation in mice and humans.

Fibrocytes were first described as blood-borne, fibroblast-like cells that appeared in
exudative fluid at the earliest phases of wound repair (10). They now are considered to
originate from CD14" myeloid cells that co-express collagen, CD45, and the progenitor
marker CD34; this later marker is downregulated as these cells mature /n situ (36).
Fibrocytes contribute to normal wound healing and pathologic fibrosis (37), and they are
present in increased quantities in the circulation and tissues of patients with fibrotic
disorders of the lung and other organs (38, 39). It should be noted that while CD45 and Col-
la expression has classically been sufficient for the identification of fibrocytes in the murine
lung (39), the unambiguous identification of human fibrocytes in certain contexts may
additionally require the presence of CD34 and/or confirmation of spindle shaped
morphology (28) (as performed in the present study). The difference we detected in Sema-7a
expression on circulating cells in normal control versus SSc-1LD subjects may relate to
phenotypic differences in the collagen-producing fibrocytes and their precursors. The
differentiation and accumulation of fibrocytes are regulated by a complex interaction of
cytokines, chemokines and plasma proteins. The present studies add to our understanding of
fibrocyte homeostasis by demonstrating, for the first time, that TGF—B1 stimulates fibrocyte
accumulation via a Sema-7a -dependent, f1-integrin-dependent pathway and that Sema-7a
expression on BMDC:s is sufficient for these outcomes. The molecular mechanism of these
effects is unclear. Because Sema-7a is required for TGF-B1 induced epithelial apoptosis (9)
it is possible that Sema-7a* BMDCs have an important role in regulating cell death
responses. This notion may be especially relevant given the recent finding that SSc
phenotypes are associated with polymorphisms in the promoter for the pro-apoptotic
molecule, Fas (40). An alternate hypothesis is suggested in other models of inflammation (7,
41), where the Sema-7a-p1 integrin interaction affects T cell and monocyte responses. It is
notable that while we found that Sema-7a was increased in the circulation of SSc-ILD
patients, stimulation of monocytes with this protein failed to augment fibrocyte outgrowth.
This finding could relate to the enhanced expression of Plexin C1 or an inherent propensity
for collagen production in monocytes from the SSc-1LD subjects. Because we have recently
shown that monocytes from aged but healthy individuals are enriched for collagen
production (28), it is also possible that the increased fibrocytes in these patients represents a
form of immunosenescence.

While the role of lymphocytes in lung fibrosis remains controversial (43), the response of
SSc-ILD to lymphocyte modulating agents (24, 25) suggests that these cells also influence
the development and maintenance of SSc-1LD. Because CD4* cells are reported to induce
fibrocyte outgrowth in a murine model of renal fibrosis (43), we were surprised to find that
CD197 cells expressed Sema-7a. It is possible that had we investigated cells from a larger
number of patients, or focused investigation on certain disease subtypes, these results may
have differed. Mechanism(s) through which B lymphocytes may affect fibrocytes include
contact mediated effects, antigen presentation, or secretion of soluble mediators and humoral
factors. Notably, CD19 depletion ameliorates fibrosis, and B cell autoantibody production is
a characteristic but pathogenically poorly understood feature of SSc. The role of B cells in
fibrogenesis may be clarified in studies using genetic or pharmacologic techniques to
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modulate B cell populations in murine models of disease. To our knowledge these are the

fir

st studies to suggest a relationship between B lymphocytes and fibrocyte biology in

fibrogenic disorders.

In

summary, these studies demonstrate that TGF-p1-induced Sema-7a stimulates tissue

accumulation of fibrocytes via its expression on BMDCs. They also reveal the importance of
B1 integrin activation in these fibrocyte responses and that this axis functions in humans.
This pathway is abnormal in patients with SSc-1LD but may be manipulated for therapeutic

be
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Figure 1.

A. BAL cell counts in (white bar) wild type mice and (black bar) TGF-B1 Tg* mice. Left:
Sema-7a locus intact. Right: Sema-7a locus deleted. B. Total left lung collagen, same
comparisons. C. Flow cytometry for fibrocytes. Gates for collagen staining were determined
based on CD45 and intracellular isotype staining). Top left: Anti-CD45-PerCP (Y axis) vs.
FITC-stained isotype control (X axis) on lung suspension from TGF-p1 mouse with intact
Sema 7a locus. Top right: Anti-Col-la-FITC (X axis) vs anti-CD45-PerCP (Y axis) on same
sample. Bottom left: Anti-CD45-PerCP (Y axis) vs. FITCstained isotype control (X axis) on
lung suspension from TGF-B1 mouse with disrupted Sema 7a locus. Bottom right: Anti-Col-
la-FITC (X axis) vs anti-CD45-PercCP (Y axis) on lung cell suspensions obtained from
TGF-B1 x Sema-7a null mouse. Compared to the TGF-B1 x Sema 7a +/+A large decrease in
CD45+Col-la+ cells is evident in the right upper quadrant. D. Compared to TGF-B1 x WT
mice, lungs from the TGF-B1 x Sema-7a null mice contain significantly decreased quantities
of CD45+Col-la+ cells. White bar: WT. Black bar: TGF-p1 Tg* mouse. ***p<0.001.
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Figure 2.

Sema-7a expression by bone marrow derived cells is sufficient for fibrosis and fibrocyte
accumulation in the TGF-B1 exposed lung. A. BAL cell counts in TGF-B1 Tg* mice with
the Sema-7a locus intact (left comparisons) or deleted (right comparisons). B. Total left lung
collagen content, same comparisons. Transplantation with Sema-7a null donor marrow did
not significantly reduce collagen accumulation while transplantation with WT bone marrow
was sufficient to restore collagen accumulation in the TGF-B1 x Sema-7a null mice. C.
CD45+Col-la+ cells, same comparisons. As with the collagen content, transplantation of
TGF-p1 x WT mice with Sema-7a null mice did not reduce fibrocytes. However,
transplantation of TGF-B1 x Sema-7a null mice with WT marrow restored fibrocyte
accumulation to wild type levels. D. Expression of Plexin C1 (left) and B1 integrin (right) in
TGF-B1 x Sema-7a recipients of marrow with the Sema-7a locus disrupted or intact.
Replacement of Sema-7a on BM-derived cells is accompanied by a trend towards increased
expression of 1 integrin. *p<0.05. **p<0.01.
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Figure 3.

A, B. Effect of 1 integrin blockade on collagen accumulation and fibrocyte content.
Treatment of TGF- B1 x WT mice with a neutralizing anti-p1 integrin blocking antibody
reduced A) BAL cell counts, B) total right upper lobe collagen content and C) CD45+Col-la
+ cells to WT levels. White bar: WT. Black bar: TGF- 1 Tg*. Left: isotype control injected.
Right: injections with 125 g of a 1 integrin blocking antibody every other day. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 4.
Expression of Sema-7a (A) is increased in the blood of patients with SSc-ILD compared to

normal controls and patients with SSc that lack ILD. B1 integrin is increased in SSc-1LD
patients compared to control (B). Expression of Plexin C1 (C) is not significantly increased.
White bar: normal subjects. Grey striped bar: SSc without ILD. Black bar: SSc-1LD.
*p<0.05. **p<0.01.
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A-D Sema-7a on collagen-producing cells from a SSc-1LD subject. A. FITC isotype control
(X Axis) vs anti-CD45-PerCP (Y axis). B. Anti-pro-collagen-la-FITC (X axis) vs anti-
CD45-PerCP (Y axis) in SSc-ILD PBMCs. C. Sema-7a on CD45"/Pro-Col-la* cells. Green:
PE-isotype control. Red: Anti-CD45-PE. Blue: Sema-7a on the CD45*/Pro-Col-la*cells
indicated in B. D. Sema-7a on CD45*/Pro-Col-la* cells from normal and SSc-ILD. E-H.
Sema-7a * CD14* monocytes obtained from a subject with SSc-ILD. E. Isotype-APC (X
axis) vs anti-CD45-PerCP (Y axis). F. Anti-CD14-APC (X axis) vs anti-CD45-PerCP (Y
axis) in SSC-ILD monocytes. G. Sema-7a expression (blue) on the CD14* population
indicated in F. Red: Isotype control. Green: Anti-CD45-PE. H. Sema-7a expression in
controls vs SSc-ILD. I-L. Sema-7a expression on lymphocytes obtained from a patient with
SSc-ILD. I. Lymphocytes identified by FSC (X axis) and SSC (Y axis) characteristics. J. PE
isotype control (X axis) vs anti-CD45-PerCP (Y axis). K. Anti-Sema-7a -PE (X Axis) and
anti-CD45-PerCP (Y axis). L Sema-7a * lymphocytes in control vs SSc-ILD. M—P. Sema-7a
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on CD19* cells (M) CD8* (N) or CD4* (O) cells in SSc-ILD patients. P. 1 integrin

expression on CD45+Pro-Col la+ cells from normal subjects and SSc-ILD patients. White:
control. Black: SSc-ILD. *p<0.05.
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A. Fibrocytes identified by spindle shaped morphology in cultures of SSc-ILD PBMCs. B—
F. FACS for CD45, Pro-Col-la,, CD14, and CD34 on cultured PBMCs from a normal
control. B. FITC detected intracellular isotype control (X axis) and anti-CD45-PE (Y axis).
This negative control was used to set the negative gate for Pro-Col-la. C. Anti-Pro-Col-la-
FITC (X axis) and anti-CD45-PE (Y axis) on normal PBMCs cultured in the presence of
HSA. D. Anti-Pro-Col-la-FITC (X axis) and anti-CD45-PE (Y axis) on normal PBMCs
cultured in the presence of Sema-7a. Increased collagen-producing cells are seen in the right
upper quadrant. E. Staining for anti-CD14-APC (X axis) and anti-CD34-PerCP (Y axis)
reveals that these collagen-producing cells demonstrate high level CD34 expression and
variable CD14 expression. F. Anti-Pro-Col-la-FITC (X axis) and anti-CD45-PE (Y axis) on
normal PBMCs cultured in the presence of human serum albumin. G. Sema-7a stimulated
PBMCs show increased fibrocyte differentiation (white, left comparisons). In contrast, SSc-
ILD subjects show increased fibrocyte outgrowth at baseline (black, left comparisons) with
no response to exogenous Sema stimulation but pronounced reduction via
immunoneutralization of the B1 integrin subunit (right comparisons). H. Inhibition of Plexin
Clpromotes fibrocyte differentiation in Sema-7a stimulated monocytes from control and
SSc-ILD subjects as well as in unstimulated SSc-ILD monocytes. Overall quantities may be
lower in these studies due to the exposure to lentiviral particles. Same comparisons as in
(G). *p<0.05. **p<0.01. ***p<0.001.
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Table 1

Age (years)

Sex (female)

Race (white vs nonwhite)
Diffuse

Length of disease, years

SSc-ILD
50.37+14.49
6/8

718

718

518 £5.72

Known Pulmonary hypertension  0/8

FVC, % predicted
DLCO, % predicted

65.4+12.4
49.2 +15.6

Control
64.25+18.0
6/8

6/8

N/A

N/A

N/A

N/A

N/A

Pvalue
NS

NS

NS

N/A
N/A
N/A
N/A
N/A
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