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Abstract

Fibrocytes are circulating mesenchymal precursors (CD45+, col 1+) recruited to fibrotic areas.
Fibrocytes secrete profibrotic mediators including periostin; a matricellular protein that regulates
cellular interactions with extracellular matrix (ECM) components. In bleomycin-induced fibrosis,
periostin deficiency in structural or hematopoietic cells limits development of pulmonary fibrosis.
To determine if hematopoietic-derived fibrocytes might secrete soluble factors to activate
structural myofibroblast differentiation, wild-type (WT) fibroblasts were treated with conditioned
medium from fibrocytes isolated from bleomycin-treated WT or periostin™~ mice. After 24 hours
we saw less a-smooth muscle actin expression in cells treated with conditioned medium from
periostin™/~ fibrocytes. Adoptive transfer of WT fibrocytes augmented lung fibrosis to a greater
extent than transfer of fibrocytes from periostin™~ mice. /n vitro analysis of fibrocytes and
fibroblasts isolated from WT and periostin '~ mice treated with TGFpB1 or periostin demonstrated
co-regulation of mesenchymal activation and beta 1 integrin as a potential receptor for periostin on
fibrocytes. Additionally, connective tissue growth factor (CTGF) mRNA expression was increased
in fibrocytes treated with periostin whereas CTGF and lysl oxidase (LOX) mRNA expression was
low in bleomycin-treated periostin™~ fibrocytes. These data suggest fibrocytes may augment
bleomycin-induced fibrosis via secretion of periostin and other soluble factors that promote
myofibroblast differentiation.
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Introduction

Fibrosis can be triggered by various known insults (e.g., infection, allergens, toxins, or
radiation), or can occur for unknown reasons as in the case of idiopathic pulmonary fibrosis
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(IPF) L. IPF is a chronic progressive parenchymal lung disease of unknown origin, with
mean survival rate of 3-5 years after diagnosis. Prevalence and mortality rates are increasing
globally 24, The cellular mechanisms leading to IPF remain unclear but a commonly held
paradigm describes continuous cycles of injury to the alveolar epithelium leading to
dysregulated repair. Prominent features of this dysregulated repair include fibroblast
differentiation, myofibroblast accumulation and excessive collagen deposition in the alveolar
space 7. Mediators such as growth factors and cytokines from different cell types
contribute to the persistence of activated fibroblasts and myofibroblasts®. Based on our
current knowledge, bone marrow-derived collagen producing cells (e.g. fibrocytes and other
collagen producing cells) play a significant role in the development of lung fibrosis 917
Fibrocytes respond to a number of cytokines and chemokines that are typically associated
with migration and activation of inflammatory cells18, Fibrocytes are hematopoietic bone
marrow-derived cells that express both mesenchymal and leukocyte markers. They circulate
in the peripheral blood and can be isolated from tissues. Cultured fibrocytes have been
shown to express a number of ECM proteins including collagen 1, collagen 3 and
fibronectin 18-22, |n addition, fibrocytes also express a number of chemokine receptors,
including CXCR4, CCR7 and CCR2, which may contribute to the recruitment and activation
of fibrocytes resulting in migration to damaged tissues 2325, Although several reports
indicate that fibrocytes express type | collagen, others have suggested that uptake of secreted
type | collagen by hematopoietic cells characterizes the fibrocyte population 26 27,

A more recent study demonstrated that cells of hematopoietic origin produce type | collagen
but are not a necessary source of type I collagen during experimental lung fibrosis 28,
Kleaveland et al. illustrated that fibrocytes can efficiently uptake type I collagen even though
the underlying mechanism is not clearly understood 28. Adoptive transfer of fibrocytes leads
to augmented fibrosis in a FITC-induced mouse model and several studies have found a
correlation between increased numbers of fibrocytes and worse disease

progression?2: 24, 29-31 Recently, fibrocytes were shown to contribute to the progression of
pulmonary fibrosis without differentiating to myofibroblasts themselves using a
transforming growth factor alpha model of fibrosis 32. Additionally, Garcia de alba et al. also
showed that fibrocytes contributed to increased mRNA levels of ECM proteins in both
fibrosis and chronic pneumonitis 31. Work from our laboratory demonstrated that fibrocytes
in circulation of IPF patients are major producers of the matricellular protein, periostin, and
that periostin accumulates in the lung tissue of IPF patients 33,

Periostin, also known as osteoblast-specific factor 2, is a recently characterized matricellular
protein that binds to components of the ECM including type I collagen and fibronectin and
has been shown to be involved in collagen fibrillogenesis34. Periostin protein transmits
signals from the ECM to the cell by binding to cellular receptors such as integrins that affect
cell adhesion, proliferation, migration and tissue angiogenesis 2. It has been reported that
periostin promotes cancer cell invasion and metastasis through the integrin/
phosphatidylinositol 3-kinase/AKT pathway, leading to the development of various

tumors 36, Work from our laboratory and others have shown that there are increased
circulating periostin levels in IPF patients compared to controls 33 37, Our work further
showed that the increased periostin expression in IPF tissues was localized to active areas of
fibrosis and that IPF patients also showed increased percentages of periostin-expressing
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fibrocytes and monocytes in the blood 33. Chimeric mouse studies showed that both
structural and hematopoietic sources of periostin were important in protecting periostin-
deficient mice from bleomycin-induced fibrosis 33. Although periostin has diverse functions,
it is becoming increasingly clear that periostin is upregulated in lung tissue in the context of
several respiratory diseases 38. At present, the precise function of periostin in the lung has
not been fully elucidated. In this study we used bleomycin to establish fibrosis in mice, and
then analyzed how hematopoietic-derived fibrocytes might signal structural myofibroblast
differentiation through their ability to secrete periostin or other periostin-regulated soluble
factors. We explored the use of periostin-deficient fibrocytes in adoptive transfer
experiments as well as the use of integrin blocking antibodies to demonstrate that periostin
interacts with different receptors on fibrocytes and fibroblasts and that periostin secretion by
fibrocytes is important for the exacerbation of bleomycin-induced lung fibrosis.

Materials and Methods

Animals

Wild-type C57BL/6 (B6) age and sex-matched mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). Periostin™~ mice were bred at the University of Michigan. In
previous experiments we verified that C57BI/6 mice purchased from Jackson Laboratory
behave similarly with respect to the periostin—/— mice as do control mice generated by
heterozygous breeding in house. Mice were housed under pathogen-free conditions and
provided food and water ad /ibitum. All animal experiments complied with university and
federal guidelines for humane use and care. The University of Michigan Institutional Animal
Care and Use Committee approved these experiments.

Bleomycin Model of Pulmonary Fibrosis

Mice were given bleomycin (0.025 U (Sigma) dissolved in sterile saline in a 50-pl volume)
intratracheally as described previously 39 or via oropharyngeal aspiration.

Lung Collagen Measurements

Collagen deposition was measured using a hydroxyproline assay on day 21 post-bleomycin
challenge as described previously 3.

Semi quantitative real-time RT-PCR

RNA was extracted from lung mesenchymal cells using TRIzol reagent (Invitrogen,
Carlsbad, CA) then analyzed by real-time RT-PCR on an Applied Biosystems StepOne Plus
thermocycler (Applied Biosystems, Foster City, CA). Gene specific primers and probes were
purchased from Sigma-Aldrich (St Louis, MO). Relative expression was calculated using the
comparative Ct method as previously described 40. Additionally, RNA isolated from
bleomycin-treated WT and periostin =/~ fibrocytes was analyzed using the Mouse Fibrosis
RT2 Profiler ™ PCR Array and then confirmed using gene specific primers and probes (see
on line supplement Table 1) as previously described. We have determined that p-actin
expression did not change significantly in response to TGF stimulation (data not shown)
making this an appropriate normalization for our gene expression data.
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Enzyme-linked Immunoassay/ELISA

Whole lung homogenates were prepared for analysis of cytokines as described previously 3°.
Each ELISA assay was done using a Duoset ELISA kit (R&D systems, Minneapolis, MN)
according to manufacturer’s instructions.

Mesenchymal Cell Isolation

Lung mesenchymal cells were grown for two weeks from lung minces. At this time, all cells
expressed collagen I and were designated lung mesenchymal cells. In some experiments,
mesenchymal cells were magnetically sorted for expression of CD45 to obtain CD45*
collagen I* fibrocytes or CD45~ collagen I* fibroblasts as previously described 24. Briefly,
labeled cells were sorted using LS-positive selection columns using a SuperMacs apparatus
(Miltenyi Biotech) according to manufacturer's instructions. For extra purity, CD45+ cells
were sometimes reapplied to a second LS-positive selection column. For experiments where
fibrocyte supernatants were collected, purified fibrocytes were cultured overnight in serum-
free media (SFM) with or without anti-periostin Ab (AF-2955, R&D systems). These cell-
free supernatants were then added to purified fibroblasts.

Adoptive Transfer

Fibrocytes were purified by magnetic separation from lung mince cultures from untreated
wild-type or periostin™~ mice as described above. 5 x 10° fibrocytes were injected via tail
vein in a 200-pl volume into mice that had received bleomycin inoculation intratracheally 4
d previously. Mice were harvested and lungs collected on day 21 after bleomycin, and lung
collagen content was determined by hydroxyproline assay.

Flow Cytometry

Lung mesenchymal cells were grown for two weeks from lung minces from saline and
bleomycin-treated wild-type or periostin—/— mice as previously described. On day 14 cells
were collected and incubated with Fc block (1:100) clone 24G2 (BD Pharmingen, San
Diego, CA) for 15mins, then stained with combinations of anti-mouse CD45 (BD
Pharmingen), anti-mouse CD29 (Beta 1), anti-mouse CD49a (Alpha 1) and anti-mouse
CD51 directly-conjugated antibodies available from Biolegend. Cells were run on a FACS
Canto (BD Biosciences, Mountain View, CA) and further analyzed using the Flowjo single
cell analysis software.

Western Blot Analysis

Mesenchymal cells were lysed in radioimmunoprecipitation assay buffer with protease
inhibitor cocktail [Sigma]) for 15 min at 4°C and centrifuged at 10,0009 for 10 mins. Total
protein concentrations were determined by the Bicinchoninic acid assay (Pierce). Equal
amounts of protein from each sample were separated on a 4-20% gradient SDS-
polyacrylamide gel and transferred to a PVDF membrane (Amersham/GE Healthcare,
Pittsburgh, PA). PVDF membrane was probed for alpha smooth muscle actin (a.-SMA)
(Sigma), betal integrin (ab52971 Abcam) and rabbit polyclonal glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Cell signaling, Beverly, MA) as a loading control. Densitometry
analyses of Western blot pixel densities were performed using the NIH Image J program.
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Statistical Analysis

Statistical significance was assessed by analysis of variance (3 or more comparisons) with a
Bonferroni post-hoc test or Student t test (2 comparisons) using GraphPad Prism 6 software
(San Diego, CA). Data shown represents mean = SEM, p< 0.05 was considered significant.

Results

Mesenchymal cells increase periostin mRNA expression after bleomycin treatment

To specifically assess the upregulation of periostin expression in lung mesenchymal cells
after bleomycin treatment, WT mice were given intratracheal saline or bleomycin on day 0.
All lungs were harvested on day 14 and mesenchymal cells were cultured for 14 days then
sorted into fibrocytes (CD45 positive) and fibroblasts (CD45 negative). RNA was isolated
for real-time RT-PCR analysis. We observed that both fibroblasts and fibrocytes had
significant increases in periostin mMRNA expression post bleomycin treatment (Figure 1).

TGFB1 and periostin co-regulate each other in lung mesenchymal cells

We previously showed that treatment of WT mesenchymal cells with TGFf showed a
significant increase in periostin production 33. To assess whether periostin also up-regulates
TGFB1 production in purified fibroblasts and fibrocytes, we isolated these cell types from
lung mince cultures from naive mouse lungs and treated with recombinant periostin (500
ng/mL) in SFM. Treatment of WT fibrocytes and fibroblasts with periostin lead to increased
TGFB1 production as measured by ELISA (Figure 2A). In addition, treatment of fibroblasts
and fibrocytes with recombinant TGF- (2ng/mL) increased protein production of periostin
as measured by ELISA (Figure 2B), as well as increased mRNA expression of periostin
(Figure 2C-D).

Since, periostin and TGFP1 seem to be co-regulating each other, we wanted to assess
whether the production of collagen | from fibroblasts and fibrocytes was different in the
presence of periostin and if this effect was dependent on TGF-p1 signaling. Figure 3
illustrates that treatment of murine lung mesenchymal cells with periostin for 48hrs led to a
significant increase in MRNA expression for collagen I. Because collagen | mRNA is
extremely stable*!, small increases in transcription can lead to significant enhancement of
translated protein. However, the increase in collagen | expression was independent of
TGFp1 signaling in the fibrocytes compared to the fibroblasts as indicated by treatment with
the A8301 TGF-B1 receptor. Additionally, supplemental Figure 1 demonstrates that periostin
can influence other extracellular matrix components as well including collagen 3 and
fibronectin. Overall these data suggest that TGFp1 and periostin are co-regulating each other
but periostin can signal to fibrocytes independently of TGFB1 and that the receptor needed
for periostin signaling may be different on fibrocytes compared to fibroblasts.

Decreased integrin expression in fibrocytes from periostin™~ mice post-bleomycin
treatment

In many cancers, periostin binds to integrins activating the AKT/PKB and FAK-mediated
signaling pathways. This leads to increased cell survival, invasion, angiogenesis, metastasis
and epithelial-mesenchymal transition 2. Periostin also functions as a ligand for integrin
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alphaVbeta3 and alphaVbeta 5 to support adhesion and migration of epithelial cells 43,
Because our data suggest that periostin might be signaling differently in fibrocytes vs
fibroblasts, we wanted to examine the expression levels of integrins in WT and periostin™~
naive lung mesenchymal cells. As illustrated in figure 4A-D, there is no significant
difference in the baseline mRNA expression levels of alpha 1, alpha V, beta 1 and beta 5
integrin levels on fibrocytes and fibroblasts from WT or periostin™~ mice, although in most
cases, the expression levels of integrins were lower in fibrocytes than fibroblasts. We next
treated WT and periostin™~ mice intratracheally with saline or bleomycin for 14 days then
cultured lung mesenchymal cells, sorted for fibrocytes and assessed mRNA expression for
different integrins post-bleomycin treatment. Alpha 1, alpha V and beta 1 were found to be
significantly upregulated in WT fibrocytes post bleomycin treatment but beta 5 expression
was not altered. None of the integrins were upregulated post-bleomycin in the periostin—/-
cells (Figure 4E-H). To compare the differences in integrin expression on fibrocytes at the
protein level, fibrocytes were isolated from bleomycin-treated WT or periostin™~ mice and
integrin profiles were analyzed by flow cytometry (Figure 5 A-C). Levels of alpha 1 were
lower in periostin—/- fibrocytes but did not reach significance in this experiment. In contrast,
the decrease in B1 integrin noted in periostin~~ mice did show a significant reduction
(Figure 5C). We also confirmed lower levels of B1 integrin in periostin™~ fibrocytes by
Western blot (Figure. 5D). There were no statistically significant differences in integrin
expression in fibroblasts from WT or periostin™~ mice at the mRNA or protein levels
(Supplemental Figure 2). To determine how integrin expression profiles correlated with
TGFB1 production, we treated fibrocytes with exogenous TGFB1 and found increased
mMRNA expression for alpha V, alpha 1 and beta 5 in wild-type cells (Figure 6). Expression
of these integrins was similarly increased in the periostin™~ cells treated with TGFp1. In
contrast, TGFP1 treatment caused a modest, but not significant increase in beta 1 expression
in WT cells, but did not in periostin™~ cells providing further support that beta 1 integrin
expression may be necessary for periostin signaling to fibrocytes in murine lungs (Figure 6).
Next, we treated WT fibrocytes and fibroblasts with periostin in the presence of a beta 1
integrin blocking antibody (102209-Biolegend) and after 48h assessed collagenl mRNA
expression as an indication of mesenchymal cell activation (Figure 7). Fibrocytes treated
with periostin in the presence of beta 1 blocking antibody had markedly less collagen |
MRNA expression compared to samples treated with periostin and isotype control (Figure
7A). In contrast, addition of beta 1 integrin blocking antibody to fibroblasts showed no
change in collagen | expression (Figure 7B). Taken together our data suggest periostin
signals collagen expression through beta 1 integrin to activate fibrocytes and this is
independent of TGFp signaling.

Fibrocytes exacerbate bleomycin-induced fibrosis through paracrine effects and in a
periostin-dependent manner

We previously showed that fibrocytes augment FITC-induced lung fibrosis 24. In addition,
fibrocytes and monocytes were the major producers of periostin in circulation and a
hematopoietic source of periostin was important for fibrogenesis in the bleomycin model of
lung fibrosis 33. To specifically assess the role of periostin produced by fibrocytes in lung
fibrogenesis, WT or periostin™~ mice were given intratracheal saline or bleomycin on day 0.
On day 4 post-bleomycin, mice were give 5x10° additional cultured WT or periostin™~ lung
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fibrocytes. Lungs from all mice were harvested on day 21 post-bleomycin and lung collagen
content was measured by hydroxyproline assay. As expected, bleomycin-treated WT mice
showed a significant increase in collagen content when compared to saline controls but WT
mice that received the additional WT fibrocytes had significantly higher amounts of collagen
in the lungs compared to bleomycin alone (Figure 8A). Interestingly, bleomycin-treated WT
mice given the periostin™~ fibrocytes showed similar levels of lung collagen as the
bleomycin-treated wild-type mice with no added cells (Figure 8A). Figure 8B demonstrates
that periostin™~ mice treated with bleomycin then given additional WT lung fibrocytes have
significantly more collagen content in the lungs compared to periostin™~ mice treated with
saline or bleomycin alone. Additionally, we analyzed the ability of fibrocytes to maintain
their CD45 expression post-transfer over time. Using flow cytometry analysis we found that
all the labeled PKH26 positive fibrocytes were detected as CD45 positive cells 4-8 days after
transfer (Figure 8C). These data demonstrate that fibrocytes were not differentiating into
CD45-negative fibroblasts after transfer.

Periostin production by fibrocytes promotes their profibrotic effects on myofibroblasts via
other mediators

Myofibroblast differentiation is characterized, in part, by induction of aSMA gene
expression as well as by increased production of ECM components and fibrogenic cytokines
such as TGFP1 42-44, To assess how fibrocyte-derived periostin affects myofibroblast
differentiation, we analyzed protein expression of aSMA in WT untreated fibroblasts that
were incubated with cell-free supernatants from CD45 positive fibrocytes from bleomycin-
treated WT and periostin™~ mice. Cells were incubated in this media for 24h. After 24h we
analyzed expression of a SMA by Western blot and saw less aSMA expression in WT
fibroblasts that were incubated with bleomycin-treated supernatants from periostin™~
fibrocytes (Figure 9A). To address whether this effect was solely due to periostin or possibly
involved other downstream signaling proteins we performed a microarray using a targeted
mouse fibrosis array with the goal of identifying differences between the WT and
periostin™~ fibrocytes. We saw significant decreases in connective tissue growth factor
(CTGF) and Lysyl oxidase (LOX) but not platelet-derived growth factor (PDGF)a in
periostin—/- fibrocytes. Findings were confirmed by RT-qPCR (Figure 9B). In addition,
there was a significant increase in CTGF mRNA expression in fibrocytes treated with
exogenous periostin; however, in the presence of a beta 1 blocking antibody, periostin could
no longer induce a significant increase in CTGF (Figure 9C). There was no change in CTGF
MRNA expression in fibroblasts (Figure 9D). Given the importance of CTGF in
fibrogenesis, we measured the amount of CTGF protein in the supernatants used in the
experiments described in Figure 9A by ELISA and saw less CTGF in the periostin™~
fibrocytes supernatants (Figure 9E). Taken together these data suggest that fibrocytes in the
presence of periostin secrete additional pro-fibrotic mediators such as CTGF that contribute
to myofibroblast differentiation.

Periostin signaling is critical for fibrocyte amplification of a profibrotic response

We next wanted to determine the impact of periostin signaling to the fibrocytes to induce
their profibrotic paracrine mediators. We isolated fibrocytes from bleomycin-treated wild-
type mice and cultured them in SFM overnight in the presence or absence of an anti-
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periostin Ab to neutralize the periostin that is secreted into the supernatant by fibrocytes.
When these supernatants were collected and incubated with fibroblasts, the supernatant
collected from fibrocytes treated with anti-periostin antibodies could not induce expression
of a-SMA to the same extent in the fibroblasts as supernatant from untreated fibrocytes
(Figure 10). These results suggest that autocrine periostin signaling to the fibrocytes
themselves is a critical upstream mediator of the release of fibrocyte pro-fibrotic paracrine
mediators.

Discussion

Previous studies have shown that periostin 7~ mice treated with bleomycin intratracheally
had decreased collagen content compared with WT littermates 33 45, Both monocytes and
fibrocytes likely contribute to the pool of circulating periostin in IPF patients and chimeric
mouse studies demonstrated that both the hematopoietic-derived and structural sources of
periostin contributed similarly to fibrogenesis 33. These studies suggested that a circulating
source of periostin could be playing a significant role in the exacerbation of lung fibrosis,
but it was unclear how the lower levels of periostin produced by circulating fibrocytes vs.
structural cells (e.g. fibroblasts, see Figure 2B) were influencing disease. Our current
findings /n vivo, and /n vitro, suggest that fibrocyte profibrotic function is likely via multiple
paracrine mechanisms.

We examined the effects of fibrocytes in the exacerbation of bleomycin-induced fibrosis in
WT and periostin™~ mice. Adoptive transfer of WT fibrocytes during established lung
fibrosis augmented bleomycin-induced fibrosis in recipient mice, corroborating the earlier
studies in a fluorescein isothiocyanate (FITC)-induced model of pulmonary fibrosis 24.
Furthermore, in periostin™~ mice receiving WT fibrocytes there was a significant increase in
lung hydroxyproline, which is evidence of enhanced lung fibrosis relative to the periostin™~
mice that did not receive additional fibrocytes (Figure 8). We first wondered whether there
was a defect in migration of periostin™~ fibrocytes to the injured lung. However, Figure 8C
shows that periostin™~ fibrocytes could be identified in the lungs as easily as WT fibrocytes.
Furthermore, we found no defect in the expression of chemokine receptors on the WT vs.
the periostin™~ fibrocytes (data not shown). Therefore, the decrease in fibrosis in mice
treated with the periostin™~ fibrocytes could not be attributed to a migration defect.
Furthermore, we considered the possibility that WT fibrocytes might better be able to
differentiate into fibroblasts or myofibroblasts once arriving in the injured lung. While in
vitro work has clearly shown that fibrocytes can differentiate into myofibroblasts 25 46. 47,
our /in vivowork corroborates recent findings in another model system to suggest fibrocytes
are not differentiating into myofibroblasts during fibrosis (Figure 8C) 32. We also previously
showed that fibrocytes migrate to areas in the lungs adjacent to fibroblasts 23. Given that
collagen production by circulating cells is also dispensable for development of lung

fibrosis 28, these data, when taken together, suggest that fibrocytes work mostly by paracrine
mechanisms to induce fibrogenesis. We believe that their ability to migrate to the site of
injury by virtue of their chemokine receptors makes them uniquely poised to deliver their
pro-fibrotic paracrine factors where they are most effective at stimulating wound repair; yet
in the setting of chronic lung disease, these fibrocytes may promote exaggerated wound
repair and fibrosis.
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Itis likely that some of the paracrine effects of periostin-producing fibrocytes are due to
periostin itself. We have previously shown that periostin can directly influence ECM
deposition and migration of lung fibroblasts 32 (and Supplemental Figure 1). Another feature
of myofibroblasts is their ability to resist apoptosis, likely due to upregulation of anti-
apoptotic proteins such as X-linked inhibitor of apoptosis (XIAP) expression 48. Periostin
may directly contribute to myofibroblast resistance to apoptosis via stimulating XIAP
protein expression (Supplemental Figure 3). We recently demonstrated that blocking
inhibitor of apoptosis family proteins using pharmacologic interventions attenuated
bleomycin-induced fibrosis 48: 4. Thus, periostin likely contributes to the exacerbation of
bleomycin-induced fibrosis at least in part via direct effects on fibroblasts.

Another possibility is that periostin signals back to the fibrocytes themselves to influence
production of other profibrotic mediators. Figure 10 demonstrates that secretion of pro-
fibrotic mediators by fibrocytes is blunted in the presence of a neutralizing antibody against
periostin. This suggests that periostin plays an important autocrine signaling role to
fibrocytes to promote pro-fibrotic mediator release. Additionally, we demonstrate that
periostin production by fibrocytes promotes expression of CTGF and LOX post bleomycin-
treatment (Figure 9B) and fibrocytes secrete less CTGF in the absence of periostin post-
bleomycin treatment (Figure 9E). CTGF has previously been described as an activator of
mesenchymal cells 59-52, while LOX is known to promote collagen crosslinking, likely
leading to stiffer ECM and more robust matrix-dependent fibroblast activation 34 53, CTGF
can induce a variety of cytokines such as TGFp and vascular endothelial growth factor
(reviewed in %), which in turn induce more expression of CTGF, indicating a positive
feedback loop involving CTGF expression that can contribute to the progression of fibrosis.
Itis also likely that a similar feedback loop is occurring with periostin. Inhibiting this
positive feedback loop would be ideal for understanding the mechanism by which CTGF
from fibrocytes enables persistent lung fibrosis and promotes myofibroblast differentiation
in the presence of periostin. However, there is not a specific receptor antagonist for CTGF
due to the complex mechanism of CTGF signaling. Treatment of duplicate cultures of WT
untreated fibroblasts with 10uM of an MRTF inhibitor (CCG 203971, shown to inhibit
CTGF expression), in the presence of WT bleomycin fibrocyte supernatant resulted in a
decrease in a SMA protein expression similar to what was seen with the periostin™~
supernatants demonstrating the importance of autocrine CTGF expression in fibroblasts
(Supplemental Figure 4).

To further examine the effects of periostin on fibrocytes we designed experiments using
integrin blocking antibodies. Our results suggest that periostin signals uniquely to fibrocytes
via beta 1 integrin. A recent study by Reed and colleagues >4 suggested that inhibition of the
alphaVbetal integrin using a small molecule inhibitor significantly attenuated bleomycin-
induced pulmonary fibrosis. In that study the authors only looked at lung mesenchymal
cells, which are a combination of fibroblasts and fibrocytes. Given our findings that betal
integrins are critical for periostin signaling to fibrocytes, it will be important to determine if
the alphav-betal heterodimers are responsible for periostin signaling to fibrocytes.

One very interesting experiment would have been to deplete fibrocytes during fibrosis;
however this strategy proved technically unsuccessful. We generated a collagenla.2-Cre-
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DTR transgenic mouse and used these animals to generate bone-marrow chimeras in a
CD45.2 recipient mouse so that the bone-marrow derived cells (but not lung resident cells)
would be expressing CD45.1 and the collagenla2-Cre-DTR transgene. These mice were
then given bleomycin and treated with diphtheria toxin on days 11 and 18 to deplete the
recruited collagen la2-Cre-DTR expressing cells. Despite excellent chimerism in the lung
on day 21, surprisingly, there was a high percentage of recipient fibrocytes present post-
bleomycin treatment that could not be eliminated by diphtheria toxin treatment
(Supplemental Figure 5). Additionally, the low level of DTR expression driven by the
collagen promoter in fibrocytes likely impaired the ability to deplete these cells with
diphtheria toxin. We feel it is important for the lung community to know that this strategy to
create a fibrocyte-knock-out mouse was not effective. Definitive proof of the role of
fibrocytes in lung fibrosis awaits the characterization of a fibrocyte-specific promoter that
can be used in future cellular depletion studies.

In conclusion, the current study showed that once recruited to the lungs, fibrocytes did not
differentiate into fibroblasts directly. Rather, fibrocyte-derived periostin signals via beta 1
integrin to cause release of profibrotic mediators such as CTGF from the fibrocytes
themselves to promote myofibroblast differentiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased mRNA expression of periostin in lung mesenchymal cells post-bleomycin
treatment

Wild type mice were given 0.025U of bleomycin or saline intratracheally on day 0. On day
14, lung mesenchymal cells were cultured and sorted by Magnetic bead separation for
fibroblasts and fibrocytes. Total RNA was isolated and by real time RT-PCR we measured
the expression of periostin and p-actin in fibrocytes and fibroblasts . Data represent n=3 per
group pooled from multiple mice. **p < 0.01, *p< 0.05, ns=not significant.
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Figure 2. Periostin and TGF@ regulate each other in fibroblasts and fibrocytes
Fibroblasts and fibrocytes from wild-type mice were treated with periostin (500ng/mL) or

TGFB (2ng/mL) for 48 hours. Cell-free supernatants were collected and analyzed by ELISA
for TGFB (A) and periostin (B). Total RNA was isolated and by real time RT-PCR we
measured the expression of periostin and B-actin in fibrocytes (C) and fibroblasts (D). Data
are representative of mean £SEM, n=3 wells/treatment per group. *p< 0.05, **p <

0.01 ,****p<0.0001, ns=not significant
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Figure 3. Periostin induces collagen 1 expression in fibrocytes independently of TGFp signaling
Mesenchymal cells were cultured in complete media, sorted into fibrocytes and fibroblasts,

then switched to SFM where they were treated with TGFB (2ng/mL), A8301 (ALK5
inhibitor) or periostin (500ng/mL) for 48hours. Total RNA was isolated and by real time RT-
PCR we measured the expression of collagen | and p-actin in fibrocytes (A) and fibroblasts
(B). Data are representative of mean +SEM, n=3 wells/treatment per group from 2
independent experiments ****p<0.0001, ***p<0.001,**p<0.01, *p<0.05 and ns + not

significant.
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Figure 4. Loss of periostin decreases the expression of integrins post-bleomycin treatment A-D)
Wild type or periostin™~ mice were given bleomycin or saline intratracheally on day 0. On

day 14 lungs were harvested and mesenchymal cells were cultured and sorted as previously
described. Total RNA was isolated and by real time RT-PCR we measured the expression of
alphal, alpha V, beta 1 and beta 5 expression in saline treated fibrocytes and fibroblasts (A-
D) and bleomycin treated (E-H) fibrocytes. Values are expressed as mean + SEM, and
represent n=3 animals/group from two independent experiments ns=not significant,

**%p<0.001,**p<0.01 and *p<0.05.
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Figure 5. Periostin—/- fibrocytes express significantly less Beta 1 integrin post-bleomycin
treatment

(A-C) Wild type or periostin™~ mice were given bleomycin or saline intratracheally on day
0. On day 14 lungs were harvested and mesenchymal cells were incubated with a pan CD45
antibody, alpha 1, alpha V and beta 1-integrin antibodies. Cells were analyzed by flow
cytometry to assess surface expression of integrins on CD45+ and CD45- cells. (D)
Fibrocytes from bleomycin-treated WT and periostin™~ mice were lysed in RIPA buffer with
protease inhibitor and we assessed the expression of Beta 1 and p-actin by Western blot The
intensity of the bands were also quantitated using the NIH Image J software from duplicate
cultures, **p<0.01 and *p<0.05.
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Figure 6. TGFp treatment did not induce of B1 integrin mMRNA expression in fibrocytes in the
absence of periostin

Fibrocytes from wild-type and periostin™~ mice were treated with recombinant TGFp
(2ng/mL) for 48 hours. Total RNA was isolated and by real time RT-PCR we measured the
expression of different integrins and p-actin in fibrocytes (A) Alpha 1, (B) Alpha V, (C) Beta
1 and (D) Beta 5. Data are representative of mean £SEM, n=3 wells/treatment per

group ,**p<0.01, *p<0.05 and ns=not significant.
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Figure 7. Beta 1 integrin blockade in WT fibrocytes caused decreased Collagen 1 expression with
periostin treatment but showed no effect in fibroblasts

Mesenchymal cells were cultured in complete media, sorted into fibrocytes and fibroblasts,
then switched to SFM where they were treated with purified rat anti-mouse beta 1 (B1)
(HMB1-1, rat CD29) blocking antibody or purified armenian Hamster 1gG (400916) isotype
control for 30mins, then incubated with or without periostin (500ng/mL) for 48hours. Total
RNA was isolated and by real time RT-PCR we measured the expression of collagen 1 and
B-actin in fibrocytes (A) and fibroblasts (B). Data are representative of mean +SEM, n=3
wells/treatment per group *p<0.05. and ns=not significant.
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Figure 8. Adoptive transfer of WT but not periostin‘/'
fibrosis but both maintained CD45 expression in vivo

(A) Wild type mice were given 0.025U of bleomycin or PBS intratracheally on day 0. On
day 5, post-bleomycin treatment half of each group received 5x10° WT or periostin™~
fibrocytes by intravenous tail vein injection. Lungs were harvested on day 21 post-
bleomycin for hydroxyproline quantification. Data shown are pooled from two independent
experiments, with n = 4-6 mice per group in each experiment. **p<0.01, *p<0.05 and
ns=not significant (B) Periostin™/~ mice were given 0.025U of bleomycin intratracheally on
day 0. On day 5 post-bleomycin treatment, half of each group received 5x10° WT
fibrocytes, lungs were harvested and assessed collagen content on day 21 by hydroxyproline
assay *p<0.05. (C) Wild type mice were given 0.025U of bleomycin or PBS intratracheally
on day 0. On day 5, post-bleomycin treatment half of each group received 5x10° PKH-26
labeled WT or periostin™ fibrocytes by intravenous tail vein injection. On day 3 and 7 post-
transfer, lungs were then harvested and total lung leukocytes were enumerated and then
labeled with CD45 APC to determine the percentages of PKH-26+CD45+APC fibrocytes.
Data shown represents mean = SEM, n=3 animals/group, ns, not significant.

fibrocytes augments bleomycin-induced
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Figure 9. WT fibrocytes secrete CTGF in the presence of periostin and increase aSMA protein
expression in fibroblasts in the presence of periostin

(A) Wild type mice were given 0.025U of bleomycin or PBS intratracheally on day 0. On
day 14, post-bleomycin treatment lung mesenchymal cells were cultured for 14 days. After
14 days in culture cells were sorted and CD45 positive fibrocytes were incubated in SFM
overnight. Cell-free supernatants were collected from both bleomycin-WT and periostin™~
cells and added 1:1 with SFM onto WT untreated fibroblasts (CD45 negative) cells for 24h.
Cells were lysed in RIPA buffer with protease inhibitor and we assessed the expression of
aSMA and GAPDH by western blot. Densitometry data is also shown. (B) Total RNA was
isolated from the WT and periostin™~ fibrocytes after overnight incubation in serum-free
media and by real time RT-PCR we measured the mRNA expression of CTGF, PDGFa and
LOX. Data shown represents mean + SEM, n=3 wells/group, ns=not significant,
****pn<0.0001, **p<0.01 and *p<0.05. (C-D) Total RNA was isolated from WT
mesenchymal cells treated with periostin (500ng/mL) and by real time RT-PCR we
measured the mRNA expression of CTGF. Data shown represents mean = SEM, n=3 wells/
group, ns=not significant and *p<0.05. (E)) Cell free supernatants were analyzed by ELISA
for CTGF.
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Figure 10. Neutralization of periostin secretion by fibrocytes post-bleomycin treatment limited
their ability to promote myofibrolast differentiation
WT mice were given 0.025U of bleomycin or PBS intratracheally on day 0. On day 14, post-

bleomycin treatment lung mesenchymal cells were cultured for 14 days. After 14 days in
culture cells were sorted and CD45 positive fibrocytes were incubated in SFM overnight in
presence or absence of a mouse periostin neutralizing antibody (AF-2955, R&D systems).
Cell-free supernatants were collected from both and added 1:1 with SFM onto WT untreated
fibroblasts (CD45 negative) for 24h. Cells were lysed in RIPA buffer with protease inhibitor
and we assessed the expression of aSMA and GAPDH by western blot. Data was
quantitated using Image J software and pixel density is represented on bar graph.
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