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Running title: Fibrocytes promote synthetic phenotype of airway smooth muscle cells

Abstract

Background: Infiltration of fibrocytes (FC) in the airway smooth muscle is a feature of

asthma but the pathological significance is unknown.

Objective: We sought to explore if FC modulate the phenotype of airway smooth muscle

cells (ASMC) in asthmatic vs. control subjects.

Methods: FC were isolated from CD14+monocytes from asthmatic and normal subjects.
Proliferation of ASMC of asthmatic or normal subjects were analyzed by *H-thymidine
incorporation, cell number counting and Ki-67 expression after treatment of ASMC with FC-
conditioned medium (FCCM) or co-culture with FC. ASMC-associated
cytokines/chemokines implicated in asthma (TGF-B1, eotaxin, IL-6 and IL-8) were measured
in co-culture or transwell culture of ASMC+FC by ELISA. Immunofluorescence staining was
performed to localize these cytokines in ASMC. Cytokine secretion was measured in the
transwell culture of ASMC+FC where NF-«B-p65 or ERK1/2 in ASMC was silenced by
siRNA. Contractile phenotype of ASMC in transwell culture was assessed by immunoblotting

of a-smooth muscle actin (a-SMA) and myosin light chain kinase (MLCK).

Results: FC did not affect ASMC expression of TGF-B1, eotaxin, a-SMA and MLCK;
however, ASMC production of IL-8 and IL-6 was increased in the co-culture and transwell
culture by FC. ASMC treated with FCCM were immunopositive for IL-8 / IL-6 and produced
more IL-8 / IL-6. Furthermore, siRNA silencing of NF-kB-p65 or ERK1/2 in transwell

cultures of asthmatic ASMC with normal subject FC decreased IL-8 and IL-6 production.
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Conclusion: FC promoted IL-8 and IL-6 production by ASMC, demonstrating a
proinflammatory role for FC and a possible mechanism of the inflammatory phenotype in

asthma.

Introduction

Asthma is a chronic inflammatory disease of the airways characterized by variable airflow
obstruction and airway remodeling. Structural cells, like airway smooth muscle cells
(ASMC), play an important role in the pathogenesis of inflammation and remodeling in
asthma [1, 2]. An increase in contractility and airway smooth muscle (ASM) mass can
contribute to airway hyperresponsiveness, airflow obstruction and disease severity in asthma
[3, 4]. Indeed, by secreting a variety of inflammatory mediators and extracellular matrix
(ECM) proteins, ASMC can participate in immunomodulation and airway remodeling in

asthma [5].

It has been shown in the asthmatic airway that stimulation or interaction with immune cells
affects ASMC contractile, proliferative and biosynthetic functions[5, 6]. Evidence shows that
the asthmatic ASM layer is infiltrated with increased number of mast cells [5, 7], and
increased release of inflammatory mediators such as cysteinyl leukotrienes, histamine and
tryptase by mast cells can contribute to increases in the contractile properties of ASM [8].
Interaction between ASMC and mast cells has been shown to increase alpha-smooth muscle
actin (a-SMA) expression of ASMC and promote ASMC differentiation into contractile
phenotype under tryptase stimulation [9]. Microlocolization of CD4+T cells within the ASM
layer is a feature of asthma [5, 10] and direct interaction with T cells promotes ASMC
proliferation [10, 11]. Numerous studies reveal ASMC as a source of inflammatory mediators
that perpetuate chronic inflammation in asthma [5, 6]. Mechanisms for converting ASMC into
a synthetic phenotype in asthma are a subject of much investigation. ASMC can release

interleukin 6 (IL-6) or IL-8 upon stimulation by tumor necrotic factor o (TNF-a), IL-1p, IL-
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17 or supernatant from mast cells through various signaling pathways [12-15]. It has been
shown that the level of IL-6 and IL-8 is increased in asthmatic airway and peripheral

circulation [16] and is associated with persistent asthma [17] and neutrophilic asthma [18].

The monocyte-derived circulating progenitor cell of fibroblasts, which has been named
“fibrocytes’ (FC) [19], have been shown to migrate toward ASMC and infiltrate into the ASM
compartment in asthmatic subjects [20]. FC have been isolated from CD14+ monocytes and
co-express hematopoietic marker CD45, stromal marker (e.g. collagen-1), and bone marrow
marker CD34, the last of which is down-regulated during recruitment to tissues or during
culture in vitro [21-26]. Subsequent studies demonstrated that FC express chemokine
receptors, including CXCR4, and traffic to wound and express ECM protein and fibrotic
mediators which promote wound healing and tissue remodeling [27, 28]. Previous studies
have shown that increased FC in airway and peripheral blood is associated with asthma
severity [20, 29], and FC number in bronchial biopsy of asthmatic patients is positively
correlated with thickness of basement membranes [30]. Furthermore, FC isolated from
asthmatics produce proinflammatory and profibrotic mediators when stimulated in vitro with
IL-4/IL-13 and IL-17 [31]. Although these studies suggest a role for FC in asthma, the
pathological significance of FC infiltration in the asthmatic ASM is unknown. As ASMC is
well known for its role in inflammation and airway remodeling in asthma, the aim of the
present study was to explore if asthmatic FC (ASFC) or normal subject FC (NSFC) modulate
the proliferative or contractile phenotype and/or secretion of immunomodulatory factors and
ECM expression of asthmatic ASMC (ASASMC) or normal subject ASMC (NSASMC) and

the potential signaling mechanisms involved in these processes.
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Methods

Subjects

Fourteen asthmatic patients and 14 normal subjects were recruited after providing informed
consent and protocol approval by the institutional ethics committee (Table 1). Asthmatic
patients have a consistent history and one or more of the following: 1. >12% improvement in
forced expiratory volume in 1 second (FEV1) after administration of bronchodilator; 2. PC20
of methacholine test <8 mg/mL; 3. Diurnal variation of peak expiratory flow >20%. Control
level of asthma was defined by using the current Global Initiative for Asthma (GINA)
guidelines. Subjects were non-smokers and free from respiratory or systemic infections in the

previous 2 months.

Isolation of FC

FC were isolated according to previously published methods[22, 24, 32]. Briefly, peripheral
blood mononuclear cells (PBMC) were separated from human blood by Ficoll-hypaque
density gradient centrifugation. CD14+ monocytes were isolated from PBMC by
immunomagnetic selection (Miltenyi Biotec, Auburn, CA) and purity (>90%) was confirmed
by flow cytometry and then cultured on fibronectin-coated culture (BD Biosciences, Bedford,
MA) plates with Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS). Non-adherent cells were removed at day 3. Cell morphology was checked
during day 10 to day 14 of culture. Expression of collagen-1, CD45, CXCR4, CD1C, CD303
and PM-2K was judged by flow cytometry. (Details in the Online supplement data Methods).

Mature FC were used in all experiments.
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Culture of ASMC

Airway smooth muscle cells from asthmatic (ASASMC) and normal (NSASMC) subjects
were purchased from Lonza. ASMC were maintained in DMEM with 10% FBS at 37° C with
5% CO,. ASMC from different lots at the fourth to seventh passage were utilized in

subsequent experiments.

ASMC incubation with conditioned medium of FC (FCCM)

Fibrocytes cultured in 12-well plates were grown to 80% confluency with complete medium
(DMEM+10% FBS), washed and then subjected to serum starvation (DMEM+0.5% FBS) for
48 h. After 48 h, conditioned medium was collected, centrifuged at 1500 rpm (4° C) for 10
minutes and filtered with 0.2 pm filter and labeled as FCCM. Eighty percent confluent
ASMC were serum-starved in a 12 well plate overnight and then incubated with starvation
medium alone or 25% or 50% (diluted in DMEM+0.5% FBS) FCCM for 48 hours. ASMC

treated with PDGF (10ng/ml) was positive control.

Co-culture of ASMC and FC

ASMC and FC from normal subjects and asthmatics were starved overnight and FC were
labeled with 5 uM Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE; Molecular
probes, Carlsbad, CA) before co-culture with ASMC. A preliminary experiment of ASMC
and CFSE-labeled FC cultured separately for 48 hours revealed no significant overlap in
CFSE expression between ASMC and FC as assessed by flow cytometry, suggesting the
feasibility to distinguish ASMC from CFSE-labeled FC (Online supplement data Figure S1).
FC alone, ASMC alone and ASMC with CFSE-labeled FC in the ratio of cell number
(ASMC:FC) 2:1 and 4:1 were cultured in a 6 well plate at a density of 4.68x10%cm? in

starvation medium for 48 hours.
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Transwell culture of ASMC and FC

ASMC and FC were serum-starved overnight. ASMC or FC alone were cultured in the lower
well of a 12 well transwell plate (0.4 pm pore size, Corning, Lowell, MA) at a density of
4.68x10*/cm® while upper well was cultured with half the cell number. ASMC in lower well
at a density of 4.68x10*cm” and FC in upper well were cultured in the ratio of cell number

(ASMC:FC) 2:1 and 4:1 in starvation medium for 48 hours.

Flow cytometry

FCCM-treated ASMC were stained with mouse Phycoerythrin (PE)-conjugated anti-Ki-67
(BD Biosciences, San Diego, CA). Cells from co-culture of ASMC and CFSE-labeled FC
were stained with mouse Allophycocyanin (APC)-conjugated anti-Ki-67 (Biolegend, San
Diego, CA) or mouse anti-collagen-I antibody (Millipore, Temecula, CA), followed by Alexa
Fluor 647 conjugated anti-mouse antibodies (Invitrogen, Burlington, ONT). ASMC were then
gated from CFSE-negative population and Ki-67 or collagen-I expression was analyzed. The
cells were analyzed on a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ)
using CellQuest Pro software (BD Biosciences). (Details in the Online supplement data

Methods)

ASMC proliferation: *H-thymidine incorporation assay and cell counting

ASMC proliferation in response to FCCM was evaluated by a *H-thymidine incorporation
assay. ASMC were seeded at 15,000 cells/well in 24-well plates. Cells were cultured for 2
days, starved for 48 hours in 0.1% FBS and then treated for 48 hours with FCCM at various

concentration (0, 25, 50 or 100%). Twenty four hours prior to harvesting onto glass fiber
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filters (Wallac), cells were labeled with 5 pCi/well of 3H-methyl thymidine (Perkin-Elmer).
Thymidine incorporation was then quantified in counts per minute (cpm) by liquid
scintillation counting (Wallac). A similar protocol of FCCM treament was used for ASMC

cell number counting (Details in the Online supplement data Methods).

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants from co-culture and transwell experiments were assayed for IL-8
(Biolegend), IL-6, activated and total TGF-f1 (R&D Systems) and eotaxin (Peprotech) levels
using commercially available ELISA kits. A similar protocol was used in experiments in

which ASMC were treated with FCCM or starvation medium for 48 hours.

Immunofluorescence staining

ASMC and CFSE-labeled FC were cultured together (2:1 co-culture) in 8-chamber culture
slide (BD Biosciences, Bedford, MA) for 48 hours, and Golgistop (BD Biosciences, San
Diego, CA) was added 4 hours before staining. Cells were stained with mouse anti-IL-8
(R&D systems, Minneapolis, MN) or rabbit anti-IL-6 (Abcam, Cambridge, MA) antibody
followed by goat anti-mouse or donkey anti-rabbit Alexa Fluor 555 antibody (Invitrogen,
Burlington, ONT), respectively. Cell nucleus was stained with Hoechst 33342 (AnaSpec,
Fremont, CA) and images taken with an Olympus BX-51 microscope (Olympus Optical Co.,
Melville, NY) equipped with reflected ultraviolet light illumination. (Details in the Online
supplement data Methods). A similar staining protocol was used in experiments in which

ASMC were treated with FCCM or starvation medium for 48 hours.
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Short-interference RNA (siRNA)

ASMC were transfected with siRNA targeting NF-kB p65 (Santa Cruz Biotechnology, Santa
Cruz, CA) or ERK1/2 (Cell Signaling Technology, Danvers, MA) using the siRNA Reagent
System (Santa Cruz Biotechnology, Santa Cruz, CA). The scramble siRNA (Santa Cruz
Biotechnology, Santa Cruz, CA) was used as a negative control. After starvation overnight,
ASMCs were transferred to transwell plates and cultured with FC in cell number ratio 2:1 in
staving medium for 48 hours. Supernatant was collected for ELISA and cell layer (ASMC)
was harvested for protein extraction to determine gene knockdown efficiency by western

blotting.

Western blot analysis

Electrophoresed proteins were transferred to nitrocellulose membranes and then incubated
with primary antibodies specific for NF-kB-p65 (Santa Cruz Biotechnology), ERK1/2 (Cell
Signaling Technology), a-SMA (R&D systems), myosin light chain kinase (MLCK; Abcam)
and GAPDH (Millipore). Membranes were stained with IRDye 680 goat anti-mouse IgG and
IRDye 800 goat anti-rabbit IgG (Rockland Philadelphia, PA) secondary antibodies. Relevant
band intensities were quantified and analyzed with an Odyssey IR scanner by using Odyssey
imaging software 3.0 (LI-COR Biosciences). (Details in the Online supplement data

Methods)

Statistical analysis

Data were expressed as means + SE. An unpaired two-tailed Student’s t-test was used for
single comparisons. X° Test was used to compare categorical data. One-way analysis of
variance (ANOVA) with Dunnett’s test was used to compare the effect of co-culture or

transwell culture with FC to control group of ASMC. Wilcoxon Signed Rank test was used to
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compare fold change of specific protein in transwell culture with FC comparing to ASMC

alone in western blotting. Probability values of <0.05 were considered significant.

Results

Purification of FC

During 10 to 14 days of culture, cells differentiated into spindle shape (Fig. 1, A) and >90%
expressed FC specific markers collagen-1, CD45, CXCR4 (Fig 1. B). Because the common
markers for dendritic cells (DC), CD11b and CD11c and macrophage marker CD68 are also
expressed on FC, we checked the expression of CD1C (myeloid DC), CD303 (plasmacytoid
DC) and PM-2K (macrophage) on FC[33] (Online supplement data Figure S2). No expression

of these markers was noted in our FC population.

FC do not affect proliferation and collagen-I expression of ASMC

We examined thymidine incorporation of ASMC, cell number and the proliferative marker
Ki-67 of ASMC after incubation with FCCM for 48 hours.. Treatment with FCCM did not
affect thymidine incorporation and cell number of ASMC (online supplement data Figure S3).
There was no difference in Ki-67 expression by ASMC treated with starvation medium, 25%
and 50% FCCM, irrespective of whether ASMC or FC were derived from asthmatic or
normal subjects (Online supplement data Figure S3, B). We further examined if direct cell
contact by FC has an effect on ASMC proliferation. Ki- 67 expression was evaluated when
ASMC were cultured alone or with CFSE-labeled FC for 48 hours. Cell populations of
ASMC and CFSE-labeled FC were distinguished by CFSE expression using flow cytometry

(Online supplement data Figure S4, C). There was no difference in Ki-67 expression between
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ASMC cultured alone or with FC (Online supplement data Figure S4, D). We also measured
collagen-1 expression by ASMC in the co-culture experiments. There was no difference in
collagen-I expression between ASMC cultured alone or with FC (Online supplement data

Figure S5).

Co-culture of ASMC and FC increases IL-8 and IL-6 production

Culture supernatant from FC, ASMC or co-culture of ASMC+FC in cell number ratio 2:1 and
4:1 was analyzed for IL-8, IL-6, eotaxin and TGF-1 production by ELISA. Compared to
ASMC cultured alone, when ASMC were cultured with FC at a ratio of 2:1 (ASMC:FC) the
levels of IL-8 (Fig 2, A) and IL-6 (Fig 2, B) were significantly increased in both asthmatic
and normal subjects. IL-8 levels were also increased in co-culture of NSASMC:NSFC 4:1.
However, IL-6 levels did not significantly change in co-culture of ASASMC+NSFC (p=0.07,
Fig. 2, B). There was no increase in eotaxin, total and active TGF-B1 levels in the co-culture

of ASMC+FC compared to ASMC alone (Online supplement data Figure S6).

ASMC co-cultured with FC produce IL-8 and IL-6

Immunofluorescence staining of IL-8 (Fig 3, A to D) and IL-6 (Fig 3, E to H) was performed
in co-culture of unlabled ASMC+CFSE-labeled FC to identify the cellular source of these
cytokines. ASMC were distinguished from FC by the absence of green color staining (no
CFSE labeling) and larger and elongated nuclei (Fig 3, A and E, enlarged pictures). ASMC
(marked by arrows) were stained positive for IL-8 (Fig. 3, D) and IL-6 (Fig 3, H), indicating
that a major portion of IL-8 and IL-6 were derived from ASMC in co-culture; however, a few
FC were also positive for IL-8 and IL-6 (cells that show both green and red fluorescence in

colocalization).
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FC and ASMC interaction via paracrine mechanism to promote IL-8 and IL-6

production of ASMC

We further performed transwell cell culture experiments with the same cell density as co-
culture to evaluate if paracrine mechanisms could also promote IL-8 and IL-6 production in
the absence of direct cell-cell contact. There was a significant increase in IL-8 and IL-6
production in the transwell culture of ASMC:FC 2:1 (Fig 4) when compared with ASMC
alone. IL-6 was also increased in transwell culture of ASASMC:ASFC 4:1 (Fig 4, G) in
comparison to ASASMC alone. These data suggest that ASMC interact with FC to produce
IL-8 and IL-6 through a paracrine mechanism. In order to determine whether IL-8 and IL-6
production of ASMC can be influenced by the paracrine effect from FC, ASMC were treated
with FCCM or starvation medium for 48 hours. We used ELISA to measure ASMC
production of IL-6 and IL-8 in the supernatant after 48 hour culture with FCCM or startvation
medium. Immunofluorescence was used to study cell surface staining of the above cytokines.
Compared to ASMC cultured in starvation medium, ASMC treated with FCCM produced
higher level of IL-8 and IL-6 in the supernatant (Online supplement data Figure S7) and were
more immunopositive for IL-8 and IL-6 (Online supplement data Figure S8) and supporting
our notion that paracrine mechanism (s) mediated by factor (s) released by the FC can induce

IL-8 and IL-6 production by ASMC.

Signaling pathways involved in ASMC production of IL-8 and IL-6 in transwell culture

with FC

In order to evaluate the signaling pathways involved in the IL-8 and IL-6 production by
ASMC in transwell culture, knockdown of NF-kB-p65 or ERK1/2 in ASMC was performed
by siRNA before transwell culture of ASMC:FC 2:1 (Fig 5). No significant cellular toxicity
was observed in our siRNA knockdown experiments. In the transwell culture of

ASASMC+NSFC, we found decreased level of IL-8 when NF-kB-p65 was knocked down in
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ASMC (Fig 5, E) while IL-6 was decreased when NF-kB-p65 and ERK 1/2 were knocked
down in ASMC (Fig 5, G and H). However, there was no statistical difference in cytokine
production in the transwell culture of NSASMC+NSFC, ASASMC+ASFC and
ASASMC+NSFC post knockdown compared to scramble (Online supplement data Figure

S9).

o-SMA and MLCK expression of ASMC in the transwell culture with FC

To evaluate if FC affected the contractile phenotype of ASMC, we examined the contractile
protein, a-SMA and MLCK, which phosphorylates myosin light chain and promotes
contraction, in the transwell culture of ASMC:FC 2:1 using western blotting. There was no
significant difference in the expression of a-SMA and MLCK from ASMC+FC in the

transwell culture when compared to ASMC alone (Fig 6).

Discussion

Infiltration into the ASM compartment by mast cells, T cells and FC is a classic feature of
asthma. Although interactions between ASMC and mast cells or ASMC and T cells in the
pathogenesis of asthma have been studied extensively, the pathological implication of FC
infiltration in ASM bundles is unknown. The present work is the first study to investigate the
effects of FC on ASMC phenotype. Our study reveals a significant increase in IL-8 and IL-6
cytokine production from co-cultures of ASMC and FC, with ASMC as the source of IL-8
and IL-6. FC interact with ASMC to produce IL-8 and IL-6 through a paracrine mechanism,
although direct cell contact may also play a role. Interestingly, cytokine production was
decreased by siRNA silencing of NF-kB and ERK1/2 in asthmatic ASMC cultured with
normal subject FC in the transwell experiments. Our data do not support a role for FC in

affecting the proliferation or expression of contractile proteins of ASMC.
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IL-8 is a potent chemoattractant for neutrophils and our present findings offer a potential
mechanism for airway neutrophilia in asthma. The sputum level of IL-8 is increased in
neutrophilic asthma[18] and is correlated with sputum neutrophil numbers[17]. A recent study
reported sputum neutrophilia in 21% of persistent non-eosinophilic asthma, which is
associated with poor response to anti-inflammatory therapy. A cluster characterized by late
onset asthma, high sputum neutrophils and low lung function has also been identified in
stable and severe asthma[34] [35]. IL-6 can perpetuate inflammation and remodeling of
asthmatic airway through activation of mast cells, recruitment of T cells, stimulation of
mucus production and promotion of Th17 cell differentiation[5, 36]. Sputum IL-8 and IL-6

levels in asthma are also associated with a lower pre and post-bronchodilator FEV1[18, 37].

Our approach is based on published evidence describing the origin of fibrocytes. [21-24, 26,
38, 39]. Abe et al. reported that ex vivo cultured human fibrocytes can differentiate from a
CD14-enriched mononuclear cell population and there was no fibrocyte differentiation when
the CD14+cells were depleted [21]. Curnow et al [40] and Yang et al [22] also demonstrated
similar results in humans. Niedermeier et al. described that murine fibrocytes develop from a
fraction of monocytes (GR1+), and depleted Ly6C (which is part of the epitope of GR1)
monocytes could decrease fibrocytes from the kidney [23, 41]. These papers demonstrate that
fibrocytes develop in vitro from a subpopulation of CD14* monocytes, similar to our findings.
This has been described in a recent review on fibrocytes [39], although according to this
review CD14 expression can be equivocal. In the study reported by Abe et al [21] fibrocytes
were obtained from a CD14+ population of PBMC that was depleted of T and B cells.
Although this group did not test a pure population of CD14+ cells, in the current paper we
show that fibrocytes can be obtained from ex-vivo cultured CD14+ monocytes, and these
differentiated fibrocytes can secrete cytokines, chemokines and extracellular matrix protein
and also interact with airway smooth muscle cels. We purified fibrocytes following the

method of Garci’a-de-Alba et al and Varcoe et al. with slight modification[24, 32]. No
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granulocyte-macrophage colony stimulating factor or lipopolysaccharide was added, so as to
prevent the development of heterogenous cell populations during FC culture and there was no
expression of markers of DC or macrophage in the FC (Online supplement data Figure S2).
Further, we did not observe spindle-shaped cell differentiation from the CD14-depleted cell
population (data not shown). These monocyte-derived, spindle-shaped and collagen-I positive
cells represent a kind of fibroblast-like cell coming from the circulation, differentiate into
spindle-shaped cells in local tissue and are able to interact with residential cells, all of which

fit the original definition of “fibrocytes” proposed by Bucala and colleagues[19, 39].

Co-culture or transwell culture studies appear to be a suitable model for evaluation of the FC
and ASMC interaction. Initially, using a co-culture system of FC with ASMC we measured
ASMC-associated cytokine and chemokine (TGF-B1, eotaxin, IL-8 and IL-6) production and
collagen-I expression that have been shown to be implicated in inflammation and remodeling
of the airways in asthma. Co-culture of FC with ASMC did not significantly influence the
levels of TGF-B1, eotaxin and collagen-I, but significantly increased the levels of IL-8 and
IL-6, indicating that cell-cell interaction is involved in cytokine production. To determine if
this cytokine/chemokine production was also mediated by soluble fibrocyte-derived
mediators, we measured IL-8 and IL-6 levels in a transwell culture system or in ASMC
treated with FCCM. As shown for co-cultures, increased levels of IL-8 and IL-6 were also
found in transwell culture experiments in which ASMC were cultured separate from the FC or
treated with FCCM. Together, these findings demonstrate that cytokine/chemokine
production occurs through direct contact between ASMC and FC, as well as through a soluble
factor released by FC that does not require cell-cell interaction. This is similar to data in mast
cells, where elevated levels of IL-8 and IL-6 cytokines have been reported when ASMC were
treated with conditioned medium from mast cells[15] Our in vitro findings are indicative of
what is seen pathologically in asthmatic airways. The co-culture results mimic FC infiltration

into ASM bundles and FC are also found in the subepithelium of the asthmatic airway [30].
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The levels of IL-8 and IL-6 in transwell cultures are increased as was noted in co-cultures,
indicating that even in the absence of direct contact with ASMC, distantly located FC are

capable of influencing ASMC to produce more inflammatory cytokines.

Growing evidence shows an immunomodulatory function of FC in chronic inflammation[39].
It has been shown that FC can secrete factors such as TNF-a or IL-1B[42], which could also
stimulate ASMC to produce IL-8 and IL-6[5]. As demonstrated in this study, fibrocytes from
both normal and asthmatic subjects promote IL-8 and IL-6 production in co-culture with
ASMC. However, infiltration of FC in ASM bundles is observed only in asthmatic
subjects[20], implying that FC with immunomodulatory capacity is recruited to ASASMC
significantly in the clinical situation. How cell-cell contact plays a role in the cytokine
production in coculture requires further study. It has been shown that ASMC interact with
mast cells via CD44 (hyaluronate receptor) and collagen-1[43] and with T cells via adhesion
molecule VCAM-1[10]. Since FC and ASMC both express abundant adhesion molecules e.g.
ICAM-1, VCAM-1, CD44, integrins and ECM proteins e.g. collagen and hyaluronate[27, 31,
39, 44], it is reasonable to hypothesize that direct cell contact may play a role in cytokine
production and in cell interaction in co-culture. Further studies are needed to address these

mechanisms in the asthmatic airway.

After knocking down NF-kB and ERK 1/2 in ASMC, decreased IL-8 and IL-6 level was only
observed in the transwell culture of ASASMC+NSFC (Fig 5), but not in NSASMC+NSFC,
ASASMC+ASFC or NSASMC+ASFC (Online supplement data Figure S9). FC and ASMC
are both well known to secrete a variety of immunomodulatory factors[5, 39]. Complex
interactions through these factors from both cell types of asthmatic or normal subjects with
the involvement of multiple signaling pathways such as phosphatidylinositol 3-kinase and

p38 MAPK in ASMC maybe the possible explanation for a lack of effect on cytokine
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production by single pathway knockdown in ASMC. Another explanation is FC are also able
to produce IL-8 and IL-6[42] and indeed our results showed some immunopositivity by FC
for IL-6 and IL-8 (Fig. 3), however, the contribution of cytokines from each cell type is

unknown.

Similar to mast cells[45], our data did not show any effect of FC on ASMC proliferation. FC
are considered to produce some mitogenic factors for ASMC, e.g. PDGF, VEGF and MIP-
1[42] and IL-8 is also mitogenic to ASMC[46]. It also has been shown that CD4+T cells
induce ASMC proliferation through direct intercellular contact via VCAM-1[10]. However,
neither conditioned medium nor direct intercellular contact by FC modulated proliferation of
ASMC in our study. Although FC did not modulate ASMC proliferation, other mechanisms,

which can affect cell number, like apoptosis, need to be addressed in future studies.

There are many aspects of ASMC abnormalities in asthma, including increasing ASM mass
(hyperplasia or hypertrophy), increasing contractile protein expression and contractility. How
fibrocytes affect these processes is still unknown. We have shown that fibrocytes did not
affect the proliferation of ASMC, implying a lack of effect on ASMC hyperplasia. The
expression of a-SMA and MLCK in ASMC was not affected by FC. The actin-myosin cross-
bridge is the contractile apparatus of ASM. After activation by calcium—calmodulin complex,
MLCK phosphorylates myosin light chain (MLC), which is responsible for cross-bridge
activation and promotes contraction[3]. We chose a-SMA and MLCK as markers of
contractile phenotype of ASMC because levels of these markers are increased in asthmatic
ASMC and associated with increased contractility and/or increased velocity of contraction[9,
47, 48]. Ma et al showed that asthmatic ASMC from bronchial biopsy express higher mRNA
of MLCK than the ASMC from normal subjects[47]. Benayoun et al demonstrated increasing

MLCK in the ASMC from severe asthmatics by immunohistochemistry[48]. Woodman et al
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showed that mast cells increase ASMC alpha-smooth muscle actin expression[9]. It has also
been shown that mast cells secrete B-tryptase and promote a-SMA expression in ASMC by
autocrine TGF-B [9]. Although we did not check the level of TGF- in the supernatant of
transwell culture, there was no increase in the level of TGF- in the co-culture (Fig. S6). This
may account in part for the observation that the expression of contractile protein was

unchanged.

There are some limitations in the present study. Firstly, our data were based on fibrocytes
obtained from normal and asthmatic subjects, whereas ASMC were purchased commercially.
However, it should be noted that these ASMC were primary cells and these cells, whether
derived from normal subjects or asthmatics, behaved similarly to that of ASMC isolated in
the laboratory and responded well to inflammatory cytokine and gene knockdown
treatments[49]. Our results on the effect of FC on ASMC cytokine production in the co-
culture and transwell culture are consistent between experiments from different subjects and
different lots of ASMC; ie our findings were reproducible. Secondly, though we studied
ASMC contractile phenotype by measuring contractile protein expression, another measure of
ASMC contraction, e.g. a true measurement of the contractility of ASM or phosphorylation of

MLC should be performed in future studies.

In conclusion, FC promoted IL-8 and IL-6 production by ASMC. FC did not affect the
proliferation and the expression of a-SMA and MLCK of ASMC. Our findings provide a
potential pathological effect of infiltration of FC in ASM in asthmatic subjects and a possible
mechanism to explain the inflammatory phenotype and remodeling observed in the asthmatic

airway.
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Table 1. Clinical characteristics of subjects

Normal subjects Asthmatic patients (n=14;
(n=14) GINA I=4, I11I=6, IV=2,
V=2)
Age, year 42.9+3.0 51.6+3.9
Gender, male/female 717 77
Atopy, n 2 9%
FVC, liter 3.2+40.2 2.9+0.2
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FVC, % of prediction 90.8+1.2 78.2+5.0%*

FEV1, liter 2.6+0.2 2.0+0.2
FEV1, % of prediction 90.2+1.1 65.5+6.9%*
FEVI/FVC, % 81.5+1.0 66.5+4.0%**
% change of Post bronchodilator FEV1 4.3+4.3 8.9+2.4
Treatments with albuterol as needed, n 0 8

Treatment with inhaled corticosteroid and 0 8

long-acting bronchodilators, n

Treatment with oral corticosteroid, n 0 2

Data are expressed as means + SEM or number of subjects. (*p<.05, **p<.01, ***p<.001)
Definition of abbreviations: GINA=Global initiative for asthma; FVC= forced vital capacity;

FEV 1= forced expiratory volume in one second

Figure Legends

Figure 1. Purification of fibrocytes (FC) after 10 to 14 days of cell culture. (A) Cells
differentiated into spindle shape. These cells were positive staining for CD45, collagen-I and
CXCR4 by flow cytometry: (B) Differentiated FC expressed CD45 and collagen-I. Cross line
was defined by isotype staining. The dot plot gating from collagen-I and CD45 double

positive population revealed more than 90% expressed CXCR4.
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Figure 2. Increasing IL-8 and IL-6 secretion in the co-culture of ASMC and FC. Levels of IL-
8 (A) and IL-6 (B) in the supernatant from FC alone, ASMC alone, co-culture of ASMC and
FC in the ratio of cell number 4:1 (ASMC:FC) and 2:1. Cells were cultured at the same
density in each well for 48 hours and cytokine levels of supernatant were detected by ELISA.
*p<0.05, **p<0.01, ***¥p<0.001, One-way ANOVA with Dunnett analysis compared to
ASMC. AS: asthmatic; NS: normal subject (n=3~5, each experiment had equal subject

numbers).

Figure 3. ASMC produce IL-8 and IL-6 in the co-culture with FC. Immunofluorescence
staining of IL-8 (A to D) and IL-6 (E to H) in the co-culture. FC were labeled with CFSE
before co-culture with ASMC. (A and E) Hoechst staining (blue). (B and F) CFSE-labeled FC
(green). (C) Anti-human IL-8 and (G) IL-6 antibody following o antibody of Alexa Fluor
555 (red). (D and H) Composite image of A+B+C and E+F+G, respectively. ASMC could be
distinguished from FC by no green color staining (no CFSE labeling) and larger and
elongated nuclei (Enlarged pictures of A and E). ASMC stained with anti-IL-8 and IL-6

antibody (cells without green color stained with red color) were marked by arrows.

Figure 4. Increasing IL-8 and IL-6 secretion in the transwell culture of ASMC and FC.
ASMC in lower well and FC in upper well were cultured in the ratio of cell number 2:1 and
4:1 to evaluate the paracrine effect between ASMC and FC on cytokine production. FC or
ASMC alone were cultured in the lower well and half the cell number was cultured in the
upper well. Cells in each lower well were cultured at the same cell density as co-culture
experiment. Levels of IL-8 (A) and IL-6 (B) in the supernatant.after 48 hours of culture were
detected by ELISA. *p<0.05, **p<0.01, ***p<0.001 by One-way ANOVA with Dunnett
analysis compared to ASMC. AS: asthmatic; NS: normal subject. (n=3~4, each experiment

had equal subject numbers between groups).
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Figure 5. ERK1/2 and NF-«xB p65 in ASMC affected IL-8 and IL-6 production partially in the
transwell culture with FC. ERK1/2 and NF-xB p65 in ASMC were knocked down by siRNA
transfection before transwell culture. Western blot analysis of siRNA-treated p65 in (A)
normal subject airway smooth muscle cells (NSASMC) and (B) asthmatic airway smooth
muscle cells (ASASMC) and siRNA-treated ERK1/2 in (C) NSASMC and (D) ASASMC was
assessed after 48 hours transwell culture. Protein levels were normalized with GAPDH
intensity and expressed as fold change from scramble. *p<0.05 by Wilcoxon Signed Rank
Test ( n=4~6). Levels of IL-8 (E) and IL-6 (G) and (H) were decreased in the supernatant
from the transwell culture, in which p65 or ERK1/2 in ASASMC were knocked down in
lower well and normal subject fibrocytes (NSFC) in upper well. The ratio of cell number
ASMC:FC was 2:1 and cytokine levels of supernatant after 48 hours culture were detected by
ELISA. #*p<0.05 by unpaired t-test (n=3~5, each experiment had equal subject numbers

between groups).

Figure 6. a-smooth muscle actin (a-SMA) and myosin light chain kinase (MLCK) expression
in ASMC after transwell culture with FC. ASMC in lower well and FC in upper well were
cultured in the ratio of cell number 4:1 and 2:1 for 48 hours. ASMC alone was cultured in
lower and upper well in the cell ratio 2:1 as a control. Expression of a-SMA and MLCK in
ASMC was detected by western blotting. The specific protein was normalized with GAPDH
intensity and expressed as fold change to control (ASMC). A: Transwell culture of
NSASMC+NSFC, B: ASASMC+NSFC, C: ASASMC+ASFC and D: NSASMC+ASFC.

Analysis by Wilcoxon Signed Rank test (n=3~5, each experiment had equal subject numbers).
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Supporting information
Methods

Determination of ASMC proliferation and cell viability

The effect of FCCM on ASMC proliferation was also evaluated by direct cell
counting using Scepter 2.0 Handheld Automated Cell Counter with 40 and/or
60 pm Scepter Sensors (EMD Millipore). Cell counts were performed
according to the manufacturer's instructions, using the same cell starting
suspension and identical dilutions. Cell viability was determined by the trypan

blue exclusion test.

Flow cytometry assessment for FC purity

Cells in CD14+ monocyte culture 10 to 14 days were fixed and permeabilized
with BD Cytofix/Cytoperm™ Solution Kit (BD Biosciences, San Diego, CA)
prior to staining with mouse anti-collagen-I antibody (Millipore, Temecula,
CA), followed by Alexa Fluor 488 conjugated anti-mouse antibodies
(Invitrogen, Burlington, ONT); Cells were then stained with Phycoerythrin
(PE)-conjugated mouse anti-CXCR4 and peridinin chlorophyll protein
(PerCP)—conjugated anti-CD45 antibodies (BD Biosciences, San Diego, CA).
Mouse IgG1k, PE-mouse IgG2ak and PerCP-Mouse IgG1k (BD Biosciences,
San Diego, CA) were used as isotype, respectively. For expression of
dendritic cells markers, cells were stained with Allophycocyanin (APC)-
conjugated goat anti-CD1C (R&D systems, Minneapolis, MN) , PE-
conjugated mouse anti-CD303 (Miltenyi Biotec, Auburn, CA). APC-conjugated
goat IgG and PE-conjugated mouse IgG1l (R&D systems, Minneapolis, MN)
were used as matched isotpyes, respectively. Cells were also stained with
mouse anti-PM-2K (Abcam, Cambridge, MA) or mouse IgG1 isotype (R&D
systems, Minneapolis, MN followed by goat anti-mouse Alexafluor 488
antibody (Invitrogen, Burlington, ONT), respectively. Cells were analyzed
using a flow cytometer BD FACSCalibur with CellQuest Pro software (BD

Biosciences).

Immunofluorescence staining for IL-8 and IL-6 expression in ASMC



After overnight starvation, 1x10* ASMC and 5x10° FC were cultured in one
well of a 8-chamber culture slide (BD Biosciences, Bedford, MA) for 48 hours.
Golgistop (BD Biosciences, San Diego, CA) was added 4 hours before
staining and cells were then washed with PBS and fixed with 4%
paraformaldehyde and permeabilized with 0.1% Tween 20 in PBS (PBST).
Cells were blocked with 1% BSA in PBST and stained with mouse anti-IL-8
(R&D systems, Minneapolis, MN) or rabbit anti-IL-6 (Abcam, Cambridge, MA)
antibody followed by goat anti-mouse or donkey anti-rabbit Alexafluor 555
antibody (Invitrogen, Burlington, ONT), respectively. Diluent without primary
antibodies was used as control. After washing with PBST, cell nucleus was
stained with Hoechest 33342 (AnaSpec, Fremont, CA), mounted with
PermaFluor (Thermo scientific, Fremont, CA). Cells were viewed with an
Olympus BX-51 microscope (Olympus Optical Co., Melville, NY) equipped

with reflected ultraviolet light illumination.

Short-interference RNA (siRNA)

ASMC were plated in 6-well plates and grown to 70-80% confluency in
medium containing 10% FBS. Cells were then transfected with SiRNA
targeting NF-kB p65 (Santa Cruz Biotechnology, Santa Cruz, CA) or ERK1/2
(Cell Signaling, Danvers, MA) using the siRNA Reagent System (Santa Cruz
Biotechnology, Santa Cruz, CA). The scramble siRNA (Santa Cruz
Biotechnology) was used as a negative control. After overnight starvation,
ASMC were transferred to the lower well of transwell plate and cultured with
FC in the upper well with cell number ratio 2:1 in stavation medium for 48
hours. Supernatant was collected for ELISA of IL-8 and IL-6, while protein
lysates of ASMC were harvested to examine gene knockdown efficiency by

western blotting.

Western blot analysis

Assessment of knockdown efficiency: ASMC post knockdown in transwell
culture with FC for 48 hours were washed twice with cold PBS and lysed.
Whole-cell lysate was loaded onto a 10% acrylamide SDS-PAGE NEXT GEL

(Amresco, Solon, Ohio), followed by transfer to nitrocellulose membranes



(Bio-Rad Laboratories, Hercules, Calif). The blots were then blocked for 1
hour at room temperature and incubated overnight at 4°C with antibodies
specific for rabbit anti-NFKB (Santa Cruz Biotechnology) and mouse anti-
GAPDH (Millipore). After washing (0.1% Tween-20/PBS), membranes were
incubated with IRDye 680 goat anti-mouse IgG and IRDye 800 goat anti-
rabbit IgG (Rockland, Philadelphia, PA) and analyzed with an Odyssey IR
scanner by using Odyssey imaging software 3.0 (LI-COR Biosciences).
Membranes were then reprobed with rabbit anti—total ERK1/2 (Cell Signaling)
and IRDye 680 goat anti-rabbit IgG (Rockland, Philadelphia, Pa).

Assessment of a-smooth muscle actin (a-SMA) and myosin light chain kinase
(MLCK): ASMC in transwell culture with FC for 48 hours were washed twice
with cold PBS and lysed. Whole-cell lysate was loaded onto a 10%
acrylamide SDS-PAGE NEXT GEL (Amresco, Solon, Ohio), followed by
transfer to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, Calif).
The blots were then blocked for 1 hour at room temperature and incubated
overnight at 4°C with antibodies specific for rabbit anti-MLCK (Abcam) and
mouse anti-a-SMA (R&D Systems, MN, USA). After washing (0.1% Tween-
20/PBS), membranes were incubated with IRDye 680 goat anti-mouse IgG
and IRDye 680 goat anti-rabbit IgG (Rockland, Philadelphia, Pa) and
analyzed with an Odyssey IR scanner by using Odyssey imaging software 3.0
(LI-COR Biosciences). The membranes were then reprobed with mouse anti-
GAPDH (Millipore) and IRDye 680 goat anti-mouse IgG (Rockland,
Philadelphia, Pa).



Supplement figure legends

Figure S1. Airway smooth muscle cells (ASMC) and Carboxyfluorescein
Diacetate Succinimidyl Ester (CFSE)-labeled (5 uM) fibrocytes (FC) were
cultured separately for 48 hours. CFSE expression was tested by flow
cytometry. Histograms of CFSE expression of ASMC (upper panel) and
CFSE-labeled FC (lower panel) revealed no overlap of ASMC and FC by

CSFE expression.

Figure S2. Purified FC do not express markers of myeloid dendritic cells
(CD1C), plasmacytoid dendritic cells (CD303) or macrophage (PM-2K).
Purified FC after culture 10 to 14 days were accessed the expression of (A)
CD1C and (B) CD303 (C) PM-2K by flow cytometry. Histograms of matched
isotypes (upper panels) and CD1C/CD303/PM-2K staining FC (lower panels)

revealed no expression of these markers in FC.

Figure S3. Thymidine incorporation and cell number of ASMC treated with
Fibrocytes (FC) conditioned medium (FCCM). ASMC were treated for 48
hours with FCCM at various concentration (0, 25, 50 or 100%). 24 hours prior
harvesting onto glass fiber filters (Wallac), cells were labeled with 5 puCi/well of
3H-methyl thymidine and thymidine incorporation was then quantified. ASMC

were also deteached and cell number was couned.

Figure S4. Fibrocytes (FC) conditioned medium (FCCM) or co-culture with FC
did not affect Ki-67 expression of airway smooth muscle cells (ASMC). (A)
and (B): FC were starved for 48 hours and FCCM was harvested and mixed
with starvation medium in the ratio of 1:4 or 1:2. PDGF treatment (10 ng/ml)
was used as positive control. (A) Example of Ki-67 expression in ASMC post-
PDGF treatment accessed by flow cytometry. ASMC stained with isotype
(upper histogram) and anti-Ki-67-PE (lower histogram). Positive expression of

Ki-67 was defined by isotype. (B) Ki-67 expression in ASMC incubated with



FCCM from asthmatic or normal subjects (n=3~5, each experiment had equal
subject numbers between groups). (C) and (D): Ki-67 expression in ASMC
after 48 hours co-culture with CFSE-labeled FC in the ratio of cell number 2:1
(ASMC:FC), 4:1 or ASMC alone at the same cell density in the lower well. (C)
ASMC and CFSE-labeled FC were distinguished by CFSE expression. Ki-67
expression in ASMC was analyzed from CFSE negative population. (D) Ki-67
expression in ASMC alone or ASMC co-cultured with FC from asthmatic or

normal subjects. AS: asthmatic; NS: normal subject (n=3).

Figure S5. Collagen-I expression of airway smooth muscle cells (ASMC) after
48 hours co-culture with fibrocytes (FC) in the ratio of cell number 2:1
(ASMC:FC), 4:1 or ASMC alone. Collagen-I of ASMC was tested by flow
cytometry. (A) Co-culture of NSASMC+NSFC. (B) Co-culture of
ASASMC+ASFC. AS: asthmatic; NS: normal subject. (n=3)

Figure S6. Levels of total TGF-f and eotaxin in the supernatant from
fibrocytes (FC), airway smooth muscle cells (ASMC), co-culture of ASMC and
FC in the ratio of cell number 4:1 (ASMC:FC) and 2:1. Cells were cultured at a
density of 4.68x10%/cm? for 48 hours and cytokines levels of supernatant were
detected by ELISA. (A and B) Level of total TGF-f3 and eotaxin (C and D) in
the co-culture of NSASMC+NSFC and ASASMC+ASFC. Level of active TGF-
beta in all experiments was below the detection limit of ELISA kit. AS:

asthmatic; NS: normal subject. (n=3).

Figure S7. Effect of fibrocyte conditioned medium (FCCM) on IL-8 and IL-6
production by airway smooth muscle cells (ASMC). ASMC were treated with
conditioned medium collected from fibrocytes (FCCM) or starving medium and
ELISA of IL-8 and IL-6 of FCCM or in the supernatant was performed after 48
hours culture with starving medium (ASMC) or FCCM (FCCM+ASMC)(n=3).



Figure S8. ASMC produce IL-8 and IL-6 after treatment of fibrocytes
conditioned medium (FCCM). FC were starved for 48 hours and FCCM
harvested. ASMC were cultured in the chamber slide with FCCM or starving
medium for 48 hours. Production of IL-8 and IL-6 of ASMC was assessed by
immunofluorescence staining. (A) Anti-human IL-8 and (B) IL-6 antibody
followed by 2" antibody of Alexa Fluor 555 (red) and Hoechst 33342 for
nuclei (blue) were stained on ASMC that were treated with FCCM (FCCM+) or
medium only (FCCM-). Composite images revealed higher expression of I1L-8
and IL-6 on ASMC treated with FCCM than ASMC in medium only.

Figure S9. Levels of IL-8 and IL-6 in the supernatant from transwell of (A)
NSASMC+NSFC, (B) ASASMC+ASFC and (C) NSASMC+ASFC. P65 and
ERK1/2 of ASMC were knocked down by siRNA before transwell experiment.
ASMC in lower well and fibrocytes (FC) in upper well were cultured in the ratio
of cell number 2:1. IL-8 and IL-6 levels of supernatant after 48 hours transwell

culture were detected by ELISA. *<0.05 by unpaired t-test. (n=3~5)
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