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Abstract

Pulmonary fibrosis is caused by excessive proliferation and
accumulation of stromal cells. Fibrocytes are bone marrow
(BM)-derived cells that contribute to pathologic stromal cell
accumulation in human lung disease. However, the cellular source
for these stromal cells and the degree of fibrocyte contribution to
pulmonary fibrosis remain unclear. To determine the etiology
of stromal cell excess during pulmonary fibrosis, we measured
fibrocytes during the progression of fibrosis in the transforming
growth factor (TGF)-a transgenic mouse model. Lung epithelial-
specific overexpression of TGF-a led to progressive pulmonary
fibrosis associated with increased accumulation of fibrocytes in
the fibrotic lesions. Although reconstitution of BM cells into TGF-
amice demonstrated accumulation of these cells in fibrotic
lesions, the majority of the cells did not express a-smooth muscle
actin, suggesting that fibrocytes did not transform into
myofibroblasts. To explore the mechanisms of fibrocytes in
pulmonary fibrogenesis, adoptive cell-transfer experiments were
performed. Purified fibrocytes were transferred intravenously
into TGF-a transgenic mice, and fibrosis endpoints were
compared with controls. Analysis of lung histology and
hydroxyproline levels demonstrated that fibrocyte transfers

augment TGF-a–induced lung fibrosis. A major subset of TGF-
a–induced fibrocytes expressed CD44 and displayed excessive
invasiveness, which is attenuated in the presence of anti-CD44
antibodies. Coculture experiments of resident fibroblasts with
fibrocytes demonstrated that fibrocytes stimulate proliferation
of resident fibroblasts. In summary, fibrocytes are increased in
the progressive, fibrotic lesions of TGF-a–transgenic mice and
activate resident fibroblasts to cause severe lung disease.
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Clinical Relevance

This study demonstrates the progressive accumulation of
fibrocytes in the fibrotic lesions and their ability to alter the
progression of fibrosis using amouse model of TGF-a–induced
fibrosis. Previous work has demonstrated increase in fibrocyte
numbers in human fibrotic disease, and findings from this
study provide mechanistic insights on fibrocyte-driven
pulmonary fibrosis.

Pulmonary fibrosis represents
a heterogeneous group of diseases in which
progressive parenchymal lesions disrupt the
structure and function of gas-exchanging
regions of the lung (1–3). The treatment

options for patients with progressive
pulmonary fibrotic disease are limited
because there are unknown factors involved
in fibrogenesis (4, 5). Although
accumulation of fibroblasts and

extracellular matrix is central to the
formation of these fibrotic lesions (3, 6), the
origin of fibroblasts in lung fibrosis remains
unclear. Current evidence suggests that
multiple cellular sources contribute to
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fibrotic lesions, including proliferation of
resident lung fibroblasts, transition of
epithelial cells to a fibroblast phenotype
(termed epithelial–mesenchymal transition
[EMT]), and differentiation of bone
marrow (BM)-derived circulating fibroblast
precursors called “fibrocytes” (1, 7).
Fibrocytes have been shown to be
a component of hypertrophic scars and
keloids (8), scleroderma, kidney lesions
(9, 10), and thickened airways caused by
asthma (11, 12) and are found in idiopathic
pulmonary fibrosis (IPF) (13). The role
of fibrocytes in lung fibrosis has been
demonstrated using multiple mouse
models, where inhibition of fibrocyte
migration to the lung was sufficient to
attenuate pulmonary fibrosis associated
with bleomycin or fluorescein
isothiocyanate–induced lung injury (7, 14).
Despite the strong association of fibrocytes
with human disease, the molecular
pathways involved in fibrocyte
accumulation in the lung and its functional
contributions to the progressive expansion
of fibrotic lung lesions remained elusive
(7, 15, 16). In the setting of fibrogenic
injury, BM-derived mesenchymal stem
cells may be promoting repair and
ameliorating fibrosis rather than causing
persistent fibrotic lesions (17). Nonetheless,
conflicting results using different stem
cell pools and different animal models
warranted mechanistic studies to determine
the role of fibrocytes in animal models of
progressive pulmonary fibrosis (for
a review, see Ref. 18).

Overexpression of TGF-a in the lung
using epithelial cell–specific promoters
induces pronounced and progressive
pulmonary fibrosis characterized by
a number of features observed in human
disease, including stromal cell and
epithelial cell proliferation, extracellular
matrix deposition and myofibroblast
transformation, severe restrictive changes
in lung mechanics, and secondary
pulmonary hypertension (19, 20). Fibrosis
in the transforming growth factor (TGF)-a
transgenic mouse model is unique in that
lesions are generated and progress in the
absence of neutrophil infiltration or
changes in inflammatory cytokines, thereby
providing a model to assess the biological
processes in fibrogenesis without the
potentially confounding influences of acute
lung injury (19). Previous work from our
laboratory using epithelial cell fate mapping
approaches failed to demonstrate

conclusive evidence for EMT during lung
fibrogenesis in TGF-a transgenic mice (21).
In this study, we tested the hypothesis
that fibrocytes contribute to the progression
of fibrotic lesions after TGF-a
overexpression. Using a combination of
in vitro and in vivo approaches, including
BM transfer of green fluorescent protein
(GFP) and adoptive transfer of cultured
fibrocytes into the TGF-a–transgenic
mouse model, we demonstrated
a profibrotic role for fibrocytes in the
progression of pulmonary fibrosis.

Materials and Methods

Animals
The generation of TGF-a–overexpressing
mice has been described previously (19).
Mating homozygous Club cell (Clara cell)
specific protein-rtTA1/2 (CCSP) mice with
heterozygous (TetO)7-cmv TGF-a mice
produced bitransgenic TGF-a transgenic
(CCSP/TGF-a) mice. To induce TGF-a
expression, CCSP/TGF-a mice were
administered food containing doxycycline
(Dox) (62.5 mg/kg) (20). For BM transfer
studies, transgenic mice expressing

enhanced GFP (EGFP) in widespread
tissues by the CMV-IE enhancer and
chicken b-actin/rabbit b-globin hybrid
promoter (stock no. 003516) were obtained
from The Jackson Laboratory (Bar Harbor,
ME). All mice were derived from the FVB/
NJ inbred mouse strain (TGF-a transgenic
mice) or backcrossed to FVB/NJ inbred
mice for more than five generations (GFP
transgenic mice). Animals were housed
under specific pathogen–free conditions
and handled in accordance with protocols
approved by the Institutional Animal Care
and Use Committee of the Cincinnati
Children’s Hospital Research Foundation.

GFP-Chimera Mice and
Dox Treatments
GFP-chimera mice were generated by
transplanting 33 106 BM cells from EGFP-
transgenic mice into lethally irradiated
(11.75 Gy) CCSP/2 or CCSP/TGF-a
recipients. BM cells were harvested from
the tibia and femur of the EGFP donor
mice and were obtained by flushing the
bones with Dulbecco’s PBS under aseptic
conditions. BM cells were collected
and washed by centrifugation (5 min at
1,000 3 g, 48C). Flow cytometry analysis of

Figure 1. Fibrocytes accumulate in the lungs of transforming growth factor (TGF)-a transgenic mice.
Lungs from Club cell (Clara cell) specific protein-rtTA1/2 (CCSP/2) and CCSP/TGF-a mice on
doxycycline (Dox) for 2 or 4 weeks were minced, and stromal cells were cultured for 8 days. (A)
Representative flow cytometry plots for CD45 and Col1 staining of cultured stromal cells. (B)
Percentage of CD451 and Col11 cells. (C) Absolute number of CD451 and Col11 cells. One-way
ANOVA was used to determine significant differences between groups. Data shown are means 6
SEM (n = 3 mice per group). Results are representative of three independent experiments.
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the total lung cells was used to determine
the percentage of chimerism in recipient
mice by calculating the total number of
GFP-positive cells over the total number of
CD45-positive cells (GFP1CD451/
CD451), and lung cells of GFP-transgenic
mice (donor mice) were used as controls
(96 6 2%; mean 6 SEM). The extent of
chimerism observed (71 6 5%) was
comparable to that previously reported
(22). Nine weeks after reconstitution,
CCSP/2 and CCSP/TGF-a mice
reconstituted with EGFP-BM were fed
Dox-treated food for 4 or 6 weeks and were
then killed to assess the role of BM-derived
cells in fibrotic lesions.

Confocal Imaging
Lungs were embedded in optimum cutting
temperature medium, and sections were
prepared as previously described (23). Cells
positive for CD45 or GFP were colocalized
with desmin by immunofluorescence
staining using a rabbit antidesmin antibody
(clone ab15200; Abcam, Cambridge, MA),
an anti–a2smooth muscle actin (SMA)
antibody (clone 1A4; Sigma-Aldrich, St.
Louis, MO), and a rat anti-CD45 antibody
(clone 30-F11; BD Biosciences, San Jose,
CA). Secondary antibodies were conjugated
to Alexa-Fluor 488 and either Alexa-Fluor
594 or Alexa 647 (Invitrogen, Grand Island,
NY). Confocal images were collected
using an AIR-A1 laser-scanning confocal
microscope (Nikon, Melville, NY). A
z-stack of optical sections, 10 mm in total
thickness, was captured from a lung tissue
section, and five three-dimensional
images were obtained per mouse.
Three-dimensional volume rendering was
performed to quantify the number of GFP-,
desmin-, and a-SMA–positive cells in the
lung lesions using the surface tool in Imaris
(version 4.2.0; Bitplane, South Windsor,
CT). The morphological criteria used to
count cells positive for any two different
fluorescent signals was with a maximum
gap size of 2 mm between two fluorescence
signals. Data were reported as 6 SEM of
cell number of experimental groups. The
total five images per mouse were used to
quantify stromal cells in CCSP/2 and
CCSP/TGF-a chimera mice on Dox for 4
or 6 weeks with four to six mice per group.

Histology and Hydroxyproline
Lungs were inflation fixed using 4%
paraformaldehyde and stained with Masson
trichrome as previously described (23).Figure 2. (See figure legend on following page)
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Lung fibrosis was assessed by measuring
the total weight of the right lung, and
hydroxyproline in the lung was quantified
using a colorimetric assay as previously
described (24).

Lung Function Measurements
Murine lung mechanics were assessed using
a computerized Flexi Vent system (SCIREQ,
Montreal, Canada) as previously
described (23).

Statistics
All data were analyzed using Prism (version
5; GraphPad, La Jolla, CA). One-way
ANOVA with Tukey’s multiple comparison
post test was used to compare different
experimental groups. Student’s t test was
used to compare two experimental groups.

Data were considered statistically
significant at P , 0.05.

Results

Fibrocytes Accumulate in the
Lung Lesions of TGF-a–
Overexpressing Mice
To determine if fibrocytes accumulate in
fibrotic lung lesions of TGF-a mice, lung
stromal cell cultures from minced whole
lung homogenates were obtained from
CCSP/2 control and CCSP/TGF-a mice.
Cells were cultured for 10 days and then
analyzed by flow cytometry for the
expression of CD45 and Col1. Fibrocytes
were defined as cells expressing CD45 and
Col1 markers. There was a significant
increase in the percentage and absolute
number of cells staining for CD45 and Col1
in CCSP/TGF-a mice on Dox for 2 and
4 weeks compared with control CCSP/2
mice on Dox for 4 weeks (Figures 1A–1C).
The majority of cells (. 95%) were collagen
positive in lung stromal cell cultures.
However, resident fibroblasts expressed
more collagen than fibrocytes from TGF-a
transgenic mice or control mice (Figure 1
and see Figure E1 in the online
supplement). Collagen expression was
similar in fibrocytes from the lung stromal
cultures of CCSP/2 and CCSP/TGF-a
mice on Dox for 4 weeks (Figure E1).
Immunostaining of lung sections for CCSP/
TGF-a mice demonstrated an increase
in costaining of CD45 with desmin at 2 and
4 weeks on Dox in fibrotic lesions, with
little costaining found in the lung sections
of controls (data not shown).

To further evaluate and quantify
a role for fibrocytes in vivo in fibrotic
lesions, GFP-expressing BM cells were
transferred into CCSP/2 and CCSP/TGF-a
mice (Figure 2A). At 9 weeks after BM
transplantation, the majority of CD451

cells in the lungs of both strains of mice
were GFP1 (data not shown). CCSP/2 and
CCSP/TGF-a chimera mice were then
placed on Dox for 4 weeks. Flow cytometry
of total lung cells from lung homogenates
demonstrated a 3-fold increase in cells
positive for GFP and CD45 in CCSP/TGF-
a mice compared with controls (Figures 2B
and 2C). Immunofluorescence staining
demonstrated an increase in GFP1 and
desmin1 cells in the fibrotic regions of
CCSP/TGF-a chimera mice compared with
controls (Figure 2D), with the majority of
GFP1 cells localized in fibrotic lesions of
the adventitia and pleura. Using confocal
microscopy, z-stack images were obtained
to construct three-dimensional images, and
cells were counted based on GFP or desmin
expression in chimera mice. CCSP/TGF-a
chimera mice demonstrated a significant
increase in GFP1 cells, fibrocytes (GFP1

desmin1), and resident fibroblasts (GFP2

desmin1) compared with CCSP/2 controls
(Figures 2E and 2F). In the CCSP/TGF-a
chimera mice, less than 10% of desmin-
staining cells also stained for GFP,
suggesting that fibrocytes make up
a relatively small contribution to fibrotic
lesions (Table 1). Similarly, flow cytometry
analysis of the total lung stromal cell
cultures demonstrated a significant increase
in the percentage of GFP1 fibrocytes
in CCSP/TGF-a–GFP chimera mice
compared with CCSP/2 GFP chimera mice
on Dox for 4 weeks (Figure E2).

To determine whether fibrocytes
that accumulate in lung lesions were
myofibroblasts, CCSP/TGF-a chimera mice
were placed on Dox for 6 weeks, a point
at which fibrotic lesions have extensive
myofibroblast accumulation (25). Lung
sections from CCSP/2 and CCSP/TGF-a
chimera mice were immunostained with
anti–a-SMA antibody, and confocal
images were analyzed to count cells that
coexpressed a-SMA and GFP. CCSP/
TGF-a chimera mice demonstrated
a 5-fold increase in the number of
a-SMA1–staining cells compared with
controls (Figures 3A and 3B). However,
less than 10% of a-SMA–staining cells
coexpressed GFP (Table 2). Together, these
studies demonstrate a progressive increase

Figure 2. Green fluorescent protein (GFP)-tagged fibrocytes accumulate in lung fibrotic lesions
during TGF-a–induced pulmonary fibrosis. (A) CCSP/2 and CCSP/TGF-a recipient mice were
irradiated and reconstituted with bone marrow cells from GFP transgenic mice. GFP chimeric mice
were rested for 9 weeks to maximize bone marrow engraftment and later fed Dox for 4 or 6 weeks to
induce TGF-a. (B) Representative flow cytometry plots of total lung cells from lung homogenates
isolated from chimera mice on Dox for 4 weeks, correlating GFP intensity with number of CD451

cells. (C) Quantitative analysis of flow cytometry demonstrating a significant increase in the per-
centage of cells positive for CD45 and GFP in the total lung cells of CCSP/TGF-a chimeric mice (n = 5
mice per group). Data shown are means 6 SEM. Statistical significance between groups was
determined using a t test. (D) Immunofluorescence of chimera mice after 4 weeks on Dox, demonstrating
increased desmin staining (red) in the fibrotic lesions of CCSP/TGF-a mice compared with
CCSP/2 mice and, in overlaid and enlarged images, occasional colocalization of desmin with GFP in
CCSP/TGF-a GFP-chimera mice (arrow). Scale bar, 50 mm. Immunofluorescence three-dimensional
images, reconstructed from the z-series of confocal sections and the number of GFP1 cells (E) or
desmin1 and GFP1 cells (F) counted in five lung-section images from CCSP/2 (n = 4) and CCSP/
TGF-a (n = 5) chimera mice, showing that CCSP/TGF-a chimera mice demonstrate an increase in
GFP1 cells in fibrotic lesions and an increase in the total number of desmin1 cells and in desmin1

cells colocalizing with GFP compared with CCSP/2 controls. Data shown are means 6 SEM. An
unpaired Student’s t test was used to compare data between groups.

Table 1: The Percentage of Green
Fluorescent Protein– and Desmin-Positive
Cells in Lung Sections from Chimera
Mice, Determined Using Confocal
Three-Dimensional Images

Experimental Group
(4 weeks on Dox)

GFP1 Desmin1

Cells

CCSP/2 GFP chimera
mice (n = 4)

5.2 6 0.5*

CCSP/TGF-a GFP
chimera mice (N = 5)

8.3 6 0.7

Definition of abbreviations: CCSP, club cell
(Clara cell)–specific protein-rtTA1/2 mice; Dox,
doxycycline; GFP, green fluorescent protein;
TGF-a, transforming growth factor a.
*Values are percentage 6 SD.
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in the number of fibrocytes that accumulate
in the fibrotic lesions of TGF-a mice but
suggest a limited contribution of fibrocytes
transforming into myofibroblasts.

The Role of Fibrocytes in
TGF-a–Induced Fibrosis
To determine whether fibrocytes influence
the progressive expansion of fibrotic lung
lesions, adoptive cell transfer experiments
were performed. Previously, CCSP/TGF-a

mice have been shown to begin
progressively losing lung function after 2 to
4 weeks on Dox due to expansion of fibrotic
lesions that, over time, become more
organized in the pervascular, peribronchial,
and pleural lung regions (19, 23). To study
the effect of fibrocytes, purified populations
of fibrocytes (CD451Col11) and resident
fibroblasts (CD452Col11) were transferred
intravenously into CCSP/TGF-a mice on
Dox for 2 weeks, and fibrotic lesions of the

lungs from these mice were assessed for
fibrosis at Day 7 after cell transfer (3 wk
total on Dox) (Figure 4A). To assess the
purity and collagen expression of fibrocytes
used in the adoptive transfers, a small
fraction of purified fibrocytes were
permeabilized and flow cytometry (FACS)
stained for CD45 and Col1. Approximately
94% of cells used in adoptive transfers were
positive for CD45 and Col1 (Figure E3).
Transfer of CD451 stromal cells, but not
CD452 stromal cells, augmented the TGF-
a–driven increase in lung weights and
hydroxyproline levels in CCSP/TGF-a mice
(Figures 4B and 4C). CCSP/TGF-a mice
that received CD451 cells demonstrated
increased fibrotic lesions in the pleural and
adventitial lung regions compared with
CCSP/2 and CCSP/TGF-a mice receiving
PBS (Figure 4D). Observed pathological
changes, in particular the lung weights,
hydroxyproline, and collagen staining, in
CCSP/TGF-a mice that received CD451
cells are similar to CCSP/TGF-a mice on
Dox for 4 weeks (Figure E4). Transfer of
CD451 stromal cells, but not CD452

stromal cells, accelerated TGF-a–induced
declines in lung function, with significant
increases in airway resistance and elastance
and a decline in compliance measured in
only CCSP/TGF-a mice that received
CD451 cells (Figure 5). Together, these
results demonstrate that CD451 cells
directly augmented the expansion of
fibrotic lesions and collagen deposition
after TGF-a overexpression.

Characterization of TGF-a–
Induced Fibrocytes
To examine the mechanisms by which
CD451 cells accumulate in fibrotic lung
lesions and accelerate fibrosis, lung stromal
cells from CCSP/TGF-a mice on Dox for
4 weeks were cultured and characterized
using flow cytometry. TGF-a–induced
fibrocytes displayed increased staining for
monocyte-lineage markers CD14 and
CD11b compared with CD452 stromal cells
(Figure E5A). CD451 and CD452 cells
were isolated from total lung stromal cell
cultures on Day 8 of culture using anti-
CD45 beads, and Col1 protein was
quantified using Western blots. TGF-
a–induced fibrocytes expressed lower
levels of Col1 compared with CD452

stromal cells (Figure E5B). These findings
are in agreement with our data on
collagen staining using FACS and with
previous reports using a mouse model of

Figure 3. Limited accumulation of cells positive for GFP and a-smooth muscle actin (SMA) in fibrotic
lung lesions. (A) Lung sections from CCSP/2 and CCSP/TGF-a GFP-chimera mice on Dox for
6 weeks were stained with antibody for a-SMA (red). GFP1 and a-SMA1 cells were increased in
the fibrotic lesions of CCSP/TGF-a mice compared with CCSP/2 mice. Overlaid and enlarged
images demonstrate that the majority of a-SMA–positive cells were negative for GFP in adventitial
tissue, with rare colocalization found in pleural fibrotic lesions of CCSP/TGF-amice (arrow). Scale bar,
50 mm. (B) Immunofluorescence three-dimensional images, reconstructed from the z-series of
confocal sections and the number of a-SMA and GFP cells counted in five lung-section images from
CCSP/2 (n = 5) and CCSP/TGF-a (n = 5) chimera mice, showing that CCSP/TGF-a chimera mice
demonstrate an increase in the total number of a-SMA1 cells and GFP1 cells expressing a-SMA
compared with CCSP/2 control mice. Data shown are means 6 SEM. Student’s t test was used
to compare data between groups.
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bleomycin-induced fibrosis, in which
fibrocytes were shown to express
monocyte-lineage markers but lower levels

of stromal cell markers than resident
fibroblasts and myofibroblasts (7).

Further characterization of cultured
stromal cells demonstrated that two major
subsets of CD451 cells exist in the lungs of
CCSP/TGF-a mice based on their staining
for CD44 and CD90. However, the large
percentage of CD451 cells that accumulate
in the lungs of CCSP/TGF-a mice are
positive for CD44 but negative for CD90
(Figure 6A). The enzyme hyaluronic acid
synthase 2 (HAS2) has been shown to
regulate the synthesis of hyaluronic acid
(HA), which functions as a ligand to cause
invasiveness of stromal cells expressing
CD44 (26). We found that HAS2 was
significantly elevated in lung homogenates
from CCSP/TGF-a mice compared with
controls (Figure 6B), and overexpression of
TGF-a resulted in a significant increase in
the expression of CD44 on the surface of
fibrocytes (Figure 6C). Furthermore, cell
invasion assays demonstrated that CD451

cells from CCSP/TGF-a mice were

significantly more invasive than CD451

cells from CCSP/2 mice (Figure 6D), and
the invasive capacity of TGF-a–induced
fibrocytes was attenuated with incubation
of neutralizing CD44 antibodies compared
with control IgG antibodies (Figure 6E).
Together, these findings suggest that
fibrocytes recruited after TGF-a
overexpression are derived from monocytes
and express less collagen than resident
stromal cells but express higher amounts of
CD44 and are more invasive, perhaps
through increased induction of HAS2.

To determine if TGF-a–induced
fibrocytes contributed to fibroproliferation
in the lung lesions, we isolated fibrocytes
(CD451Col11) and resident fibroblasts
(CD452Col11) from lung stromal cell
cultures using anti-CD45 magnetic beads to
assess differences in proliferation. Using
flow cytometry, changes in the fluorescence
intensity of proliferating stromal cells
labeled with CFSE dye were measured
in these isolated cell subtypes. When

Table 2: The Percentage of Green
Fluorescent Protein–Negative and
a-Smooth Muscle Actin–Positive Cells in
Lung Sections from Chimera Mice,
Determined Using Confocal
Three-Dimensional Images

Experimental Group
(6 weeks on Dox)

GFP1 a-SMA1

Cells*

CCSP/2 GFP chimera
nice (n = 5)

2.9 6 1.0*

CCSP/TGF-a GFP
chimera mice (n = 5)

7.2 6 0.8

Definition of abbreviations: CCSP, club cell
(Clara cell)–specific protein-rtTA1/2 mice; Dox,
doxycycline; GFP, green fluorescent protein;
SMA, smooth muscle actin; TGF-a, transforming
growth factor a.
*Values are percentage 6 SD.

Figure 4. Adoptive transfers of TGF-a–induced fibrocytes potentiate pulmonary fibrosis. (A) Experimental design in which CCSP/TGF-a recipient mice
were placed on Dox for 2 weeks then infused with CD451Col11 or CD452Col1 cells isolated from the stromal cell lung cultures of CCSP/TGF-a mice on
Dox for 4 weeks. After the infusion, mice were continued on Dox for 1 week (3 wk total) before endpoints were recovered. Controls were CCSP/2
and CCSP/TGF-a mice on Dox for 3 weeks and infused with PBS. The total lung weight (B) and total lung hydroxyproline (C) were increased in CCSP/
TGF-a mice with CD451Col11 cell infusion compared with PBS-infused CCSP/2 and CCSP/TGF-a mice or CCSP/TGF-a mice infused with CD452Col1

cells. Data are presented as mean 6 SEM (n = 3–7 per group). One-way ANOVA with Tukey’s multiple comparisons was used to compare data
between groups. (D) Masson-trichrome stained lung sections demonstrating increased matrix staining (blue) in the pleural region (top) and adventitial
region (bottom) of the lung from CCSP/TGF-a mice with CD451Col11 cell infusion, compared with CCSP/2 and CCSP/TGF-a mice infused with PBS.
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compared with media-treated CD452

stromal cells, CD451 cells displayed more
dilution of CFSE dye, signifying increased
proliferation (Figure 7A). To determine
whether CD451 cells influence
proliferation of CD452 stromal cells,
CD452 cells were cocultured with and
without CD451 cells. The addition of
CD451 cells increased the proliferation of
CD452 stromal cells (Figure 7B). We also
analyzed the average number of divisions
for the dividing cell populations using the
proliferation index based on CSFE-dye
dilution (Figure E6). The proliferation
index represents the total number of cell
divisions divided by the number of cells
that went into divisions. The data revealed
that the proliferation index for fibrocytes
is increased modestly compared with
resident fibroblasts (Figure E6A). In
cocultures, the proliferation index of
resident fibroblasts was significantly
increased in the presence of fibrocytes
compared with resident fibroblasts cultured
alone (Figure E6B). To confirm our
findings using an additional dye, we
monitored proliferation of PKH26-labeled
CD452 cells in cocultures by flow
cytometry. The addition of CD451 cells
increased PKH26-dye dilution and the
proliferation index of CD452 stromal cells
(Figure E7). These combined data suggest

that molecular and cellular interactions
exist in the proliferation of multiple stromal
cells in fibrotic lung lesions.

Discussion

Our study demonstrates that overexpression
of TGF-a in the lung epithelium
progressively increases the number of
fibrocytes in fibrotic lung lesions. Although
fibrocytes make up a relatively small
percentage of cells in these lesions and
produce less collagen than resident
fibroblasts, fibrocytes accelerate fibrosis
when infused directly into CCSP/TGF-a
mice. Mechanistic studies determined that
fibrocytes contribute to the expansion of
fibrotic lesions by activating resident
fibroblasts. These findings elucidate a direct
role for fibrocytes in modifying fibrotic
lung disease.

Our finding of progressive increases in
the number of fibrocytes in expanding lung
lesions is consistent with observations in
human lung disease where fibrosis is
a central, pathologic component of many
medical conditions, including IPF, asthma,
systemic sclerosis, and bronchiolitis
obliterans (BO) after lung transplantation
(10, 11, 13, 27, 28). A combination of
specific hematopoietic (CD45, CD11a,

CD11b, CD11c, CD13), stem cell (CD34),
chemokine receptors (CXCR4, CCR2,
CCR5, CCR7), and mesenchymal (prolyl
4-hydroxylase, Col1, desmin, a-SMA)
markers have been used to identify
fibrocytes in circulation, bronchoalveolar
lavage preparations, and fibrotic lung
lesions (29–31). Immunostaining for
fibrocytes in the lung biopsies demonstrates
that fibrocytes predominantly localize in
areas of active fibrosis, such as thickened
bronchial basement membranes in patients
with asthma and fibrotic foci in patients
with IPF (15, 32, 33). Recent studies
demonstrated a strong correlation between
the number of circulating fibrocytes
(defined as CD451 and Col11) and poor
outcomes in patients with IPF and BO
(13, 28). Patients with IPF with acute
exacerbations demonstrate markedly higher
fibrocyte counts than patients with stable
disease, and elevated circulating fibrocytes
are a negative predictor of median survival
(10, 13, 27). Increased circulating fibrocyte
levels correlate with the development of BO
after lung transplantation and positively
correlate with advancing BO stage (28).
Fibrocytes therefore have been proposed
as a biomarker and predictor of disease
severity. However, it is unclear whether
elevated fibrocytes accelerated disease or
merely were associated with it. In this
study, we determined that pulmonary
fibrosis was significantly amplified when
purified fibrocytes were directly infused
into the circulation of CCSP/TGF-a mice,
thereby experimentally supporting a direct
role for fibrocytes in advancing fibrotic
disease. However, enlargement of alveoli
was noted in mice receiving stromal cells
but not PBS. Also, mice that received
CD452 cells displayed moderate-to-severe
immobility, and three out of six mice
died in this group due to respiratory
compromise unrelated to fibrosis; these
events occurred within 24 hours of cell
transfer, before significant fibrosis could
develop. Future studies are warranted to
determine possible differences in fibrocyte
migration and invasion and the effect of
aging, which can alter accumulation of
fibrocytes and resident fibroblasts in the
progression of fibrotic lesions. Nonetheless,
our findings support the use of a mouse
model of TGF-a–induced fibrosis to assess
the role of fibrocytes in disease severity and
possible therapeutic interventions (30).

To better understand mechanisms
whereby fibrocytes promote fibrogenesis, we

Figure 5. Adoptive transfers of TGF-a–induced fibrocytes augment changes in lung mechanics
during TGF-a–induced fibrosis. CCSP/TGF-a transgenic mice that received CD451Col11 cell
infusion demonstrated increases in airway resistance (A) and elastance (B) and a decrease in
compliance (C) compared with CCSP/2 and CCSP/TGF-a mice infused with PBS or CCSP/TGF-a
mice infused with CD452Col1 cells. Data are presented as means 6 SEM (n = 3–7 per group). One-
way ANOVA with Tukey’s multiple comparisons was used to compare data between groups.
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performed a series of experiments on
fibrocytes and resident fibroblasts purified
from the lung stromal cell cultures from
TGF-a mice on Dox for 4 weeks. We
determined that fibrocytes were more
proliferative than resident stromal cells
and stimulated the proliferation of resident
cells when cocultured. Stromal cell
proliferation in the lung is considered to
be a major component in the pathobiology
of pulmonary fibrosis, and our findings
provide evidence that a primary role of
fibrocytes is to activate resident lung
stromal cell proliferation (1, 21). In
support of this, clinical observations have
demonstrated that EGFR-activated
fibrocytes associate with remodeled lung in
chronic asthma (32). In addition to

proliferation, an increase in the migration
of fibrocytes or their progenitor cells might
contribute to the observed accumulations
of fibrocytes in the fibrotic lung lesions of
TGF-a mice. In support of this, we have
observed a progressive increase in several
chemokine levels in the lungs of TGF-a
transgenic mice on Dox (unpublished data).
Therefore, although it is tempting to
speculate that migration and proliferative
mechanisms contribute to fibrocyte
accumulations, future studies are warranted
to determine the relative contributions of
migration and proliferation in causing
fibrocyte accumulation in the lungs of
TGF-a transgenic mice.

The phenotypes of human and mouse
fibrocytes have been studied extensively in

human tissues and in mouse models of
bleomycin-induced pulmonary fibrosis
(7, 31, 34). In agreement with these
previous studies, we found that TGF-
a–induced fibrocytes expressed lower
amounts of Col1 than resident fibroblasts,
indicating that fibrocytes are not primary
contributors to collagen deposition in
fibrotic lung lesions. Flow cytometry
stainings demonstrated that the major
subset of fibrocytes was negative for Thy-1
(CD90), which is known to be expressed on
subsets of fibroblasts and myofibroblasts
(35). However, TGF-a–induced fibrocytes
expressed CD44, and this distinct subset of
fibrocytes accumulated in the fibrotic
lesions of TGF-a transgenic mice. In
previous studies, overexpression of HAS2

Figure 6. A major subset of TGF-a–induced fibrocytes expresses CD44 and displays severe invasiveness. (A) Lungs of CCSP/2 and CCSP/TGF-a mice
on Dox for 4 weeks were cultured for 8 days and stained for CD45, CD44, and CD90. Representative flow cytometry plots demonstrate an increase in the
percentage of a distinct subset of CD451 cells that express CD44, but not CD90, in CCSP/TGF-a mice compared with CCSP/2 controls. The flow
cytometry gating was drawn to show the percentage of CD451 cells in the total live cells (left panels). The total CD451 cells were further gated (right
panels) to indicate the percentage of CD441CD902 and CD441CD901 in the total live cells. The bar graph quantifies the means6 SEM between groups,
with statistical differences compared using Student’s t test (n = 3 per group). (B) The transcripts for HAS2 enzyme are significantly increased in the
lung homogenates of CCSP/TGF-a mice compared with CCSP/2 mice on Dox for 4 weeks. Student’s t test was used to compare data between groups
(n = 4 per group). (C) Representative histograms for CD44 staining demonstrate increased CD44 expression on CD45-gated cells from CCSP/TGF-amice
(blue) compared with CCSP/2 mice (red). The bar graph quantifies the means 6 SEM between groups with statistical differences compared using
Student’s t test (n = 3 per group). (D) CD451 cells from CCSP/TGF-a mice demonstrate significantly increased matrigel invasion compared with CCSP/2
mice. The bar graph quantifies the means 6 SEM between groups with statistical differences compared using Student’s t test (n = 3 per group). (E)
Invasion of fibrocytes isolated from the lung stromal cell cultures of CCSP/TGF-a mice on Dox for 4 weeks and incubated with anti-CD44 or control IgG
antibody for 22 hours (15 mg/ml). The bar graph quantifies the means 6 SEM between groups with statistical differences compared using Student’s
t test (n = 2 per group).
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selectively in stromal cells caused
increased invasion of CD44-expressing
stromal cells and was associated with
more severe fibrosis after bleomycin-
induced injury (26). We found that an
increase in CD44 expression on TGF-
a–induced fibrocytes correlated with
a proportional increase in their matrigel
invasiveness and that HAS2 transcripts
were elevated in the fibrotic lung lesions,
which supports a role for the TGF-
a/EGFR pathway in regulating CD44/HA
interactions and fibrocyte invasiveness.

In the current study, we quantified
the number of fibrocytes in fibrotic
lesions of TGF-a mice. Confocal three-
dimensional images of GFP-labeled BM
cells demonstrated that 8% of desmin-
staining cells colocalized with GFP,
indicating that fibrocytes make up
a minority of cells in fibrotic lesions
(Table 1). However, this percentage could
be even lower because we could not exclude
some of the GFP-staining cells that may

have stained positive for desmin due to the
phagocytic function of myeloid cells (e.g.,
macrophages) that are present in fibrotic
lung lesions. An important question this
study addressed was whether fibrocytes
colocalize with myofibroblasts in the lung
lesions of TGF-a transgenic mice. Confocal
three-dimensional images determined
that only 7% of the total a-SMA staining
cells also stained for GFP (Table 2). To
confirm whether fibrocytes differentiate
into myofibroblasts, lineage tracing studies
with a-SMA reporter mice need to be
performed. Such studies would contribute
to a determination of quantitative
differences in the distribution and
accumulation of fibrocytes in subpleural,
peribronchial, and perivascular lesions of
the lung that are responsible for pulmonary
fibrosis and hypertension in TGF-a
transgenic mice (20). However, the
percentage of a-SMA staining GFP1 cells
in the TGF-a mouse from this study is very
similar to the percentage of circulating

fibrocytes of patients with interstitial
lung disease (, 10%), supporting a role
for fibrocytes differentiating into
myofibroblasts (13, 31, 36).

In summary, our results demonstrate
that fibrocytes are a relatively small portion
of the cells comprised in the dense mass
of tissue in expanding fibrotic lesions in
the TGF-a transgenic mouse model.
Combined with our previous studies
demonstrating a minimal role of EMT in
the progression of lesions (21), our data
suggest that the majority of cells
comprising the lung fibrotic lesions arise
from expansion of resident fibroblasts
or from other mechanisms yet to be
discovered. Although fibrocytes are
relatively small in number, these cells
augment the fibrotic response, likely
through enhancing invasion and
proliferation (Figure E8). Thus, multiple
subsets of stromal cells play a collective role
in causing the expansion of myofibroblasts
that deposit collagen and other ECM
proteins in the lung (Figure E8). Our results
provide a basis for further determination
of the molecules involved in multiple
stromal cell interactions, which will inform
the development of molecular therapies
targeting resident stromal cells and
fibrocyte-driven processes as a strategy to
attenuate fibrotic lung diseases. n
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