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CXCL11 Attenuates Bleomycin-induced Pulmonary
Fibrosis via Inhibition of Vascular Remodeling
Marie D. Burdick*, Lynne A. Murray*, Michael P. Keane, Ying Ying Xue, David A. Zisman, John A. Belperio,
and Robert M. Strieter
Division of Pulmonary and Critical Care Medicine, Department of Medicine, and Departments of Pediatrics and Pathology and Laboratory
Medicine, UCLA School of Medicine, Los Angeles, California

Aberrant vascular remodeling is a central hallmark for the development and progression of idiopathic pulmonary fibrosis. The mechanisms underlying the pathophysiologic alterations, however, are
poorly understood. A recent phase II trial of interferon ␥-1b has
demonstrated a trend toward a decrease in profibrotic and proangiogenic biologic markers, and upregulation of lung CXCL11 mRNA
and bronchoalveolar lavage fluid and plasma protein levels of
CXCL11. We hypothesized that net aberrant vascular remodeling
seen during the pathogenesis of fibroplasia and deposition of extracellular matrix during bleomycin-induced pulmonary fibrosis can be
attenuated by treatment with the angiostatic ELR– CXC chemokine,
CXCL11. In a preclinical model, systemic administration of CXCL11
reduced pulmonary collagen deposition, procollagen gene expression, and histopathologic fibroplasia and extracellular matrix deposition in the lung of bleomycin-treated mice. CXCL11 treatment
significantly reduced bleomycin-induced pulmonary fibrosis without altering specific lung leukocyte populations. CXCR3 is not expressed on fibroblasts and CXCL11 had no direct functional effect
on pulmonary fibroblasts. The angiogenic activity in the lung was
significantly decreased, however, and CXCL11 treatment reduced
the total number of endothelial cells in the lung following bleomycin
exposure. The results suggest that CXCL11 inhibits pulmonary fibrosis by altering aberrant vascular remodeling.
Keywords: angiogenesis; chemokines; fibrosis

Idiopathic pulmonary fibrosis (IPF) is a chronic and often fatal
pulmonary disorder. A prevalence rate of 27 to 29 cases per
100,000 for the disease has been reported, and it may even be
as high as 150 cases per 100,000 in individuals greater than
75 years of age (1). The incidence of IPF seems to be on the
rise in certain parts of the world, such as the United Kingdom,
New Zealand, and Germany (2). No effective treatment exists
for IPF, with a 2- to 3-year median survival of 50%. Patients
with IPF treated with interferon (IFN)-␥-1b showed an improvement in lung function, including an increase in total lung capacity
and partial pressure of oxygen at rest and exertion (3). A recent
phase III clinical trial demonstrated that there was a trend toward survival in the intent-to-treat group of patients with IPF
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treated with IFN-␥-1b (4). Further subgroup analysis of patients
with FVC greater than or equal to 55% and diffusing capacity
of lung for carbon monoxide greater than or equal to 35% in
this trial demonstrated a significant relative reduction in risk of
death (4). The mechanism, however, for the potential survival
advantage in the IFN-␥–treated patients remains to be determined. In a phase II study of biomarker expression in IPFtreated patients, patients with IPF treated with IFN-␥-1b had a
reduction in the synthesis of profibrotic molecules, such as elastin, procollagen type I and III, and platelet-derived growth factors (PDGF), and a decrease in the proangiogenic factor CXCL5
(5). These findings occurred in the context of a marked upregulation of bronchoalveolar lavage and plasma CXCL11 (IFNinducible T cell ␣ chemoattractant), but not CXCL9 (monokine
induced by IFN-␥), or CXCL10 (IFN-␥–inducible protein) (5).
Furthermore, these findings were paralleled by a statistically
significant increase in lung gene expression of CXCL11, but not
CXCL9 or CXCL10 (5). The mechanism regarding the effects
of CXCL11 on the pathogenesis of pulmonary fibrosis remains
to be elucidated.
Our laboratory has shown that members of the CXC chemokine family exert disparate effects in regulating angiogenesis, relevant to vascular remodeling (6). CXC chemokines that contain
glutamic acid–leucine–arginine (ELR motif) in the NH2-terminus
promote angiogenesis, whereas type I and II IFN-inducible CXC
chemokines and PF4 inhibit angiogenesis (6, 7). ELR⫹ chemokines seem to be involved in the pathogenesis of a variety of
disease processes, such as pulmonary fibrosis, rheumatoid arthritis, coronary artery disease, cancer, and acute lung injury, in
which aberrant vascular remodeling has been shown to promote
the pathogenesis of these disorders (8–17). The IFN-inducible
CXC chemokines have been shown to inhibit angiogenesis and
endothelial cell chemotaxis by CXCR3 (18, 19). Recently, it has
been shown that there are two human isoforms of CXCR3:
CXCR3A, which is expressed on T cells, B cells, and natural
killer cells; and CXCR3B, which is expressed on endothelial
cells, mediating the angiostatic activity of these CXC chemokines
(20, 21). The existence of CXCR3 splice variants in mouse has
not been found.
After recent reports for the potential of improved survival
in patients with IPF treated with IFN-␥-1b (4), and a biomarker
study that demonstrated the IFN-␥ induces the gene expression
and protein production of CXCL11 in the lung and plasma (5),
we hypothesized that systemic administration of the IFN-inducible
chemokine CXCL11 may have a protective role during bleomycininduced pulmonary fibrosis by decreasing pathologic aberrant
vascular remodeling. Mice systemically treated with CXCL11
and exposed to bleomycin demonstrated a significant reduction
in total lung collagen and procollagen type I gene expression in
the lungs, in comparison with mice exposed to bleomycin alone.
CXCL11 had no effect, however, on the functional responses of
fibroblasts in vitro. The decrease in fibrosis correlated with a
significant decrease in the angiogenic activity of the bleomycinexposed lung and a reduction in the number of endothelial cells
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in the lung. The protective effect exerted by CXCL11 treatment was mediated through CXCR3, because blocking this receptor restored the bleomycin-induced increase in lung collagen.
These results suggest that the IFN-inducible CXC chemokine,
CXCL11, plays a significant role in modulating vascular remodeling during bleomycin-induced pulmonary fibrosis and may be a
therapeutic agent to be considered for use in the treatment of
patients with pulmonary fibrosis.

METHODS
A more detailed description of the methods is available in the online
supplement.

Reagents
Recombinant CXCL8, CXCL10, CXCL11, PDGF (BB), epidermal
growth factor (EGF), and transforming growth factor-␤ were purchased
from R&D Systems (Minneapolis, MN). The antiprotease buffer for
tissue homogenization consisted of 1⫻ phosphate-buffered saline with one
complete tablet (Boehringer Mannheim, Indianapolis, IN) per 50 ml. The
biotinylated antimurine panendothelial cell marker (MECA-32) was
purchased from BD Biosciences (San Jose, CA). Murine anti-CXCR3
production and characterization was as previously described (22).

scribed (27). Quantitative analysis of gene expression was done using
the comparative CT (⌬CT) methods as previously described (27).

Fluorescence-activated Cell Sorter Analysis of Pan-Endothelial
Cell Marker and Leukocyte Populations
Single-cell suspensions of lung preparations were made using a method
as previously described (23, 24). Single-cell suspensions were stained
with the following: primary panendothelial cell Abs (MECA-32) directly conjugated to biotin (PharMingen, San Diego, CA) followed by
SA-PE (PharMingen); primary goat anti-murine CXCR3 (Santa Cruz
Biotechnology, Santa Cruz, CA) followed by Alexa 488 (FITC antigoat) (Molecular Probes, Eugene, OR); samples were also stained with
tricolor conjugated anti-murine CD45 (Caltag Laboratories, Burlingame, CA) with PE-conjugated CD3, CD4, CD8A, NK1.1, Ly6 (BD
Biosciences), or MAC519 (concentration; Serotec, Raleigh, NC). Cells
were analyzed on a FACScan flow cytometer (BD Biosciences) using
Cellquest software (BD Biosciences).

Histology
Lungs for histology and morphometric analysis were processed and
assessed as previously described (27).

Statistical Analysis
Statistical analysis was performed as previously described (27).

Animal Model of Pulmonary Fibrosis
Bleomycin model of pulmonary fibrosis was performed as previously
described (23, 24). Bleomycin-treated mice were given daily intramuscular injections of recombinant CXCL11 (2 g in 0.25% murine serum
albumin [MSA]) or MSA (0.25% MSA) until killed. In CXCR3 neutralization experiments, animals received 1 ml of anti-mCXCR3 or normal
goat serum on Days 0, 2, 4, 6, 8, and 10 by intraperitoneal injection as
previously described (22).

Lung Tissue Preparation for Protein and Corneal
Micropocket Angiogenesis Assay Analysis
Bleomycin- or saline (control)-treated lungs were homogenized and
sonicated in antiprotease buffer, as previously described (23–26).

Sircol Collagen Assay
The Sircol collagen assay (Biocolor, Belfast, Ireland) was used to measure the soluble forms of collagen present in lung homogenates as
previously described (27, 28).

Fibroblast Proliferation
Murine lung fibroblasts were cultured and assessed for proliferation as
previously described (23, 24).

Fibroblast Chemotaxis
Murine lung fibroblasts used in chemotaxis assays were cultured as
described previously and normal human lung fibroblasts (Cambrex,
East Rutherford, NJ) were analyzed for migration using modified 12well Boyden chambers (Neuroprobe, Gaithersburg, MD) as previously
described (6, 27, 29, 30).

Corneal Micropocket Assay of Angiogenesis
Angiogenic activity of lung homogenates was assayed in vivo in the
avascular cornea of hooded Long-Evans rat eyes as previously described
(11, 23, 24).

Total RNA Isolation and Real-Time Quantitative Polymerase
Chain Reaction
Total RNA was isolated with Trizol reagent, according to manufacturer’s instructions as previously described (27). Total RNA was determined and 1 g of total RNA was reverse transcribed into cDNA, and
amplified using TaqMan reverse transcription reagents (PE Applied
Biosystems, Foster City, CA) as previously described (27). Real-time
quantitative polymerase chain reaction was performed using specific
TaqMan primers and probes, the ABI Prism 7,700 sequence detector,
and SDS analysis software (PE Applied Biosystems) as previously de-

RESULTS
CXCL11 Attenuates Bleomycin-induced Pulmonary
Fibrosis through CXCR3

Because CXCL11 was found to be the sole IFN-inducible CXC
chemokine expressed in patients with IPF treated with IFN-␥ (5),
we wanted first to determine whether CXCL11 was expressed in
the lung during bleomycin-induced pulmonary fibrosis. We
found CXCL11 mRNA to be expressed to similar levels as what
has been described by Tager and colleagues (31). Next, we determined whether systemically administered CXCL11 mediated an
antifibrotic effect in a preclinical model of pulmonary fibrosis.
On the basis of the kinetics of collagen deposition in the lung
from our previous work, which demonstrated markedly elevated
levels of total lung collagen after bleomycin exposure at Days
8 to 16 (23, 24, 27), we next assessed whether treatment of
animals exposed to bleomycin with CXCL11, as compared with
appropriate controls, inhibited pulmonary fibrosis. CXCL11 (2 g)
or vehicle control was systemically delivered (intramuscularly)
every day from 0 to 12 days post–bleomycin exposure. To determine if the potential effect of CXCL11 on bleomycin-induced
pulmonary fibrosis was mediated through CXCR3, neutralizing
studies were performed where anti-mCXCR3 or control antibodies were administered to mice on Days 0, 2, 4, 6, 8, and 10 after
intratracheal bleomycin in the presence or absence of CXCL11
therapy using a modification as previously described (22).
To assess the effect of CXCL11 treatment on pulmonary
fibrosis, we first assessed total lung collagen deposition in the
lungs of bleomycin-challenged animals in the presence or absence of CXCL11 treatment. Systemic treatment with CXCL11
reduced bleomycin-induced total lung collagen deposition
(Figure 1A). This effect was mediated through CXCR3, because
blockade of this chemokine receptor inhibited the CXCL11induced reduction in collagen generation, and reconstituted the
expression of procollagen type I mRNA (see Figure 1A; and data
not shown). Analysis of lung tissue procollagen type I mRNA by
real-time reverse transcriptase–polymerase chain reaction demonstrated a decrease in procollagen type I mRNA in the
CXCL11-treated animals, as compared with vehicle controls
(Figure 1B). Histopathologic analysis of the lungs from bleomycinexposed mice demonstrated that the CXCL11-treated animals
displayed decreased bleomycin-induced pulmonary fibrosis (Fig-
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on proliferation of primary cultures of murine fibroblasts. Murine pulmonary fibroblasts were isolated from lungs and stimulated in vitro for 72 hours with varying concentrations of
CXCL11, or PDGF alone, or CXCL11 combined with PDGF
(Figure 3). Stimulation of pulmonary fibroblasts with CXCL11
had no effect on fibroblast proliferation either alone or in the
presence of PDGF. Furthermore, CXCL11 did not affect the
transforming growth factor-␤–induced procollagen I gene expression, 48 hours after in vitro stimulation, as measured by
quantitative reverse transcriptase–polymerase chain reaction
(data not shown).
CXCL11 Does Not Affect Pulmonary Fibroblast Migration
and Fibroblasts Do Not Express CXCR3

Figure 1. Systemic administration of CXCL11 attenuates collagen deposition and procollagen I gene expression in the lungs of mice exposed
to bleomycin in a CXCR3-dependent manner. (A ) Total collagen levels
in the lung following intratracheal bleomycin in the presence or absence
of CXCL11 and under conditions of neutralization of CXCR3 at day 12
(n ⫽ 9 lungs per condition). (B ) Procollagen type I gene expression in
the lung following intratracheal bleomycin in the presence or absence
of CXCL11 at Day 12. Data represent mean ⫾ SEM. **p ⬍ 0.01.
Bleo ⫽ bleomycin; MSA ⫽ murine serum albumin; ND ⫽ no statistical
difference.

ure 2I). This finding was further supported using a quantitative
morphometric scoring system of fibrosis (Figure 2II).
Systemic CXCL11 Treatment Does Not Alter the Leukocyte
Populations Infiltrating the Lung in Response
to Intratracheal Bleomycin

Local fibroblast migration from the interstitium into the intraalveolar space is believed to be an important biologic event during
the pathogenesis of pulmonary fibrosis (32, 33). To determine
whether CXCL11 attenuated pulmonary fibrosis by a mechanism
of inhibition of fibroblast migration, we next assessed the effect
of CXCL11 on migration of primary cultures of murine and
human fibroblasts in a chemotaxis assay in response to PDGF
or EGF. Murine pulmonary fibroblasts were isolated from mouse
lungs as described previously, or human fibroblasts were used
in a chemotaxis assay. Both PDGF (BB; 10 ng/ml) and EGF
(1 ng/ml) induced marked chemotactic activity for murine and
human fibroblast migration (Figure 4; murine not shown).
CXCL11 in a dose response of 1 to 300 ng/ml failed to have
an effect alone or in combination with either PDGF or EGF,
however, for inhibiting fibroblast migration in the chemotaxis
assay (Figure 4; murine not shown). Next we assessed whether
CXCL11 (1 to 100 ng/ml) could inhibit murine primary lung
fibroblast migration in response to bronchoalveolar lavage fluid
from animals exposed to bleomycin at both Days 8 and 16.
Although bronchoalveolar lavage fluid from bleomycin-exposed
animals induced fibroblast migration, we did not see that
CXCL11 inhibited migration (data not shown). To further assess
why murine and human fibroblasts did not respond to CXCL11,
we next assess expression of CXCR3 mRNA. CXCR3 mRNA
from murine and human fibroblasts was processed for analysis
by quantitative reverse transcriptase–polymerase chain reaction
using TaqMan primer sets. CXCR3 mRNA was not measurable
using this strategy (data not shown).

To begin to elucidate a potential mechanism for CXCL11induced inhibition of bleomycin-mediated pulmonary fibrosis,
we next assessed whether systemic CXCL11 treatment affected
the elicitation of leukocytes into the lungs of bleomycin-exposed
animals. We analyzed single-cell suspensions of lung digests with
flow cytometry to determine if the decrease in collagen and
histopathologic damage in the CXCL11-treated group was a
consequence of altered leukocyte recruitment to the lung. Systemic treatment of animals with CXCL11 during bleomycininduced pulmonary fibrosis had no significant effect on any of
the leukocyte subpopulations infiltrating the lung in response to
intratracheal bleomycin (Table 1). There was also no difference
in the number of leukocytes expressing the putative CXCL11
receptor, CXCR3, in the lungs of CXCL11-treated animals when
compared with vehicle control (Table 1).

CXCL11-induced Inhibition of Angiogenesis
Is CXCR3 Dependent

CXCL11 Does Not Affect Pulmonary Fibroblast Proliferation
or Procollagen I Gene Expression

CXCL11 Treatment Reduces Aberrant Vascular Remodeling
during Bleomycin-induced Pulmonary Fibrosis

One of the hallmarks of pulmonary fibrosis is the proliferation of
pulmonary fibroblasts (32, 33). To determine whether CXCL11
attenuated pulmonary fibrosis by a mechanism of inhibition of
fibroblast proliferation, we next assessed the effect of CXCL11

Pulmonary fibrosis is associated with aberrant vascular remodeling (8, 11, 23, 24, 34). We have previously demonstrated that
inhibition of angiogenesis during bleomycin-induced pulmonary
fibrosis results in attenuation of fibrosis (11, 23, 24). On this

To ascertain the angiostatic ability of CXCL11 in vivo, recombinant CXCL11 was assayed in the cornea micropocket assay of
angiogenesis. CXCL8 and bFGF are both potent inducers of
angiogenesis in vivo (six of six corneas positive for both proteins;
Figure 5IA and 5IIA, respectively). CXCL11 inhibited the angiogenic activity of CXCL8, with only one cornea being positive
in the CXCL8 group (one of six; Figure 5IB). Furthermore,
CXCL11 also inhibited the bFGF-induced angiogenesis (zero of
six corneas positive; Figure 5IIB). The in vivo angiostatic function of CXCL11 occurred through CXCR3, because blocking
this receptor restored the angiogenic activity of either CXCL8
(five of six corneas positive; Figure 5IC) or bFGF (six of six
corneas positive; Figure 5IIC).
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Figure 2. Systemic administration of
CXCL11 attenuates the histopathology
of bleomycin-induced pulmonary fibrosis. Panel I: Histopathology of lungs
(⫻400) treated with control (MSA; A ) as
compared with CXCL11 (B ). Panel II:
Morphometric analysis of tissue density
of lungs treated with control (MSA) as
compared with CXCL11. In total, 10 random fields of hematoxylin and eosin–
stained lung sections (n ⫽ 6) from six
lungs of mice treated with either CXCL11
or MSA were examined for the presence
of fibrosis. ***p ⬍ 0.005. Bleo ⫽ bleomycin; MSA ⫽ murine serum albumin.

basis, we next assessed whether systemic CXCL11 treatment
inhibited aberrant vascular remodeling during bleomycininduced pulmonary fibrosis. Lung homogenate samples were
isolated 12 days following bleomycin from mice that had been
treated with either MSA, CXCL11 plus anti-mCXCR3, or CXCL11
plus normal goat serum (CTRL Ab), and assayed in vivo in
the cornea micropocket assay. Lungs from mice treated with
CXCL11 demonstrated decreased angiogenic activity (one of
six corneas positive; Figure 6IB), when compared with lungs

from MSA control animals (six of six corneas positive; Figure
6IA), or from CXCL11 plus anti-mCXCR3–treated mice (six of
six corneas positive; Figure 6IC). To substantiate further that
CXCL11 attenuated aberrant vascular remodeling in vivo, we

TABLE 1. SYSTEMIC CXCL11 DOES NOT AFFECT THE
INFILTRATION OF LEUKOCYTE SUBPOPULATIONS IN
THE LUNG DURING BLEOMYCIN-INDUCED PULMONARY
FIBROSIS AS ASSESSED BY FLUORESCENCE-ACTIVATED
CELL SORTER ANALYSIS
% Bleomycin ⫹ MSA
CD45
CD3
CD4
CD8
NK1.1
Ly-6G
Mac
CD45⫹CXCR3

41
13.2
6.9
6.4
5.7
6.8
17
18.4

⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

% Bleomycin ⫹ CXCL11

2
1.4
0.9
1.1
0.4
0.7
0.9
1.1

Definition of abbreviation: MSA ⫽ murine serum albumin.

44.8
13.7
7.6
5.6
6.2
6.3
15.3
18.2

⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

1.9
1.3
0.6
0.6
0.4
0.3
0.8
2.4

Figure 3. CXCL11 does not affect the proliferation of murine fibroblasts
in response to PDGF. Experiments were performed in triplicate. Data
are expressed as mean ⫾ SEM cpm per condition. **p ⬍ 0.01, above
unstimulated control.
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Figure 4. CXCL11 does not affect the chemotaxis of human fibroblasts
in response to PDGF or EGF. Experiments were performed in triplicate.
Data are expressed as mean ⫾ SEM. **p ⬍ 0.01, above unstimulated
control.

performed fluorescence-activated cell sorter (FACS) analysis
of lung endothelial cells under similar conditions. Systemic
CXCL11 treatment during bleomycin-induced pulmonary fibrosis resulted in marked reduction in the number of endothelial
cells in the lung (Figure 6II).

DISCUSSION
Our findings have demonstrated that altering the proangiogenic
environment in the lung during bleomycin-induced pulmonary
fibrosis with the IFN-inducible CXC chemokine, CXCL11, results in the following: (1 ) a reduction in total lung collagen and
gene expression of procollagen type I; (2 ) amelioration of the
histopathologic fibrosis in the lung; (3 ) no change in intrapulmonary subpopulations of leukocytes or change in pulmonary fibroblast proliferation, fibroblast gene expression of procollagen,
or fibroblast migration in response to PDGF and EGF; and
(4 ) attenuated angiogenic activity and aberrant vascular remod-
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eling in the lung during bleomycin-induced pulmonary fibrosis.
Studies directed at understanding the pathogenesis of IPF have
primarily focused on mechanisms related to fibroplasia and deposition of extracellular matrix. Multiple disorders associated
with fibroproliferative changes are also associated, however, with
aberrant vascular remodeling (35). In fact, angiogenesis is a
pivotal process necessary for the histopathologic changes that
characterize most fibroproliferative disorders. For example, aberrant vascular remodeling has been shown to play a role in
pathogenesis of fibrosis associated with acute lung injury and
sarcoidosis (13, 36, 37). Turner-Warwick (8) demonstrated the
existence of morphologic neovascularization in the lungs of patients with widespread IPF. Furthermore, the contribution of
aberrant neovascularization to the pathogenesis of fibrosis in IPF
has only recently been appreciated (38–40). Other investigators
have also demonstrated the importance of neovascularization in
a rat model of bleomycin-induced pulmonary fibrosis by using
scanning electron microscopy to demonstrate the close association of neovascularization with pulmonary fibrosis, and the
formation of systemic-pulmonary anastomoses (34). Taken together, these findings highlight the association between multiple chronic fibroproliferative disorders and aberrant vascular
remodeling.
Previous work from this laboratory has demonstrated that
the balance between angiogenic and angiostatic factors is central
to the pathogenesis of pulmonary fibrosis (11, 23, 24, 41). We
have previously shown that in IPF and during bleomycin-induced
pulmonary fibrosis, a proangiogenic environment exists in the
lung (11, 23, 24). For example, depletion of CXCL8 or CXCL10
resulted in a marked reduction or enhancement of lung IPF
tissue-derived angiogenic activity, respectively (11). Moreover,
systemic treatment of mice with CXCL10, after intratracheal
bleomycin, inhibited bleomycin-induced pulmonary fibrosis by
decreasing angiogenesis (24). Recently, we have demonstrated
that the ELR⫹ chemokine, CXCL5, is also markedly increased
in the lungs of patients with IPF, when compared with patients
without pulmonary fibrosis. Taken together, these results confirm
the importance of the CXC chemokine angiogenic-angiostatic balance in the lung, which is altered in the IPF lung and during the
pathogenesis of bleomycin-induced pulmonary fibrosis.

Figure 5. CXCL11 inhibits CXCL8- and bFGFinduced angiogenesis in the cornea micropocket
assay in a CXCR3-dependent manner. Panel I:
(A ) CXCL8 (80 ng/pellet) alone; (B ) CXCL8 ⫹
CXCL11 (80 ng/pellet) ⫹ CTRL Ab; (C) CXCL8 ⫹
CXCL11 ⫹ anti-CXCR3 Ab. Panel II: (A ) bFGF
(50 ng/pellet) alone; (B ) bFGF ⫹ CXCL11
(80 ng/pellet) ⫹ CTRL Ab; (C) bFGF ⫹ CXCL11 ⫹
anti-CXCR3 Ab. All images are representative of
n ⫽ 6 corneas per group.
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Figure 6. Systemic CXCL11 treatment reduces
angiogenic activity and vascular remodeling in
the lungs of mice during bleomycin-induced
pulmonary fibrosis in a CXCR3-dependent
manner. Panel I: Lung tissue homogenate angiogenic activity (cornea micropocket assay
of angiogenesis) from bleomycin-challenged
mice treated with MSA alone (A ); CXCL11 ⫹
CTRL Ab (B ); or CXCL11 ⫹ anti-CXCR3 Ab
(C ) at 12 days. Panel II: FACS analysis of the
pan-endothelial cell marker, MECA-32, for
quantitation of lung endothelial cells from
mice exposed to bleomycin under conditions
of systemic treatment with MSA or CXCL11.
Number of corneas assessed per condition, n ⫽
6. Data represent the mean ⫾ SEM (n ⫽ 6 lungs
in each group). *p ⬍ 0.05. Bleo ⫽ bleomycin;
MSA ⫽ murine serum albumin.

A recent study has raised the potential of a survival advantage
for IPF patients treated with IFN-␥-1b (4). In a subsequent
study, systemic treatment with IFN-␥-1b seems to decrease the
expression of profibrotic, proinflammatory, and angiogenic molecules, while markedly increasing the expression of CXCL11,
but not CXCL9 or CXCL10 (5). To elucidate further whether
the potential beneficial effects of IFN-␥-1b treatment in IPF
patients were related to the expression in CXCL11, we studied
the effects of systemic CXCL11 administration in a preclinical
murine model of pulmonary fibrosis.
Administration of CXCL11 intramuscularly every day from
0 to 12 days led to reduced total lung collagen and procollagen
I gene expression, compared with vehicle control–treated mice.
Furthermore, histopathologic analysis of lung tissue displayed a
decrease in the bleomycin-induced pulmonary fibrosis compared
with control animals. Moreover, these effects were dependent on
CXCR3, because inhibition of CXCR3 with specific neutralizing
antibodies resulted in attenuation of the ability of CXCL11 to
reduce pulmonary fibrosis. Based on these findings, we then
set forth to determine the potential mechanisms through which
CXCL11 mediated this effect. Fibroproliferation is a hallmark
of pulmonary fibrosis (33). CXCL11 treatment of pulmonary
fibroblasts had no significant effect, however, on the following
parameters: their proliferative capacity in response to PDGF,
transforming growth factor-␤–induced procollagen I gene expression, or chemotaxis of fibroblasts in response to PDGF or
EGF. Furthermore, pulmonary fibroblasts do not express the
CXCL11 receptor, CXCR3, as measured by real-time quantitative polymerase chain reaction. A recent study has demonstrated
that CXCL10 knockout mice developed a more pronounced
pulmonary fibrotic response to bleomycin and this was mediated
in part by an increased number of pulmonary fibroblasts (31).
Although the presumed mechanism for this effect was suggested
to be related to the ability of CXCL10 to inhibit fibroblast migration, CXCL10 in physiologically relevant concentrations in this
study was found only modestly to inhibit pulmonary fibroblast
migration, and fibroblasts were found not to express CXCR3
(31). Our results agree with the study (31), because we did not
find expression of CXCR3 on primary cultures of murine or

human fibroblasts. In our study, however, we found that CXCL11
in a dose-dependent manner had no effect for inhibiting chemotaxis of primary murine or human fibroblasts in response to
PDGF, EGF, or bronchoalveolar lavage fluid from bleomycinexposed animals. This finding is most consistent with the fact
that these cells do not seem to express CXCR3.
CXCL11 is a potent chemoattractant for CXCR3-expressing
cells and bleomycin-induced pulmonary fibrosis is associated
with T cell infiltration, in which CD4⫹ or CD8⫹ lymphocytes may
modulate production of profibrotic mediators from mononuclear
phagocytes (42, 43). The fibrotic response to bleomycin has been
shown to be significantly reduced in athymic mice (43). In addition, depletion of CD4⫹ and CD8⫹ lymphocytes has a greater
than additive benefit over depletion of either the CD4⫹ or CD8⫹
lymphocyte subset alone (42). Further evidence of a role for
CXCR3 and leukocyte recruitment in bleomycin-induced pulmonary fibrosis has recently been shown using CXCR3-deficient
mice. CXCR3 knockout mice developed a more pronounced pulmonary fibrosis following intratracheal bleomycin, which is in
part attributed to reduced intrapulmonary natural killer cells,
measured at baseline and following bleomycin (44). Our findings
for systemic administration of CXCL11, however, did not alter
intrapulmonary populations of leukocytes, or leukocytes expressing CXCR3, including natural killer cells. Taken together,
these studies support the notion that CXCL11 decreases bleomycininduced pulmonary fibrosis by potential alternative biologic
mechanisms.
Because previous studies have highlighted the importance of
aberrant vascular remodeling in the lungs of IPF patients (11,
38–40) and during bleomycin-induced pulmonary fibrosis (23,
24), the angiogenic activity in the lung of the CXCL11-treated
animals was evaluated. Using the cornea micropocket assay, we
confirmed that there was decreased angiogenic activity in the
lung of the CXCL11-treated bleomycin-exposed mice. This was
further confirmed by the finding of a decrease in the number of
endothelial cells in the lung. This finding indicates that CXCL11
treatment reduced intrapulmonary vascular remodeling. This is
the first study to demonstrate that CXCL11 treatment attenuates
angiogenesis in vivo.
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Although there is evidence for reduced vascular remodeling
in fibroblastic foci in the lung of patients with IPF (39, 40), these
studies did not show a reduction of overall vascular remodeling
that takes place in the lung of patients with usual interstitial
pneumonia (UIP)-IPF. In fact, Turner-Warwick (8) clearly demonstrated marked vascular remodeling in the entire lung of patients who died from IPF. Our laboratory found marked vascular
remodeling in areas of fibrosis in UIP of patients with IPF (11).
Moreover, Ebina and colleagues (38) found similar findings to
our results for vascular remodeling in the lung of patients with
UIP-IPF. In fact, these investigators demonstrated a three-dimensional image reconstruction of combined immunolocalization of
CD34 and vWF positive endothelial cells in fibrotic areas of UIPIPF as compared with normal lung (38). There is no doubt that
these data demonstrate and support the concept of marked and
significant vascular remodeling in UIP-IPF as compared with normal lung (38). Although animal models of pulmonary fibrosis
do not demonstrate areas compatible with fibroblastic foci, our
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