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Regulation of pulmonary fibrosis
by chemokine receptor CXCR3
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CXC chemokine receptor 3 (CXCR3) is the receptor for the IFN-y-inducible C-X-C chemokines MIG/CXCL9,IP-10/
CXCL10, and I-TAC/CXCL11. CXCR3 is expressed on activated immune cells and proliferating endothelial
cells. The role of CXCR3 in fibroproliferation has not been investigated. We examined the role of CXCR3
in pulmonary injury and repair in vivo. CXCR3-deficient mice demonstrated increased mortality with pro-
gressive interstitial fibrosis relative to WT mice. Increased fibrosis occurred without increased inflammatory
cell recruitment. CXCR3 deficiency resulted in both a reduced early burst of IFN-y production and decreased
expression of CXCL10 after lung injury. We identified a relative deficiency in lung NK cells in the unchallenged
CXCR3-deficient lung and demonstrated production of IFN-yby WT lung NK cells in vivo following lung inju-
ry. The fibrotic phenotype in the CXCR3-deficient mice was significantly reversed following administration
of exogenous IFN-Y or restoration of endogenous IFN-y production by adoptive transfer of WT lymph node
and spleen cells. Finally, pretreatment of WT mice with IFN-y-neutralizing Ab’s enhanced fibrosis following
lung injury. These data demonstrate a nonredundant role for CXCR3 in limiting tissue fibroproliferation and

e

suggest that this effect may be mediated, in part, by the innate production of IFN-y following lung injury.

Introduction

Diffuse progressive pulmonary fibrosis occurs in a variety of
clinical settings and can be life threatening (1-3). Pulmonary
fibrosis can occur following environmental or occupational
exposure, chronic aspiration, or in the setting of systemic illness
such as autoimmune disease (scleroderma, rheumatoid arthri-
tis, and polymyositis). Diffuse progressive pulmonary fibrosis
can also occur without an evident cause or associated systemic
disease, and this group of disorders has been termed idiopathic
interstitial pneumonias (IIPs). The most common, as well as the
most severe, form of IIP is idiopathic pulmonary fibrosis (IPF)
(1). IPF is a severe, progressive, and usually fatal lung disease
with an average survival of 2-5 years from diagnosis. The pathol-
ogy of IPF is characterized by patchy chronic interstitial inflam-
mation, ECM deposition, accumulation of myofibroblasts, and
collapse of alveoli (1). Cystic structures in the lung periphery
that occur as a result of the collapse of alveoli form a pattern
that has been termed “honeycombing.” It has been suggested
that the unremitting fibrosis is a result of multiple microinju-
ries that have occurred at different times over a long period (2,
3). The mechanisms that regulate the progression of fibrosis are
unknown. Several features of IPF have recently been described
that might provide insights into mechanisms of pathogenesis.
Fibrosis appears to progress despite a paucity of interstitial
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inflammation, suggesting there is an abnormality in the nor-
mal mechanisms that limit fibroproliferation after tissue injury.
These abnormalities have led to speculation that IPF is the result
of an abnormal fibroproliferative response to a common injury
or infection in a susceptible individual.

CXC chemokine receptor 3 (CXCR3) is the receptor for CXC
chemokines IFN-y-induced protein 10-kDa (IP-10, CXCL10),
monokine induced by IFN-y (MIG, CXCL9), and IFN-induc-
ible T cell oo chemoattractant (I-TAC, CXCL11), whose expres-
sion is dramatically upregulated by IFN-y (4, 5). CXCR3 and
its ligands act primarily on activated T and NK cells and have
been implicated in mediating the effects of IFN-y, as well as T
cell-dependent antitumor responses (6-8). CXCR3 and CCRS
are preferentially expressed on Th1 cells, whereas Th2 cells favor
the expression of CCR3 and CCR4 (9-12). CXCR3 ligands that
attract Th1 cells can concomitantly block the migration of Th2
cells in response to CCR3 ligands, thus enhancing the polariza-
tion of effector T cell recruitment (13).

Recent studies have correlated the expression of CXCR3 and
its ligands with a variety of diseases or pathological states.
Immunoreactive CXCR3 and its ligands were expressed within
atherosclerotic lesions (14, 15), suggesting that the expression of
CXCR3 and its ligands by atheroma-associated cells plays a role in
the recruitment and retention of activated T cells within vascular
wall lesions during atherogenesis. CXCR3* T cells were increased in
blood of relapsing-remitting multiple sclerosis, and CXCL10 and
CXCL9 were expressed by astrocytes in multiple sclerosis lesions
(16-18) and experimental autoimmune encephalitis (19-21).
CXCR3 expression has been documented on infiltrating cells in
rheumatoid arthritis (22-24). Hancock and colleagues found
that acute cardiac allograft rejection is accompanied by progres-
sive intragraft production of all three ligands and by infiltration
of CXCR3*-activated T cells (25, 26). Additionally, mice treated
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Figure 1

Increased mortality from progressive lung fibrosis
in CXCR3~- mice following bleomycin-induced
lung injury. (A) CXCR3~- mice and WT C57BL/6J
control mice were treated intratracheally with
bleomycin. By day 14, 53.4% of CXCR3~- mice
were dead, whereas only 13.4% mortality was
seen in WT mice. (B) Lung sections of CXCR3-~
or WT mice 10, 14, and 21 days after bleomycin
instillation were stained with trichrome and
counterstained with hematoxylin. Magpnification,
x100. Seven mice in each group were examined,
and similar results were observed. Note that WT
mice showed typical bleomycin-induced lung
injury, whereas CXCR3~~ mice exhibited dra-
matic collagen staining. (C) Lung fibrosis after
trichrome staining was quantitated by a patholo-
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gist in a blinded manner. The fibrotic area is pre-
sented as a percentage. *P = 0.05. (D) Lung tis-
sue from CXCR3~- mice and WT controls 14 and
21 days after bleomycin treatment was collected
and assayed for collagen content using a conven-
tional hydroxyproline assay. This is representa-
tive of three similar experiments. **P < 0.05.
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with an anti-CXCR3 mAb showed prolongation of allograft sur-
vival, and CXCR3-deficient mice showed a profound resistance
to acute allograft rejection (25). Collectively, these studies have
suggested a critical role for CXCR3 in recruiting activated T cells
to sites of immune-mediated inflammation.

The role of CXCR3 in tissue injury and repair has not been
investigated. Polarized T cell responses have been suggested to
play important roles in the development of tissue fibrosis (27).
Th1 cells producing IFN-y and IL-12 have been demonstrated
to limit the development of tissue fibrosis, whereas Th2 cells
producing IL-4 and IL-13 have been shown to exaggerate tis-
sue fibrosis (27-29). CXCL10 has also been shown to ameliorate
lung fibrosis following bleomycin-induced injury (30). A recent
study in patients with IPF suggested that progressive lung fibro-
sis is associated with a relative deficiency in IFN-y mRNA expres-
sion (31). In this study we directly examined the role of CXCR3
in pulmonary injury, inflammation, and fibrosis in vivo. Using
the well-characterized intratracheal bleomycin model of lung
injury, inflammation, and fibrosis in CXCR3-deficient mice, we
found that CXCR3 plays a major, nonredundant role in limiting
lung fibrosis in response to noninfectious tissue injury by pro-
moting endogenous production of IFN-y. In addition, we identi-
fied a previously unrecognized role for CXCR3 in maintaining
NK cell homeostasis in the normal, unchallenged lung.

Results

Increased mortality from progressive fibrosis in CXCR3-deficient mice
following noninfectious lung injury. To examine the role of CXCR3
in noninfectious lung injury and repair bleomycin was instilled
intratracheally into CXCR3-deficient mice backcrossed six gen-
erations onto the C57BL/6] background and WT littermate con-
trols. Bleomycin initially causes an oxidant-mediated injury char-
acterized by an inflammatory response that peaks by day 7-9.
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Resolution and resultant patchy fibrosis complete the response
(32). We observed that CXCR3-deficient mice were more suscep-
tible to bleomycin-induced lung injury and suffered a significant
increase in mortality relative to the WT mice (53.4% CXCR3-defi-
cientversus 13.4% death; Figure 1A). Histologic evaluation of the
lung tissue from mice 10, 14, and 21 days after bleomycin treat-
ment revealed that CXCR3-deficient mice developed a distinct
pattern of interstitial fibrosis relative to the WT mice (Figure
1B). The WT mice showed the limited patchy fibrosis typical of
bleomycin-induced lung injury, whereas the fibrosis pattern in
the CXCR3-deficient mice was more severe and extensive and
suggestive of the cystic honeycomb pattern observed in patients
with IPF. Quantitation of fibrotic lung sections by a blinded
pathologistillustrated an increase in fibrosis in the CXCR3-defi-
cient mice compared with WT mice (Figure 1C). Furthermore,
quantitation of collagen content supported the lung histology
results and documented that at 21 days there were significant
increases in collagen deposition in the CXCR3-deficient animals
relative to WT controls (Figure 1D). Importantly, the fibrosis
was progressive in the CXCR3-deficient animals but not the WT
C57BL/6] control group (data not shown).

CXCR3-deficient mice exhibit defective lymphocyte and NK cell
recruitment after noninfections lung injury. Examination of the
inflammatory response after bleomycin-induced lung injury
revealed an insignificant reduction in total inflammatory cells
in the bronchoalveolar lavage (BAL) fluid from CXCR3-deficient
animals over 14 days as compared with WT animals (Figure 2A).
Thus, the CXCR3-deficient mice developed severe progressive
lung fibrosis without a significant increase in inflammatory
cell recruitment. This observation led us to further examine
the recruitment of specific subsets of inflammatory cells fol-
lowing lung injury. Differential counts of the BAL cells demon-
strated fewer total lymphocytes in CXCR3-deficient mice after
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Figure 2

CXCR3~mice exhibit a defect in lymphocyte and NK cell recruitment after lung injury. (A—D) After bleomycin treatment, BAL cells were collected on
the indicated days and total cell (A) and differential cell counting (B—D) were performed (cells x 10%). Five mice were in each group at each time point.
PMN, polymorphonuclear leukocytes. **P < 0.05. (E) FACS analysis of BAL cells using specific Ab’s to CD3, CD8, CD4, and the NK cell marker,
NK1.1. Percentages of CD3+, CD8+, CD4+, and NK1.1+ cells were plotted. Five animals in each group were tested. *P < 0.01, **P < 0.05.

bleomycin-induced lung injury at day 7 compared with WT con-  modest (Figure 2, B and C). We next analyzed specific leukocyte
trols (Figure 2D). The differences in macrophage and neutrophil ~ populations by flow cytometry. There were significantly fewer
recruitment between CXCR3-deficient and WT animals were CD3" cells in the BAL fluid from the CXCR3-deficient mice after
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Figure 3

NK and NK T cell deficiency in CXCR3-- mice. FACS analysis of NK cells from lung, liver, and peripheral blood using specific Ab to the NK cell
marker, NK1.1, and T cell markers CD3 or a3 TCR. (A) Single cell homogenates from unchallenged lungs of WT C57BL/6 and CXCR3-- mice
were stained with NK1.1 and anti-CD3e and were subject to flow-cytometric analysis. Analysis was performed on lymphocyte-gated events. The
percentages of NK1.1+*CD3- or NK1.1+CD3* populations are indicated. Four animals in each group were tested. Similar results were obtained in
four separate experiments. (B) FACS analysis of NK and NKT cells from liver. The percentage of NK1.1+CD3- or NK1.1+*CD3* populations are
indicated. Four animals in each group were tested. Similar results were obtained in three separate experiments. (C) FACS analysis of NK cells
from peripheral blood. The percentages of NK1.1*o TCR- population are indicated. (D) Intracellular staining for IFN-y. Single-cell homogenates
from C57BL/6 mice challenged with bleomycin for 24 hours were stained for cell surface markers NK1.1 and CD3 and for intracellular IFN-y. After
gating on CD3* and NK1.1+, the percentage of IFN-y—producing cells from CD3-NK1.1+ and CD3+*NK1.1- populations is shown.
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Figure 4

Reduced expression of IFN-y and
CXCRS3 ligands in CXCRS3-deficient
mice following bleomycin-induced lung
injury. Levels of IFN-y protein in BAL
(A) and in lung homogenates (B) in
CXCRS3-deficient and WT mice follow-
ing bleomycin-induced lung injury were
measured using ELISA. *P < 0.01;
**P < 0.05. (C) Levels of CXCRS3 ligand
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Northern blot. Aldolase was used as
an internal control for equal loading of
samples. k, CXCR3-. (D) Levels of
CXCRS ligand CXCL10 protein in the
mouse lungs treated with bleomycin
intratracheally at indicated days were
assayed with ELISA. Similar results
were obtained in three separate exper-
iments. *P < 0.01; **P < 0.05.
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bleomycin acute lung injury (Figure 2E). In addition, we found
a selective reduction in CD8" T cell recruitment to the lung in
CXCR3-deficient mice (Figure 2E). We also identified a striking
defectin NK cells at day 7 following bleomycin treatment. These
data suggest that CXCR3 is required to recruit CD8" T cells and
NK cells after lung injury. We then examined leukocyte content
in whole lung tissue in the unchallenged WT and CXCR3-defi-
cient mice. Much to our surprise, we found a profound and pre-
viously unrecognized deficiency in lung NK cells in the CXCR3-
deficient mice. As shown in Figure 3A (see also Supplemental
Figure S1A; supplemental material available at http://www.jci.
org/cgi/content/full/114/2/291/DC1), CXCR3-deficient mice
had markedly reduced NK cells in the unchallenged lung relative
to control mice. We also examined the NK cell population by
flow cytometry in liver and peripheral blood. As shown in Figure
3, there was a similar deficiency in liver (Figure 3B and Supple-
mental Figure 1B) and peripheral blood (Figure 3C and Supple-
mental Figure S1E) in the CXCR3-deficient mice as found in the
lung. Dual staining for NK1.1* and CD3 revealed a marked defi-
ciency in NK-T cells in the liver (Figure 3B and Supplemental
Figure S1D) and potentially in lung (Figure 3A and Supplemen-
tal Figure S1B). These data suggest that CXCR3 is required for
normal homeostasis of NK and NK T cells in the unchallenged
host. Importantly, we were able to demonstrate that 24 hours
after lung injury, at the time when IFN-y production peaks (see
below), CD3-NK1.1* cells but not CD3*NK1.1- cells from lung
tissue of WT C57BL/6] mice produce IFN-y in vivo (Figure 3D).

Reduced expression of IFN-Y and CXCR3 ligands in CXCR3-deficient
mice following lung injury. We next examined the expression of
IEN-y and CXC chemokines following bleomycin-induced lung
injury. IFN-y levels were increased in both BAL and lung tissue
homogenates in WT mice at day 1 after bleomycin treatment
(Figure 4, A and B). This transient burst in IFN-y production dis-
sipated by day 3. We found a significant reduction in the burst
of IFN-y production following tissue injury in CXCR3-deficient
mice (Figure 4, A and B). These data show, we believe for the
294
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first time, that CXCR3 is required for optimal IFN-y production
following acute lung injury. As shown in Figure 3D, the cellu-
lar source of the innate burst of IFN-y is resident NK cells. We
also examined CXCR3 ligand expression and found increased
CXCL10 mRNA expression and protein production in lung
tissue obtained from WT mice that peaked at day S following
bleomycin lung, but not in CXCR3-deficient mice (Figure 4, C
and D). These data demonstrate that CXCR3 is required for opti-
mal IFN-y expression, and CXCR3-deficient mice are defective in
their ability to express CXCR3 ligands following lung injury.

Exogenous IFN-y partially reverses the fibrotic phenotype in CXCR3-
deficient mice. To test the hypothesis that the transient burst of
IFN-y after noninfectious lung injury has an important role
in regulating the fibroproliferative response, we administered
exogenous IFN-y by intramuscular injection to CXCR3-defi-
cient mice subjected to bleomycin-induced lung injury. IFN-y
protein can be detected in both BAL and lung tissue 24 hours
after injection, and we titrated the dose delivered intramuscu-
larly that would deliver concentrations in the BAL similar to
those detected in WT mice after bleomycin treatment (data
not shown). The transient administration of exogenous IFN-y
delivered only during the first 48 hours after lung injury signifi-
cantly inhibited the development of lung fibrosis as measured
by quantitative assessment of lung collagen content at 21 days
(Figure 5A). These data support the hypothesis that IFN-y limits
the extent of fibrosis after injury. The incomplete inhibition in
the development of tissue fibrosis by exogenous IFN-y suggests
that CXC chemokines may have direct protective effects against
tissue fibrosis independent of IFN-y.

IFN-y-neutralizing Ab treatment increases tissue fibrosis following
noninfectious lung injury. To directly explore the role of endog-
enous IFN-y in bleomycin-induced lung injury, we adminis-
tered IFN-y-neutralizing Ab 24 hours prior to bleomycin in WT
C57BL/6] mice. As shown in Figure 5B, collagen content mea-
sured at day 21 after lung injury was significantly increased in
the mice treated with IFN-y-neutralizing Ab, but not the isotype-
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In summary, we have provided several
lines of evidence to demonstrate a non-
redundant role for CXCR3 in limiting
the extent of lung fibrosis following
noninfectious injury. In addition, these
data suggest that endogenous IFN-y
production occurring early following
noninfectious lung injury regulates the
subsequent fibroproliferative response.
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IFN-y regulates lung fibrosis. (A) Lung injury was induced in CXCR3-deficient (KO) or WT mice by
intratracheal instillation of bleomycin. For one group of CXCR3-deficient mice, recombinant IFN-y
was injected intramuscularly 20 hours before and repeated 24 and 48 hours after bleomycin treat-
ment. On day 21 after bleomycin instillation, the lungs were harvested and assayed for collagen
content. (B) Neutralizing IFN-y Ab worsens lung fibrosis. IFN-y or isotype-matched control Ig was
given to C57BL/6J mice 24 hours before bleomycin lung injury. Collagen contents were assayed
on day 21 following injury in C57BL/6J mice. Six to seven mice per group were used.

matched control Ab. These data further support the concept
that the endogenous production of IFN-y following noninfec-
tious lung injury regulates the fibroproliferative response.

Adoptive transfer of CXCR3* LNs and spleen cells restores endog-
enous IFN-Y production and partially reverses the fibrotic phenotype
in CXCR3-deficient mice. In an attempt to provide additional evi-
dence for a direct role of CXCR3 and IFN-y in regulating the
fibroproliferative response to noninfectious lung injury, we per-
formed adoptive transfer experiments. Single cell suspensions
from spleen and LNs from CXCR3-deficient and WT mice were
transferred to CXCR3-deficient mice. Bleomycin was admin-
istered, and CXCR3" cell recruitment, IFN-y production, and
hydroxyproline content were evaluated. As shown in Figure 6A,
we partially reconstituted CXCR3* lung cells in CXCR3-defi-
cient mice by transfer of WT cells. Additionally, adoptive trans-
fer of CXCR3" cells significantly restored IFN-y production in
CXCR3-deficient mice (Figure 6B). Finally, the fibrotic pheno-
type in CXCR3-deficient mice was significantly reversed by the
transfer of WT cells (Figure 6C). These data show that CXCR3"*
cells are required for the early production of IFN-y following
noninfectious lung injury.

No Ab  IgG

Discussion

IFN
Y The mechanisms that regulate progres-

sive tissue fibrosis are incompletely
characterized. An important and under-
appreciated aspect of progressive fibro-
sis is a failure of endogenous inhibi-
tory mechanisms to limit response to
an acute insult (2). Here we present
evidence in support of a key role for
CXCR3 in limiting fibrosis following
noninfectious lung injury. We found
that in the absence of CXCR3, a severe,
progressive, interstitial fibrosis develops
in response to bleomycin-induced lung injury. The lung pathol-
ogy in the CXCR3-deficient mice is distinct from that observed
in WT mice following bleomycin treatment and is suggestive of
the cystic honeycomb pattern observed in IPF. The progressive
interstitial fibrosis occurred without an increase in lung inflam-
mation. This dissociation between inflammation and fibrosis
has recently been suggested to be characteristic of IPF (2, 33).
The phenotype observed in the CXCR3-deficient mice follow-
ing lung injury suggests that CXCR3 limits the extent of fibrosis
after lung injury. To further characterize this fibrotic phenotype,
we examined leukocyte recruitment following lung injury and
found no difference between the CXCR3-deficient mice and WT
in the influx of neutrophils or monocytes. Evaluation of T cell
and NK cell recruitment revealed, however, a selective decrease
in CD8" T cells and NK cell recruitment to the lung in CXCR3-
deficient mice at day 7 following lung injury. Previous studies
involving CXCR3 have suggested that CXCR3-expressing cells
may potentiate Th1 responses. We therefore examined the time
course of IFN-y production after lung injury. We observed results
similar to those that have previously been reported following
bleomycin lung injury; IFN-y production in both BAL fluid and
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Figure 6

Adoptive transfer of CXCR3+ leukocytes partially reverses the fibrotic response. CXCR3~~ mice were injected intravenously with CXCR3+ or
CXCR3 leukocytes isolated from spleen and LNs. Following bleomycin-induced lung injury, CXCR3* recruitment to the lung on day 7 (A), IFN-y
production at day 1 (B), and hydroxyproline content on day 21 (C) were analyzed. P values are indicated.
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lung tissue increases several-fold and peaks at 24 hours follow-
ing lung injury (34). We found, however, that CXCR3-deficient
mice produced significantly less IFN-y relative to WT mice at
24 hours after bleomycin-induced lung injury. The major find-
ing in this study is that the early and transient burst of IFN-y
that dissipates by day 3 has a critical role in regulating the ensu-
ing fibroproliferative response that is measured at 21 days. We
provide several lines of independent evidence in support of this
hypothesis. First, the transient delivery of exogenous IFN-y sig-
nificantly reversed the fibrotic phenotype. This is direct evident
that the early burst of IFN-y orchestrates a program of events
that influence the subsequent fibroproliferative response. This
result does not prove that CXCR3 is required for the endogenous
IFN-y production, however. Therefore, in order to provide direct
evidence for a critical role for CXCR3-expressing cells in regulat-
ing the fibroproliferative response, we performed adoptive trans-
fer experiments. We found that restoring CXCR3" cells from LNs
and spleens of WT mice significantly reversed the phenotype in
CXCR3-deficient mice. We were able to demonstrate the pres-
ence of CXCR3" cells in the BAL fluid after bleomycin treatment
in the CXCR3-deficient mice that received WT immune cells.
Importantly, the endogenous IFN-y production was restored in
the CXCR3-deficient mice receiving CXCR3" immune cells. This
is strong evidence that CXCR3* cells are required for generat-
ing IFN-y after acute lung injury. In addition, restoring CXCR3*
cells and endogenous IFN-y production by adoptive transfer sig-
nificantly reversed the fibrotic phenotype at 21 days. These data
support our hypothesis that the defect in IFN-y production in
the CXCR3-deficient mice contributes to the fibrotic phenotype.
Finally, in order to determine if endogenous IFN-y production
has a role in regulating the fibroproliferative response in WT
mice, we treated WT mice with IFN-y-neutralizing Ab. The IFN-y-
neutralizing Ab used in this study has been shown to be effective
in vivo within 6 hours of intraperitoneal administration and for
a duration up to 14 days (35, 36). We found that treatment with
IFN-y-neutralizing Ab resulted in a significant increase in lung
fibrosis at 21 days in C57BL/6] mice after bleomycin treatment
relative to isotype control Ab’s. Collectively, these data strongly
support that the fibrotic phenotype observed in the CXCR3-defi-
cient mice following lung injury is due to a failure to generate
sufficient IFN-y within 24 hours to orchestrate a series of events
that limit fibroproliferation.

We then turned our attention to the source of the IFN-y at 24
hours following lung injury. These data suggest that the source
of IFN-y must be from an innate mechanism rather than an
adaptive response, since the production occurs prior to T cell
recruitment. To identify potential sources of IFN-y, we examined
leukocyte populations in the unchallenged lung tissue. We iden-
tified a previously unrecognized role for CXCR3 in regulating
immune cell homeostasis in the naive host. The unchallenged
lung was found to be deficient in NK cells. In accordance with
previously published reports, approximately 10% of leukocytes
in the naive lung are NK cells (37, 38). This readily discernible
population is absent in the CXCR3-deficient lung, however. To
determine if this defect was restricted to the lung we examined
both NK and NK T cell populations in the liver and peripheral
blood. We found that both populations were reduced in the liver
and NK cells in peripheral blood of naive animals. These data
show, we believe for the first time, that CXCR3 is required for
NK and NK T cell homeostasis in the unchallenged host.

296

The Journal of Clinical Investigation

hetp://www.jci.org

Several studies have shown a role for CXCR3 is that of recruit-
ing T cell subsets to sites of immune-mediated inflammation
(18, 39-43). These studies have shown that CXCR3 mediates
recruitment of T cell subsets that are capable of producing IFN-y.
In addition, these studies have shown that inhibiting CXCR3
functions abrogates immune-mediated tissue pathology, par-
ticularly when the process is antigen driven. Thus, CXCR3 has
been shown to be expressed on activated T cells and mediates
certain T cell-driven processes. Our data are the first to suggest
that CXCR3 has a role in mediating immune cell homeostasis of
unchallenged leukocyte populations. Furthermore, our data are
the first to show that loss of CXCR3 function leads to an exag-
gerated tissue response to injury. Our data suggest that CXCR3 is
required for the optimal production of IFN-y at 24 hours follow-
ing nonimmune-mediated acute lung injury. There are several
potential sources of the IFN-y production. Our data suggest that
NK cells may be an important source, but we cannot exclude a
role for NK T cells, ¥ T cells, or other CD3* T cells. We were
not able to identify a discernible population of NK T cells in the
naive lung, but it is likely that there would be more that one cel-
lular source contributing to this innate burst of IFN-y produc-
tion. It is clear from the data, however, that this innate burst of
IFN-y is CXCR3 dependent. An important distinction between
the findings in this study and published work on CXCR3 is that
several studies have shown a critical role for CXCR3 in regulating
immune-mediated recruitment of T cells, NK cells, and dendritic
cells (39, 41, 42, 46). All of these studies have shown that target-
ing CXCR3 reduces immune cell recruitment and ameliorates
the immune-mediated pathobiology. These studies suggest
that targeting CXCR3-ligand interactions may be an important
therapeutic intervention to prevent immune-mediated disease.
Our findings are completely different and suggest a novel role
for CXCR3 as an inhibitor of tissue fibroproliferation in non-
immune-mediated tissue injury. These data suggest that restor-
ing CXCR3 function may have a therapeutic role in preventing
excessive fibroproliferation. Thus, CXCR3 may have very distinct
functions, depending on the nature of the insult to the host.

Several studies have shown that IFN-y can limit lung fibro-
sis caused by exogenous fibrogenic agents (47-49). Exogenous
IFN-y has recently been suggested to improve lung function in
patients suffering from progressive IPF (31). The patients that
showed improved lung function following exogenous admin-
istration of IFN-y were found to be deficient in IFN-y mRNA
expression relative to patients without IPF (31). More recently,
a much larger clinical trial failed to reproduce the findings in
the Ziesche study (3). There was a survival benefit in patients
who received IFN-yand adhered to the treatment protocol, how-
ever, suggesting that IFN-y may be beneficial in some patients
with IPF (3). Nevertheless, the mechanisms by which IFN-y may
benefit patients with IPF are unknown. In this study we tested
the hypothesis that CXCR3, the receptor for the IFN-y-induc-
ible chemokines CXCL10, CXCL9, and CXCL11, is required for
IFN-y production following lung injury and that endogenous
IFN-y production limits fibrosis after lung injury. We demon-
strated a relative deficiency in IFN-y production in the CXCR3-
deficient mice. We provided data from several approaches that
suggest that the production of IFN-y following noninfectious
lung injury regulates the fibroproliferative response. These data
place CXCR3 expression proximal to IFN-y production after
noninfectious lung injury.
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CXCL10 has been shown to inhibit the development of
bleomycin-induced lung fibrosis, suggesting that CXC chemokines
can mediate antifibrotic effects of IFN-y (30). It is also possible that
CXCLI10 exerts antifibrotic effects independent of IFN-y. CXCR3-
deficient mice were found to have decreased expression of CXCL10,
which could contribute to the fibrotic phenotype independent of
IEN-y effects. In contrast to the inhibitory effects of exogenous
IEN-y on the development of lung fibrosis and the exacerbation
of fibrosis in the presence of IFN-y-neutralizing Ab’s observed in
this study, IFN-y-deficient mice were recently shown to develop
less fibrosis after bleomycin-induced lung injury relative to WT
mice (34). This decrease in fibrosis correlated with less inflam-
mation following lung injury. CXCL10 chemokine expression
was not examined in this study. Possible explanations for these
findings could be a developmental effect of constitutive IFN-y
deficiency on lymphopoiesis as well as potential compensation
from other IFNs or CXC chemokines such as CXCL10. A signifi-
cant difference between the CXCR3-deficient and IFN-y-deficient
mice treated with bleomycin is that the [IFN-y-deficient mice had a
blunted acute inflammatory response that was not observed in the
CXCR3-deficient mice. We have no other explanation, however, for
the divergent data obtained from neutralizing IFN-y Ab treatment
and IFN-y-deficient mice following noninfectious lung injury.

The data obtained in this study support the concept that, follow-
ing tissue injury, the production of endogenous IFN-y serves the
important function of limiting the extent of tissue remodeling and
fibrosis. The mechanisms by which IFN-y inhibits tissue fibrosis
in vivo are unknown, but in vitro studies have suggested that one
mechanism can be through the inhibition of TGF-B1-signaling
pathways (50). The data presented in this study provide evidence
that CXCR3 is required to limit tissue fibrosis in vivo after injury.
In the absence of functional CXCR3, progressive interstitial fibro-
sis develops in response to lung injury with a relative deficiency in
endogenous IFN-y production. Thus, CXCR3 appears to have an
important and nonredundant role in regulating repair processes fol-
lowing tissue injury. A paradigm shift in the pathogenesis of IPF has
recently been proposed with the suggestion that progressive fibrosis
occurs as a result of pathways leading to fibroblast proliferation and
ECM deposition independent of the inflammatory response (33).
One potential mechanism to explain this paradigm would be a func-
tional defect in CXCR3 expression leading to insufficient IFN-y pro-
duction after lung injury and a failure to antagonize the profibrotic
signals generated during the injury and repair process.

Methods
CXCR3-deficient mice, bleomycin administration, and BAL. CXCR3-
deficient mice were described previously (25). The mice have been
crossed onto the C57BL/6] background for more than five genera-
tions. Age- and sex-matched WT C57BL/6] mice were purchased
from The Jackson Laboratory (Bar Harbor, Maine, USA). All ani-
mal experiments were approved by the Institutional Animal Care
and Use Committee at Yale University. Under anesthesia, 5 U/kg
Blenoxane (Bristol-Meyers Squibb Co., Princeton, New Jersey,
USA) in 25 pl PBS was instilled into the mouse trachea with a 25-G
needle inserted between the cartilaginous rings of the trachea.
Control animals received saline alone. The tracheostomy site was
sutured, and the animals were allowed to recover.

To lavage, mice were anesthetized, and the lungs and heart
were surgically exposed. The trachea was cannulated and the
lungs lavaged three times with 0.8-ml aliquots of PBS. The live

The Journal of Clinical Investigation

http://www.jci.org

research article

cells were recovered and counted using a hemocytometer. Cyto-
spin preparations of BAL cells were stained with Protocol Hema3
(Biochemical Sciences Inc., Swedesboro, New Jersey, USA), and
differential cell counts were performed.

Histology. Seven mice in each group were sacrificed following a
time course after the induction of lung injury by transection of the
aorta under anesthesia. The trachea was cannulated, and the lungs
inflated with 1 ml of 10% formalin. The tissues were fixed overnight,
embedded in paraffin, and sectioned for staining with trichrome.

Hydroxyproline assay. Collagen contents in lungs of four to six mice
in each group were measured with a conventional hydroxyproline
method (32). The ability of the assay to completely hydrolyze and
recover hydroxyproline from collagen was confirmed using sam-
ples containing known amounts of purified collagen.

Fibrosis quantitation. Lung fibrosis was quantitated by a blinded
pathologist as follows. Sections were stained with trichrome.
Slides were sampled with a random-start systematic sampling
scheme using a 6-mm-grid randomly superimposed on the slide
to indicate areas to evaluate. Digitized images of the slide were
obtained using a X2 objective on an Olympus BH-2 microscope
(Olympus America, Melville, New York, USA) with a Sony DXC-
970MD camera (Sony America, New York, New York, USA) and
an IXTV capture card (IxMicro, San Jose, California, USA) on an
Apple Macintosh G3 computer (Apple Computer Inc., Cupertino,
California, USA). Images were then opened in Photoshop Ele-
ments (Adobe Systems Inc., San Jose, California, USA). The overall
area of the lung was obtained by manual outlining. The area of the
lung that was fibrotic was then outlined and the area obtained.
The pixels of total versus fibrotic tissue were then summed over
each lung and a percentage was obtained.

ELISA. Levels of IFN-y (BD Biosciences - Pharmingen, San
Diego, California, USA) and CXCL10O (R&D Systems Inc., Min-
neapolis, Minnesota, USA) proteins in the BAL and whole lung
tissue lysates were measured with commercial ELISA kits accord-
ing to the manufacturers’ instructions. Lungs were harvested after
perfusion to remove blood and were homogenized in 62.5 mM
Tris buffer with protease inhibitors before ELISA measurement.

Analysis of mRNA. Levels of mRNA were assessed using North-
ern blot analysis. Total RNA was extracted using TRIzol Reagent
(Invitrogen Corp., Carlsbad, California, USA) according to the
manufacturer’s instructions. Twenty micrograms of total RNA
was electrophoresed under denaturing conditions through a 1%
formaldehyde-containing agarose gel, and RNA was transferred to
Nytran hybridization filters (Schleicher and Schuell Inc., Keene,
New Hampshire, USA). RNA was cross-linked to the filter by UV
cross-linking (Stratagene, La Jolla, California, USA), and the blots
were hybridized overnight with 10¢ cpm/ml of 32P-labeled DNA
synthesized by the random prime method (New England Biolabs
Inc., Beverly, Massachusetts, USA). Following hybridization, blots
were washed and exposed at -70°C against Kodak XAR diagnostic
film. Differences in RNA loading were documented by hybridizing
selected blots with 32P-labeled cDNA for aldolase.

Flow-cytometric analysis. Mouse lungs were harvested after
perfusion to remove blood, and the lung cells were isolated by
digestion in digestion buffer (150 U/ml collagenase IV, 50 U/ml
DNase I, 5% FCS in PBS) at 37°C for 30 minutes and minced
against a filter. The lung cells or BAL cells were resuspended in
PBS containing 1% BSA and 0.02% sodium azide. Nonspecific
binding was blocked by incubating with 25 ug/ml Fc Block (BD
Biosciences - Pharmingen) for 15 minutes at 4°C. Samples were
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incubated with Ab’s to CD3, CD4, CD8, and/or NK1.1 (CD161).
All Ab’s were obtained from BD Biosciences - Pharmingen. Ab to
CXCR3 was obtained from Zymed Laboratories Inc. (San Fran-
cisco, California, USA) and PE-conjugated secondary Ab from
Jackson ImmunoResearch Laboratories Inc. (West Grove, Penn-
sylvania, USA). Samples were washed twice with PBS and then
fixed in 2% paraformaldehyde. Flow cytometry was performed
after gating on the lymphocyte population using a FACScaliber
analytical flow cytometer (Becton-Dickinson Immunocytometry
Systems, Mountain View, California, USA) and analyzed using
CellQuest Pro software.

Intracellular staining IFN-Y. Single cell suspensions were stained
for cell surface markers NK1.1 and CD3 for 30 minutes at 4°C.
After fixing and permeabilizing with Cytofix/Cytoperm from
BD Biosciences - Pharmingen according to manufacturer’s
instructions, the cells were then stained for intracellular IFN-y
(BD Biosciences - Pharmingen). Flow cytometry was performed
after gating on the lymphocyte population. Gating was then per-
formed on CD3* and NK1.1%, and IFN-y-producing cells from
CD3"NK1.1* and CD3*NK1.1- cells were plotted.

Exogenous IFN-y. CXCR3-deficient and control mice were treated
with bleomycin as described above. IFN-y protein (40,000 U/mouse
in 30 pl PBS; R&D Systems Inc.) was injected intramuscularly 20
hours before and 24 and 48 hours after bleomycin instillation. To
determine the dose of IFN-y protein that would reconstitute com-
parable levels of IFN-y protein in the BAL of WT mice 24 hours
after injury we titrated several doses and measured the IFN-y pro-
tein in BAL 20 hours after administration. We found that 40,000
U/mouse administered intramuscularly resulted in 100-200 pg/
ml IFN-y protein in BAL 20 hours after injection. Lungs were har-
vested at day 21 after treatment with bleomycin for analysis of col-
lagen content as described above.
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IEN-y-neutralizing Ab. Hamster anti-mouse IFN-y-neutralizing Ab
(36) was a generous gift from R. Schreiber of Washington University
(St. Louis, Missouri, USA). The neutralizing Ab has been shown to
be effective in mice for 14 days in vivo. Neutralizing Ab or control
Ab (250 pg/mouse) was injected intraperitoneally 24 hours before
bleomycin instillation. Lung injury was induced with bleomycin as
described above. Collagen contents of mouse lungs 21 days after
bleomycin injury were assessed with hydroxyproline assay.

Adoptive transfer. Cell suspensions of splenocytes and lympho-
cytes from LNs were depleted of red blood cells and injected
into mice by tail-vein injection. Bleomycin-induced injury was
induced 4 hours later, and the number of CXCR3* cells recruited
to the lung in response was measured 7 days after injury by flow
cytometry. IFN-y secretion to BAL 1 day following injury was
measured by ELISA, and lung collagen content was measured at
day 21 by hydroxyproline assay as described above.

Statistics. Differences in measured variables between genetically
altered mice and the control group were assessed using the Stu-
dent’s t test. Data are expressed as the mean + SE where applicable.
Statistical difference was accepted at Pvalues less than 0.05.
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