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Abstract

Aim: CXCR3, via binding its specific ligand CXCL10, plays an important
role in cigarette smoke (CS)-induced pulmonary inflammation. CXCR3 is
preferentially expressed in activated T cells (chiefly CD8" T cells). The pur-
pose of this study was to investigate the role of CXCR3 in CS-induced pul-
monary injury using CXCR3 gene-deficient (CXCR3—/-) mice. Methods:
Differences in the infiltration of inflammatory cells and CD8" T cells and the
expression of inflammatory mediators and chemokines in the bronchoalveo-
lar lavage fluid and lungs at the mRNA and protein levels were compared
between CXCR3—/— mice and wild-type (WT) mice at 2 h after 3 d of CS
exposure. Results: Compared with their WT counterparts, the CXCR3—/—
mice showed alleviated inflammation, as evidenced by fewer inflammatory
cells, particularly cytotoxic CD8" T cells, in bronchoalveolar lavage fluid and
lung tissues. At both the mRNA and protein levels, there were significantly
lower levels of inflammatory and chemotactic cytokines, including TNF-a,
interleukin-8, interferon-y, transforming growth factor-g1, and CXCL10 in
the CXCR3—/— mice. Conclusion: Our data show that CXCR3 is important
in recruiting inflammatory cells (particularly CD8" T cells) into the airways
and lungs, as well as initiating inflammatory and fibrotic cytokines release at
2 h following a short-term CS insult. CXCR3 could be a novel target for the
treatment of pulmonary inflammation induced by CS.
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submucosa expressing chemokine C-X-C motif receptor 3

Introduction (CXCR3") in smokers with COPDE . CXCR3, together

Cigarette smoke (CS) is the most important risk factor
for CS-related pulmonary pathophysiology'’. CS induces
the release of inflammatory cytokines, such as interleukin
(IL)-1 and -8, from bronchial epithelial cells through the
oxidative pathway, accounting for potential neutrophil
and monocytic chemotactic activities released from the
epithelium™. The view that CS induced-inflammation
plays a predominant role in chronic obstructive pulmonary
disease (COPD) is further supported by findings of
excessive CD8" T cells in lung tissues from COPD
patients, and increased CD8" T cells in the epithelium and
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with its specific ligand CXCL10/interferon (IFN)-inducible
protein-10 (IP-10), which is abundantly expressed in
bronchiolar epithelial cells and airway smooth muscle cells,
has been demonstrated to play a pivotal role in mediating
T-cell (particularly Th1/Tcl) recruitment into the airways
and lung parenchyma upon CS exposure"’.

The role of CXCR3 in initiating acute pulmonary
inflammation induced by CS has not previously been
studied. In this present study, we used CXCR3 gene
knockout (CXCR3—/-) mice and their wild-type (WT)
counterparts to investigate the contribution of CXCR3 in
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an acute inflammatory event induced by CS after short-
term exposure.

Materials and methods

Mice and CS exposure The CXCR3 gene-deficient
mouse line has been established by gene targeting, as
described elsewhere!®, and was kindly provided by Dr Bao
LU (Harvard Medical School, Boston, MA, USA). The
CXCR3—/— and WT mice (Experimental Animal Research
Center, Beijing, China) with a C57BL/6 background
(backcross>14 generations), were maintained under a
pathogen-free conditions at a mouse facility at Peking
Union Medical College (Beijing, China). Clean food and
water were given ad libitum; 10—12-week-old mice (20-22
g) were used in the experiments.

A commercially-available cigarette was used (White
Shark; Tobacco Company, China), and according to
manufacturer’s specifications, each cigarette contained 1
mg nicotine and 13 mg tar. CS exposure was performed
according to previously described methods” . Briefly,
the whole body of mice (n=8 groups) were exposed to the
mainstream of the tobacco smoke of 5 cigarettes 4 times
a day with a 30 min smoke-free interval for 3 consecutive
days. The control mice received filtered air according to
the same procedure.

The animals were killed at 2 h after the last CS
exposure by pentobarbital overdose.

All experiments were performed according to
international and institutional guidelines for animal care,
and approved by the Peking Union Medical College
Hospital Committee on the Animal Care and Use.

Preparation of lung tissues and morphometrical
evaluation of pulmonary inflammation The animals
were killed, and the lungs were removed, inflated to
25 cm with H,O and 10% formalin, fixed overnight,
embedded in paraffin, and sectioned at 5 pmol/L.
Hematoxylin-eosin (HE) staining was performed at the
Department of Pathology, Peking University Health
Sciences Center (Beijing China). Histopathological
assessments in the bronchus and the parenchyma were
performed in a blind manner by one of the authors (Dr
Wei-xun ZHOU).

Bronchoalveolar lavage The mice were killed
and a 20 gauge catheter was inserted into the trachea.
Bronchoalveolar lavage (BAL) was performed twice
with 0.8 mL ice-cold phosphate-buffered saline (PBS;
pH 7.4); 1.5 mL of total injected volume was recovered
in >95% of mice. The BAL fluid was centrifuged at

1500 r/min for 5 min at 4 °C, and the supernatant was
collected for the measurement of cytokines. The cells
were harvested, red cells were lysed, and the cell pellets
were washed and suspended in cold PBS. Total cells
were enumerated by counting on a hemocytometer. For
differential cell counting, cells were spun onto glass
slides, fixed, and stained. The number of macrophages,
neutrophils, and lymphocytes in 400 cells was counted
based on morphology.

Lung homogenates The animals were anesthetized
and lavaged with 3 mL cold saline via the heart. The
left lobes were removed and homogenized in 1 mL
PBS containing complete protease inhibitor cocktail
(Sigma, St Louis, MO, USA). The samples were then
centrifuged and filtered through a 0.45 um filter and kept
at —70 °C until use.

Preparation of lung single-cell suspensions The
lungs were excised, minced, and digested for 30 min
in 15 mL digestion buffer [RPMI-1640, 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin, 1
mg/mL collagenase (Sigma, USA), and 30 pg/mL
DNase (Sigma, USA)]. The undigested fragment was
further dispersed by repeated passage through a Nytex
filter (Tetko, Kansas City, MO, USA). The total cells
were harvested and suspended in 10 mL completed
medium (RPMI-1640, 10% FBS, and 1% penicillin/
streptomycin). An equal volume of 40% Percoll was
added, and the cells were centrifuged at 3000 r/min
for 30 min at room temperature. The cell pellets were
resuspended in complete medium, and leukocytes were
counted on a hemocytometer in the presence of 0.4%
trypan blue. Cells were >90% viable by trypan blue
exclusion. Cytospins of recovered cells were prepared
for differential staining, as described earlier.

Labeling cells from the BAL fluid and single-
cell suspensions from lung tissues In total, 50 pL
of 2x107/mL cells from the BAL fluid and digested
lung cells was used, and 10 pL blocking buffer (1
uL blocking antibody Fc¢ in 9 mL PBS/2% bovine
serum albumin) was added to the cells for 15 min
on ice to block non-specific binding. After washing
once, the cells were incubated with 50 puL fluorescein-
isothiocyanate-conjugated anti-CD4 antibody and
PE-conjugated anti-CD8 antibody or control mouse
immunoglobulin G2b (BD Pharmingen, San Diego,
CA, USA) for 1 h on ice. The cells were washed twice
by PBS and fixed in PBS containing 2% formalin. The
cells were subjected to flow cytometry on a FACScan
cytometer (Coulter, Hialeah, FL, USA).
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RNA extraction and semiquantitative RT-PCR
analysis Total RNA was extracted from the lungs
using TRIzol reagent according to the manufacturer’s
instructions, and treated with RNase-free DNase. RNA
was reverse transcribed, and cDNA was subjected to
PCR for analyzing the expression of TNF-a, IFN-y,
transforming growth factor (TGF)-p1, CXCL9,
CXCL10, CXCL11, and B-actin. The primers and
conditions for the PCR are detailed in Table 1. All PCR
reagents were purchased from Invitrogen (Carlsbad, CA,
USA).

Table 1. RT-PCR primers, annealing temperature and products. S, sense;
AS, antisense.

T-PCR S/AS Primer sequence (5’ to 3°) Tm Product

Genes °C) (bp)

CXCL9 S CTTGGGCATCATCTTCCT G 55 352
AS TGAACGACGACGACTTTGG

CXCL10 S GTCATTTTCTGCCTCATCC 55 273
AS  GAGCCCTTTTAGACCTTTT

CXCL1l S CTGCTCAAGGCTTCCTTATGTT 55 166
AS  CCTTTGTCGTTTATGAGCCTTC

IFNy S CATCTTGGCTTTGCAGCTCTT 55 363
AS CTGGACCTGTGGGTTGTTGA

IL-4 S TTGTCATCCTGCTCTTCTTT 55 420
AS  CTTGGACTCATTCATGGTGC

KC (IL-8) S CGCCTATCGCCAATGAG 55 572
AS TTCTGAACCAAGGGAGC

TGF-B1 S CCCTGTATTCCGTCTCCTT 55 363
AS  GCGGTGCTCGCTTTGTA

TNF-a S GGCGGTGCCTATGTCTC 53 383

AS  GCAGCCTTGTCCCTTGA
B-actin S CTTCCTTAATGTCACGCACGATTTC 55 541
AS  GTGGGGCGGCCCAGGCACCA

ELISA analysis of cytokines The concentrations
of TNF-a,, IL-4, IFN-y, and CXCL10 in the BAL fluid
and lung homogenates were determined by ELISA kits
(R&D Systems, Minneapolis, MN, USA) according to
the manufacturer’s recommendations.

Statistical analysis Data are expressed as mean+
SEM. Comparisons between 2 groups were carried out
with the non-parametric two-tailed #-test using GraphPad
PRISM software (version 4.0 for Windows; GraphGrad,
San Diego, CA, USA) as needed. A value of P<0.05
was considered significant.

Results

Analysis of infiltration of inflammatory cells into
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the airways and lungs In the murine model used in this
study, 3 d of CS exposure caused a strong inflammatory
response, including a significant infiltration of neutrophils,
lymphocytes, and macrophages, particularly in the BAL
fluid from WT mice at 2 h after 3 d of exposure to CS. By
contrast, there was a mild infiltration of inflammatory cells
into the airways and lung tissues in the CXCR3—/— mice
compared with the WT mice (Table 2).

Table 2. Cellular composition in BAL fluid in CXCR3 KO and WT mice
after three-day CS exposure. n=5-8 mice per group. Results are expressed
as means+SEM. "P<0.05 vs CS-exposed KO mice.

Total cells
(x10°9

Macrophages Neutrophils Lymphocytes
(x10% (x10% (x10%

Air-exposed WT  0.68+0.10  0.59+0.08  0.03£0.01  0.05+0.03
Air-exposed KO 0.89+0.16  0.72+0.13  0.10£0.07  0.08+0.05
CS-exposed WT  3.57+0.50° 2.45+0.17  24.23+1.93° 0.95+0.29"
CS-exposed KO 2.30+0.13  2.20+0.05  17.02£1.94  0.30+0.05

The percentage of CD8" T cells in the BAL fluid
from CXCR3-/— mice significantly decreased compared
to the CXCR3 WT mice after CS exposure (0.9%+0.1%
vs 3.7%20.3%, P<0.01), while the percentage of CD4"
T cells did not significantly differ between the 2 groups
(14.7%+1.1% vs 15.3%+0.7%, P=0.62; Figure 1A). The
proportion of CD8" T was profoundly decreased in the
lung tissues of the CXCR3—/— mice compared to the WT
mice (4.1%+0.1% vs 13.4%+0.7% for 2 h; Figure 1B).
The percentage of CD4" T cells was significantly higher
in the lungs of the WT mice than in their CXCR3—/—
counterparts (22.0%x1.5% vs 14.7%+1.6%, P<0.05).

Histological evaluation As shown in Figure 2, there
were less leukocytes accumulating in the pulmonary
parenchyma and peribronchus in CXCR3—/— mice
compared with the WT mice. The air-exposed control
mice showed none of these changes.

Analysis of mRNA expression of cytokines
and chemokines in lung homogenates The mRNA
expression of TNF-q, IFN-y, KC (the murine homolog
for IL-8), and TGF-B was markedly decreased in the
lungs from CXCR3—/— mice compared with WT mice at
2 h after the last CS exposure (Figure 3A-3D).

We also observed that the mRNA expression of IFN-
y-inducible CXCL10 and CXCLI11, but not CXCL9, was
significantly downregulated at 2 h after CS exposure
in the lungs from CXCR3—/— mice relative to CXCR3
WT mice (Figure 3E), while the mRNA expression of



Http://www.chinaphar.com

Nie L et al

BALF A WT CXCR3-/-
100073380, 1 2] 100074540, 1 2
100 100
2 10
8 10
g ! 4
3.12%| o1 0.56%
100 1000 O. ) 100 1000
Lung B 1000 192% 1 2] 1000 2% 3
100
2 10
o
4
4
1
g 152%( 0.1 5 4.07%
0.1 1 10 100 1000 0.1 10 100 1000
CD8 CDs

a

Positive expression (%)

=]

Positive expression (%)

20+
154

104

5.0

2.5

WT KO
CD4

WT KO
CD8

Figure 1. Effect of CXCR3 deficiency on inflammatory CD8" T cells and CD4" T-cell infiltration into the airways and lungs at 2 h after CS exposure.
(A,B) representative flow cytometry histograms showing the expression of CD4" and CD8" T cells in the BAL fluid and lung homogenates. (C,D) pooled
data showing the percentage of CD4" and CD8' T cells in the bronchoalveolar lavage (BAL) fluid and lung homogenates. n=4 separate experiments.
Results are expressed as mean+SEM. °P<0.05, ‘P<0.01 vs KO. Flow cytometric data presented are from 1 representative experiment from a total of 4

independent experiments.
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Figure 2. Representative
photomicrographs of HE-
stained lung tissues. Original
magnification x100.
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the CXCR3 ligands from air-exposed mice was not
detectable by RT-PCR.

Analysis of inflammatory cytokines and CXCL10
in the BAL fluid and lung homogenates The levels
of TNF-q, IL-4, and IFN-y in the BAL fluid and lung
homogenates were significantly lower in the CXCR3—/—
mice than in the WT mice (Figure 4A—4C). Importantly,
we demonstrated that the CXCL10 concentration in
the BAL fluid and lung homogenates was significantly
decreased in the CXCR3—/— mice compared with
the WT mice at 2 h after CS exposure (Figure 4D).
CXCL10 was not detectable in the BAL fluid and lung
homogenates in air-exposed mice (data not shown).
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Figure 3. Effect of CXCR3 deficiency on the mRNA expression of cytokines
and chemokines in lung tissues at 2 h after CS exposure. (A-E) mRNA
expression of TNF-a, IFN-y, KC, TGF-B1, and CXCR3 ligands CXCL9,
CXCL10, and CXCL11 between CXCR3—/— and WT mice. n=5-8 mice per
group. Results are expressed as mean+SEM. °P<0.05 vs WT.

Discussion

In this study, we have shown that the deletion
of the CXCR3 gene significantly prevented an
acute inflammatory response in mice exposed to
CS, suggesting that CXCR3 may be a key factor in
determining the pathogenesis of the acute lung injury
caused by CS through regulating the recruitment of
inflammatory cells, particularly CD8" T cells, into
the airways and lungs, initiating the production of
inflammatory cytokines and IFN-y-inducible CXCL10.

The local inflammatory response in COPD is associated
with the infiltration of leukocytes, including macrophages,
and neutrophils, and T cells into lungs; members of
the CXC chemokine family regulate this infiltrating
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Figure 4. Effect of CXCR3 deficiency on inflammatory cytokines and the CXCL10/IP-10 concentration in the bronchoalveolar lavage (BAL) fluid and
lung tissues at 2 h after CS exposure. (A-D) concentrations of TNF-a, IL-4, IFN-y, and CXCL10/IP-10 between CXCR3—/— and WT mice. n=5-8 mice

per group. Results are expressed as meantSEM. "P<0.05 vs WT.

10 . . . .
process'"”. Consistent with previous reports of a murine

model induced by acute CS exposure'”), neutrophils, an
invariable component in COPD, represented the majority
of cells (approximately 50% of leukocytes in the BAL fluid
and lung tissues) at 2 h after 3 consecutive CS exposures
in this study. In the CS-exposed CXCR3—/— mice, we
observed a significant reduction in the severity of lung
inflammation, as evidenced by fewer inflammatory cells,
including lymphocytes and neutrophils in the airways and
lung tissues. These observations can be explained by the
lack of CXCR3, and therefore, points to an important role
for CXCR3 in CS-induced lung pathology.

CS has been postulated to induce macrophages,
and alveolar epithelial cells secrete chemotactic factors
capable of attracting more inflammatory cells into
the inflamed sites''). We first took the advantage of

the gene targeting technique, using CXCR3—/— mice
to explore the contribution of CXCR3 to pulmonary
inflammation induced by CS. Consistent with a
previous study reporting that mice lacking CD8" T cells
were resistant to CS-induced lung inflammation?,
we were able to demonstrate that less CD8"™ T cells, as
well as CD4" T cells, were accumulated in the airways
and lungs from CXCR3—/— mice. Upon CS insult,
the leukocytes infiltrating into the airways and lungs
contribute to the inflammation and promote pulmonary
injury by secreting a variety of cytokines, such as Thl-
secreting cytokine IFN-y, Th2-releasing cytokine IL-4,
pro-inflammatory cytokine TNF-a, and neutrophil
chemokine IL-8""). We showed that the induction of
the inflammatory cytokines (TNF-qa, IL-4, and KC)
was significantly blunted in both the BAL fluid and the
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lung homogenates of CXCR3—/— mice exposed to CS
compared with the WT mice. These data may reflect
the downstream effect of the CXCR3 deficiency, where
the blunted pulmonary inflammation further caused
the reduced release of inflammatory mediators. The
elevated levels of IL-4 and TNF-¢ in the WT mice may
prime CD8" cytotoxic responses, maintain their memory,
and ensure their survival™. In particular, we found that
the induction of IFN-y, a powerful inducer for CXC
chemokines"", was significantly inhibited in both the
BAL fluid and lung homogenates in CXCR3—/— mice.
These data may indicate that CXCR3 mediates the
process of pulmonary inflammation via the regulation of
the cellular immunological reaction and the production
of inflammatory cytokines. In this study, we also
observed the early induction of TGF-B1, a profibrotic
mediator, at the mRNA level in WT mice compared with
CXCR3—/—mice. This finding is consistent with a recent
report suggesting increased TGF-B1 gene expression in
tracheal explants upon a single CS exposure'”. Taken
together, these data imply that the induction of TGF-B1
will cause the production of TGF-B1 in small airways.
The roles of chemokines and chemokine receptors
in the pathogenesis of COPD have been exten-
sively addressed!®". Chemokines participate in
the recruitment of a variety of leukocytes via their
respective receptors''”. For example, CXCL9/Mig,
CXCL10/IP-10, CXCL11/ITAC, and CCL5/¢otaxin,
ligands for CXCR3 and CCRS [chemokine (C-C motif)
receptor 5], respectively, were shown to be elevated
in sputum from COPD patients compared with non-
smokers”™. CXCLS8/IL-8 is a potent chemoattractant
and its concentration in sputum and BAL fluid correlates
with the increased accumulation of polymorphonuclear
neutrophils’. Accordingly, chemokine receptors
have been implicated in the pathogenesis of lung
inflammation and emphysema in rodent models of CS
exposure. For example, a small molecule inhibitor
of CXCR2 reduced acute pulmonary inflammation,
including neutrophilic inflammation induced by CS
exposure””. In CCR5—/— mice, lung tissue inflammation,
apoptosis, and emphysema induced by IFN-y and CS
were significantly decreased, including a decrease in
macrophage inflammatory protein (MIP)-1a, MIP-18,
and CXCL10/IP-10"*'"7. Using CCR6—/-mice, CCR6,
together with its ligand CXCL20/MIP-3q, is involved
in CS-induced lung inflammation and emphysema, and
that the interaction between CCR6 and CCL20/MIP-3a
could also mediate the accumulation of dendritic cells in
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the lungs in COPD"*"",

To our knowledge, our paper is the first to specifically
focus on the importance of CXCR3 in the pathogenesis
of acute lung inflammation induced by CS by using
CXCR3—/— mice. In this investigation, we clearly demon-
strated that the level of CXCL10/IP-10 was significantly and
consistently elevated at both the mRNA and protein levels
in WT mice at 2 h after the last CS exposure compared
with CXCR3—/— mice. In contrast, the mRNA expression
of CXCL10/IP-10 was seen to be slightly induced in
CXCR3—/— mice. CXCR3 is highly expressed on those
T lymphocytes that have differentiated to express the Thl
(CD4") or Tcl (CD8") phenotype, suggesting that CXCL10
might be involved in the specific recruitment of leukocyte
adhesion, as CXCR3 stimulation increases T-lymphocyte
attachment to activated vascular endothelia™™".

In summary, we have shown that CXCR3 regulates
acute lung inflammation induced by CS via the recruitment
of CD8" T cells into the lungs to trigger the inflammatory
response cascade with the overexpression of some
inflammatory cytokines and chemokines. We have
determined the importance of CXCR3 in the pathogenesis
of CS-induced lung inflammation, and this discovery may
provide a therapeutic target for treating CS-associated
pathologies.
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