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�� T cells are a subset of T cells associated with epi-
thelial mucosal tissues and play a prominent role in
both promoting and dampening inflammatory re-
sponses to pathogens; in addition, they strongly me-
diate epithelial repair. By using a bleomycin model of
pulmonary fibrosis, we found that �� T-cell popula-
tions dramatically increased after bleomycin admin-
istration. To determine the importance of these cells,
we exposed mice lacking the � chain of the �� T-cell
receptor (�� knockout [KO]) to bleomycin. Pulmo-
nary fibrosis was more severe in �� KO mice, as mea-
sured by collagen deposition (hydroxyproline) and
histopathological features. Furthermore, there was
no evidence of resolution of the fibrotic response up
to 45 days after bleomycin therapy. In contrast to
control mice, �� KO mice had decreased concentra-
tions of IL-6, granulocyte colony stimulating factor,
chemokine CXC ligand (CXCL) 1, and interferon in-
ducible protein 10/CXCL10. In vitro culture of �� T
cells purified from lungs 17 days after bleomycin ex-
posure (a time of peak influx of these cells) demon-
strated that �� T cells produced substantial quantities
of all four of these cytokines, suggesting that �� T cells
are a predominant source of these proteins. To demon-
strate that �� T cells are effector cells in the fibrotic
response, we performed adoptive transfer experiments
with �� T cells sorted from bleomycin-treated lungs;
these cells were sufficient to resolve fibrosis in �� KO
mice and restore CXCL10 levels comparable to wild-type
mice. Furthermore, overexpression of CXCL10 in the
lung decreased the severity of fibrosis seen in the �� KO
mice. Finally, adoptive transfer of �� T cells from
CXCL10�/� mice failed to reverse the severe fibrosis in
�� KO mice. These results indicate that �� T cells pro-

mote the resolution of fibrosis through the production
of CXCL10. (Am J Pathol 2011, 178:1167–1176; DOI:

10.1016/j.ajpath.2010.11.055)

Both idiopathic pulmonary fibrosis (IPF) and drug-in-
duced pulmonary fibrosis can be progressive life-threat-
ening diseases characterized by fibroblast accumulation
and excessive collagen deposition, leading to impaired
lung function with decreased gas exchange and ulti-
mately respiratory failure. The etiology of IPF is unknown
(and, thus, idiopathic), and it has a high incidence (42.7/
100,000),1 poor survival (3- to 5-year median), and few
limited therapeutic approaches.2,3

Pulmonary fibrosis is also a complication of autoim-
mune diseases (eg, systemic lupus erythematosus),
rheumatoid arthritis, and drugs (eg, bleomycin). In fact,
pulmonary fibrosis is the dose-limiting toxic effect of
bleomycin in humans; even with careful dosing, bleo-
mycin can lead to end-stage fibrosis, requiring lung
transplantation.4 The initial response to injury from a
fibrotic agent such as bleomycin is the induction of a
strong inflammatory response, including neutrophils,
macrophages, and T cells. Several studies have impli-
cated T cells in the development and progression of
fibrosis. In humans, T cells are found in high abun-
dance in lung biopsy specimens,5 lavage fluid,6 and
circulating blood7 in patients with IPF. By using mouse
models, thymectomized mice8 or mice treated with ste-
roids9 or anti-CD3 antibodies all show reduced fibro-
sis,8 suggesting that T cells are required for fibrosis.
However, mice with severe combined immunodefi-
ciency lacking T and B cells and nude mice lacking T
cells show no difference in bleomycin-induced dis-
ease, causing a debate over the role of T cells.10,11 A
limitation of the previously described studies is that the
approaches described do not address the specific role
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of T-cell subsets that may be profibrotic or antifibrotic.
Thus, the deletion of both protective and beneficial
T-cell populations may reveal no difference in models
of fibrosis. In support of this statement, there is evi-
dence that fibrosis may be perpetuated by helper T cell
(Th) subtype bias. Generally, a Th2 bias is profibrotic.
Tissues from patients with IPF have generally higher
levels of IL-4, IL-5, and IL-13.12,13 In mouse models,
mice overexpressing GATA-3 (a Th2 transcription fac-
tor)14 as well as mice in which T-bet (a Th1 transcrip-
tion factor) is knocked out,15 both demonstrate greater
sensitivity to fibrotic agents.14,15 More recently, data
suggest that the Th17 response may also be profibrotic
because IL-17A was increased in the lavage fluid of
patients with IPF16 and Il-17a�/� mice were less sus-
ceptible to bleomycin-induced inflammation16,17 and
fibrosis.16

�� T cells are generally found in low numbers in
“normal” lung (approximately 1%) and are found in
close proximity to epithelial mucosal cells and alve-
oli.18 Because of their location, �� T cells are one of the
first lines of defense against infection and appear to
play a distinctive role in epithelial response to injury,
repair, and homeostasis. For example, they are critical
for epithelial wound repair in the skin.19 Interestingly,
patients with IPF have decreased �� T cells in their
bronchoalveolar lavage (BAL) fluid.20 In lung injury
models, such as chlorine gas21 or ozone,22 �� T cells
are required for neutrophil influx and epithelial repair.
Furthermore, �� T-cell populations increase in re-
sponse to bleomycin injury.23 For chronic Bacillus sub-
tilis infection, mice lacking �� T cells demonstrated an
enhanced fibrotic phenotype.24 Because of the poten-
tial role of these cells in epithelial repair (a process that
has been hypothesized to be critical for the prevention
of fibrosis), we hypothesized that �� T cells are critical
for resolving fibrogenic insults in the lung.

The current study demonstrates that �� T cells play
an integral role in the response to bleomycin. Lung ��

T-cell populations increased during the course of in-
jury. In vitro �� T cells recruited to the lung spontane-
ously produce large amounts of IL-6, chemokine CXC
ligand (CXCL) 1, granulocyte colony stimulating factor
(G-CSF), and the antifibrogenic chemokine CXCL10,
also known as IP-10. Furthermore, �� TCR�/� mice
showed progressive fibrosis in response to bleomycin
and diminished levels of CXCL10 in vivo. Overexpres-
sion of CXCL10 resulted in significantly attenuated fi-
brosis in �� TCR�/� mice. To confirm that �� T cells
mediate antifibrotic responses via a CXCL10-depen-
dent mechanism, adoptive transfer experiments were
performed with �� T cells from wild-type (WT) or
Cxcl10�/� mice. Adoptive transfer of WT T cells into ��

TCR�/� mice significantly reduced pulmonary fibrosis
in response to bleomycin, whereas �� T cells from
Cxcl10�/� mice were unable to protect against fibrosis.
Taken together, these data demonstrate the critical
importance of �� T-cell production of CXCL10 and its

role in the attenuation of the fibrotic response.
Materials and Methods

Mice

Specific pathogen-free mice were used in all experiments
and housed in specific pathogen-free conditions within
animal care facilities at Children’s Hospital of Pittsburgh,
Pittsburgh, PA, or Louisiana State University Health Sci-
ences Center, New Orleans, LA. All mouse experiments
were approved by the University of Pittsburgh or the
Louisiana State University Institutional Animal Care and
Use Committee. B6.129S4-Cxcl10tm1Adl/J [CXCL10
knockout (KO) mice], B6.129P2-Tcrbtm1Mom/J (Tcrb KO
mice) and appropriate age- and sex-matched C57BL/6
controls were purchased from Jackson Laboratory (Bar
Harbor, ME). B6.129P2-Tcrdtm1Mom (�� KO) mice were
bred in-house and backcrossed over 10 generations with
C57BL/6 mice. For all experiments, male mice (aged 6 to
8 weeks) were used.

Oropharyngeal Administration of Bleomycin

All treatments were performed using the oropharyngeal
aspiration-tongue pull technique on isoflurane-anesthe-
tized mice, as previously described.25,26 Bleomycin USP
(Hospira Pharmaceuticals Lake Forest, IL) was adminis-
tered (2-U/kg body weight) in sterile PBS (100 �L). Ade-
novirus encoding CXCL10 or green fluorescent protein
(adenovirus control) was administered in 100 �L of sterile
saline at a concentration of 108 plaque-forming units.27

Lungs were harvested at days 3 to 45 for evaluation of
pulmonary fibrosis.

Lung Histological Features

Animals were sacrificed by i.p. injection of 0.9-ml/kg
body weight ketamine, followed by exsanguination
through the renal artery. After exposing the chest cavity,
the right main bronchus was sutured at the base of the
main stem and the right lung was excised and snap
frozen in liquid nitrogen and stored at �70°C for protein
analysis. The left lung was inflated with 10% neutral-
buffered formalin (Sigma Chemical Co, St Louis, MO) at a
pressure of 25 cm H2O for 15 to 20 minutes, removed
from the animal, and placed in fresh 10% neutral-buff-
ered formalin for 16 to 20 hours at 4°C before processing
and paraffin embedding. For histological analysis, 5-�m
sections were cut and stained with hematoxylin-eosin.
The severity of disease was scored by a pathologist
(T.D.O) blinded to the groups, as previously described.28

Individual fields were scored at �400 magnification, with
a minimum of 20 fields per slide. To be included, each
field had to contain greater than 50% alveoli. Scoring in
each field was based on the percentage of alveolar tissue
with interstitial fibrosis, according to the following scale: 0
indicates no fibrosis; 1, up to 25% fibrosis; 2, 25% to 50%
fibrosis; 3, 50% to 75% fibrosis; and 4, 75% to 100%
fibrosis. To visualize collagen, Gomori’s trichrome stain-
ing (Sigma Chemical Co) was performed according to

manufacturer’s instructions.
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Bronchoalveolar Lavage

Tracheas were exposed and cannulated. Bronchoalveo-
lar lavage fluid was collected in 10 � 1-ml aliquots of
sterile PBS supplemented with 0.6-mmol/L EDTA. Ali-
quots were combined and centrifuged for 10 minutes at
500 � g. Cells were resuspended in 1 ml of PBS-EDTA
and counted. A total of 1 � 105 cells were spun onto a
glass slide and stained for differential counting.

Protein Analysis

All protein analysis was performed on lung homogenate.
Briefly, lungs were homogenized in 1 ml of PBS with
complete miniprotease inhibitor cocktail (Roche Scien-
tific, Indianapolis IN) using a Polytron handheld homog-
enizer (Daigger, Vernon Hills, IL). Lung homogenate was
centrifuged at 12,000 � g for 15 minutes, and superna-
tant was stored at �80°C for later cytokine analysis.
G-CSF, granulocyte macrophage stimulating factor, inter-
feron-�, IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10,
IL-12 p70, IL-13, IL-15, IL-17, CXCL10/IP-10, CXCL1/
CXCL1 chemokine (c-c motif) ligand 5 (CCL5), macro-
phage inflammatory protein 1, and tumor necrosis factor
� were analyzed using Luminex (Millipore, Billerica, MA)
on a reader (Bioplex, Bio-Rad, Hercules, CA). Data were
analyzed using computer software (Bioplex manager
software).

Flow Sorting and Cytometry

To examine whole lung T-cell populations, lungs were
isolated, minced, and placed in RPMI 1640 medium with
5% bovine serum albumin. Collagenase was added, and
lungs were digested for 30 minutes at 37°C in an orbital
shaker. Digests were passed through 70- and 40-�m
filters and centrifuged (for 10 minutes at 500 � g). Cells
were resuspended in 9 ml of RPMI 1640 medium, layered
over 5 ml of Ficoll (GE Healthcare, Waukesha, WI), and
spun for 15 minutes at 1350 � g. The interphase was
removed, placed in RPMI 1640 media, and centrifuged
for 10 minutes at 500 � g. For flow sorting, cell pellets
were resuspended in PBS containing 2% fetal bovine
serum. Cells were stained with fluorochrome-conjugated
primary antibodies for 60 minutes on ice and washed
twice with PBS-fetal bovine serum. Analysis was per-
formed by gating on the predominantly lymphocytic pop-
ulation based on size using forward-and-side scatter.
Autofluorescence was accounted for by running un-
stained cells and subtracting the fluorescence as back-
ground. Nonspecific binding was controlled by running
isotype controls. For cell sorting, the delta chain of the
TCR was detected using the GL3 antibody (BD Pharmin-
gen, San Diego, CA). �� T cells were sorted as GL3�/
TCR�� cells. Purity was checked by reanalyzing sorted
cells and gating on GL3� cells. For adoptive transfer,
cells were sorted from whole lung 17 days after bleomy-
cin treatment and verified to be greater than 95% pure
based on the sorting. Non-�� T cells were all considered

to be GL3� cells.
PCR for �� T-Cell Subtyping

The RNA was collected from sorted cells using a modi-
fied Trizol (Invitrogen, Carlsbad, CA) RNA extraction pro-
tocol to extract RNA from a few cells. Briefly, cells were
placed in Trizol, and chloroform was added. After cen-
trifugation (12,000 x g, 15 minutes) the aqueous layer was
removed. Five �g of glycogen was added, and the RNA
was precipitated after the addition of isopropyl alcohol
and centrifugation (12,000 x g, 10 minutes). The RNA was
washed twice in 75% ethanol. The RNA was quantified by
nanodrop, reverse transcribed using SuperScript III (In-
vitrogen), and verified by RT-PCR amplification of the
�-actin housekeeping gene.

The subtype of �� T cell was determined by RT-PCR
amplification with reagents (Clonetech) using published
primers29: C�, 5’-CTTATGGAGATTTGTTTCAGC-3’; V�1/2,
5’-ACACAGCTATACATTGGTAC-3’; V�2, 5’-CGGCAAAA-
AACAAATCAACAG-3’; V�4, 5’-TGTCCTTGCAACCCC-
TACCC-3’; V�5, 5’-TGTGCACTGGTACCAACTGA-3’; V�6,
5’-GGAATTCAAAAGAAAACATTGTCT-3’; and V�7, 5’-
AAGCTAGAGGGGTCCTCTGC-3’. The PCR conditions
were verified by observing the expected V�5 subset in
mouse skin cells.

Lung Collagen Assay (Hydroxyproline)

To estimate the total amount of collagen in the lungs,
hydroxyproline was measured as previously described.30

Briefly, right lungs were removed and homogenized in 6N
HCl at 110°C overnight. Precipitates were removed by
centrifugation. Supernatants were dried overnight and
dissolved in distilled water. Each sample was tested in
duplicate; 50 �L of chloramine T in acetate buffer (pH,
6.0), 50 �L of perchloric acid, and 50 �L of Erlich’s
reagent were added sequentially to each sample, as
previously described, and absorbance was measured at
570 nm.

Statistics

All data are represented as the mean � SD. Significance
was determined using either an unpaired t-test when
comparing two groups or a one-way analysis of variance
with Tukey’s post hoc test when comparing multiple
groups. All statistics were calculated using computer
software (GraphPad Prism 4).

Results

�� T-Cell–Deficient Mice Have Aggravated
Bleomycin-Induced Lung Injury and Fibrosis

�� T cells have been strongly implicated in epithelial
wound repair in skin.19 To understand their role in bleo-
mycin-induced lung injury, we examined the kinetics of
infiltrating interstitial �� T cells in lung tissue after admin-
istration of bleomycin. �� T cells were identified as GL3�

CD3� cells (Figure 1A), and staining specificity was de-

termined by running Armenian hamster isotype control
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(see Supplemental Figure S1 at http://ajp.amjpathol.org).
In WT C57BL/6 mice, interstitial �� T-cell populations
substantially increased from day 1 to 17 from less than
104 cells in naive mice to 2 � 105 cells per mouse lung,
as shown in Figure 1B. To identify which subsets of �� T
cells were found in the lung after bleomycin exposure,
PCR was performed on flow-sorted cells from day 14. As
seen in Figure 1C, bleomycin induced a polyclonal ��
T-cell response, with V�1, V�2, V�4, V�5, and V�6 pop-
ulations all being identified.

To understand the biological significance of these cells
in bleomycin-induced injury and fibrosis, mice deficient in
�� T cells (�� KO) mice were administered bleomycin. As
previously shown in this model, WT C57BL/6 mice
showed a time-dependent increase in hydroxyproline, a
measurement of collagen deposition in the lung with
some degree of resolution by day 45 (Figure 2A). In
contrast to this response, �� KO mice showed similar
levels of hydroxyproline in lung tissue as WT mice at day
7, followed by substantially greater increases up to day
45 (Figure 2A). Furthermore, there was no evidence of
resolution of fibrosis in the �� KO mice. In comparison,

Figure 2. Histological and biochemical analysis of bleo-
mycin-induced pulmonary fibrosis in WT and �� KO mice.
A: �� KO mice have more collagen deposition than WT
mice. Hydroxyproline content was measured in the lungs of
�� KO and WT mice at 7, 14, 28, and 45 days after bleomy-
cin administration. B and C: Lungs of C57BL/6 and �� KO
mice 14 days after bleomycin exposure. D and F: Severity of
disease score was determined as explained in the Lung
Histological Features subsection of Materials and Methods.
Scores are based on a scale from 0 to 4 and are represented
as the mean � SD (n � 5). E and G: Data at 28 days after
exposure.Data are expressed as hydroxyproline content per
right lung. Data are representative of two independent ex-

periments (n � 5 mice per experiment). **P � 0.01,
***P � 0.001.
TCR��/� mice did not show any perturbations in fibrosis
and were not different from WT mice 21 days after bleo-
mycin exposure (see Supplemental Figure S2 at http://
ajp.amjpathol.org). The increases in hydroxyproline were
also supported by histological analysis, which demon-
strated that mice deficient in �� T cells had thickened
alveolar septa and ablation of alveolar spaces on days 14
(Figure 2, B and C) and 28 after bleomycin treatment
compared with WT mice (Figure 2, E and F); in addition,
�� KO mice demonstrated a significantly reduced inflam-
matory infiltrate. Blinded scoring28 of the severity of
fibrotic lesions revealed that �� KO mice had significantly
higher histological scores at 14 and 28 days after instil-
lation of bleomycin (Figure 2, D and G).

To examine if �� T cells regulate early inflammatory
events in the lung after bleomycin treatment, WT and ��
KO mice were treated with bleomycin and sacrificed at 3
and 7 days after instillation for BAL fluid and cytokine
analysis. The WT mice showed significant increases in
total inflammatory cells in the BAL fluid at both 3 and 7
days (Figure 3, A and B), with both increases in neutro-
phil and macrophage recruitment compared with vehicle

Figure 1. �� T cells infiltrate the lung in response to bleo-
mycin. A: Flow cytometric analysis of �� T cells from whole
lung homogenate of C57BL/6 treated with bleomycin. Cells
were gated based on size and then analyzed for their expres-
sion of TCR�� and CD3. Values indicate the percentage of
cells and are representative of three independent experiments
(n � 3 to 5 mice per experiment). B: Analysis of �� T-cell
populations at different intervals after bleomycin treatment
demonstrates an increase in the number of �� T cells. C: RNA
was extracted from sorted GL3� CD3� cells, and RT-PCR
analysis demonstrated a polyclonal population of �� T cells.
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controls, which showed 0.92 � 0.1 � 105 macrophages.
In stark contrast, bleomycin-exposed �� KO mice
showed significantly fewer total cells in the BAL fluid at
both 3 (0.95 � 0.12 � 106) and 7 (1.2 � 0.25 � 106) days,
with significantly fewer (P � 0.001) neutrophils and mac-
rophages at these same points (Figure 3, A and B).

Figure 3. �� T-cell KO mice have decreased inflammation and inflammatory
cytokines in response to bleomycin. A and B: The BAL fluid was taken from
�� KO (white bars) or C57BL/6 WT controls (black bars) at 3 and 7 days
after bleomycin exposure, and differential cell counts were performed. Bleo-
mycin-induced inflammation compared with PBS controls (data not shown).
The results indicate the mean � SD (n � 5 mice per group). C–F: Cytokines
from supernatants of whole lung homogenate were analyzed from �� KO
and WT controls after bleomycin treatment. C: CXCL1 (KC) was increased in
WT mice vs gdKO at both days 3 and 7 and none determined (N.D.) at day
14. D: Mouse G-CSF. E: IL-6. F: CXCL10 (IP-10) was significantly increased in
WT vs gdKO in a later fashion with significant differences at days 7 and 14.
Data represent the mean � SD from at least two independent experiments
(n � 5 mice per time point). **P � 0.01, ***P � 0.001.
Because the cellular analysis of BAL fluid demon-
strated that �� KO mice have decreased inflammatory
cell recruitment 3 to 7 days after bleomycin treatment
compared with WT mice, we evaluated chemokine and
cytokine production using whole lung homogenate, as
previously described.25,26 Compared with WT mice, ��
KO mice had significantly reduced levels of CXCL1,
G-CSF, IL-6, and CXCL10 in BAL fluid (Figure 3C). Of the
four cytokines/chemokines observed to be significantly
different, CXCL10 was the only one still elevated by 14
days. We did not observe induction of IL-17 protein dur-
ing this study.

Adoptive Transfer of �� T Cells Attenuates
Bleomycin-Induced Fibrosis in �� KO Mice

Our data show that �� T cells are increased in the lung in
response to bleomycin, and ablation of the �� TCR results
in reduced acute inflammation but substantially worse
fibrosis. To determine whether these cells are effector
cells in the fibrotic response to bleomycin, we performed
adoptive transfer experiments. Given the abundance and
properties of �� T cells at 17 days after bleomycin treat-
ment, we chose to use this point to collect and purify
pulmonary �� T cells for transfer. As previously stated,
these cells are polyclonal and express TCR� chains 1
through 6. Cells were gated as described in the Flow
Sorting and Cytology subsection of Materials and Methods,
and representative plots are found in Supplemental Fig-
ure S1 and Supplemental Figure S3 (at http://ajp.
amjpathol.org). The �� KO mice were instilled with bleo-
mycin, followed 1 day later by oropharyngeal administra-
tion of purified �� T cells or non-�� T (GL3�) cells (50,000
cells per mouse). Adoptive transfer of polyclonal �� T
cells significantly attenuated bleomycin-induced weight
loss of �� KO mice (Figure 4A). Furthermore, adoptive
transfer of �� T cells significantly attenuated collagen
deposition, whereas adoptive transfer of the non-�� pop-
ulation had no effect on attenuating bleomycin-induced
increases in hydroxyproline (Figure 4B). Trichrome stain-
ing revealed that adoptive transfer of �� T cells induced

Figure 4. Adoptive transfer of �� T cells re-
duced fibrosis in �� KO mice. �� T cells,
non-�� T cells, or vehicle control (PBS) was
adoptively transferred 1 day after bleomycin
exposure. A: Weight loss throughout the ex-
periment. B: Hydroxyproline measured from
lung homogenate 17 days after bleomycin ex-
posure. Results represent the mean � SD (n �
5 mice per group) and are representative of
three independent experiments. C through E:
Representative trichrome staining demon-
strates that �� T cells reduce fibrosis and col-
lagen deposition in �� KO mice (C) versus
non-�� T cells (D) or vehicle control cells (E)
at 17 days after bleomycin administration.
**P � 0.01.

http://ajp.amjpathol.org
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mild inflammation and reduced collagen deposition
(Figure 4C) compared with adoptive transfer of non-�� T
cells (Figure 4D) or vehicle control (Figure 4E).

�� T Cells Are Potent Producers of CXCL1,
IL-6, and CXCL10

To better understand how �� T cells regulate the fibrotic
response to bleomycin, we cultured lung �� T cells from
C57BL/6 mice 17 days after bleomycin exposure and
characterized their growth factor production. Cells were
plated at a density of 50,000 cells per well, and super-
natants were collected after 24 hours of incubation and
screened by an assay (Luminex). Lung �� T cells spon-
taneously produced substantial amounts of macrophage
inflammatory protein-1-alpha, CCL5 (regulated on activa-
tion normal T cell expressed and secreted), CXCL1 (also
known as keratinocyte chemoattractant), IL-6, and
CXCL10 (IP-10) (Figure 5). However, there was no de-
tectable IL-17 production from these cells. Among these
cytokines and chemokines, production of CXCL10, a
chemokine shown to regulate fibrosis,31,32 dominated.
Thus, the in vitro production of this chemokine and the
reduced levels of CXCL10 in �� KO mice (Figure 4)
strongly suggested that �� T cells may be a significant
source of this chemokine in vivo.

To determine whether reduced production of CXCL10
in �� KO was directly regulating the susceptibility to bleo-
mycin-induced pulmonary fibrosis, we overexpressed
CXCL10 in the lung using an adenoviral vector27; 7 days
after bleomycin treatment, WT or �� KO mice were oro-
pharyngeally instilled with adenovirus encoding CXCL10
or adenovirus encoding green fluorescent protein (con-
trol virus) (1 � 108 plaque-forming units per animal). This
virus and concentration have previously efficiently pro-
duced CXCL10 over a 7-day period.27,33 Mice were sac-
rificed 17 days after bleomycin instillation. The �� KO
mice receiving adenovirus encoding CXCL10 had signif-
icantly less collagen compared with the �� KO mice
receiving adenovirus encoding green fluorescent protein
after bleomycin treatment (Figure 6). These hydroxypro-
line levels were similar to those measured in WT mice
receiving AdEFGP after bleomycin treatment. Wild-type
mice receiving adenovirus encoding CXCL10 after bleo-
mycin treatment had mildly reduced collagen levels;

however, they were not significantly different from WT
adenovirus encoding green fluorescent protein mice
(Figure 6).

Because CXCL10 expression was sufficient to attenu-
ate the accentuated fibrosis that develops in the �� KO
mice, the production of CXCL10 by �� T cells was directly
evaluated to determine its role in the protection offered by
these cells. Lung CXCL10 levels were significantly in-
creased by the adoptive transfer of �� T cells into �� KO
mice (Figure 7A). To specifically determine the contribu-
tion of CXCL10 from �� T cells, we purified �� T cells from
CXCL10-deficient mice (Cxcl10�/�) or WT mice 17 days
after bleomycin administration. These cells were adop-
tively transferred directly into the lungs of �� KO mice 1
day after bleomycin instillation. Although WT �� T cells
showed reproducible decreases in lung hydroxyproline
levels (compared with mice receiving no cells), CXCL10-
deficient �� T cells were incapable of restoring levels of
CXCL10 (Figure 7A) and reducing the severe fibrosis
seen in �� KO mice (Figure 7B).

Figure 5. Cytokine profile of �� T cells in vitro.
�� T cells were harvested from whole lung 17
days after bleomycin administration, as ex-
plained in the Flow Sorting and Cytometry sub-
section of Materials and Methods. Cells were
incubated for 24 hours, and media were col-
lected from the supernatant. Data are expressed
as the mean � SD (n � 3) and are representative
of three independent experiments.

Figure 6. Adenoviral delivery of CXCL10 is sufficient to attenuate fibrosis in
�� KO mice. �� KO and WT mice were tracheally instilled with adenovirus
expressing Cxcl10 (adenovirus encoding CXCL10) or control virus express-
ing EGFP (adenovirus encoding green fluorescent protein) 5 days after
bleomycin exposure. Mice were sacrificed at 17 days, and hydroxyproline
(OHP) concentration was determined. The results are indicated as the mean

� SD (n � at least 3 mice per group) and are representative of three
independent experiments. *P � 0.05.
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Discussion

The role of T cells in fibrosis is a topic of debate.34 In line
with the current studies, there is growing literature that
certain subsets of T cells are beneficial because mice
with severe combined immunodeficiency developed
more severe fibrosis in response to asbestos, which was
reduced on reconstitution with T cells.11 Furthermore, use
of mice deficient in natural killer T cells35 or �� T cells36

has shown worsened fibrosis, suggesting that specific
subsets of T cells are responsible for regulating fibrosis.
Herein, we present evidence that a specific subset of T
cells (ie, �� T cells) are important in limiting and resolving
fibrosis in a bleomycin model of lung injury. We found that
�� T-cell populations are quickly induced after injury and
that these populations increase over time. Functionally,
�� T cells appear to induce the initial inflammatory re-
sponses to bleomycin because mice lacking �� T cells
had decreased inflammation and neutrophil migration.
More interestingly, we observed that �� KO mice devel-
oped more severe and progressive fibrosis, with no res-
olution by 45 days.

�� T cells are a predominant T-cell population in epi-
thelial organs, such as skin and intestine, where they are
required for proper wound healing.37,38 Although few are
found in the lung, they are in close proximity to epithelial
mucosal cells and in alveoli.18 Because of their location,
�� T cells are one of the first lines of defense against
infection and play a distinctive role in epithelial response
to injury, repair, and homeostasis.39 This makes them
interesting targets to study in the progression of a dis-
ease, such as IPF, because it occurs in response to
epithelial injury. In a chronic B. subtilis infection, mice
lacking �� T cells demonstrated an enhanced fibrotic
phenotype24 because of enhanced inflammation. In sup-
port of our study, Braun et al36 recently showed that mice
lacking �� T cells had slower epithelial repair in response
to bleomycin treatment.

To verify that �� T cells are required for the resolution
of fibrosis, �� T cells were adoptively transferred into ��
KO mice. There are seven subsets of �� T cells in mice.
These subsets have organ specificity and differential
roles in inflammation.40 To address this, T cells recruited
to the lung at a point at which pulmonary �� T cells are

abundant and fibrotic resolution is beginning were puri-
fied. Restoration of �� T cells in the lungs of �� KO mice
was sufficient to reverse the enhanced fibrosis seen in ��

KO mice.
To develop a mechanistic understanding of how �� T

cells reduce fibrosis cytokines, chemokines and growth
factors secreted by recruited �� T cells were measured.
Previous studies37,38 have shown that �� T cells promote
epithelial repair in skin and intestine through the produc-
tion of fibroblast growth factor 7, also known as keratino-
cyte growth factor. However, similar to other pulmonary
injury models,22,36 the current study did not detect any
differences in keratinocyte growth factor between �� KO
mice and WT mice (data not shown). However, cytokine
and chemokine analysis of lung homogenate demon-
strated that �� KO mice were deficient in the chemokines
CXCL1, IL-6, G-CSF, and CXCL10. Furthermore, over-
night culture of positively sorted �� T cells purified from
whole lung 17 days after bleomycin treatment showed
that �� T cells were potent producers of CXCL10, CXCL1,
and IL-6. Although our positive selection strategy for
identifying and sorting �� T cells (GL3�/TCR��) may
have potentially activated the �� T cells, these in vitro
data, taken together with the cytokine analysis from the
�� KO mice, suggest that �� T cells are a major source of
CXCL10, CXCL1, IL-6, and G-CSF in the lung. All four
factors produced by lung �� T cells (ie, G-CSF, IL-6,
CXCL1, and CXCL10) are major chemotactic and inflam-
matory cytokines. Although the absence of these factors
most likely explains the reduced inflammation seen in the
BAL fluid of �� KO mice, it does not explain the enhanced
severity of fibrosis observed in �� KO mice.

In models of hypersensitivity pneumonitis, mice lack-
ing �� T cells develop more severe inflammation and
subsequent fibrosis.24,41 This is in contrast to the �� KO
response to bleomycin, in which there is a decrease in
inflammatory cells in the BAL fluid. However, histological
features demonstrate pronounced hypercellularity and
intimal thickening in lung parenchyma. Braun et al36 have
shown that �� KO mice have greater volume density (a
measure of alveolar septal thickening) after bleomycin
exposure. It is likely that the inflammatory differences
seen between �� KO mice and WT mice are compart-

Figure 7. �� T cells require CXCL10 to reduce col-
lagen deposition in �� KO mice. �� T cells harvested
from Cxcl10 KO mice or WT background control
mice were adoptively transferred into the lungs of ��
KO mice after bleomycin exposure. A: The CXCL10
levels measured from lung homogenate 17 days after
bleomycin instillation demonstrate �� T cells from
WT, but not Cxcl10 KO, mice. �� T cells were able
to restore whole lung CXCL10 levels in �� KO mice.
B: Hydroxyproline levels measured from whole lung
homogenate show that �� T cells from WT, but not
Cxcl10 KO, mice are sufficient to reduce lung colla-
gen. All data are represented as the mean � SD (n �
5 mice per group) and are representative of two
repeated experiments. *P � 0.05, **P � 0.01.
mental, and these findings suggest that �� T cells are



1174 Pociask et al
AJP March 2011, Vol. 178, No. 3
required for the migration of inflammatory cells from the
intima to the alveolar spaces.

Although the role for T cells in fibrosis is complex, there
is evidence that a Th1 bias is beneficial because T-bet
KO mice (a Th1 transcription factor)15 and GATA-3 over-
expressers (a Th2 transcription factor) have enhanced
fibrosis.14 �� T cells are unique in that they are capable of
producing Th1, Th2, and Th17 cytokines.42 In the current
study, the most prominent cytokine produced by �� T
cells in culture was the Th1 cytokine CXCL10.

The chemokine CXCL10 is a potent chemoattractant
for T lymphocytes, natural killer cells, and monocytes.
CXCL10 functions through the chemokine receptor
CXCR3; as its name suggests, it is strongly up-regulated
by interferon �. Although it has strong inflammatory roles,
CXCL10 has been implicated in wound healing. Luster
and colleagues43 first demonstrated its importance in the
skin. Mice overexpressing CXCL10 in keratinocytes had
delayed wound healing and disorganized granulation tis-
sue.43 In the lung, Keane et al44 showed that intramus-
cular injection of CXCL10 decreased (albeit slightly)
bleomycin-induced fibrosis. More recently, it was shown
that mice lacking the chemokine receptor for CXCL10
(CXCR3) have increased mortality and a more severe
fibroproliferative response to bleomycin.32 Given that
there are several ligands for this receptor, Tager and
colleagues31 were able to show that the attenuation of
fibrosis was specific to CXCL10 and not other CXCR3
ligands; more interestingly, CXCL10 attenuated fibrosis
by inhibiting fibroblast recruitment. These data are sup-
ported by data from human IPF tissues in which fibro-
blasts cultured from IPF samples have decreased levels
of CXCL10 compared with non-IPF tissues because of
epigenetic dysregulation.45 Our own in silico analysis of
the public Gene Expression Omnibus database
(GDS1252) found that the genes for TCRg, TCRd, and
CXCL10 are all expressed in the tissues of patients with
IPF. However, these data do not offer any insight into the
functionality of �� T cells and CXCL10 in humans.

In the present study, several lines of evidence suggest
that �� T-cell–derived CXCL10 is required for resolution
of fibrosis. �� T cells are potent producers of CXCL10 ex
vivo, and mice lacking �� T cells have reduced CXCL10
levels and severe unresolving fibrosis. Transient expres-
sion of Cxcl10 in �� KO mice reduced fibrosis. More
important, although adoptive transfer of �� T cells into ��
KO mice restored levels of CXCL10 and reduced fibrosis,
this did not occur with �� T cells from Cxcl10 KO mice.

Although airway epithelial cells are commonly thought
to be an important source of CXCL10, the production of
CXCL10 by �� T cells is intriguing, given their increased
populations in the interstitial space after bleomycin expo-
sure.36 Their location in the interstitial compartment
places them in close proximity to fibroblasts, collagen
involved in collagen deposition, and lesion formation.
Interestingly, �� T cells are capable of preferentially ad-
hering to fibroblasts.46,47 By locally producing CXCL10 in
the interstitial space, �� T cells are able to begin the
resolution phase of fibrosis seen in the mouse-bleomycin

model.
Although our data support a role for ��-produced
CXCL10 in the resolution of fibrosis, we acknowledge that
this is probably not the only cytokine involved in fibrotic
resolution in mice. Recently, much attention has been
given to �� T cells and their ability to produce IL-17.16,17

Braun et al36 showed that �� T cells are a dominant
source of IL-17 and suggested that IL-17 may be in-
volved in epithelial repair responses after bleomycin ex-
posure. This seems unlikely to be the case given the
more recent findings that IL-17A�/� mice are less sen-
sitive to excessively high doses of bleomycin,16 sug-
gesting that IL-17A is proinflammatory and profibrotic.
Moreover, Sonnenberg et al17 demonstrated that, al-
though �� T cells do produce IL-17A in response to
bleomycin, �� T cells are the more dominant source
and IL-17A production may suppress the wound repair
response by preventing the antiapoptotic effects of
IL-22.17 In all three studies, sorted T cells were stimu-
lated with phorbol myristate acetate and ionomycin or
CD3 beads in vitro. This is different from our studies in
which we did not stimulate �� T cells in vitro. However,
both Sonnenberg and Wilson and colleagues16 used
lethal doses of bleomycin to induce IL-17–producing T
cells. Although we were unable to measure any IL-17 in
lung homogenate or cell culture, it still may have been
present; perhaps at higher concentrations of bleomy-
cin, we would detect IL-17. We used a pharmaceutical
grade of bleomycin, similar to that used by Sonnen-
berg et al (NOVAPLUS Pharmaceuticals, Irving, TX); in
their work, they demonstrate �� T cells as the major
source of IL-17. This is different from Wilson et al, who
used research-grade bleomycin (EMD Chemicals,
Gibbstown, NJ), which is only greater than 90% pure.
Perhaps impurities found in different grades of bleo-
mycin are capable of activating different subsets of
IL-17–producing T cells.

This results in an interesting role for IL-17A in fibrosis.
At higher concentrations and more long-term models,
such as hypersensitivity pneumonitis,24,41 IL-17 may lead
to a more protracted inflammatory state. In shorter-term
“single-hit” models, such as bleomycin and silica,48 in
which IL-17 production is limited, IL-17 may have a less
inflammatory role. Furthermore, IL-17 is capable of induc-
ing all three CXCR-3 family members (ie, CXCL9,
CXCL10, and CXCL11) because they have transcription
factor–binding patterns associated with IL-17–induced
genes.49 This ability to induce antifibrotic cytokines sug-
gests that in response to bleomycin, IL-17 may have a
dual role.

Although �� T cells carry antigen receptors on their
surface, they are not considered to be classically T-cell
receptor activated.40 In fact, there is little understanding
in the literature as to how �� T cells are stimulated in
response to injury. Studies have shown that �� T cells
may recognize “self” ligands, such as CD1c,50–52 T10
and T22,53 and MHC class I related chains A and B54; as
well as stress proteins, such as heat shock proteins
6055,56and 70.57 In humans, �� T cells have also been
stimulated by various phosphoantigens.58 Given the an-
tifibrotic nature of �� T cells demonstrated in our study

and evidence that �� T cells are decreased in the BAL
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fluid of patients with IPF,20 understanding the mecha-
nisms for stimulating various populations of �� T cells will
be important.

In summary, the data presented in this study provide
strong evidence that �� T cells are integral cells in the
resolution of bleomycin-induced injury and fibrosis. Their
populations increase in response to injury; through the
focal production of large amounts of CXCL10, they aid in
the resolution of fibrosis.
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