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Abstract
Long-term success in lung transplantation is limited by obliterative bronchiolits (OB), while the
mechanism for this disease is not well-understood. Chemokine SDF-1 and its receptor CXCR4 have
been reported to be involved in several fibrogenic processes by recruiting inflammatory and fibroblast
progenitor cells into injured tissues. We hypothesized that SDF-1/CXCR4 axis also plays a role in
the pathogenesis of OB. Using the mouse heterotopic allogeneic airway transplant model, we
transplanted mouse tracheas from Balb/C donors into C57BL/6 recipients. At day 10 after transplant,
we found high expression of SDF-1 in cells in sub-epithelial layers of the allograft. Approximately
26% of cells infiltrating the allograft were CD45+CXCR4+ as was determined by flow cytometry
analysis. Treatment of the recipients with a CXCR4 antagonist, TN 14003, decreased cell infiltration
into the grafts at day 10 post implantation. At day 42 a significant reduction of the luminal occlusion
was found in the TN14003 treated animals compared to controls (57.40% versus 98.21%, p<0.01).
To demonstrate the relevance of SDF-1/CXCR4 axis in OB, sections of lung tissue obtained from
lung transplanted patients with OB, were examined for SDF-1 and CXCR4 expression. We found
higher number of CXCR4 and SDF-1 positive cells in samples from patients with OB compared with
normal lungs. These findings provide new insights into the mechanisms of lung chronic rejection
and may lead to new intervention tools for the treatment of OB.

Introduction
Obliterative bronchiolitis (OB) is the major long-term complication affecting lung transplant
recipients. OB is characterized by a decrease in the mid-portion of the expiratory flow curve,
progressive dyspnea accompanied by a non-productive cough, and a clear chest radiograph.
Pathologically, there is chronic inflammation involving the bronchial epithelium, leading to
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gradual obliteration of small airways by inflammatory infiltrates, proliferating fibroblasts,
collagen and matrix deposition(1). Commonly, OB is steadily progressive and fatal. Although
treatment usually consists of intensifying immunosuppressive therapy, there is no therapy for
OB (2).

The chemokine, stromal cell-derived factor-1 (SDF-1, also called CXCL-12) is a
chemoattractant for a broad range of cell types (3–5) and is involved in the mobilization of
cells from BM to peripheral blood and thence to injured tissues. Studies from others and our
lab have shown the role of SDF-1/CXCR4 axis in lung injury and fibrosis induced by bleomycin
(6,7).

SDF-1/CXCR4 axis might participate in the development of inflammation. AMD3100, a potent
CXCR4 antagonist, attenuates allergic lung inflammation and airway hyperreactivity as well
as autoimmune joint inflammation in IFN-γ receptor-deficient mice(8,9). Furthermore, several
reports support a role for this pathway in the tissue migration of leukocytes, including
neutrophils, in animal models of acute lung injury induced by LPS (10).

Based upon the importance of SDF-1/CXCR4 axis in many cellular injury processes, we
hypothesize that SDF-1/CXCR4 axis takes part in OB in recruiting inflammatory cells and that
CXCR4 inhibition would ameliorate OB in mouse trachea allografts.

Materials and Methods
Trachea grafting

Animals were transplanted as previously described (11,12) Briefly, Balb/c donor mice (female)
were euthanized and the trachea was resected and immediately placed in ice-cold PBS with
penicillin G sodium (100 U/ml), streptomycin sulfate (100 μg/ml) (Life Technologies). Balb/
c and C57BL/6 recipient mice were anesthetized with ketamine/xylazine (100 and 2 mg/kg
i.p.; Phoenix Pharmaceuticals, St. Joseph, MO), and a 0.5-cm horizontal incision was made,
and subcutaneous pockets were formed by blunt dissection. Two trachea grafts were placed
heterotopically into the pockets, and the wound was closed with suture. No immunosuppressive
agents were given to any graft recipient.

Experimental groups
Mice were divided into three groups: isograft, allograft, and allograft plus CXCR4 antagonist
TN14003. There were 18 recipient mice and 36 transplanted tracheas in each group. Fourteen
recipient mice were sacrificed on day 10 and the rest on day 42. At least 4 trachea samples
were examined in each study setting. TN14003 was administered to mice daily
intraperitoneally at a dose of 160ng/g initiated one day before the transplantation procedure.

Flow cytometry
Two or three tracheal grafts were pooled for each flow cytometry determination. The tracheal
transplants were diced with a clean blade and then incubated in collagenase A (Roche) and
DNase I (Sigma-Aldrich) at 37°C for 60 minutes to create a single cell suspension. The
suspension was filtered through a 70 μM cell strainer (BD Bioscience, Mountain View, CA).
Trachea cells were harvested by centrifugation for 5 minutes at 500g. The following conjugated
antibodies were used for the staining: PE anti-mouse CD45, streptavidin-PerCP-Cy5.5 plus
biotinylated anti-mouse CXCR4 (BD-Pharmingen, Mountain View, CA). A mouse IgG was
used as isotype control. At least 50,000 events were collected using the FACSCalibur flow
cytometer (BD Biosciences, Mountain View, CA) and analyzed using FlowJo (Tree Star, San
Carlos, CA) software.
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Western blot
Transplanted tracheas were homogenized in protein extract solution containing 0.1% Triton
X-100, 100 mM NaCl, 10 mM Hepes, pH 7.9, 1 mM EDTA, and 0.5 mM PMSF (Sigma-
Aldrich) on ice, and centrifuged at 13,000 g for 10 min at 4°C. The protein concentrations in
the lysates were determined using the Bradford method (Bio-Rad Laboratories). Samples (20
μg protein per lane) were run on 4–20% SDS-PAGE gels (Invitrogen, Carlsbad, CA) and then
transferred to nitrocellulose membranes. Blots were then incubated with a goat anti-mouse
CXCR4 antibody (Abcam, Cambridge, MA) or a mouse anti-β-actin antibody (Sigma, St.
Louis, MO). And recognized by horseradish peroxidase-conjugated anti-goat antibody
(Amersham Biosciences, Piscataway, NJ). Finally, blots were visualized via
chemiluminescence using the SuperSignal West Pico kit (Pierce, Rockford, IL). Expression of
each band was normalized to its corresponding β-actin band.

Computerized morphometry
Computerized morphometry was determined as described by Farivar et al.(13) Images of H&E-
stained tracheal sections were taken with a high-resolution digital camera attached to a
microscope. Images analyzed using NIH Image software. The percentage of luminal
obstruction was derived by outlining the inner surface of the cartilage. A line was drawn by
connecting the 2 ends of the tracheal cartilage. The cursor was used to trace the inner surface
of the actual residual lumen. The cross-sectional area within the actual residual lumen was then
subtracted from the entire area contained within the cartilage. The percentage airway
obstruction was then calculated using the following formula: (area within cartilage-area within
residual lumen)/area within carriage × 100%.

CXCR4 antagonist
The CXCR4 antagonist TN14003 (14) was synthesized by the Microchemical Core Facility at
Emory University. TN14003 was designed based on a specific CXCR4 inhibitor T140, a 14-
residue peptide. TN14003 was generated by amidating the COOH-terminal of T140 and by
substituting basic residues with non-basic polar amino acids to reduce the total-positive charges
of the molecule.(15) TN14003 is less cytotoxic and more stable in serum compared with T140.
The concentrations of T140 and TN14003 required for 50% protection of HIV-induced
cytopathogenicity in MT-4 cells (EC50) are 3.3 and 0.6 nM, respectively. The concentrations
of T140 and TN14003 that induce a 50% reduction of the viability of MT-4 cells [50% cytotoxic
concentration (CC50)] are 59 and 410 μM, respectively. These results reflect the improved
therapeutic index for TN14003 over T140 (SITN14003 = 680,000; SIT140 = 17,879; selective
index (SI) = CC50/EC50).

Histology, immunohistochemistry and immunofluorescence
Five grafts from both isograft and allograft groups were used for immunohistochemistry and
immunofluorescence analysis. To determine the SDF-1 and CXCR4 positive cells in the grafts,
frozen sections were stained with a rabbit anti-SDF-1 antibody (e-Bioscience, San Diego, CA)
and a rabbit anti-CXCR4 antibody (Abcam, Cambridge, MA). Slides were then treated with a
FITC or rhodamine-conjugated donkey anti-rabbit antibody. Nuclei were detected by DAPI
staining. For experiments to determine obstruction, sections were stained with H&E for routine
histologic examination and Masson’s trichrome staining to delineate collagen. To determine
the CD4 and CD8 infiltration, tracheas were stained with an anti-CD4 (Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-CD8 (eBioscience) antibodies. DAB was used as the
chromagen (Vector Laboratories, Burlingame, CA). In human tissue, immunohistochemistry
was performed with an antibody for human SDF-1 and an antibody for human CXCR4 (R &
D Systems, Minneapolis, MN). DAB was used as the chromogen.
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Patient population
With Institutional Review Board (IRB) approval (Emory University), four pairs of archived
lung samples with the diagnosis of OB and normal control were enrolled into the study.

Statistical Methods
For comparisons between groups, paired or unpaired t-test and one-way analysis of variance
(ANOVA) tests were used (p values <0.05 were considered significant). We used GraphPad
Prism and GraphPad InStat to calculate the statistics.

Results
SDF-1 and CXCR4 expression in a mouse OB model

To determine whether SDF-1 expressing cells were increased in the transplants, a mouse
heterotopic allogeneic airway transplant model was employed in the study. Donor tracheal
segments from BALB/c (allografts) and C57BL/6 (isografts) were heterotopically transplanted
into C57BL/6 recipients. Sections from isografts and allografts harvested 10 days after
transplant were stained with antibodies specific for SDF-1 and CXCR4. As illustrated in the
photomicrographs in figure 1, staining for SDF-1 positive cells in allografts was dramatically
increased as compared with isografts. The SDF-1 positive cells were located at subepithelium
layer. Subepithelial inflammation and injury is a characteristic of OB.(16) These results
indicate that SDF-1 was produced at the site of injury and inflammation. On the other hand,
CXCR4 positive cells filled the thickened trachea wall at day 10 after transplant as shown in
immunofluorescence staining (Figure 1B). Increased levels of CXCR4 were also revealed by
Western blot analysis using cell lysates from transplants (Figure 1C). These results indicate
that SDF-1/CXCR4 may be involved in the pathogenesis of OB.

A CXCR4 antagonist attenuates the occlusion of lumen in allografts
To determine the underling mechanism of OB, we then examined whether loss of epithelium
and lumen occlusion would be blocked by a CXCR4 antagonist TN14003, which has been
shown to alleviate lung fibrosis induced by bleomycin in a mouse model.(6) Mice were divided
into three groups, isograft, allograft and allograft+TN14003 which was given daily
intraperitoneally at the dose of 160ng/g. When allografts were examined on day 10 post-
transplant, epithelium was lost in allograft (Figure 2A). However, epiethelium was still intact
in both isograft and TN14003 treatment group. When allografts were analyzed at 42 days after
transplantation, the obliterative process was already fully developed (Figure 2A). Luminal
obstruction was 98.21% in the transplanted tracheas. Transplanted tracheas from mice treated
with TN14003 were found to exhibit only 57.40% occlusion. This reduction in luminal
obstruction was statistically significant at p < 0.01 (Figure 2B).

TN14003 reduces CD45+CXCR4+ cell infiltration
We next examined whether there was an alteration in total leukocyte infiltration into trachea
transplants and, if so, which subsets were affected. Using flow cytometry analysis, we noticed
that there was a significant increase in the accumulation of CXCR4+CD45+ in the allografts
day 10 post-transplant. Furthermore, the accumulation was blocked by the CXCR4 antagonist
TN14003 (Figure 3A). To determine the identity of the accumulated inflammatory cells,
immunohistochemistry was used to detect CD4 T cells, CD8 T cells, and neutrophils in the
transplants. The results revealed that the majority of the cells were CD4+ and CD8+ T cells
(Figure 3B) and very few neutrophils. Furthermore, infiltration of CD4+ and CD8+ T cells were
both reduced with TN14003 treatment.
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Effect of TN14003 on cytokine levels
Increased expression of TGF- β1 has been shown as key factors in OB (17–19). We determined
the TGF-β1 expression in trachea transplants by immunohistochemistry (Figure 4A). At day
10 after transplantion, TGF-β1 staining was quite extensive in the allograft section as compared
with that of isografts. In comparion, sections from allografts treated with TN14003 showed
only scattered positivity. We also determined cytokine levels in the serum of recipient mice at
day 10 after transplant using Luminex. G-CSF, IL-2 and IL-1α levels were significantly
increased in allografts and the increase was blocked by TN14003 (Figure 4B). These results
revealed that G-CSF, IL-2, IL-1α and TGF-β1 levels were increased in allografts and reduced
by treatment with CXCR4 antagonist.

SDF-1 and CXCR4 are increased in lungs of humans with OB
The above data implicate the SDF-1/CXCR4 axis in the pathogenesis of trachea transplants in
mice, but whether similar pathogenetic processes are operative in OB in humans remains to be
shown. We analyzed tissue samples of normal human lungs and samples of human lungs from
patients with the clinical picture of OB. Figure 5 shows photomicrographs of sections from
normal and OB lungs stained with antibodies specific for either SDF-1 or CXCR4. SDF-1 and
CXCR4 positive cells were clearly identifiable in lungs from OB patients, but very few were
observed in normal lungs. In both cases, positively stained cells were more frequent in the OB
lungs. These results are in concordance to the data from the rodent OB model and suggest that
recruitment of CXCR4+ cells by SDF-1, to the lungs is important in the pathogenesis of OB.

Discussion
In this study, we sought to investigate the mechanism by which cells are recruited to the
transplants in a mouse heterotopic airway transplant model and to determine the consequences
of inhibiting the recruitment. Based on studies in the literature, we hypothesized that the SDF-1/
CXCR4 axis is a primary system for inflammatory cell recruitment to the allografts and
therefore could be important in the fibrotic response.

SDF-1 is produced by stromal cells. Chemokine receptor CXCR4 expression has been found
in leukocytes, including peripheral blood lymphocytes, neutrophils and monocytes.(20)
CXCR4 is by far the most widely expressed of the functional chemokine receptor in
nonhematopoietic cells (21). High transcript levels were demonstrable in several tissues,
including heart, brain, liver and colon (22). At basal state, tissue fibroblasts and leukocytes
contribute to the production of SDF1 and CXCR4 respectively (23).

To demonstrate the role of SDF-1 in the pathogenesis of OB, we used the HTT model described
by Hertz et al (11) in which a transplantation of a trachea from a genetically discordant donor
mouse into a subcutaneous pocket in the back of a recipient mouse resulted in rejection of the
tracheal airway similar to those seen in human OB. Airway rejection in the HTT model, is
preceded by substantial periairway/subepithelial mononuclear cell infiltration similar to
lymphocytic bronchiolitis that peaks between Days 10 and 14, followed by lumen obliteration
comparable to human OB by Days 21 to 28. In contrast to the rejection pathology observed in
tracheal airway allografts, genetically identical airway isografts have normal-appearing
tracheal histology at Day 28, with evidence of neovascularization (1). Despite a high level of
reproducibility in the HTT model, and the similarities to human OB, there are limitations to
the model. First, the tracheal allograft is not a functional airway. A second limitation to the
HTT model, and commonly cited is that the transplanted airway is not primarily vascularized,
different to the human lung transplant. Although limitations in the murine HTT experimental
model certainly exist, similarities to human OB pathology make it very useful to study immune
mechanisms of airway rejection(1).
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Our results showed that SDF-1 producing cells were increased and located at subepithelial
layer in allografts, which is a characteristic site for inflammation and injury in this model.
CXCR4 expressing cells and levels in the allografts were significantly increased as determined
by Western blot. Flow cytometry analysis revealed that there was a significant increase in
CD45+CXCR4+ cells in allografts. A big proportion of the accumulated cells were CD4 and
CD8 T cells as determined by immunohistochemical analysis. A CXCR4 antagonist, TN14003,
blocked CD4 and CD8 cell accumulation and alleviated epithelial loss and lumen occlusion.
In lungs from patients with OB, we found increased positive staining cells for SDF-1 and
CXCR4 compared to normal human lungs. Taken together these data are consistent with the
hypothesis that SDF-1/CXCR4 axis played a role in the pathogenesis of OB. OB may involve
continued expression of SDF-1 in the bronchiole and consequent continued recruitment of
inflammatory cells.

SDF-1 is chemotactic for human lymphoid, myeloid and CD34 positive cells. Lymphopoiesis
and myelopoiesis are markedly reduced in CXCR4 and SDF-1 deficient mice.(24) A variety
of stem cells express CXCR4,(5,25,26) including hematopoietic stem cells(27), as well as
progenitor cells committed to neural,(24) myocardial,(28) and endothelial(29,30)
differentiation pathways. Inflammatory cells, such as lymphocytes, eosinophils, and
neutrophils, also express CXCR4 which contributes to the chemotaxis, activation, and
homeostasis of these cells.(31–33) SDF-1/CXCR4-induced chemotaxis of T (34). SDF-1/
CXCR4 interactions play a central role in the CD4+ T cell accumulation in rheumatoid arthritis
synovium.(35) Rheumatoid fibroblast-like synoviocytes overexpress SDF-1, which supports
distinct patterns and rates of CD4+ and CD8+ T cell migration within synovial tissue.(36)

Studies from our lab demonstrated that TN14003 reduces lung injury and fibrosis induced by
bleomycin.(6) Watanabe et al. showed AMD3100, a CXCR4 antagonist in clinical trial, have
the similar effect. The CXCR4 antagonist TN14003 we used is a peptide with specificity for
the receptor that, like other similar agents, has anti-HIV-1 activity(15,37,38) and inhibits
metastases of breast cancer in animal models.(14,39,40) Treatment of mice with either the
CXCR4 antagonist that we used in the present study or with a neutralizing antibody to SDF-1
alleviates OB, although the fibrosis was not completely prevented in either case. It is possible
CXCR4 independent pathways may also be involved in the process.

CD4+ and CD8+ T cells are important for the immunological rejection of most tissue allografts.
CD4+ T cell ‘helper’ activity promotes the differentiation and continued Ag responsiveness of
graft-reactive precursor cytolytic CD8+ T cells, as a consequence of both direct cell-to-cell
contact as well as cooperation through the activation of APCs (41). APCs serves as a platform
for CD8+ T cells to benefit from IL-2 produced by neighboring CD4 T cells (42). CD4 T cells
can also act primarily on dendritic cells (DCs) to increase their ability to stimulate CD8 T cells
(40).

The studies we report here implicate the SDF-1/CXCR4 axis in the pathogenesis of OB in
mice. The fact that the lungs of patients with OB contain increased numbers of cells expressing
SDF-1 and CXCR4 is consistent with the idea that chronic active injury in the lungs is
accompanied by continued expression of SDF-1 and continued recruitment of CXCR4+
lymphocytes that lead to the rejection.

Nonstandard abbreviations used
(OB)  

obliterative bronchiolitis

(IPF)  
idiopathic pulmonary fibrosis
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(BM)  
bone marrow

(PBS)  
phosphate buffered saline

(SDF-1)  
stromal cell-derived factor-1

(FACS)  
fluorescence-activated cell sorting

(APC)  
antigen-presenting cell
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Figure 1.
SDF-1/CXCR4 expression at day 10 post-transplant. Mice were sacrificed day 10 post-
transplant. (A) Frozen trachea sections from isograft and allograft groups were stained with a
rabbit anti-SDF-1 antibody (red fluorescence). Photographs were taken using a fluorescence
microscope at 20x magnification. (B) Frozen sections from isografts and allografts were stained
with a rabbit anti-CXCR4 antibody. (C) CXCR4 protein expression as shown in western blot.
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Figure 2.
CXCR4 antagonist reduces epithelial loss and trachea occlusion. C57BL/6 mice were
transplanted heterotopically with C57BL/6 (isograft) or BALB/c (allograft) trachea. In
allograft group, half of the mice were injected daily with 160ng/g of CXCR4 antagonist
TN14003, a 14 amino acid peptide with loop structure. Tracheal grafts were harvested on days
10 and 42 post-transplant, stained with H&E (figure 2A, 2B) and percentage of trachea
occlusion determined on day 42 (figure 2C). Values represent mean ± standard error. n=4, *,
p<0.05.
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Figure 3. TN14003 reduces CD45+CXCR4+ cell infiltration
(A) Trachea cells from day 10 post-transplant in isograft (Iso), allograft (Allo) and allograft
plus TN14003 groups were labeled with anti-mouse CXCR4 and CD45 and subjected to FACS
analysis. (B) Paraffin sections from Isografts, allografts and allografts plus TN14003 groups
were stained with an anti-CD4 or an anti-CD8 antibody. Cells with dark brown staining
represent positive cells for CD4 or CD8.

Xu et al. Page 12

J Heart Lung Transplant. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Effect of TN14003 on cytokine levels
(A) TGF-β1 expression in trachea 10 days post-transplant was determined by
immunohistochemistry. (B) Cytokine levels in the serum of recipient mice at day 10 post-
transplant were determined using Luminex. Values represent mean ± standard error. *, **,
p<0.05, n=4.
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Figure 5.
Increased SDF-1 and CXCR-4 in OB lung samples compared to normal human lungs. Lung
tissues from OB patients (right) and normal control (left) were paraffin embedded and
sectioned. Immunohistochemistry was performed for SDF-1 (A) and CXCR-4 (B). Cells
stained dark brown were SDF-1 or CXCX4 expressing cells (see arrows).
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