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Bronchiolitis obliterans (BO) is a major cause of chronic airway
dysfunction after toxic chemical inhalation. The pathophysiology
of BO is not well understood, but epithelial cell injury has been
closely associatedwith the development of fibrotic lesions in human
studies and in animal models of both toxin-induced and transplant-
induced BO. However, whereas almost all cases and models of BO
include epithelial injury, not all instances of epithelial injury result in
BO, suggesting that epithelial damage per se is not the critical event
leading to the development of BO. Here, we describe a model of
chlorine-induced BO in which mice develop tracheal and large air-
wayobliterative lesionswithin10daysof exposure tohigh (350parts
per million [ppm]), but not low (200 ppm), concentrations of chlo-
rine gas. Importantly, these lesions arise only under conditions and
in areas in which basal cells, the resident progenitor cells for large
airway epithelium, are eliminated by chlorine exposure. In areas of
basal cell loss, epithelial regeneration does not occur, resulting in
persistent regions of epithelial denudation. Obliterative airway
lesions arise specifically from regions of epithelial denudation in
a process that includes inflammatory cell infiltration by Day 2 after
exposure, fibroblast infiltration and collagen deposition by Day 5,
and the ingrowth of blood vessels by Day 7, ultimately leading to
lethal airway obstruction by Days 9–12.We conclude that the loss of
epithelial progenitor cells constitutes a critical factor leading to the
developmentofobliterativeairway lesionsafter chemical inhalation.
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Bronchiolitis obliterans (BO) is a form of chronic obstructive air-
way disease in which small airways are compressed and narrowed
by fibrosis and inflammation. The resulting fixed airway obstruc-
tion leads to dyspnea, typically on exertion, which is often pro-
gressive (1–3). BO has numerous causes, including collagen
vascular disease, the inhalation of toxic chemicals, viral infec-
tions, hematopoietic stem-cell transplantation, and lung trans-
plantation (1). It is the most prominent feature of chronic
rejection after lung transplantation, and is the leading cause
of death beyond the first year after transplantation (3, 4). In
the case of toxin inhalation, BO has been documented after
exposures to a wide variety of chemicals, including chlorine,

ammonia, methyl isocyanate, mustard gas, and diacetyl, the cause
of “popcorn worker’s lung” (5, 6). Because diagnosing BO is
often difficult, its true incidence may be underestimated. In one
recent study, 78% of United States Iraq and Afghanistan vet-
erans who presented with unexplained dyspnea and underwent
a lung biopsy showed pathologic evidence of BO, despite, in most
cases, normal results of chest x-rays and pulmonary function
tests (7).

Pathologically, BO can be divided into two forms: prolifer-
ative and constrictive. In proliferative BO, connective tissue
breaches the airway lining and then proliferates within the lu-
men to form tissue masses, akin to granulation tissue (8). This is
often seen as an acute inflammation–mediated process, and in
some cases responds to corticosteroid treatment (1). In con-
trast, constrictive BO is an irreversible fibrotic thickening of
the submucosa that concentrically constricts the small airways
from beneath the airway epithelial lining (1). Constrictive BO
responds poorly to treatment, and is associated with high mor-
tality (2, 3). At present, it remains unclear whether constrictive
BO is the final outcome of persistent and severe proliferative
BO, or whether constrictive and proliferative BO represent
distinct responses to differing types of airway injury (9).

The exact pathogenesis of BO remains unclear. In the case of
lung transplantation, contributing factors are thought to include
innate and adaptive immune responses, tissue ischemia (induced
by transplantation and antiendothelial immune responses),
and chronic epithelial cell injury (10–13). Several studies sug-
gest that epithelial cell injury is the most critical pathogenic
factor. In a mouse model of allogeneic mismatched orthotopic
lung transplantation characterized by severe vascular rejection
but no epithelial injury, obliterative airway disease did not oc-
cur (14). However, in a mouse tracheal transplant model, an
alloresponse to epithelium was sufficient to induce obliterative
airway disease (10). Similarly, the chronic depletion of mature
epithelial cells, either club cells (Clara cells) or Type II alveolar
cells, results in abnormal reepithelialization and a fibrotic re-
sponse (15, 16). Epithelial injury is also a common feature of
almost all human instances and animal models of toxic chemical
inhalation associated with the development of BO, supporting
the view that epithelial damage is a critical factor in the path-
ogenesis of BO. However, evidence suggests that epithelial in-
jury per se is not sufficient for the development of BO. Some
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CLINICAL RELEVANCE

This report describes a novelmurinemodel of bronchioloitis
obliterans (BO), demonstrates the mechanism by which
airway fibrotic lesions arise in this model, and proposes that
the loss of epithelial progenitor cells is a critical factor in the
development of BO. Our conclusions provide significant
insights into the pathogenesis of BO, and may suggest
therapeutic strategies for this disease.
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animal models demonstrate widespread death of epithelial cells,
but repair normally, with no evidence of fibrotic lesion devel-
opment. In animal models that display obliterative airway lesions,
both the frequency and the anatomic distribution of these lesions
are much less extensive than the epithelial damage. These findings
suggest that some factor beyond acute epithelial cell injury is
required for the development of BO.

Current animal models of BO include both orthotopic and het-
erotopic transplantations of tracheas, lungs, and bone marrow
(17). In addition, nontransplant models involve the administra-
tion of various toxins and the targeted ablation or disabling of
epithelial cells (18). Transplant models offer insights into the
immune pathogenesis of BO, but in these models, the study of
fibrotic responses can be complicated by robust immune re-
sponse. Mouse models of tracheal transplantation have been
criticized for their use of large rather than small airways. How-
ever, in terms of size and cellular composition, the mouse tra-
chea is representative of the first six generations of human
airways. The mouse trachea, but not its lower airways, contains
basal cells that sit beneath the luminal epithelium and function
similarly to human airway basal cells in their ability to give rise to
epithelial cells during normal homeostasis and after injury (19, 20).

Here, we describe a novel murine model in which obliterative
airway lesions with the pathologic appearance of proliferative BO
rapidly develop in the tracheas and primary bronchi of mice ex-
posed to high doses of chlorine gas. The sequence of cellular
events that occurs during the development of these obliterative
airway lesions includes epithelial cell death, the failure of reepi-
thelialization, inflammatory cell infiltration, fibroblast infiltration,
collagen deposition, and angiogenesis, ultimately leading to lethal
airway obstruction within 10 days. Moreover, in comparing differ-
ent doses of chlorine exposure, we determined that the BO lesions
only develop under conditions and in areas in which basal cells are
eliminated by toxic gas exposure. In the absence of basal cells, ep-
ithelial regeneration does not occur and regions of epithelial de-
nudation persist, fromwhich an aberrant repair process is initiated
that leads to obliterative airway lesions. Our findings suggest that,
irrespective of the cause, the loss of epithelial progenitor cells may
be a critical factor leading to the development of BO.

MATERIALS AND METHODS

Mice and Survival Studies

We used 8- to 9-week-old C57Bl/6 female mice, purchased from Charles
River Laboratories (Wilmington, MA). CX3CR1GFP/GFP mice were pro-
vided by D. Littman (New York University, New York, NY), and crossed
with C57Bl/6 mice to produce CX3CR11/GFP mice. All animal experi-
ments were performed in accordance with National Institutes of Health
guidelines and protocols approved by the Animal Care and Use Commit-
tee at Duke University. See the online supplement for further details.

Chlorine Exposure

Briefly, 1% percent Cl2 in nitrogen was purchased from Airgas Na-
tional Welders (Research Triangle Park, NC). Mice were restrained
and exposed nose-only to Cl2. Cl2 concentrations within the chamber
were regulated by flow meters from Cole-Palmer (Vernon Hills, IL),
regulating 1% Cl2 gas into filtered air, and set to either 200 parts per
million (ppm; low concentration) or 350 ppm (high concentration) for
30 minutes. See the online supplement for further details.

Histology and Immunofluorescence

Briefly, tracheas were dissected and fixed in 4% paraformaldehyde. Par-
affin and frozen tissues were serially cut (proximal to distal) into trans-
verse sections, and then stained with hematoxylin and eosin or with
primary antibodies for immunofluorescence. See the online supplement
for further details.

Quantification of Epithelium

The length and thickness of tracheal epithelia were measured in photo-
micrographs of distal tracheal sections, using the ruler function on the
LSM image browser (Carl Zeiss, Jena, Germany). All analyzed tracheal
sections were cut from the distal trachea. For the quantification of per-
cent epithelialized circumferences on Day 5 after Cl2, the total distance
of tracheal circumference that stained positive for E-cadherin or cyto-
keratin 5 was divided by the total tracheal circumference as measured
along the basal lamina. Epithelial thickness was measured at 200-mm
intervals around the total length of E-cadherin1 or cytokeratin 51

epithelia in each transverse tracheal section. Areas of denuded epithe-
lium were not included in the quantification of thickness.

Sulfosuccinimidobiotin Tracheal Labeling

Mice were restrained and exposed nose-only to either 200 or 350 ppm
Cl2 for 30 minutes. On Day 4 after exposure, mice were anesthetized
with intraperitoneal ketamine (100 mg/kg)/xylazine (10 mg/kg), and
they then received 0.25 mg of EZ-Link Sulfo-NHS-Biotin, No-Weigh
Format (Sulfo-NHS-Biotin; Pierce Biotechnology, Rockford, IL) intra-
nasally at a total of 30 ml. Immediately before administration, Sulfo-
NHS-Biotin was reconstituted with molecular-grade water. Tracheas
were harvested either 4 hours or 3 days after Sulfo-NHS-Biotin admin-
istration (corresponding to Day 4 or Day 7 after Cl2 exposure, respec-
tively). Tracheas were processed as frozen sections and stained, and
then imaged as already described. Quantification methods are further
detailed in the online supplement.

Tracheal Cell Isolation and Flow-Cytometric Analysis

Briefly, excised tracheas were digested into a single-cell suspension,
counted, stained, and analyzed using a LSRII flow cytometer (BD Phar-
mingen, San Jose, CA) (see the online supplement for details)

Statistical Analysis

Numerical data are presented as means, means 6 SDs, or means 6
SEMs, as indicated in figure legends. The comparison between survival
curves was performed with the log-rank test, using GraphPad Prism
software (GraphPad, San Diego, CA). All data were analyzed by Stu-
dent t tests using GraphPad Prism software, as indicated in figure
legends. Pearson correlation coefficients were generated using GraphPad
Prism software.

RESULTS

Obliterative Airway Lesions Develop in Mice Exposed

to High-Dose Cl2

We developed a model of Cl2-induced lung injury in which up to
six mice can be simultaneously exposed to a given concentration
of Cl2 gas by nose-only inhalation (Figure E1 in the online sup-
plement). In preliminary dose-ranging experiments, we de-
termined that exposure to 175–250 ppm Cl2 for 30 minutes
resulted in minimal acute mortality. However, during our experi-
ments, we observed that a small number of mice exposed to Cl2
appeared to recover symptomatically from the acute effects of
Cl2, but then developed severe respiratory distress requiring eu-
thanasia on Days 6–12. A similar unexplained late mortality in
Cl2-exposed mice has been described previously (21). To explore
this phenomenon further, mice were exposed to a higher dose of
Cl2 (350 ppm for 30 minutes). Rather than recover, 75% of mice
exposed to 350 ppm Cl2 developed a distinct pattern of labored
breathing between Days 6 and 12, which progressed to severe
respiratory distress requiring euthanasia within 24 hours (Figure
1A). In comparison, only 16% of mice exposed to 200 ppm Cl2
required euthanasia (Figure 1A). On pathological examination,
all of the mice that developed labored breathing displayed grossly
visible obliterative airway lesions. These lesions occurred most
commonly in the lower third of the trachea and in the mainstem
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bronchi, and had the appearance of granulation tissue. In trans-
verse histological sections of the tracheas, obliterative airway lesions
occluded more than 80% of the airway lumen (Figure 1B). These
obliterative lesions contained both connective tissue and inflamma-
tory cells, and displayed incomplete epithelial coverage at the lesion/
airway interface (Figure 1C). Overall, the cellular composition and
appearance of these lesions closely resembled the histopathology of
human proliferative BO lesions (22).

Lesion Formation Coincides with Basal Cell but Not Luminal

Epithelial Cell Death

To determine whether the increased frequency of obliterative air-
way lesions in mice exposed to 350 ppm Cl2 was attributable to
more severe epithelial injury in these animals, we compared the
fate of airway epithelia in mice exposed to low-dose (200 ppm)
and high-dose (350 ppm) Cl2. Three hours after low-dose Cl2
exposure, tracheas displayed large regions in which luminal epi-
thelial cells (ciliated and club cells) were necrotic and beginning
to slough off (Figures 2B and 2H). By 24 hours, the necrotic
epithelia sloughed off, revealing a thin layer of simple squamous
cells (Figures 2C and 2I). In contrast, 3 hours after high-dose Cl2
exposure, many regions contained luminal epithelial cells that
were swollen and lacked cilia, but remained attached to the tra-
cheal wall (Figures 2D and 2K). By 24 hours, the epithelia were
still attached but clearly necrotic. They displayed widespread
cellular swelling and loss of nuclei (Figures 2E and 2L). During
the next 10 days, the great majority of mice exposed to low-dose
Cl2 displayed complete epithelial repair with no evidence of fi-
brotic lesions (data not shown), whereas mice exposed to high-
dose Cl2 developed obliterative airway lesions.

These findings suggest that acute epithelial damage alone is not
sufficient to induce obliterative airway lesions. This view is con-
sistent with our findings in a different model of toxic chemical

exposure, namely, SO2 inhalation, which we previously described
in detail (19, 23). As with 200 ppm Cl2, mice exposed to SO2

displayed widespread luminal epithelial necrosis, the sloughing
of epithelium revealing a layer of simple squamous cells, and
complete epithelial repair after 14 days, with no evidence of oblit-
erative lesion formation (19). In this model, we observed that
tracheal basal cells survived SO2 exposure, proliferated, and gave
rise to relatively large patches of descendants that included both
club and ciliated cells, thus acting as the progenitor cells for tra-
cheal epithelia after chemical injury. Recent evidence suggests
that basal cells also act as the progenitor cells for epithelial repair
after Cl2 inhalation (24).

To determine whether the differences in epithelial repair we
observed in mice exposed to low versus high doses of Cl2 were
attributable to differences in basal cell survival, we examined
tracheas for the presence of basal cells after low-dose and high-
dose Cl2 exposure. Immunohistochemical staining with anti–E-
cadherin marked both luminal epithelial and basal cells. To
identify basal cells specifically, we costained with anti–cytoker-
atin 5, a basal cell–specific marker. Our analysis demonstrated
that basal cells remained viable and were present in normal
numbers, relative to unexposed mice, after low-dose Cl2 expo-
sure (Figures 2G and 2J). In these sections, most of the mature
columnar, luminal epithelium (E-cadherin1 and cytokeratin 52)
was absent, and the epithelium replacing it consisted primarily
of basal cells (E-cadherin1 and cytokeratin 51). In contrast,
mice exposed to high-dose Cl2 displayed numerous large areas
of trachea that were completely devoid of cytokeratin 51 basal
cells (Figure 2M). The epithelial cells in these regions remained
attached, were swollen, and displayed faint E-cadherin1 stain-
ing, but no longer exhibited nuclei at 24 hours after injury
(Figure 2L). These findings strongly suggest that the chemical-
induced loss of basal cells is a critical event in the course of toxin
exposure. If basal cells remain viable, they are known to serve

Figure 1. High concentrations of Cl2 induce lethal obliter-

ative airway lesions. (A) Survival after exposure to filtered
air (n ¼ 3 mice), low-dose Cl2 (200 parts per million

[ppm], n ¼ 6), or high-dose Cl2 (350 ppm, n ¼ 24). P ¼
0.0337 between high-dose and low-dose survival curves,

according to log-rank test. (B) Transverse sections from an
unexposed trachea and a mouse killed 9 days after high-

dose Cl2. Serial sections 1–5 indicate anterior to posterior

order. Sections are representative of 16 tracheas similarly

examined. Scale bar, 200 mm. (C) Day 9 blockage exhibits
abnormal reepithelialization (arrows), connective tissue

(C.T.) invasion, and the nearly complete occlusion of the

lumen (asterisks). Scale bar, 200 mm.
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as a source of progenitor cells for rapid epithelial repair. Here,
we propose that in the absence of basal cells, reepithelialization
does not occur, and a fibrotic response is initiated.

Basal Cell Loss Correlates with Reduced

Tracheal Reepithelialization

To determine the consequences of basal cell loss on epithelial
repair, inflammation, and fibrosis, we examined the time course
of these events in mice exposed to low-dose and high-dose Cl2. In
general, normal epithelial repair is thought to occur in three
stages (25–27). First, basal cells spread and migrate to cover
denuded epithelium. Second, these cells proliferate, with self-
renewing basal cells remaining near the basal lamina and daughter
cells forming upper layers of transitory squamous metaplasia.
Lastly, the upper layers remodel to form a pseudostratified layer
of mature, differentiated mucociliary epithelium.

By Day 5 after Cl2 exposure, low-dose and high-dose Cl2-
exposed tracheas clearly undergo markedly different rates of ep-
ithelial repair. After low-dose Cl2 exposure, the entire trachea is
reepithelialized. The thickened E-cadherin1 luminal epithelium
with basal cells (E-cadherin1 cytokeratin 51) residing near the
basal lamina is characteristic of the second phase of epithelial
repair (Figure 3A). No evidence of cellular migration into the
lumen was observed. In contrast, by Day 5 after high-dose Cl2
exposure, necrotic epithelium is no longer attached to the airway
wall, but on average, 49% of the tracheal circumference lacks
both mature epithelium and basal cells, as indicated by the ab-
sence of E-cadherin and cytokeratin 5 staining (Figures 3B, insets
4 and 6, and 3F). In those areas that do contain epithelium, it
consists of a single layer of cells, some of which are cytokeratin
51, indicating the presence of basal cells (Figure 3B, insets 3 and
5). On average, this epithelium is 50% less thick than after low-
dose Cl2 exposure (Figure 3E). These observations suggest that
even in areas where basal cells survive, their decreased numbers
or reduced function significantly retard epithelial repair. In large
areas of epithelial necrosis caused by high-dose Cl2, the basal
lamina is exposed to the lumen, whereas after low-dose Cl2 ex-
posure, it is covered by regenerating epithelium (Figures 3C and
3D). In addition, by Day 3 after high-dose Cl2 exposure, the
necrotic epithelium that initially remained adherent to the tra-
cheal wall becomes displaced into the lumen, where it is retained
as a mass of necrotic cells (Figure 3D).

By Day 7 after low-dose Cl2 exposure, the trachea remains
fully epithelialized. Most of the transitory squamous metaplasia
has remodeled into normal pseudostratified epithelium (Figures
3G and 3I). In contrast, after high-dose Cl2, the epithelium forms
disorganized patches, varying in stages of repair (Figures 3H and
3J). In some areas, connective tissue has fused with the trachea
wall, preventing the reepithelialization of the original basal lam-
ina. In addition, the epithelium has begun surrounding the invad-
ing connective tissue in places, but denuded areas remain where
obliterative lesions interface directly with the airspace.

Obliterative Lesions Originate from Areas

of Denuded Epithelium

Although these findings demonstrate an overall association be-
tween the occurrence of epithelial denudation and the formation
of obliterative airway lesions, they do not directly demonstrate
that obliterative lesions arise from areas of epithelial denudation.
To address this issue, we developed a technique that would allow
us to track the fate of individual lesions in individual animals. To
label areas of epithelial denudation, we administered sulfosucci-
nimidobiotin (Sulfo-NHS-Biotin) tomice intranasally, 4 days after
low-dose or high-dose Cl2 exposure. Sulfo-NHS-Biotin is com-
prised of esters of biotin that are highly reactive and cell-
impermeable, and that form stable amide bonds with primary
amines found on the surfaces of living and nonliving organic ma-
terial (28). To confirm that this technique specifically labels areas
of epithelial denudation, tracheas were harvested 4 hours after
Sulfo-NHS-Biotin administration (on Day 4 after exposure) and
stained with anti–E-cadherin and streptavidin, to localize intact
epithelium and covalent biotin attachment, respectively.

All tracheas harvested 4 hours after Sulfo-NHS-Biotin adminis-
tration demonstrated uniform staining for biotin on their epithelial
surfaces. In addition, we observed the biotin staining of exposed
basement membrane areas and/or subepithelial connective tissue
that was highly dependent on the presence and extent of epithelial
denudation. Tracheas with no visible epithelial denudation typically
displayed one or more small areas of subepithelial biotin staining
(Figure 4A), the total length of which averaged 390 6 281 mm
(Figure 4E). In contrast, tracheas with visible regions of epithelial
denudation typically displayed one large area of subepithelial bio-
tin staining (Figure 4B), the total length of which averaged 2,4116
1,070 mm (Figure 4E). The length of subepithelial staining in

Figure 2. Exposure to high-
dose Cl2 results in basal cell

death. Photomicrographs depict

hematoxylin-and-eosin–stained

tracheas from an unexposed
mouse (A and F), or after low-

dose Cl2 at 3 hours (B and H)

and 24 hours (C and I), or after
high-dose Cl2 at 3 hours (D and

K) and 24 hours (E and L). Im-

munofluorescent staining is also

shown of uninjured trachea (G),
24 hours after low-dose (J) and

high-dose (M) Cl2. E-cadherin,

green; cytokeratin 5, red;

49,6-diamidino-2-phenylindole
(DAPI), blue. All images are

representative of 5–6 tracheas

at each time. Scale bars, 20 mm
for A–E and 25 mm for F–M.

Asterisks denote fixation artifacts.

O’Koren, Hogan, and Gunn: Basal Cell Loss Precedes Bronchiolitis Obliterans 791



individual mice was closely correlated with the length of associ-
ated epithelial denudation (Figure 4F; r ¼ 0.920, P , 0.0001).
Moreover, the length of this subepithelial staining, when mea-
sured from the center of epithelial denudation, either equaled
or slightly exceeded the length of epithelial denudation (Figure
4G). These results demonstrate that Sulfo-NHS-Biotin staining
accurately labels the extent and position of epithelial denudation.

To determine whether obliterative airway lesions arise from
areas of epithelial denudation in individual mice, a separate ex-
periment was performed in which mice were exposed, as before,
to low-dose or high-dose Cl2, and they then received Sulfo-NHS-
Biotin after 4 days. In this experiment, however, the tracheas
were harvested 3 days later rather than at 4 hours, to allow time
for repair or lesion formation. In these samples, the surface

Figure 3. Basal cell loss results in aberrant reepithelialization. Immunofluorescent staining of epithelium is depicted 5 days after low-dose (A) or high-

dose (B) Cl2. Two individual tracheas are shown in B. Boxed areas in the top row are magnified in the bottom row, and correspond by number.
E-cadherin, green; cytokeratin 5, red; DAPI, blue. Scale bar, 200 mm. Hematoxylin-and-eosin staining of epithelium is shown 5 days after low-dose

(C) or high-dose (D) Cl2. Epithelium is denoted by arrows, and denuded epithelium by arrowheads. Scale bar, 50 mm. Quantification of percent

epithelialized tracheal circumference (E) and epithelial thickness (F) is shown 5 days after exposure to low-dose or high-dose Cl2 (n ¼ 3; *P , 0.05
according to Student t test; data are presented as means6 SEMs). Immunofluorescent staining of epithelium is shown 7 days after low-dose (G and I) or

high-dose (H and J) Cl2. Scale bar, 200 mm for G and H. Scale bar, 25 mm for I and J. All images are representative of 5–6 tracheas at each time.
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staining of airway epithelial cells was not detected, probably
because of the membrane turnover of labeled live cells, but
areas of subepithelial staining remained visible. No intraluminal
lesions were found in sections that contained less than 300 mm
of subepithelial staining, suggesting that the development of
such lesions requires a certain amount of epithelial denudation
(Figure 4H). In contrast, all sections with more than 300 mm of
subepithelial staining contained intraluminal lesions. In individ-
ual mice, the length of tracheal wall covered by intraluminal
lesions was closely correlated with the length of subepithelial

staining (Figure 4I; r ¼ 0.995, P , 0.0001). Lesions, when mea-
sured from the center of biotin staining, typically equaled or
slightly exceeded the length of the associated biotin stain (Figure
4J). These findings demonstrate that intraluminal lesions arise
from areas of epithelial denudation, and suggest that the size of
intraluminal lesions is determined by the extent of epithelial
denudation.

We also graphed the data points in Figures 4E and 4H in
a manner that reflects the exposure group from which each data
point was generated (Figure E2). Data points representing short
lengths of biotin staining and associated with no visible denuda-
tion or lesions were primarily generated after exposure to low-
dose Cl2. In contrast, data points representing long lengths of
biotin staining and associated with visible denudation or lesions
were primarily generated after exposure to high-dose Cl2.

Inflammatory Cell Infiltration Precedes Airway

Intraluminal Fibrosis

To better define the specific cellular events associated with the de-
velopment of intraluminal lesions, we examined the time-course of
inflammation, collagen production, and vascularization inmice ex-
posed to 350 ppm Cl2. By Day 2 after exposure, CD11b1 cells,
consisting of both neutrophils and macrophages, began to infil-
trate the dead epithelium (Figures 5A and 5B). By Day 5, infil-
tration by CD11b1 cells was substantial (Figure 5G), with
macrophages (Figure 5F, arrowheads) and neutrophils (Figure
5F, arrows) comprising the predominant cell types (Figures 5E
and 5F). By Day 7, CD11b1 cell infiltrates decreased (Figures 5I–
5K), but in many cases reappeared when mice developed termi-
nal respiratory distress on or around Day 9 (Figures 5M–5O).
Higher-magnification images of CD11b and collagen I staining
are provided in Figure E3.

To quantify these inflammatory cell infiltrates, whole tracheas
from mice exposed to low-dose or high-dose Cl2 were digested

;

Figure 4. Tracheal blockages originate from areas of denuded epithe-

lium. Mice were exposed to low-dose or high-dose Cl2, and then in-
tranasally received the labeling agent Sulfo-NHS-Biotin (NHS) 4 days

after exposure. (A and B) Immunofluorescent staining of E-cadherin and

biotin 4 hours after the administration of NHS-Biotin in mice that were

exposed to low-dose or high-dose Cl2. Images are representative of
multiple tracheas. Low-dose Cl2, n ¼ 5. High-dose Cl2, n ¼ 10 (two

examples are shown in B). (C and D) Immunofluorescent staining of

E-cadherin and biotin was performed 3 days after biotin labeling (7
days after exposure to low-dose or high-dose Cl2). Images are repre-

sentative of multiple tracheas. Low-dose Cl2, n ¼ 3. High-dose Cl2, n ¼
7 (two examples are shown in D). Scale bar, 200 mm. White dots mark

regions of subepithelial biotin staining. The lengths of these regions
were measured along the basement membrane for quantitation. (E)

The length of subepithelial biotin staining in areas with or without

visible denudation (n ¼ 15 tracheas). ***P , 0.0001, according to

Student t test. (F) Correlation between length of biotin staining and
the length of epithelial denudation (r ¼ 0.920, P , 0.0001; n ¼ 10

tracheas). (G) The length of biotin staining in areas of denuded epithe-

lium was measured from the center of the denuded area outward in

each direction. For each data point, the length is an average of the left
and right extensions (n ¼ 10 tracheas). b.m., basement membrane. (H)

The length of subepithelial biotin staining in areas with or without

visible lesions (n ¼ 10 tracheas; ***P , 0.0001, according to Student
t test). (I) Correlation between length of biotin staining and the length

of luminal lesions (r ¼ 0.995, P , 0.0001; n ¼ 6 tracheas). (J) The

length of lesions measured from the center of the associated biotin

staining outward in each direction. For each data point, the length is
an average of the left and right extensions (n ¼ 6 tracheas).
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into single-cell suspensions, and then subjected to flow cytomet-
ric analysis. In mice exposed to low-dose Cl2, the numbers of
total tracheal cells and monocytes/macrophages (CD11b1

Ly6G2) were significantly increased on Day 5 only, with no

increase in neutrophils (Figures 5Q–5S). In mice exposed to
high-dose Cl2, the numbers of total tracheal cells and
monocytes/macrophages were significantly increased at all time
points, and the number of neutrophils significantly increased on

Figure 5. Loss of epithelial integrity results in inflammatory cell infiltration, mesenchyme infiltration, and collagen deposition. (A) Hematoxylin-and-
eosin staining of tracheal epithelium, 2 days after exposure to high-dose Cl2. (B) Immunofluorescent staining for CD11b (red) in a similar Day 2

tissue section. In A and B, scale bars, 25 mm. Immunofluorescent staining of either CD11b (red) or collagen I (green) in a control tracheal section and

sections harvested on Days 5, 7, and 9 after high-dose Cl2 and CD11b (C, G, K, and O, respectively) and collagen I (D, H, L, and P, respectively; scale
bar, 200 mm). In H, arrows denote collagen 11 cells infiltrating the lumen. Hematoxylin-and-eosin staining of tracheal sections harvested on Days 5,

7, and 9 after high-dose Cl2 (E, I, andM, respectively; scale bar, 200 mm); magnified images are presented F, J, and N, respectively (scale bar, 25 mm)

In F, arrowheads denote macrophages, whereas arrows denote neutrophils. All tissue sections are representative of 5–6 tracheas at each time.

Asterisks denote the lumen. Using flow cytometry, total cells (Q), non-neutrophil CD11b1 cells (R), and neutrophils (S) were quantified from tracheal
digests of mice exposed to filtered air (FA), low-dose, or high-dose Cl2. Bars represent means6 SDs for 5–8 mice per group. *P, 0.05, **P, 0.005,

and ***P , 0.0001, in comparison with FA according to Student t test. ^P , 0.05 and ^^P , 0.005, in comparison with day-matched low-dose Cl2,

according to Student t test. PMN, polymorphonuclear leukocyte.
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Days 3 and 7 (Figures 5Q–5S). These findings demonstrate that
inflammatory cell infiltration, especially of monocytes/macrophages,
precedes the development of intraluminal lesions, which are typi-
cally observed on Day 7 after Cl2 exposure.

At the time when the infiltration of monocytes/macrophages
is peaking, around Day 5 after exposure, collagen-producing
cells begin to infiltrate the cellular mass (Figure 5H, arrows).
After this begins, the deposition of collagen-producing fibro-
blasts and connective tissue within the airway lesion increases
rapidly (Figures 5F, 5H, 5J, 5L, 5N, and 5P). Consequently,
tracheas can progress from being totally patent to almost
totally occluded during a period of 4 days (Figures 5E, 5I,
and 5M).

Vascularization of Obliterative Airway Lesions

Is a Late Event

To determine whether vascularization plays a significant role in
the development of obliterative airway lesions, we performed
immunohistochemistry for the endothelial cell (EC) marker
platelet endothelial cell adhesion molecule on tissue sections
during the course of lesion development. Before exposure, tra-
cheal blood vessels lay just below the basal lamina (Figure 6A).
ECs remained in this position through Day 5 after Cl2 exposure
(Figures 6B and 6C). By Day 7, ECs began to penetrate the
basal lamina into the developing obliterative lesions (Figures
6D and 6E, arrows). This corresponded to the time of rapidly
increasing cellularity within obliterative lesions. By Day 9, oblit-
erative airway lesions were highly vascularized (Figure 6F).
These findings suggest that vascularization does not play a role
in the initiation of obliterative airway lesions.

DISCUSSION

BO is a debilitating and potentially lethal disease resulting from
the narrowing of the airways by fibrosis and inflammation. The
pathogenesis of BO is not clearly understood, but may involve
immune components, tissue ischemia, and epithelial damage
(15, 22). The majority of BO cases, animal and human, include
epithelial damage, but not all cases of epithelial damage result
in BO. Here, we find that a loss of basal cells is closely associ-
ated with the development of obliterative airway lesions in
a model of acute toxin-induced airway injury. This conclusion
is based on several findings. First, we demonstrate that the ex-
tent of acute injury to luminal epithelial cells does not correlate
with the development of obliterative airway lesions. Second, we
find that the development of such lesions occurs only under
conditions and in areas in which basal cells are eliminated.
Third, we find that the loss of basal cells is closely associated
with a failure to reepithelialize regions of epithelial denudation.
Fourth, we find that obliterative airway lesions arise only at sites
of epithelial denudation, and that the size of such developing
lesions is closely correlated with the extent of epithelial denu-
dation. To our knowledge, this is the first demonstration that
intraluminal fibrotic lesions arise specifically at sites of epithe-
lial denudation. Taken together, our findings suggest a clear
mechanism by which a loss of basal cells leads to airway intra-
luminal fibrosis. This mechanism is consistent with human path-
ological studies in which obliterative airway lesions appeared to
arise from areas of epithelial denudation (22).

Although our findings demonstrate strong correlations among
basal cell loss, persistent regions of epithelial denudation, and the
development of airway intraluminal fibrosis, they do not directly
prove that basal cell loss is the cause of airway intraluminal fibro-
sis. Such proof will likely require the targeted preservation or elim-
ination of basal cells in an animal model. However, several other
associative studies have been performed that support our overall
conclusion.Only some toxic chemical exposures are known to lead
to the development of BO. Our findings suggest that the ability of
individual chemicals to cause BO is directly related to their effects
on basal cells. Although data on the toxicity of specific chemicals
toward basal cells are limited, the available studies support this
conclusion. In animalmodels, chemicals such as naphthalene, noli-
docanol, and SO2 do not cause basal cell loss, and do not cause
airway intraluminal fibrosis (29). In contrast, exposures to diace-
tyl and sulfur mustard, which are known to cause BO, have been
shown to cause basal cell depletion (30, 31). For any given chem-
ical, a dosage effect will also occur, as demonstrated by our com-
parison of Cl2 dosages. In addition, a recent study comparing
Cl2-induced lung injury in FVB/NJ and A/J mice found that
reduced epithelial repair and increased airway fibrosis were as-
sociated with a reduced number of resident basal cells at baseline
(24, 32). Taken together, our findings and previous reports dem-
onstrate a clear association between basal cell loss and the
development of obliterative airway lesions.

According to our model, the loss of basal cells does not di-
rectly stimulate obliterative airway lesion formation. Rather,
the failure of reepithelialization and the consequent prolonged
presence of regions of complete epithelial denudation stimulate
an intraluminal fibrotic response. This view is consistent with
previous studies in which epithelial denudation induced by
a chronic depletion of mature epithelial cells resulted in the de-
velopment of BO-like fibrotic lesions (15, 16). After chronic
Clara cell (club cell) depletion, intrabronchiolar fibrotic lesions
only arose in areas of complete epithelial denudation, whereas
peribronchiolar fibrosis arose in areas that maintained epithelial
integrity, despite persistent epithelial injury. Pathologically,
intrabronchiolar and peribronchiolar fibrosis are similar to

Figure 6. Vascularization of tracheal blockages. Immunofluorescent stain-

ing of endothelial cells (platelet endothelial cell adhesion molecule, green)

in an uninjured trachea (A) and in tracheas harvested 3 (B), 5 (C), 7 (D and
E), and 9 (F) days after exposure to high-dose Cl2. Whites dots denote the

basal lamina. Arrows denote endothelial sprouts into the lumen. Asterisks

denote the lumen. Tissue sections are representative of 5–6 tracheas at

each time. Top, scale bar: 50 mm. Bottom, scale bar: 200 mm.
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human proliferative and constrictive BO, respectively. These
observations suggest that the development of proliferative versus
constrictive BO may depend on the extent and timing of epithe-
lial injury. Proliferative BO may also advance to constrictive BO.
In a nitric acid–induced rat model of BO, proliferative lesions
were observed after the first week of injury, followed by the
occurrence of constrictive BO (33). We were unable to address
the possibility of a transition from one pathology to another in
our model, because all mice that survived high-dose Cl2 exposure
displayed fully reepithelialized their tracheas 2–3 weeks after
injury, with no evidence of fibrosis (data not shown). We assume
these mice retained enough surviving basal cells to repair nor-
mally, and avoid the initiation of proliferative BO.

Although our findings directly apply only to proximal airway
regions that contain basal cells, the depletion of other types of
epithelial progenitor cells in distal airways likely also leads to
intraluminal fibrotic lesions. Human pathological studies demon-
strate that such lesions arise by connective tissue penetrating
areas of epithelial denudation (22). Several types of distal air-
way and alveolar epithelial progenitor cells have been described
that are distinct from basal cells (34). To determine whether
such cells are depleted by stimuli that lead to distal airway or
alveolar intraluminal fibrosis would be of interest. This would
include exposure to chemicals such as phosgene and chloropic-
rin that preferentially target the distal lung. It would also in-
clude non–toxin-related causes of BO. For example, in lung
transplantation–induced BO, immune-mediated epithelial pro-
genitor cell death may contribute to aberrant repair processes
and fibrosis. Similarly, the tissue ischemia associated with lung
transplantation may be extensive enough to eliminate epithelial
progenitor cells.

The model of Cl2-induced airway injury we describe causes the
reproducible ablation of basal cells, followed by the rapid devel-
opment of obliterative airway lesions. Relative to other models of
BO, this model offers several advantages. It is relatively simple,
requires no surgery, is highly reproducible, and results in the
near-total occlusion of airways within 10–12 days. The exposure
of mice to high-dose Cl2 induces a well-demarcated series of
pathological changes that will allow for a more detailed analysis
of the individual cellular and molecular events that lead from
basal cell loss to airway occlusion. Because this model uses
C57BL/6 mice, it is readily amenable to analysis using the large
number of genetically altered mouse strains available in this
background. We anticipate that this model will prove useful in
elucidating the pathophysiology of proliferative BO and in the
identification of potential therapies for this disease.

Author disclosures are available with the text of this article at www.atsjournals.org.
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