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Apoptosis and Engulfment by Bronchial Epithelial Cells
Implications for Allergic Airway Inflammation
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Abstract

Insult or injury to the lung epithelial cells frompathogens, pollutants,
and allergens can initiate the process of apoptotic cell death.
Although “Creola bodies,” which are clusters of uncleared,
apoptotic, epithelial cells, have been seen in the sputum of patients
with asthma, the clearance of these dying epithelial cells and the
consequence of failed clearance in the airway have not been
directly addressed. We have observed that bronchial epithelial
cells efficiently engulf their apoptotic neighbors and produce
antiinflammatory cytokines when engulfing apoptotic cells.
Furthermore, when the phagocytic capacity of bronchial epithelial

cells was impaired, mice developed severe, IL-33–dependent,
allergic airway inflammation. This inflammation could be ameliorated
by exogenous administration of the antiinflammatory cytokine IL-10.
Our data suggest that the process of apoptotic cell engulfment
is a mechanism by which bronchial epithelial cells regulate the
inflammatory environment within the lung. Collectively, these studies
suggest that impaired engulfment pathways in airway epithelial cells
can contribute to allergic airway inflammation and that targeting
these pathways may be of benefit in human airway inflammation.

Keywords: airway epithelium; apoptotic cells; phagocytosis; IL-10;
IL-33

(Received in original form May 12, 2014; accepted in final form June 17, 2014 )

Supported by an Immunology Training Grant (I.J.J. and K.K.P.), an F32 postdoctoral fellowship from the NHLBI (I.J.J.), and grants from the American Asthma
Foundation and the NIGMS/National Institutes of Health (GM064709 and GM107848 to K.S.R.). K.S.R. has been a William Benter Senior Fellow of the
American Asthma Foundation.

Author Contributions: K.K.P. and K.S.R. wrote the report. I.J.J. designed, performed, and analyzed most of the experiments in this study, with input from K.S.R.

Correspondence and requests for reprints should be addressed to Kodi S. Ravichandran, Ph.D., University of Virginia, Microbiology, Immunology, and Cancer
Biology, Jordan Hall, Room 4067, 1340 Jefferson Park Avenue, Charlottesville, VA 22936. E-mail: ravi@virginia.edu

Ann Am Thorac Soc Vol 11, Supplement 5, pp S259–S262, Dec 2014
Copyright © 2014 by the American Thoracic Society
DOI: 10.1513/AnnalsATS.201405-200AW
Internet address: www.atsjournals.org

The epithelial cells of the airways serve not
only as a barrier to pathogens and allergens
they also regulate immune responses and
play a crucial role in the pathogenesis
of allergic asthma. When exposed to
allergens, bronchial epithelial cells produce
the inflammatory cytokines thymic
stromal lymphopoietin (TSLP), IL-25,
and IL-33, which contribute to the innate
inflammatory responses (1–3). In addition,
allergen exposure can disrupt the integrity
of the epithelial barrier by inducing
apoptosis of bronchial epithelial cells (4).
The maintenance of barrier integrity and
function necessitates rapid and efficient
clearance of these apoptotic cells as
secondary necrosis leads to the release
of additional IL-33 (5, 6). Interestingly,

clusters of apoptotic bronchial epithelial
cells known as “Creola bodies” are regularly
seen in the sputum of patients with asthma,
suggesting that the phagocytosis and
clearance of apoptotic cells in the airways
of these individuals is either impaired or
insufficient (7–9). Apoptotic cells can be
cleared by professional phagocytes, that is,
macrophages, neutrophils, and dendritic
cells, or by nonprofessional phagocytes,
for example, fibroblasts and epithelial cells.
In a publication from our laboratory, we
investigated the role of bronchial epithelial
cells in apoptotic cell clearance and the
effect of impaired phagocytic activity in
bronchial epithelial cells (10). As mammary
epithelial cells were previously shown to
play a key role in phagocytosis during

the process of mammary involution
postlactation, we hypothesized that
bronchial epithelial cells could play a role in
the clearance of their apoptotic neighbors
(11). Furthermore, we postulated that
disruption of the phagocytic activity of
epithelial cells might contribute to or
promote allergic airway inflammation.

The engulfment of apoptotic cells
dampens inflammation locally as it drives the
production of antiinflammatory cytokines
(12). We hypothesized that bronchial
epithelial cell engulfment of apoptotic
cells might create an antiinflammatory
milieu. We first observed that bronchial
epithelial cells that engulf other apoptotic
airway epithelial cells produce the
antiinflammatory cytokines transforming
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growth factor-b and prostaglandin E2 (10).
This finding supported our hypothesis
that epithelial cells could likely engulf their
apoptotic neighbors and that phagocytosis
by bronchial epithelial cells might also help
establish an antiinflammatory environment
in the airways. Testing the importance of
phagocytosis in an in vivo disease model
is complicated by the existence of multiple
and redundant engulfment pathways.
Instead of targeting engulfment receptors
or immediate downstream mediators we
chose to target the small GTPase Rac1.
Rac1 is involved in actin-dependent
cytoskeletal rearrangement and functions
downstream of multiple engulfment
receptors (13). Therefore, to examine the
importance of phagocytosis by bronchial
epithelial cells in a model of allergic airway
inflammation, we generated a mouse model
of inducible and conditional deletion of
Rac1 in airway epithelial cells. Our mouse
model was generated by crossing Rac1fl/fl

mice to mice with a Cre recombinase that
is expressed in a tetracycline-inducible
manner under the control of the promoter
for club cell (Clara cell) secretory protein
(denoted CCSP-Cre/Rac1fl/fl mice) (10, 14).

Disruption of the integrity of the
epithelial barrier, such as disruption of
apical junctional complexes, is associated
with exacerbations of allergic airway
inflammation (15, 16). We confirmed that
a loss of Rac1 expression had no apparent

effects on the integrity of the epithelial
barrier at baseline: lung morphology,
epithelial cell number, tight junction
formation, alveolar–capillary membrane
integrity, and uptake of antigen in CCSP-
Cre/Rac1fl/fl mice were all comparable to
control animals. We did, however, observe
that deletion of Rac1 in airway epithelial
cells caused a phagocytic defect in vitro and
in vivo. Furthermore, CCSP-Cre/Rac1fl/fl

mice had significantly lower levels of
antiinflammatory cytokines in their
bronchoalveolar lavage after intranasal
instillation of apoptotic cells (10). Importantly,
deletion of Rac1 in myeloid cells (including
alveolar macrophages) did not affect the
production of antiinflammatory cytokines
after intranasal administration of apoptotic
cells. These data further suggested that
airway epithelial cells play a distinct role
in the phagocytosis of apoptotic targets in
the airways.

We then went on to evaluate our CCSP-
Cre/Rac1fl/fl mice in a model of house
dust mite (HDM)–induced allergic airway
inflammation. HDM is a potent and
pervasive allergen that is highly associated
with asthma severity and morbidity (17,
18). We observed that CCSP-Cre/Rac1fl/fl

mice developed more severe inflammation
than littermate controls and had an
inflammatory phenotype that mimicked
several of the characteristics observed
in allergic asthma (19, 20). Specifically,

CCSP-Cre/Rac1fl/fl mice had increased
eosinophilia, lymphocytic infiltration,
and IgE levels (mice without Cre, mice
given only buffer, or mice heterozygous
for the Rac1 locus) (10). Further, the
CCSP-Cre/Rac1fl/fl mice performed worse
on pulmonary function tests and displayed
increased hypersensitivity on methacholine
challenge. In addition, bronchoalveolar
lavage fluid of CCSP-Cre/Rac1fl/fl mice
had higher levels of the classic helper
T-cell type 2 cytokines IL-4, IL-5, and
IL-13. Interestingly, CCSP-Cre/Rac1fl/fl

mice also had increased levels of the
cytokine IL-33.

IL-33 is released from epithelial cells
on exposure to allergens and is crucial for
the process of allergic sensitization (21, 22).
IL-33 recruits type 2 innate lymphoid cells
(ILC2s), which express the transcription
factor GATA3 and produce IL-13
and IL-5, much like helper T type
2 cells (23, 24). However, these cells do
not express a T-cell receptor and do not
demonstrate any known antigen specificity.
This cell type is rapidly emerging as
a critical mediator of sensitization in the
process of allergic airway inflammation
(25). We noted that the severe
inflammatory phenotype observed in our
CCSP-Cre/Rac1fl/fl mice was associated
with a dramatic increase in IL-33 levels
in the airways and a concomitant
increase in ILC2 recruitment. Given the
previously reported importance of IL-33
and ILC2s in the pathogenesis of allergic
airway inflammation, we then tested
whether the inflammatory phenotype
in our mice was IL-33 dependent.
When CCSP-Cre/Rac1fl/fl mice were
treated with an IL-33 neutralizing antibody
during prime and challenge with HDM the
inflammatory phenotype was attenuated.
Of note, bronchial epithelial cell lines and
primary cultures of human nasal epithelial
cells produced high levels of IL-33 when
exposed to HDM in the presence of a Rac1
inhibitor. These data suggest that IL-33
release is not simply the result of increased
damage and necrosis within the airways
but might be fundamentally regulated via
a Rac1-dependent mechanism. In light
of the major role that IL-33 plays in
allergic airway inflammation and the
early epithelial response to allergens, the
specifics of this mechanism might warrant
more investigation and study.

Although the inflammatory phenotype
in our CCSP-Cre/Rac1fl/flmice was associated

HDM / cell death
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Engulfment by neighbor

Figure 1. Proposed model for the role of epithelial cell death and engulfment in allergic airway
inflammation. HDM = house dust mite allergen; ILC2 = type 2 innate lymphoid cells.
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with an increase in the levels of many
inflammatory cytokines, these mice did not
display a general increase in all cytokine
levels. Notably, the level of the epithelial cell
cytokine TSLP did not differ between
CCSP-Cre/Rac1fl/fl mice and littermate
controls (10). In addition, CCSP-
Cre/Rac1fl/fl mice had lower levels of the
antiinflammatory cytokine IL-10 when
compared with littermate controls (10).
This finding in our CCSP-Cre/Rac1fl/fl

mice recapitulates an earlier observation
in patients with asthma, who were found
to have lower levels of IL-10 in their
bronchoalveolar lavage fluid compared
with healthy control subjects (20). IL-10
is crucial for controlling inflammatory
responses at environmental interfaces (26).
Interestingly, intranasal administration
of exogenous IL-10 during prime and
challenge with HDM ameliorated the
inflammatory phenotype in our CCSP-
Cre/Rac1fl/fl mice. Administration of IL-10
also decreased IL-33 levels, suggesting that
this IL-10 was either directly or indirectly
dampening inflammatory responses in

epithelial cells and that these cytokines
might be reciprocally regulated in the
airways.

The epithelial barrier is being
increasingly recognized as a major player
in the pathogenesis of allergic airway
inflammation. Epithelial cells respond
to allergens by producing inflammatory
cytokines and can undergo apoptotic
cell death in response to allergen exposure.
The early epithelial response to allergens
drives the inflammatory cascade that
underlies allergic airway inflammation.
Our findings suggest that airway epithelial
cells are not only capable of engulfing
apoptotic cells but that apoptotic cell
engulfment is an important mechanism
by which airway epithelial cells regulate
pulmonary immunity. Disruption of
phagocytic activity in airway epithelial
cells by deletion of the small GTPase Rac1
increases the severity of allergic airway
inflammation in an IL-33–dependent
manner. In turn, administration of
exogenous IL-10 can abrogate the increase
in IL-33 and ameliorate inflammation

(Figure 1). Collectively, these data suggest
that airway epithelial cells dampen the
inflammatory response in the airways
via a Rac1-dependent mechanism and
that dysregulation of Rac1, and potentially
other components of engulfment
pathways, might contribute to allergic
airway inflammation. In support of
this hypothesis, Creola bodies are already
known to be a positive predictor of
future asthmatic disease in pediatric
patients with both wheeze and respiratory
syncytial virus (8, 9). It is possible that
enhancing phagocytic activity or increasing
the antiinflammatory function of
engulfment pathways may represent an
unexplored therapeutic strategy in the
treatment of allergic airway inflammation. n
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