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Abstract

The initial innate immune response to ozone (O3) in the lung is
orchestrated by structural cells, such as epithelial cells, and resident
immune cells, such as airway macrophages (Macs). We developed
an epithelial cell–Mac coculture model to investigate how epithelial
cell–derived signals affect Mac response to O3. Macs from
the bronchoalveolar lavage (BAL) of healthy volunteers were
cocultured with the human bronchial epithelial (16HBE) or alveolar
(A549) epithelial cell lines. Cocultures, Mac monocultures, and
epithelial cell monocultures were exposed to O3 or air, and Mac
immunophenotype, phagocytosis, and cytotoxicity were assessed.
Quantities of hyaluronic acid (HA) and IL-8 were compared across
cultures and in BAL fluid from healthy volunteers exposed to O3 or
air for in vivo confirmation. We show that Macs in coculture had
increased markers of alternative activation, enhanced cytotoxicity,
and reduced phagocytosis compared with Macs in monoculture
that differed based on coculture with A549 or 16HBE. Production
of HA by epithelial cell monocultures was not affected by O3,
but quantities of HA in the in vitro coculture and BAL fluid
from volunteers exposed in vivo were increased with O3 exposure,

indicating that O3 exposure impairsMac regulation ofHA. Together,
we show epithelial cell–Mac coculture models that have many
similarities to the in vivo responses to O3, and demonstrate
that epithelial cell–derived signals are important determinants
of Mac immunophenotype and response to O3.
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Clinical Relevance

The results shown here demonstrate that tissue microenvironment
along the respiratory tract and interaction with epithelial
cells influences macrophage phenotype and response to
pollutant exposure. These findings suggest a central role for
epithelial cells as orchestrators of immune responses in the
lung that can influence immune cell function, and that may
serve as future therapeutic targets to modulate respiratory
immunity.

Inhalation of ozone (O3) causes immediate
nociceptive decreases in lung function
and increased airway inflammation that
can exacerbate pre-existing diseases, such as
asthma and chronic obstructive pulmonary

disease (1). Despite regulations to reduce
ambient O3, in 2008, approximately 36.2%
of the U.S. population lived in counties
that did not meet the National Ambient
Air Quality 8-hour O3 standard (0.075

parts per million [ppm] averaged per 8 h)
(2). Although the adverse health effects of
O3 are well known, the cellular mechanisms
by which O3 alters immune responses in
the lung remain unclear.
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The induction of airway inflammation
after O3 exposure suggests an ongoing
innate immune response in the lung.
Because O3 is an oxidant gas, the innate
immune response to O3 is not likely
mediated by recognition through discreet
receptors (3). Rather, O3 reacts with
components of the airway lining fluid
and cellular membrane, such as surfactants
and phospholipids, generating reactive
intermediates that damage the respiratory
epithelium, inducing endogenous danger
signals that initiate innate immune
responses (1, 4, 5). For example, short
fragments of hyaluronic acid (HA), an
extracellular matrix glycosaminoglycan
produced by airway epithelial cells, have
been shown to serve as danger signals in
the response to O3 (6, 7). HA fragments
induce airway hyper-reactivity and activate
inflammatory responses via pattern
recognition receptors, such as CD44 (6).
Quantities of HA are elevated in the
airways of mice and subjects with atopy
and asthma after in vivo O3 exposure (6, 8).

Airway macrophages (Macs) and
epithelial cells are two of the most abundant
cell types in the lower and conducting
airways, and thus serve as crucial first
responders to O3-induced airway damage
(9). The airway epithelium acts as both
a physical barrier against the inhaled
environment and orchestrator of the
innate immune response (10). Acute O3

exposure damages epithelial cells, leading
to increased airway permeability, cell death,
and the release of cytokines/chemokines
and danger signals that can activate local
immune cells, such as Macs (1, 11, 12).
Airway Macs reside along the airway
epithelium and act as key members of
the innate immune system by clearing
pathogens and debris via phagocytosis,
and releasing cytokines and chemokines
to regulate the inflammatory response
(9, 13). Macs contribute to O3-induced
lung injury, as Mac numbers increase after
O3 exposure, and blocking Mac activity
during O3 exposure in rats reduces airway
inflammation (14). However, Macs also
play a protective role in the response to
O3 by clearing reactive intermediates and
cellular debris, and releasing mediators
that are antiinflammatory to initiate
wound repair (4, 13). These yin-yang
characteristics led to the classification
of Macs as “classically activated,”
proinflammatory, “alternatively activated,”
or antiinflammatory/wound healing

(13). Studies in rats suggest that inhalation
of O3 is associated with accumulation of
both classically and alternatively activated
Macs in the lung (15).

The close proximity between airway
epithelial cells and Macs suggests that they
encounter inhaled stimuli simultaneously,
and regulate the inflammatory response
in tandem. In addition, the lung
microenvironment has been shown to
influence Mac phenotype and function (16).
However, most in vitro studies investigating
the cellular inflammatory response to O3

have used monoculture systems, which
do not address the interaction between
multiple cell types in the airway, and have
limited applicability to in vivo situations
(11, 12, 17–20). We developed coculture
models of primary human airway Macs and
human bronchial epithelial (16HBE14o2)
or alveolar epithelial (A549) cells to test
the hypothesis that signals from epithelial
cells modify Mac phenotype and response
to O3, and that the these responses
differ depending on interaction with
alveolar or bronchial epithelial cells.

Materials and Methods

Culture Preparations
16HBE14o2 (16HBE) cells, an SV-40
transformed human bronchial epithelial cell
line, were a gift from Dr. D. C. Gruenert
(University of California San Francisco,
San Francisco, CA). 1.5 3 105 16HBE were
plated on fibronectin-coated (LHC Basal
Medium [Life Technologies, Carlsbad, CA],
0.01% BSA [Sigma, St. Louis, MO], 1%
Vitrocol [Advanced Bio Matrix, San Diego,
CA], and 1% human fibronectin [BD
Biosciences, San Jose, CA]) 0.4-mm
Transwells (Costar, Corning, NY),
and grown submerged in minimal
essential media with 10% FBS, 1%
penicillin–streptomycin, and 1%
l-glutamine (Life Technologies) until
confluent for 6 days, and 1 day at air–liquid
interface (ALI) before use. A total of
0.75 3 105 A549 cells, an adenocarcinoma
cell line with alveolar type II–like
characteristics, were plated on 0.4-mm
Transwells and grown until confluent, as
above, in Dulbecco’s modified Eagles’
medium with 10% FBS, 1% penicillin–
streptomycin, and 1% l-glutamine (Life
Technologies). Primary human airway
Macs were obtained from bronchoalveolar
lavage (BAL) of healthy volunteers in

collaboration with the U.S. Environmental
Protection Agency (EPA) using a protocol
approved by the University of North
Carolina at Chapel Hill Institutional Review
Board (Chapel Hill, NC), as described
previously (21). A total of 1.5 3 105

BAL cells were added to the apical side
of 16HBE and A549 cells or grown alone
on Transwells for monoculture controls.
At the time of exposure, 5–10% of all cells
(z 75,000 Macs) in the cocultures were
Macs, similar to in vivo estimations (22,
23). Equal volumes of media were added
to the apical side of epithelial cell
monocultures. Macs were selected by
adherence for 2 hours. Apical media
containing nonadherent cells were removed
and cultures were incubated 18 hours at
ALI before exposure (see Figure E1 in
the online supplement).

In Vitro O3 Exposure
Cultures at ALI were exposed to filtered
air or 0.4 ppm O3 for 4 hours in exposure
chambers operated by the U.S. EPA, as
previously described (20, 24). The dose was
selected for maximal innate immune
response to O3 with minimal cytotoxicity,
and has been used previously by our group
(25). At 1 and 24 hours after exposure, apical
sides of all cultures were washed with Hanks’
balanced salt solution (Life Technologies),
and cells were collected for flow cytometry
analysis or used for phagocytosis assays.
See the online supplement for further
details.

In Vivo Exposure of Healthy
Volunteers to O3

See Table E2 for subject information.
Written informed consent was provided by
each participant. Healthy volunteers were
randomly exposed to air and (in a separate
exposure) 0.3 ppm O3 for 2 hours with
exercise and a minimum 2-week separation
between exposures in collaboration with the
U.S. EPA using a protocol approved by the
University of North Carolina at Chapel Hill
Institutional Review Board, as described
previously (26). Bronchoscopy was
performed 1 or 24 hours after exposure.
Cell-free BAL fluid was stored at 2808C
until analysis. See the online supplement
for further details.

Statistical Analysis
Data obtained from mono- and cocultures
using Macs from the same donor were
considered matched pairs. Data shown

ORIGINAL RESEARCH

286 American Journal of Respiratory Cell and Molecular Biology Volume 52 Number 3 | March 2015



are mean (6 SEM). See figure legends and
table footnotes for further statistical
information, and the online supplement
for additional methods.

Results

Characterization of the 16HBE–Mac
Coculture Model
To examine the interaction betweenMacs and
airway epithelial cells, we developed coculture
models using primary airway Macs and
16HBE and A549 cell lines. BAL cells from
healthy volunteers, which are comprised of
over 80% Macs, up to 10% lymphocytes
(largely T lymphocytes), and small
populations of dendritic cells, neutrophils,
basophils, and eosinophils (27, 28), were
added to the apical side of the epithelial cells,
and Macs were selected by adherence (Figure
E1). Immunofluorescence analysis of the
coculture indicated that the Macs became
semiembedded within the 16HBE and
A549 monolayers, suggesting close cell–cell
interaction between Macs and epithelial cells
(Figures 1A and 1B). Flow cytometric analysis
of the cocultures using CD45 and forward
scatter/side scatter properties to distinguish
Macs from epithelial cells revealed that Macs
composed, on average, 6.936% (16HBE
cocultures) and 8.183% (A549 cocultures)
of all cells in the coculture (Table 1 and
Figure 1C). Further analysis revealed
a population of CD31 T lymphocytes in the
cocultures (on average, 0.6975% [16HBE
cocultures] and 1.032% [A549 cocultures]
of all cells [Table 1]), and a very small
population (,0.3% of all cells) of
CD451CD32lineage-1 (Lin1)2 human
leukocyte antigen-DR (HLA-DR)1

cells that may be dendritic cells (Figure E2).
We did not further characterize the
T lymphocyte or dendritic cell populations,
but, rather, focused our analysis on the
effects of coculture with epithelial cells
on Mac phenotype and response to O3.

Coculture of Macs with Epithelial
Cells Alters Macs Immunophenotype
and Reduces Phagocytic Activity
To determine the effects of coculturing
on baseline Mac immunophenotype and
activity, we compared surface receptor
expression and phagocytosis between
air-exposed Macs in mono- versus
coculture. We assessed expression of the
following surface receptors: CD14, a pattern
recognition receptor commonly used

to identify Macs and implicated in the
response to O3 (29); the costimulatory
protein, CD80, a marker of classically
activated Macs (30); and the Mac mannose
receptor (CD206) and scavenger receptor
A1 (SRA1), markers of alternatively active
Macs (13, 31). We found that Macs
cocultured with either A549 or 16HBE
had enhanced CD14 and CD80 expression
and decreased phagocytosis compared
with Macs in monoculture (Tables E3

and E4). In addition, coculture of Macs
with 16HBE increased SRA1 and CD206
expression relative to Macs cultured alone,
an effect that was not observed in Macs
cocultured with A549 (Table E3). We
also compared the immunophenotype of
fresh BAL Macs to Macs cultured ex vivo
(Table E3). Fresh BAL Macs had higher
expression of CD206 and SRA1 than
Macs in all cultures. Macs cocultured
with either 16HBE or A549 had
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Figure 1. Characterization of the epithelial cell and airway macrophage (Mac) coculture model. En
face and cross-sectional views of the (A) human bronchial epithelial (16HBE)–Mac and (B) alveolar
(A549)–Mac cocultures were acquired by confocal microscopy. Macs were identified by positive
CD14 expression (green). The cell cytoskeleton was labeled with rhodamine–phalloidin for F-actin
(red). Cell nuclei were stained with 49,6-diamidino-2-phenylindole (blue). Images were acquired
with 633 zoom. Cross-sectional view of the cocultures shows the Macs semiembedded within
the epithelial cell monolayers. (C) Representative flow cytometric analysis of the 16HBE coculture
shows a large population of CD451, high side scatter (SSC) Macs adhere to the epithelial cells, as
well as a small population of CD451, low SSC T lymphocytes.

Table 1. Composition of the 16HBE and A549 Coculture Models

Culture Type %CD451 Macs %CD451 Lymphocytes

16HBE coculture 6.936 6 0.3383 (n = 16) 0.6975 6 0.1120 (n = 16)
A549 coculture 8.183 6 0.5622 (n = 6) 1.032 6 0.2252 (n = 6)

Definition of abbreviations: 16HBE, human bronchial epithelial cell line; A549, alveolar epithelial cell
line; Macs, macrophages.
Data are shown as mean 6 SEM.
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significantly increased CD14 expression
than BAL Macs, and only Macs cocultured
with 16HBE had significantly increased
CD80 expression compared with BAL
Macs. Together, these results show that
signals derived from epithelial cells can
alter the immunophenotype and phagocytic
function of Macs present in the BAL.

Coculture of Macs with Epithelial
Cells Modifies Macs’ Response to O3

We next assessed how coculture of
Macs with epithelial cells modifies Mac
immunophenotype and phagocytic activity
in the context of O3 exposure. Mac CD14,
CD80, SRA1, and CD206 expression
was analyzed by flow cytometry 1 and
24 hours after exposure to air or O3.
Macs cocultured with either 16HBE or
A549 had decreased CD80 expression
1 hour after O3 exposure that remained
slightly decreased 24 hours after exposure
in Macs cocultured with16HBE, an
effect that was not observed in Macs in
monoculture (Figure 2A, Table E3, and
Figure E3). Both Macs in monoculture
and cocultured with 16HBE had
significantly increased CD206 and SRA1

expression 1 hour after O3 exposure, but
expression was significantly greater in Macs
cocultured with 16HBE, and remained
increased 24 hours after exposure (Figures
2B and 2C, Table E3, and Figure E3).
Finally, we found similar increases in CD14
expression by Macs in all cultures 24 hours
after exposure to O3 (Figure 2D, Table E3,
and Figure E3).

O3 exposure reduces Mac phagocytosis
in vivo, which may contribute to
enhanced susceptibility to infections after
O3 exposure (21, 32, 33). Similarly, we
found that exposure to O3 reduced
phagocytosis of opsonized Staphylococcus
aureus bioparticles by Macs in all cultures
1 hour after exposure, but that the
reduction was greater in Macs cocultured
with A549 or 16HBE compared with
Macs in monoculture (Figure 3 and
Table E4). The phagocytosis deficit was
maintained by Macs in monoculture and
Macs cocultured with 16HBE at 24 hours
after exposure, but not in Macs cocultured
with A549. Taken together, these results
indicate that coculture of Macs with epithelial
cells modifies Mac immunophenotype
and phagocytosis in response to O3.

Coculture Modifies O3-Induced
Cytotoxicity of Macs
Exposure to O3 damages both airway
epithelial cells and Macs, leading to cell
death and the release of danger signals
that activate local immune cells (1, 12, 18).
We investigated how coculturing Macs
with epithelial cells modifies O3-induced
cytotoxicity by propidium iodide (PI)
staining, a marker of cell lysis. O3

significantly enhanced the percentage
of PI-positive (PI1) Macs 1 hour after
exposure in Macs cocultured with either
A549 or 16HBE, but Macs in monoculture
had only a trend for O3-induced
cytotoxicity (Table 2). Conversely, epithelial
cells were more resistant to O3-induced
cytotoxicity, and only cocultured A549
had significantly increased PI1 staining
that occurred 1 hour after O3 exposure
(Table 3). Notably, O3 did not enhance
cleaved caspase-3 in the cultures, suggesting
that O3 exposure did not induce caspase-
3–dependent apoptosis (Figure E4).
Together, our results show that Mac
susceptibility to O3-induced cytotoxicity
is enhanced by coculturing with epithelial
cells.
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Figure 2. Coculture of Macs with epithelial cells modifies Mac immunophenotype in response to ozone (O3) exposure. Surface expression of (A) CD80,
(B) CD206, (C) scavenger receptor A1 (SRA1), and (D) CD14 by Macs cocultured with 16HBE, A549, or grown on Transwells alone (Mac alone) was
measured by flow cytometry 1 and 24 hours after exposure to 0.4 parts per million [ppm] O3 or air for 4 hours. Macs were distinguished from epithelial cells
by positive CD45 staining. Data are shown as O3-exposed Mac mean fluorescent intensity (MFI) divided by air-exposed Mac MFI (fold change O3/air) 6
SEM; n = 7–16 16HBE cocultures, n = 5 A549 cocultures, and n = 7–14 Macs alone. P values are as indicated or: *P , 0.05, ***P , 0.001, fold change
greater than 1, one sample t test; #P , 0.05, ##P , 0.01, ###P , 0.001, different from Macs alone, paired t test.
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Coculture of Macs with A549
Enhances O3-Induced IL-8 Production
The chemokine IL-8 is secreted by both
Macs and airway epithelial cells, and recruits

neutrophils to the site of O3-induced
airway damage (1). We assessed how
coculturing Macs with epithelial cells alters
O3-induced IL-8 production. O3 significantly

enhanced IL-8 production in all cultures
1 hour after exposure, and in A549
cocultures 24 hours after exposure
(Figures 4A and 4B). Notably, the
quantities of IL-8 at 24 hours after
exposure were significantly greater in
the A549 cocultures than Mac or A549
monocultures, suggesting that coculture
of Macs with A549 synergistically enhances
O3-induced IL-8 production.

O3 Modifies Mac Regulation of HA
in Cocultures
Elevated levels of the extracellular matrix
protein, HA, in the lung contribute to airway
hyperresponsiveness and inflammation
after acute O3 exposure (6, 34). We
found that, in air-exposed cultures, 16HBE
and A549 constitutively produce HA,
whereas HA was largely nondetectable in
Mac monocultures (Figures 5A and 5B).
When Macs were cocultured with 16HBE
or A549, the concentration of HA in the
cultures was starkly reduced, suggesting
that Macs regulate the availability of HA
in the cocultures. Exposure to O3 did not
significantly alter production of HA by
16HBE or A549 in monoculture at 1 or
24 hours after exposure; however, we found
significantly increased concentrations of
HA in the 16HBE and A549 cocultures
24 hours after O3 exposure. Together,
these results suggest that Macs regulate
the availability of HA produced by
epithelial cells, and that this regulation is
altered by O3 exposure.

Exposure of Healthy Volunteers to O3

In Vivo Is Associated with Enhanced
Levels of IL-8 and HA in the Airways
To test the in vivo relevance of the epithelial
cell and Mac coculture models, we assessed
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Figure 3. Exposure to O3 reduces Mac phagocytosis of Staphylococcus aureus bioparticles. At 1 or
24 hours after exposure to 0.4 ppm O3 or air for 4 hours, Macs cocultured with 16HBE, A549, or grown
on Transwells alone (Macs alone) were incubated with fluorescent S. aureus bioparticles for 1 hour
and assessed for phagocytosis by flow cytometry. Macs were distinguished from epithelial cells by
positive CD45 staining. (A) Representative histograms showing phagocytosis1 and phagocytosis2

populations in a 16HBE–Mac coculture or Mac monoculture collected 24 hours after air or O3

exposure. (B) Data are expressed as percent of phagocytosis–positive O3-exposed Macs divided by
percent of phagocytosis–positive air-exposed Macs (fold change O3/air)6 SEM; n = 8 16HBE cocultures, n =
4–5 A549 cocultures, and n = 6Macs alone. *P, 0.05, ***P, 0.001, fold change greater than 1, one sample
t test; #P , 0.05, ###P , 0.001, different from Macs alone, unpaired t test. Data shown are mean (6 SEM).

Table 2. Summary of Macrophage Cytotoxicity

Cell Culture Model

%PI1 Macs

1 h Air 1 h O3 24 h Air 24 h O3

16HBE coculture 15.47 6 2.496 (n = 7)* 49.83 6 6.046 (n = 7)†,‡ 11.54 6 1.554 (n = 7)x 16.92 6 2.510 (n = 7)
A549 coculture 16.76 6 2.515 (n = 5)* 32.98 6 5.741 (n = 5)†,x 16.88 6 1.843 (n = 5)‡ 26.6 6 4.422 (n = 5)jj

Macs alone 6.145 6 0.7863 (n = 6) 14.23 6 4.125 (n = 6) 7.297 6 0.7934 (n = 6) 16.05 6 4.84 (n = 6)

Definition of abbreviations: 16HBE, human bronchial epithelial cell line; A549, alveolar epithelial cell line; Macs, macrophages; O3, ozone; PI, propidium
iodide.
Data shown as mean 6 SEM.
*P , 0.01 different from Macs, unpaired t test.
†P , 0.01 different from air exposed, paired t test.
‡P , 0.001 different from Macs, unpaired t test.
xP , 0.05 different from Macs, unpaired t test.
jjP , 0.05 different from air exposed, paired t test.
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levels of IL-8 and HA in BAL fluid from
healthy volunteers collected 1 and 24 hours
after exposure to 0.3 ppm O3 or air for
2 hours. Exposure to O3 significantly
enhanced IL-8 levels in the BAL fluid both
1 and 24 hours after exposure (Figure 4C),
whereas HA levels were increased in the
BAL fluid only 24 hours after O3 exposure
(Figure 5C). These results suggest that
the 16HBE and A549 coculture models
resemble the in vivo response to O3 in
the airway.

Exposure to O3 Reduces CD44
Expression by Macs in Coculture
Previous studies have shown that Macs clear
HA via CD44-mediated endocytosis, and
that CD44-deficient mice have increased
HA accumulation in the airway after
exposure to O3 (6, 35). We found that
the increased HA in the cocultures was
associated with reduced CD44 expression
by Macs cocultured with either 16HBE or
A549 1 hour after O3 exposure, an effect

that was not observed in Mac monocultures
(Figure 6 and Figure E3). These results
suggest that signals from epithelial cells
in response to O3 contribute to reduced
CD44 expression by Macs, which, in turn,
may impair Mac clearance of HA after
exposure to O3.

Discussion

The adverse health effects of inhaled O3

are orchestrated by multiple cell types in
the lung, including structural cells, such
as airway epithelial cells, and resident
immune cells, such as airway Macs. We
investigated how the interaction between
airway epithelial cells and Macs contributes
to the innate immune response observed
in humans exposed to O3, and compared
how Mac response to O3 differs depending
on coculturing with A549 versus 16HBE
cells. Our results suggest that signals
derived from epithelial cells modify Mac

immunophenotype and response to O3,
manifesting in lower phagocytosis and
higher cytotoxicity, similar to in vivo
observations (21, 36). Although Macs
cocultured with either 16HBE or A549
had many similar responses, we found
that coculturing with 16HBE induced
a more alternative Mac phenotype after O3

exposure, whereas Mac–A549 cocultures
had enhanced IL-8 production after O3

exposure. In both coculture models,
production of the danger signal HA by
epithelial cells in monoculture was not
affected by O3 exposure, but availability
of HA both in the in vitro coculture
model and in BAL fluid from volunteers
exposed in vivo was increased with O3

exposure, indicating that the effects of O3

on Mac phenotype and function manifest
in impaired regulation of HA. Taken
together, our results suggest that in vitro
study of Mac response to O3 in isolation
may mask important interactions with
other cell types, such as airway epithelial

Table 3. Summary of Epithelial Cell Cytotoxicity

Cell Culture Model

%PI1 ECs

1 h Air 1 h O3 24 h Air 24 h O3

16HBE coculture 29.5 6 6.324 (n = 7) 31.57 6 8.336 (n = 7) 20.91 6 1.265 (n = 7) 21.59 6 3.616 (n = 7)
16HBE alone 33.9 6 7.135 (n = 4) 39.7 6 11.18 (n = 4) 25.03 6 4.435 (n = 4) 28.9 6 5.477 (n = 4)
A549 coculture 23.66 6 1.042 (n = 5) 35.06 6 0.9298 (n = 5)* 34.9 6 4.146 (n = 5) 41.38 6 7.472 (n = 5)
A549 alone 27.03 6 4.151 (n = 4) 31.4 6 4.747 (n = 4) 23.73 6 0.5543 (n = 4) 30.95 6 1.932 (n = 4)

Definition of abbreviations: 16HBE, human bronchial epithelial cell line; A549, alveolar epithelial cell line; ECs, epithelial cells; O3, ozone; PI, propidium
iodide.
Data shown as mean 6 SEM.
*P , 0.001 different from air exposed, paired t test.
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Figure 4. O3-induced IL-8 in cultures compared with bronchoalveolar lavage (BAL) from healthy volunteers exposed to O3 in vivo. Concentrations of IL-8
were measured in apical washes from (A) Macs alone, 16HBE cocultures, and 16HBE alone and (B) A549 cocultures and A549 alone collected 1 and
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cells, that influence the inflammatory
response to O3.

Macs compose up to 95% of all cells
in induced sputum, a technique that samples
cells of the bronchial airways, and BAL
fluid, demonstrating that large populations
of Macs reside along both the alveolar
and bronchial tissue and interact with
local airway epithelial cells (27). Compared
with other Macs in the body, airway
Macs have a unique quiescent phenotype
with relatively low phagocytic activity
and cytokine production that prevents
unnecessary inflammation in response
to innocuous stimuli (37). Similarly, we
show here that Macs cultured with either
A549 or 16HBE have reduced baseline
phagocytosis compared with Macs in
monoculture (Table E4). Macs cocultured
with 16HBE also had enhanced CD206
and SRA1 expression, markers of the
antiinflammatory/alternatively activated
phenotype (Table E3). Multiple Mac
populations have been identified in the
lung, including alveolar and interstitial
Macs, and murine studies have shown
that many Macs continue to be present
in the lung even after multiple washings
(9, 38, 39). Only adherent Macs in our
coculture model were analyzed for the
endpoints shown here, demonstrating
less phagocytic function compared with
Macs in monoculture (Figure 1 and
Table E4). As interstitial Macs, which
reside in the lung parenchyma and in
direct contact with surrounding tissue,
have lower phagocytic function than
alveolar Macs, adherence to epithelial
cells may shift Macs to a more interstitial-
like phenotype compared with fresh

BAL Macs (9, 38). Similar to those of
previous studies, these results suggest
that Mac interaction with epithelial
cells promotes a quiescent state, and that
Mac phenotype may differ depending
on anatomical and spatial location in
the lung (37, 38, 40).

Human exposure studies have
shown that Mac immunophenotype and
function is altered after exposure to O3,
including defects in Mac phagocytosis
and changes in surface marker expression,
such as increased expression of CD14 and
decreased expression of the costimulatory
protein CD80 (21, 30, 36, 41). Using
epithelial cell and primary Mac coculture
models, we compared how coculture with
alveolar versus bronchial epithelial cell
lines alters Mac response to O3. Our results
show that Macs cocultured with 16HBE
or A549 had many similarities both at
baseline and in response to O3, but had
several important differences. In both
coculture models, Macs cocultured
with 16HBE or A549 had decreased
phagocytosis and expression of CD80 and
CD44 immediately after exposure, and
increased CD14 expression 24 hours after
exposure (Figures 2, 3, and 6). Macs in
coculture with 16HBE, but not A549,
had enhanced CD206 and SRA1 expression
after O3 exposure, whereas Macs cocultured
with A549, but not 16HBE, had a synergistic
increase in IL-8 production after O3

exposure (Figures 2 and 4). These results
demonstrate that interaction with bronchial
epithelial cells induces a more alternatively
activated phenotype, suggesting that
tissue microenvironment along the
respiratory tract may be a determinant

of Mac immunophenotype and function
in the context of pollutant exposure.

As indicated previously here, our
results suggest that signals from epithelial
cells promote an alternative Mac phenotype
in response to O3, as shown by reduced
phagocytosis, increased expression of
CD206 and SRA1 (alternative activation
markers), and decreased expression of
CD80 (a classical activation marker)
(Table E3 and Figures 2 and 3). Similarly,
rodent studies have identified both classical
and alternative Macs in the lung within
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24 hours after exposure to O3, and found
that suppression of classically activated
Mac activity using gadolinium chloride was
protective against O3-induced lung injury
(14, 15). Although an alternatively activated
state of Macs is necessary to resolve
airway damage and control inflammation,
it may also contribute to the enhanced
susceptibility to respiratory infections
that is associated with in vivo exposure
to oxidant pollutants, such as O3 (32, 33,
42, 43). The reduced phagocytosis after O3

may be attributed to oxidation of surfactant
protein A, an epithelial cell–derived
component of the lung lining fluid and
inducer of Mac phagocytosis, suggesting
that oxidation of epithelial cell–derived
mediators or epitopes by O3 may impair
Mac phagocytosis (32). In addition, a recent
murine study showed via live imaging
that alveolar Macs remain immobile and
attached to alveolar epithelial cells during
S. aureus infection, suggesting that
attachment of Macs to airway epithelial
cells may also contribute to reduced Mac
phagocytosis (39).

In the absence of secondary
infections, exposure to O3 causes sterile
inflammation that is mediated by the
release of damage-associated signals,
such as short fragments of HA (6, 44).
Elevated HA has been observed in sputum
from volunteers with allergic asthma
exposed to O3 in vivo, and murine studies
have shown that accumulation of HA in
the airway after O3 exposure is associated
with airway hyperresponsiveness (6, 8, 44).
Clearance of HA fragments is necessary
to limit inflammation and resolve tissue
injury, and occurs in part by CD44-
mediated HA endocytosis by cells such
as Macs (7, 35). Our results indicate that
16HBE and A549 constitutively produce
HA, and that coculture with Macs led
to a stark reduction in HA availability
(Figures 5A and 5B). Surprisingly, we
did not observe an effect of O3 on HA
production by 16HBE or A549; however,
Mac-dependent regulation of 16HBE- or
A549-derived HA was impaired by O3

exposure, leading to accumulation of HA
in the cultures 24 hours after exposure.
These data were confirmed in BAL fluid
from healthy volunteers exposed in vivo,
demonstrating elevated HA levels 24 hours
after exposure to O3 (albeit not statistically
significantly [P = 0.054]; Figure 5C). We
hypothesize that the increased availability

of HA in the airway after O3 exposure
observed both in vivo and in vitro is not
due to enhanced production by epithelial
cells, but rather caused by a loss in
Mac-dependent clearance, possibly
related to reduced phagocytosis and
CD44 expression after exposure to O3

(Figures 3 and 6).
In vitro coculture models present

a controlled system to investigate the role
of cell–cell interaction during immune
cell activation. Although there are
limitations to in vitro experimental systems,
the coculture model shown here has many
similarities to in vivo situations. In vivo
O3 exposure has been associated with
increased CD14 and CD80 expression
and reduced phagocytosis by Macs, as
shown in Figures 2 and 3 (21, 41). In
addition, increased lactate dehydrogenase
in BAL fluid is detected as early as 1 hour
after in vivo O3 exposure, and initial
reductions in Mac numbers in BAL fluid
suggest early Mac cytotoxicity similar to
findings here (Table 2) (21, 36). We also
show similar increases in HA in the
cocultures and BAL fluid of healthy
volunteers 24 hours after exposure to O3

(Figure 5). A recent study showed that
healthy volunteers exposed to 18O3-labeled
gas in vivo had less 18O3 incorporation in
bronchial biopsy samples than epithelial
cells exposed to 18O3 in vitro at a similar
dose, but that there were similar trends for
IL-8 gene expression (24), suggesting that
comparable effects are obtained by
exposing epithelial cells in vivo and in vitro.
We and others found significantly increased
IL-8 in BAL fluid 1 and 24 hours after
in vivo O3 exposure (41, 45), whereas O3-
induced IL-8 production in the cultured
cells occurred largely 1 hour after exposure
(Figure 4), suggesting that infiltrating
immune cells contribute to O3-induced
IL-8, and likely other components of the
innate immune response to O3. Similar to
the heterogeneous population of immune
cells interacting with epithelial cells in vivo,
we also identified small populations
of T lymphocytes and even smaller
populations of dendritic cells in the
cocultures, which may interact with and
secrete mediators that alter epithelial cell
or Mac phenotype in response to O3.
Whether or not these cells affected
overall mediator production in our
coculture model was beyond the scope
of the studies described here.

We found that treatment of Macs
with conditioned media from air or O3

exposed epithelial cells had little effect
on Mac immunophenotype, phagocytic
activity, or viability (Table E5). Although
it is possible that the conditioned media
were too dilute or unstable mediators
degraded rapidly, our data suggest that
direct or local interactions between
epithelial cells and Macs was largely
necessary to affect Mac response to O3.
These results are in agreement with
previous airway epithelial cell–Mac
coculture models that found that contact-
dependent effects were necessary to
potentiate inflammatory responses to
particles or particulate matter (46–48).
Future studies will be necessary to
determine the specific receptor–ligand
interactions that mediate the effects of
coculture on Mac immunophenotype
and response to O3.

In conclusion, our study demonstrates
coculture models to study the interaction
between respiratory epithelial cells and
Macs in the response to O3 that have many
similarities to in vivo findings, and indicates
that interaction with epithelial cells is
a determinant of Mac phenotype and
response to O3. Our results add to the
literature suggesting that monoculture
systems do not fully reconstitute the
biological response to pollutants, such as
O3, and may mask the complex interaction
between cell types that is required for
these responses. Furthermore, these results
suggest that epithelial cells not only serve
as structural barriers against the inhaled
environment, but also as orchestrators of
immunity that influence immune cell
phenotype and activity in the context
of pollutant exposure. Improved
understanding of the interaction between
airway epithelial cells and immune cells,
such as Macs, may reveal new therapeutic
targets to modify immune cell function
in the lung. n
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