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Innate Immune Response to LPS in Airway Epithelium
Is Dependent on Chronological Age and Antecedent
Exposures

Kinjal Maniar-Hew1,2, Candice C. Clay1, Edward M. Postlethwait3, Michael J. Evans1,2, Justin H. Fontaine1,
and Lisa A. Miller1,2

1California National Primate Research Center and Center for Comparative Respiratory Biology and Medicine, and 2Department of Anatomy,

Physiology, and Cell Biology, School of Veterinary Medicine, University of California at Davis, Davis, California; and 3Department of Environmental

Health Sciences, School of Public Health, University of Alabama, Birmingham, Alabama

The immune mechanisms for neonatal susceptibility to respiratory
pathogens arepoorly understood.Given thatmucosal surfaces serve
as a first line of host defense, we hypothesized that the innate
immune response to infectious agents may be developmentally
regulated in airway epithelium. To test this hypothesis, we deter-
mined whether the expression of IL-8 and IL-6 in airway epithelium
after LPS exposure is dependent on chronological age. Tracheas
frominfant, juvenile, andadult rhesusmonkeyswerefirstexposed to
LPS ex vivo, and then processed for air–liquid interface primary air-
way epithelial cell cultures and secondary LPS treatment in vitro.
Comparedwithadult cultures, infantand juvenile culturesexpressed
significantly reduced concentrations of IL-8 after LPS treatment. IL-8
protein in cultures increased with animal age, whereas LPS-induced
IL-6 protein was predominantly associated with juvenile cultures.
Toll-like receptor (TLR) pathway RT-PCR arrays showed differential
expressions of multiple mRNAs in infant cultures relative to
adult cultures, including IL-1a, TLR10, and the peptidoglycan recog-
nition protein PGLYRP2. To determine whether the age-dependent
cytokine response to LPS is reflective of antecedent exposures, we
assessed primary airway epithelial cell cultures established from ju-
venilemonkeys housed in filtered air since birth. Filtered air–housed
animal cultures exhibited LPS-induced IL-8 and IL-6 expression that
was discordant with age-matched ambient air–housed animals. A
single LPS aerosol in vivo also affected this cytokine profile. Cumula-
tively, our findingsdemonstrate that the innate immune response to
LPS in airway epithelium is variablewith age, andmaybemodulated
by previous environmental exposures.

Keywords: infant; airway epithelium; LPS; Toll-like receptor; cytokine

In humans, the first year of life represents a dynamic period of cel-
lular development for both the immune and pulmonary systems,
a process that continues into childhood (1). Adaptive immunity
in infants is functionally compromised in comparison with adults,
primarily because of the limited maturation of hematopoietic lin-
eage cells that affect the generation of robust T-cell responses
toward microbial antigens (2, 3). Nucleosome remodeling of the
IL-12p35 promoter is impaired in neonatal dendritic cells, leading
to decreased IL-12p70 secretion, reduced Th1 cytokine synthesis,
and an overall “skewed” predominant Th2 cytokine immune pro-
file during infancy (4–6). The induction of TNF-a expression via
multiple Toll-like receptor (TLR) agonists is also reduced in new-
born cord blood monocytes (7). A comprehensive investigation of
TLR functional ontogeny in peripheral blood leukocytes has
shown that the ability to promote proinflammatory cytokine ex-
pression via the induction of microbe-associated molecular pat-
tern responses does not necessarily progress in a linear fashion
with age (8). This suggests that leukocytes and their associated
signaling mechanisms follow a developmental course that re-
sponds to environmental triggers as well as increasing maturity.
Despite our growing knowledge and understanding of infant im-
mune effector response maturation from peripheral blood studies,
it remains unknown whether these data are reflective of host–
pathogen interactions that take place within the lung mucosa.

In parallel with the immune system, the primate lung under-
goes an extensive postnatal period of growth and differentiation.
Anatomically, maturation of the lung continues far beyond the
first year of life, as numbers of alveoli continue to increase through
adolescence and early adulthood (9, 10). In the infant rhesus
monkey, the relative abundance of conducting airway epithelial
cell phenotypes does not appear to change significantly, whereas
proximal airways increase in length and circumference (11). Be-
yond functioning as a mechanical barrier, epithelia at mucosal
sites provide an important first line of innate immune defense
against infectious agents. The significant role of epithelia during
the initiation and progression of adaptive immunity is recognized,
and the term “epimmunome” has been coined to describe the
molecular milieu in epithelial cells that contributes toward the
instruction of leukocytes during an immune response (12). Epi-
thelial cells of the lung produce lipid mediators, growth factors,
and numerous cytokines that are essential for the initiation of
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CLINICAL RELEVANCE

To the best of our knowledge, this research provides the first
direct evidence that airway epithelia from infants and
children are functionally distinct from adult epithelia. This is
an important finding as it suggests that immune suscepti-
bility in infants may be partly explained by a hyporesponsive
innate immune phenotype in airway epithelium.
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airway inflammation (13, 14). As with cells of hematopoietic or-
igin, central to the ability of airway epithelial cells to respond to
pathogens is the expression and activation of multiple TLRs (15).
In pediatric populations, a deficiency in TLR4 expression in the
airway epithelium of patients with cystic fibrosis has been pro-
posed as a mechanism for their enhanced susceptibility to bacte-
rial infection (16, 17).

Longitudinal birth cohort studies provide epidemiologic evidence
to support a pathophysiologic link between early life exposure tomi-
crobial agents and long-term consequences on immunity (18–21).
Most recently, invariant natural killer T cells have been reported as
essential cellular mediators of immunological persistence because of
microbial influence (22). In addition to serving as cellular mediators
of immunity, evidence suggests that the airway epithelium may also
be capable of retaining a “memory” immune phenotype, as dem-
onstrated by the differential inflammatory response of asthmatic
airway epithelium compared with that in normal subjects (23–25).
Furthermore, the expression of proinflammatory cytokines and
remodeling proteins is intrinsically different in airway epithelium
from asthmatic children compared with children without asthma,
indicating that a persistent epithelial cell disease phenotype is initi-
ated during early childhood (26, 27).

Given the importance of airway epithelial cells as mucosal
mediators of innate immunity in the lung, we hypothesized that
susceptibility to respiratory pathogens in pediatric populations is
attributable in part to an immunologically immature airway ep-
ithelium. We further speculated that, much like hematopoietic
cells of the immune system, the interactions of pathogen-
associated molecular patterns with airway epithelium may con-
tribute to immune deviation bymodulating both constitutive and
stimulus-induced cytokine synthesis in a persistent fashion. In
the present study, multiple developmental stages of the rhesus
monkey were evaluated to determine whether the airway epithe-
lial cell innate immune response to TLR ligands is dependent on
chronological age. Our investigation focused on the TLR4 ligand
LPS and the synthesis of IL-8 and IL-6 as cytokine mediators of
innate immunity. Both ex vivo and in vivo experiments were
used to address the question of whether previous environmental
exposures could intrinsically alter the cytokine response to sec-
ondary LPS challenge. Some of the results of these studies have
been previously reported in the form of an abstract (28).

MATERIALS AND METHODS

Lung Specimens

Infant (3–10 mo old), juvenile (11–15 mo old), and adult (3–9 yr old)
rhesus macaque monkey (Macaca mulatta) tracheobronchial tissues
were obtained from the California National Primate Research Center
Pathology Unit (demographics are provided in Table E1 in the online
supplement).

Ex Vivo LPS Exposure

Within 1 hour of collection, trachea specimens were dissected into 5-mm3
10-mm slices, and then placed on 24-mm 0.4-mm pore size Corning
Transwell polyester inserts (Corning Life Sciences, Tewksbury, MA),
with epithelial surfaces upright. LPS or media control was added to the
upper chambers (Figure 1A). Additional culture details are provided in
the online supplement. All culture and animal experiments were per-
formed with the identical Escherichia coli strain and lot number (600
endotoxin units [EU]/mg, E. coli 026:B6; Sigma-Aldrich, St. Louis, MO).

Primary Cell Culture

Airway epithelial cells were isolated from tracheobronchial tissues as
described by Wu and colleagues (29). Epithelial cells were plated at
a density of 4 3 105 cells on 6.5-mm 0.4-mm pore size Corning Trans-
well clear polyester membrane inserts coated with FNC coating mix
(Athena Enzyme Systems, Baltimore, MD), and cultured under air–
liquid interface conditions, according to the method described by Matsui
and colleagues (30). Additional culture details are provided in the online
supplement.

Animals

Newborn male rhesus monkeys were housed under high-efficiency par-
ticulate air (HEPA) filtered air conditions, as previously described, and
evaluated at 1 year of age (31). A subset of animals received a single
aerosolized dose of 25,000 EU in PBS via facemask. Tracheobronchial
tissues were collected from animals, and airway epithelial cells were
isolated for air–liquid interface cultures (Figure 1B). The care and
housing of animals before, during, and after treatment complied with
the provisions of the Institute of Laboratory Animal Resources, and
conforms to practices established by the American Association for
Accreditation of Laboratory Animal Care. All animal procedures were
approved by the Institutional Animal Care and Use Committee of the
University of California at Davis.

Figure 1. Schematic of ex vivo, in vitro,

and in vivo LPS experiments. (A) Prepa-

ration of cultures from ex vivo LPS ex-
posure. Tracheal slices were generated

from fresh lung tissue and cultured with

LPS for 24 hours. Primary airway epithe-

lial cell air–liquid interface cultures were
generated from protease-digested tra-

cheal slices and treated with a secondary

dose of LPS before the evaluation of cy-

tokine expression. (B) Preparation of cul-
tures from filtered air–housed animals.

Filtered air–housed animals were evalu-

ated at 1 year of age. A subset received
a single inhaled dose of LPS before the

collection of lung tissue. Tracheobron-

chial airways were processed for primary

airway epithelial cell isolation by prote-
ase digestion. Cultures were maintained

under air–liquid interface conditions. Cul-

tures were treated with a secondary dose

of LPS before the evaluation of cytokine
expression.
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Cytokine ELISA

Cytokine proteins in culture supernatants were measured by ELISA-
Ready-SET-Go! kits from eBioscience (San Diego, CA). The limit of
detection for ELISA assays was 4 pg/mL for IL-8, 2 pg/ml for IL-6, and
7 pg/ml for chemokine (C-C motif) ligand 2 (CCL2).

Quantitative PCR

Details of RNA preparation are provided in the online supplement.
IL-6, IL-8, TLR4, and glyceraldehyde 3–phosphate dehydrogenase
mRNA were measured using TaqMan primer-probe sets, detected with
an Applied Biosystems PRISM 7900 Sequence Detection System (Ap-
plied Biosystems, Carlsbad, CA). Purified human cDNA plasmid con-
structs (Origene, Rockville, MD) for each gene target were used to
generate standard curves for the quantitation of mRNA copy numbers.
All reagents were tested to confirm comparable detection for both
rhesus and human targets.

PCR Array

The RT2-Profiler PCRArray Rhesus Macaque Toll-Like Receptor Sig-
naling Pathway (SA Bioscience, Valencia, CA) was used as recommen-
ded by the manufacturer, and analyzed with the SA Bioscience PCR
Array Data Analysis Web Portal.

Statistical Analysis

All data are reported as means6 SEMs. Treatment and age differences
were evaluated using ANOVA (one-way or two-way), t test, or linear
regression where appropriate, with GraphPad Prism version 5.0 soft-
ware (GraphPad, La Jolla, CA). A P value of 0.05 or less was consid-
ered statistically significant.

RESULTS

To determine whether chronological age is associated with the
ability to generate a cytokine response to LPS in the lung, we
evaluated primary airway epithelial cell cultures established
from infant, juvenile, and adult rhesus monkeys in a comparative
fashion, focusing on the expression of IL-8 and IL-6 as prototypic
inflammatory cytokines. Because younger animals have a re-
duced cumulative contact with LPS from the ambient environ-
ment, we also investigated whether antecedent exposures
exert an effect on cytokine synthesis by airway epithelium. To
mimic the lung mucosal environment in culture, fresh trachea
specimens were first directly exposed to LPS (ex vivo) before

the isolation of epithelial cells for culture (Figure 1A). Trachea
slices cultured with LPS at 0.1 mg/ml for 24 hours maintained an
intact epithelial layer, without evidence of substantial tissue
necrosis in either infant or adult animals (Figures 2B and 2D).

IL-8 Expression in Airway Epithelial Cell Cultures Increases

with Chronological Age

Cultures derived from media control trachea slices exhibited
a modest dose-dependent IL-8 response to secondary LPS treat-
ment, with a trend toward significance with IL-8 mRNA copy
number (P ¼ 0.07; Figure 3A) and significance for IL-8 protein
secretion (Figure 3C). Cultures derived from ex vivo LPS-
exposed trachea slices responded to secondary LPS treatment
in a dose-dependent fashion for both IL-8 mRNA and protein
(Figures 3B and 3D). Among individual age groups, no significant
differences in IL-8 expression were evident between cultures
established from media control or ex vivo LPS-exposure trachea
slices, although ex vivo LPS cultures appeared to demonstrate
less variability in cytokine responses.

Overall, the IL-8mRNAcopy number in airway epithelial cells
after secondary LPS treatment was age-dependent (Figures 3A
and 3B). At 1 mg/ml secondary LPS treatment, ex vivo LPS
cultures derived from adult animals expressed higher concentra-
tions of IL-8 mRNA relative to infant or juvenile cultures (Figure
3B, adult vs. infant, P , 0.01; adult vs. juvenile, P , 0.01, accord-
ing to Bonferroni multiple-comparisons post hoc test).

IL-8 protein secretion in cultures was also significantly depen-
dent on animal age (Figures 3C and 3D). Similar to IL-8 mRNA
expression, cultures from adult animals synthesized the highest
concentration of IL-8 protein compared with infant and juvenile
cultures, regardless of ex vivo LPS exposure. At 1 mg/ml second-
ary LPS treatment, IL-8 protein concentrations were significantly
higher in adult cultures versus infant cultures, independent of
previous ex vivo LPS exposures (Figure 3C, adult vs. infant,
P , 0.05; Figure 3D, adult vs. infant, P , 0.05, according to
Bonferroni multiple-comparisons post hoc test). Juvenile cultures
were similarly reduced in comparison with adult cultures at 1
mg/ml secondary LPS treatment for ex vivo LPS exposure cul-
tures only (Figure 3D, adult vs. juvenile, P , 0.05). A linear
regression analysis of IL-8 protein secretion by airway epithelial
cell cultures showed a positive correlation with chronological
age (Figure 3E).

Figure 2. Infant and adult tracheal morphology after ex vivo LPS exposure. Paraffin-embedded tracheal slice cultures generated from a representative

infant and adult monkey were processed for hematoxylin and eosin staining. Tracheal slices were evaluated at 24 hours after ex vivo LPS exposure.

Boxes define regions to the immediate right, magnified at320. (A) Infant media control tracheal slice. (B) Infant LPS-exposed tracheal slice. (C) Adult
media control tracheal slice. (D) Adult LPS-exposed tracheal slice. Scale bar, 100 mm.
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IL-6 Secretion Is Highest in Airway Epithelial Cell Cultures

from Juvenile Animals

In cultures derived from media control trachea slices, we found
minimal changes in IL-6 mRNA copy numbers after secondary
LPS treatment, regardless of age (Figure 4A). With ex vivo LPS
exposure, we observed a significant dose-dependent IL-6 mRNA
response to secondary LPS (Figure 4B). A trend toward age-
dependent IL-6 mRNA concentrations was evident, with adult
cultures expressing higher copy numbers in response to secondary
LPS, compared with infant or juvenile cultures (Figure 4B, P ¼
0.0531). At 1 mg/ml secondary LPS treatment, adult cultures de-
rived from ex vivo LPS-exposed trachea slices exhibited a signifi-
cantly higher IL-6 mRNA response, compared with media control
trachea slices, indicating an effect of previous LPS exposure (P ,
0.05 according to t test, ex vivo media control vs. ex vivo LPS).

Independent of previous ex vivo LPS exposure, IL-6 protein
secretions in cultures after secondary LPS treatment were signif-
icantly dependent on animal age (Figures 4C and 4D). Although

adult cultures appeared to express higher concentrations of
IL-6 mRNA in response to secondary LPS treatment, IL-6
protein synthesis was highest in juvenile cultures, and was
significantly increased over infant cultures (Figure 4C, juvenile
vs. infant, P , 0.05; Figure 4D, juvenile vs. infant, P , 0.05).
Adult cultures did respond to secondary LPS treatment in
a dose-dependent manner, whereas infant cultures showed no
change (Figures 4C and 4D, P , 0.01 according to one-way
ANOVA for media control, P , 0.01 according to one-way
ANOVA for ex vivo LPS). In contrast with IL-8, we did not
find a significant correlation of IL-6 protein secretion in airway
epithelium with animal age (Figure 4E).

Airway Epithelial Cell Cultures from Infant Animals Show

Differential TLR Signaling Pathway Gene Expression

To further characterize age-dependent differences in the LPS re-
sponse for airway epithelium, an RT-PCR array for 84 genes as-
sociatedwithTLRs and associated signalingmoleculeswas used to
compare both constitutive and LPS-induced expression profiles,

Figure 3. Effects of age and previous exposure on LPS-induced IL-8

expression in airway epithelium. Tracheal slices were cultured with

LPS for 24 hours, followed by protease digestion and the isolation of
airway epithelial cells. Air–liquid interface cultures from infant, juvenile,

or adult monkeys received a second treatment of LPS (0.1–1 mg/ml),

and were evaluated for IL-8 expression after 24 hours. (A and B) IL-8

mRNA and (C and D) IL-8 protein expression was determined in cul-
tures established from media control (A and C) and LPS-exposed (B and

D) tracheal slices. Each data point represents the mean 6 SE from 5–6

animals per group. **P, 0.01 and ***P, 0.001, according to two-way

ANOVA, age versus LPS concentration. Circles, infants; squares, juve-
niles; triangles, adults. Open symbols indicate control cultures, whereas

solid symbols indicate ex vivo LPS cultures. (E) Correlation between

chronological age (in months) and IL-8 protein secretion in primary
airway epithelial cell cultures. Each data point represents basal IL-8

protein concentration (no ex vivo or secondary LPS) in airway epithelial

cell cultures derived from individual animals. GAPDH, glyceraldehyde

3–phosphate dehydrogenase.

Figure 4. Effects of age and previous exposure on LPS-induced IL-6

expression in airway epithelium. Tracheal slices were cultured with

LPS for 24 hours, followed by protease digestion and the isolation of
airway epithelial cells. Air–liquid interface cultures from infant, juvenile,

or adult monkeys received a second treatment of LPS (0.1–1 mg/ml),

and were evaluated for IL-6 expression after 24 hours. (A and B) IL-6

mRNA and (C and D) IL-6 protein expression was determined in cul-
tures established from media control (A and C) and LPS-exposed (B and

D) tracheal slices. Each data point represents the mean 6 SE from 5–6

animals per group. *P , 0.05 and **P , 0.01, according to two-way
ANOVA, age versus LPS concentration. Circles, infants; squares, juve-

niles; triangles, adults. Open symbols indicate control cultures, whereas

solid symbols indicate ex vivo LPS cultures. (E) Correlation between

chronological age (in months) and IL-6 protein secretion in primary
airway epithelial cell cultures. Each data point represents basal IL-6

protein concentration (no ex vivo or secondary LPS) in airway epithelial

cell cultures derived from individual animals.
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focusing on cultures derived from infant and adult animals (Fig-
ures 5 and 6, and Tables 1–3).

Twelve genes were constitutively modulated by a twofold
minimum in infant cultures relative to adult cultures (Table
1). Peptidoglycan recognition protein PGLYRP2 mRNA and
TLR10 mRNA were differentially expressed in infant cultures
compared with adult cultures, with higher concentrations of
PGLYRP2 and lower concentrations of TLR10 measured in
infant cells (Figure 5A). We also observed a significant difference
in expression of IL-1amRNA, with adult cultures showing higher
levels of expression compared with infant cultures (Figure 5B).

Consistent with our earlier findings for IL-6 mRNA copy
numbers (Figure 4), a trend toward increased IL-6 mRNA was
evident in adult cultures compared with infant cultures (Figure
5B, P ¼ 0.08). Furthermore, a trend toward increased peptido-
glycan recognition protein PGLYRP3 mRNA was observed in
infant cultures, similar to the profile for PGLYRP2 (Figure 5B,
P ¼ 0.09). No age-dependent differences in gene expression were
evident for the components of the LPS receptor complex, CD14,
MD2 (LY96), or TLR4 (Figure E1).

To confirm that RT-PCR array expression profiles obtained
from primary airway epithelial cell cultures were comparable to
those of airway epithelium in vivo, we performed immunostain-
ing of tracheal cryosections for IL-1a and PGLYRP2 protein,
based on our findings of increased IL-1a mRNA in adult cul-
tures and increased PGLYRP2 mRNA in infant cultures. Im-
munofluorescence staining for IL-1a protein was observed in
adult tracheal sections, both within the epithelial compartment
and within the interstitium (Figure 5D). In contrast, infant tra-
cheal sections showed little immunofluorescence-positive stain-
ing for IL-1a protein (Figure 5F). PGLYRP2 protein was
detected by immunofluorescence in both infant and adult tra-
cheal epithelium (Figures 5H and 5J). Infant tracheal epithelial
cells were uniformly immunofluorescence-positive, and exhibited
greater staining intensity for PGLYRP2 antibody compared with
adult trachea.

In addition to immunofluorescence staining for IL-1a and
PGLYRP2, we also evaluated culture supernatants for secretion
of CCL2 protein. CCL2 mRNA levels were constitutively in-
creased by 2-fold in infant airway epithelial cells, although this
did not reach statistical significance. CCL2 protein was readily
detectable in both control and LPS-treated (24-h) infant and
adult airway epithelial cell-culture supernatants. However, we
did not observe significant age-dependent effects (Figure E2).

We next evaluated the effects of LPS on age-dependent molec-
ular profiles in infant and adult cultures. To obtain information on
epithelial signaling pathways that are rapidly induced by LPS, we
measured gene expression changes relative tomedia control–treated
cultures at both at 3 and 6 hours after LPS treatment. At 3 hours
after LPS treatment, 11 genes in adult cultures and six genes in
infant cultures were modulated by at least twofold, compared with
media control–treated cultures (Table 2). In adult cultures, colony-
stimulating factor 3 (CSF3), IL-1b, and PGLYRP3 mRNA were
increased at 3 hours after LPS exposure (Figure 6B, P , 0.05
according to t test, compared with media control cultures). Heat
shock 70-kD protein 1B (HSPA1B) (P ¼ 0.061), interferon regu-
latory factor 1 (IRF1) (P ¼ 0.053), and NF-kB2 (P ¼ 0.070) also
showed a trend toward significant induction in adult cultures after
LPS treatment. Relative to values obtained in media-control infant

;

Figure 5. Comparison of Toll-like receptor (TLR) signaling pathway ex-

pression in infant and adult airway epithelial cell cultures. (A and B)
Relative gene expression of selected TLR signaling pathway molecules

in infant and adult cultures. Data are expressed as 2^ (2 average delta

threshold cycle (Ct) value) where delta Ct ¼ Ct value of gene of interest2
mean Ct value of housekeeping genes. Columns represent the mean 6 SE
of 8–9 animals per age group. Open columns represent infant cultures,

whereas solid columns represent adult cultures. *P , 0.05, according to

t test. (C–J) Cryosections from representative adult (C, D, G, and H) and
infant (E, F, I, and J) tracheas were stained with FITC-conjugated anti-

human IL-1a antibody (D and F) or anti-human peptidoglycan recognition

protein PGLYRP2 with an Alexa488-conjugated secondary antibody (H and

J). FITC-conjugated and unconjugated mouse IgG1 isotype controls are
included for comparison (C, E, G, and I). Images were collected at 340

magnification. Scale bar, 20 mm.
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cultures, no significant changes were evident in the mRNA expres-
sion of CSF3, IL-1b, PGLYRP3, NF-kB2, IRF1, and HSPA1B for
infant cultures at 3 hours after LPS treatment (Figure 6A). Com-
parisons of average threshold cycle (Ct) values obtained at 3 hours
after LPS for infant cultures relative to adult cultures showed seven
genes that were differentially expressed by a minimum twofold,
with infant cultures expressing approximately threefold higher
CCL2 mRNA at a significance level of P , 0.01 (Table E2).

At 6 hours after LPS treatment, we identified six genes in
adult cultures and four genes in infant cultures that showed a
minimum 2-foldmodulation as compared withmedia control cul-
tures (Table 3). In adult cultures, the expression of TLR10 was
significantly reduced, compared with control samples at 6 hours
after LPS treatment (Figure 6D). Infant cultures demonstrated
a significantly increased expression of PGLYRP2 compared
with control samples at 6 hours after LPS treatment, and the
level of expression was also higher compared with adult cul-
tures. Comparisons of average Ct values at 6 hours after LPS
for infant cultures relative to adult cultures showed nine genes
that were differentially expressed by a minimum twofold, with in-
fant cultures expressing approximately sevenfold higher PGLYRP2
mRNA at a significance level of P , 0.01 (Table E2).

To identify groups of genes or samples with similar expression
patterns, unsupervised hierarchical clustering was performed on
array data collected from infant and adult cultures, comparing
expression levels for all 84 genes evaluated in control samples
at two different time points after LPS exposure (Figure 6E).
Infant control cultures, infant cultures at 3 hours after LPS,
and adult cultures at 3 hours after LPS clustered separately
from adult control cultures and adult cultures at 6 hours after
LPS. The most distantly related cluster consisted of infant cul-
tures at 6 hours after LPS.

Antecedent Exposures Influence the Cytokine Response to

Secondary LPS in Juvenile Cultures

Because the number of exposures to LPS from the ambient out-
door environment should increase with chronological age under
normal conditions, our observed differences in LPS response by
age group may have been attributable to environmental exposure
history, as opposed to the maturity of differentiated epithelial
cells. We initially investigated this possibility using the ex vivo
exposure of tracheal slices. However, our approach did not allow
for numerous repeated LPS exposures, which may be required
for persistent changes in gene expression. To address this issue,
we compared airway epithelial cell cultures established from ju-
venile animals housed under HEPA filtered air conditions since
birth, with cultures established from age-matched animals raised
in an outdoor field cage colony (ambient air) (Figure 1B). We
also evaluated the impact of a single LPS exposure, which was
administered to animals housed under HEPA filtered air condi-
tions at 24 hours before lung-tissue collection.

In cell cultures generated from animals in filtered air or filtered
air plus in vivo LPS exposure, the impact of the environment was
significant. The constitutive expression of IL-8 mRNA was in-
creased in filtered air–derived cultures relative to ambient air–
derived cultures (Figure 7A; P , 0.05 according to one-way
ANOVAat 0mg/ml LPS).After in vitroLPS treatment, a comparison
of cultures from filtered air animals and from ambient air animals
showed a significant effect of housing environment on IL-8
mRNA copy numbers (Figure 7A). Cultures established from
filtered air–housed animals exhibited the highest concentrations
of IL-8 mRNA with secondary LPS treatment, and cultures
from ambient air animals showed the lowest levels of LPS induc-
tion for IL-8 mRNA. Compared with ambient air animals, no

Figure 6. Effects of LPS on TLR signaling
pathway gene expression in infant and

adult airway epithelial cell cultures.

(A and B) LPS-induced mRNA expression

of TLR signaling pathway genes was
assessed in infants and adult cultures

at 3 hours after treatment. Data are

expressed as 2^ (2 delta Ct) for media
control (solid columns) or LPS-treated

(hatched columns) cultures. Delta Ct ¼
Ct value of gene of interest 2 mean Ct

value of housekeeping genes. Each data
point represents the mean 6 SE of 4–5

animals per age group per time point.

*P , 0.05, according to t test. (C and D)

LPS-induced mRNA expression of TLR sig-
naling pathway genes was assessed in in-

fant and adult cultures at 6 hours after

treatment. Data are expressed as 2^ (2
delta Ct) for media control (solid columns)

or LPS-treated (hatched columns) cultures.

Delta Ct ¼ Ct value of gene of interest 2
mean Ct value of housekeeping genes.
Each data point represents the mean 6
SE of 4–5 animals per age group per time

point. *P , 0.05 and ***P , 0.001,

according to t test. (E) Hierarchical clus-
tering was performed on the complete

dataset. The heat map indicates coregu-

lated genes across groups, with red indi-

cating increased expression, and green
indicating decreased expression.

Maniar-Hew, Clay, Postlethwait, et al.: Airway Epithelium Age and LPS Cytokine Response 715



significant effect of housing was evident in either constitutive or
LPS-induced IL-8 secretion (Figure 7B).

Housing environment also exerted a highly significant impact
on LPS-induced IL-6 mRNA expression in airway epithelial cell
cultures (Figure 7C). As with IL-8 mRNA, cultures from fil-
tered air–housed animals expressed the highest concentrations
of IL-6 mRNA in response to secondary LPS treatment,

compared with cultures from filtered air plus LPS aerosol or
ambient air–housed animals. At baseline (0 mg/ml LPS), a trend
toward increased IL-6 mRNA in cultures from filtered air–
housed animals was evident, relative to ambient air–housed
animals (P ¼ 0.07). Ambient air animals showed an increase
in IL-6 protein secretion with secondary LPS treatment, but the
expression overall was lower than in cultures from filtered air

Figure 6. (continued)
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plus LPS animals (Figure 7D). Although cultures from filtered
air–housed animals showed the highest concentrations of IL-6
mRNA in response to LPS treatment, IL-6 protein secretion
was the lowest of the three culture groups.

DISCUSSION

The ability of airway epithelium to generate immune mediators in
response to microbe-associated molecular ligands and infectious
agents has been well studied, using both in vitro human cell
culture systems and in vivo rodent models. Despite an extensive
knowledge of how this cell type responds to microbes, the ma-
jority of studies investigating innate immune function after infec-
tion or agonist treatment to date have focused exclusively on
adult airway epithelium. Conducting airway epithelial cell cul-
tures from pediatric populations have been reported, and have
shown constitutively increased goblet-cell accumulation, in-
creased IL-6 and prostaglandin E2, and an increased expression
of remodeling factors (transforming growth factor–b2, vascular
endothelial growth factor, and periostin) in asthmatic subjects
relative to healthy control subjects (26, 27, 32). Pediatric airway
epithelia are typically obtained by bronchial brushings in school-
aged children, and have not been directly compared with gene/
protein signatures found in adult epithelia. To the best of our
knowledge, our findings are the first to characterize the function
of an innate immune pathway in airway epithelial cells from three
chronological age groups: infants, juveniles, and adults.

To assess innate immunity in airway epithelium, we established
air–liquid interface cultures of primary cells obtained from rhesus
monkey tracheal specimens, and measured cytokine expression
after LPS treatment, focusing on both IL-8 and IL-6 as parame-
ters of inflammation. As shown in Figures 3 and 4, cultures de-
rived from infant animals responded poorly to LPS treatment
compared with adult cultures, suggesting that the infant airway
epithelium has a hyporesponsive innate immune phenotype with
regard to signaling through TLR4. The ex vivo LPS exposure of
infant tracheal slices exerted a minimal effect on IL-8 and IL-6
expression in primary airway epithelial cell cultures that were
subsequently established from these tissues, indicating that the
limited ability to produce cytokines was not attributable to the
lack of a previous LPS exposure history. The intrinsic hypores-
ponsive innate immune phenotype of infant airway epithelial cell
cultures in this study is consistent with the known susceptibility of
human infants to Gram-negative bacterial pneumonia, namely,
the pneumonia caused by Haemophilus influenzae. Patients with
cystic fibrosis are also highly susceptible to Gram-negative bac-
terial infections. This is likely attributable to reduced TLR4 ex-
pression in airway epithelium (16). Components of the LPS
receptor complex, including TLR4, CD14, and MD2 (LY96),
were evaluated in infant and adult airway epithelial cell cultures
in this study, but we found no significant differences in mRNA
concentrations between age groups, suggesting that reduced cor-
eceptor expression does not explain the limited ability of infant
airway epithelium to respond to LPS.

An unexpected finding involved the observation that airway
epithelial cell cultures derived from juvenile animals exhibited
a dichotomy of cytokine responses to LPS treatment. LPS-
induced IL-8 expression in juvenile cultures was reduced relative
to adult cultures, but IL-6 protein concentrations were highest in
juvenile cultures (Figure 4). Age (in mo) significantly correlated
with the constitutive secretion of IL-8 protein, but not IL-6, in-
dicating that the ability to produce cytokines does not uniformly
increase in a linear fashion with maturity (Figures 3 and 4).
Interestingly, with the IL-6 response, concentrations of mRNA
and protein appeared discordant. The IL-6 mRNA copy num-
ber was highest in adult cultures, whereas secreted IL-6 protein
was highest in juvenile cultures. These differences may be at-
tributable to the timing of sample collection, or could indicate
posttranslational mechanisms such as microRNAs controlling
cytokine production in an age-dependent fashion. The distinct
cytokine profile in cultures from animal age groups may be
attributable to repeated LPS exposures with increasing age.
However, ex vivo LPS exposure did not affect the degree of
culture responsiveness to secondary LPS treatment in infant

TABLE 1. EFFECT OF AGE ON TLR PATHWAY GENE EXPRESSION

Gene

Infant Cultures

(n ¼ 9)

Adult Cultures

(n ¼ 8) Fold Change

(Infant/Adult) P ValueAvg Ct Avg Ct

PGLYRP3 26.24 27.81 2.232 0.0947

CCL2 26.91 28.35 2.0498 0.2249

PGLYRP2* 32.22 34.19 2.9605 0.0120

CSF3 32.23 31.35 0.4099 0.2862

CSF2 27.65 26.95 0.4644 0.1534

IFNB1 34.66 33.7 0.3886 0.1031

IFNG 34.72 34.05 0.4758 0.1292

IL-1A* 25.27 24.07 0.3295 0.0284

IL-6 29.36 28.43 0.3975 0.0842

SARM1 31.92 31.3 0.4901 0.2464

LY86 33.78 33.08 0.4627 0.1575

TLR10* 31.82 31.05 0.4433 0.0366

Definition of abbreviations: Avg Ct, average threshold cycle value; TLR, Toll-like

receptor.

* P , 0.05, according to Student t test.

TABLE 2. EFFECT OF LPS ON TLR PATHWAY GENE EXPRESSION: 3 HOURS AFTER TREATMENT

Infant Cultures (n ¼ 4) Adult Cultures (n ¼ 4)

Gene Control Avg Ct LPS tx Avg Ct

Fold Change

(LPS/Control) P Value Gene Control Avg Ct LPS Avg Ct

Fold Change

(LPS/Control) P Value

CSF3 31.65 28.17 10.326 0.2323 CSF3* 31.74 28.42 8.5701 0.0257

IL-1B 30.22 28.47 3.1128 0.0908 GPC1 24.18 22.75 2.3139 0.1507

PGLYRP2 31.92 30.77 2.0547 0.1702 HSPA1B 24.75 23.15 2.6091 0.0609

MAPK10 32.75 31.61 2.0402 0.3698 IL1B* 29.28 27.93 2.1944 0.0208

NFKBIB 24.63 26.64 0.2295 0.8214 IRF1 24.21 22.82 2.2616 0.0534

LY86 33.28 34.84 0.3149 0.2068 PGLYRP3* 27.42 25.75 2.7403 0.0123

NFKB2 25.52 23.87 2.6825 0.0704

PGLYRP2 34.43 32.93 2.423 0.2002

TOLLIP 25.06 23.51 2.5146 0.1033

IFNB1 33.67 34.91 0.3645 0.3039

LY86 33.56 35 0.3168 0.3519

Definition of abbreviations: Avg Ct, average threshold cycle value; tx, treatment; TLR, Toll-like receptor.

* P , 0.05, according to Student t test.
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or juvenile cultures. We do not yet know if age-dependent
proinflammatory cytokine synthesis by airway epithelium cor-
responds to differential respiratory pathogen susceptibility
in vivo. However, our previous work has shown that a single
LPS aerosol dose administered to juvenile animals results in
pulmonary and systemic neutrophilia within 6 hours after expo-
sure, suggesting that innate immune function is sufficient within
this age group (31).

In peripheral blood cells, TLR function is increased with ges-
tational age, and is associated with reduced infection control dur-
ing early life because of impaired cytokine synthesis (7, 33, 34).
Our data indicate that the developmental regulation of TLR
signaling pathway genes also exists in airway epithelial cells.
Expression levels for multiple genes associated with TLR path-
ways were significantly different between infant and adult cul-
tures, both constitutively and after LPS treatment (Figures 5
and 6 and Tables 1–3). The mRNA for transcription factors
(NF-kb2 and IRF1), negative regulators of TLR4 (HSPA1B),
and other inflammatory cytokines (CSF3 and IL-1b) were rap-
idly induced at 3 hours after LPS in adult cultures (Table 2).
Comparatively, fewer mRNAs in infant cultures were found to
be affected by a minimum twofold change with LPS at 3 hours
after treatment, and only a trend toward the induction of
IL-1bwas evident(P ¼ 0.09). At 6 hours after LPS treatment,
the gene profile for adult cultures suggested an overall down-
regulation of the TLR signaling response. Surprisingly, we found
that the expression of the bacterial peptidoglycan protein
PGLYRP2 was increased in infant cultures relative to adult cul-
tures, both constitutively and at 6 hours after LPS treatment
(Figures 5 and 6). PGLYRP2 has been reported to play a protec-
tive role against excessive inflammation in a Salmonella-induced
colitis model and in a psoriasis-like inflammatory skin murine
model (35, 36). The various immunoregulatory mechanisms of
PGLYRP2 remain incompletely understood. However, the in-
duction of IL-17 and the promotion of T regulatory cell responses
have been attributed to PGLYRP2 (35). It is intriguing to spec-
ulate that this molecule may contribute to immune tolerance or
hyporesponsiveness in the infant lung. Moreover, our observed
gene expression profile for infant cultures may be explained by an
overall delayed time course after LPS treatment. However, the
finding of very low concentrations of IL-8 or IL-6 protein in 24-
hour infant cultures suggests that this was not the mechanism.

A comparison of human, chimpanzee, and rhesus macaque
gene signatures obtained from LPS-stimulated monocytes shows
a well-conserved universal TLR response. Lineage-specific genes
are primarily associated with viral infection (37). Nonetheless, we
note a potential limitation of our investigation, namely, that hu-
man airway epithelial cells may respond differently from those of
rhesus monkeys, such that developmental maturity in humans
exerts no effect on gene signatures. Further comparative studies
in pediatric and adult cell cultures will be required to address
this possibility thoroughly. Although we observed variability in

cytokine responses within age groups in our study, we emphasize
that rhesus monkeys comprise an outbred population, similar to
humans. Housing in an outdoor environment may also contribute
to variability among individual animals. Therefore, we also eval-
uated monkeys that were housed in HEPA filtered air conditions
within 1–2 days of birth through 12 months of age. We further
speculated that if the LPS response profile in airway epithelium
is exclusively dependent on previous environmental exposures,
then cultures derived from HEPA filtered air–housed juveniles
should exhibit a hyporesponsive profile, similar to that from in-
fant cultures. Surprisingly, filtered air housing resulted in an even
greater IL-8 response and higher IL-6 mRNA copy numbers in
airway epithelial cell cultures compared with ambient air
housing (Figure 7). These findings demonstrate that antecedent
exposures, in addition to developmental maturity, can exert a sig-
nificant impact on the LPS-induced cytokine response by airway
epithelium. The notion that airway epithelium can develop a per-
sistent phenotype is well-supported by studies with airway epi-
thelial cell cultures derived from adult patients with asthma

TABLE 3. EFFECT OF LPS ON TLR PATHWAY GENE EXPRESSION: 6 HOURS AFTER TREATMENT

Infant Cultures (n ¼ 5) Adult Cultures (n ¼ 4)

Gene Control Avg Ct LPS tx Avg Ct

Fold Change

(LPS/Control) P Value Gene Control Avg Ct LPS Avg Ct

Fold Change

(LPS/Control) P Value

CSF3 32.72 30.56 4.7823 0.2445 IFNG 33.65 35 0.4245 0.1715

IL-2 35 33.86 2.3569 0.3441 SARM1 30.07 32.23 0.2423 0.2919

PGLYRP2* 32.49 30.46 4.3806 0.0050 LTA 33.16 34.43 0.4484 0.3127

TLR6 27.55 29.04 0.3802 0.4754 LY86 32.48 33.91 0.4048 0.4157

MAPK8IP3 26.28 27.44 0.486 0.31177

TLR10* 30.49 31.63 0.4933 0.03717

Definition of abbreviations: Avg Ct, average threshold cycle value; tx, treatment; TLR, Toll-like receptor.

* P , 0.05, according to Student t test.

Figure 7. Effects of environmental exposures on LPS-induced cytokine
expression in airway epithelium. Airway epithelial cell cultures estab-

lished from 1-year-old filtered air–housed or filtered air–housed plus in

vivo LPS-exposed were treated with a secondary dose of LPS in vitro.

Cultures were compared with age-matched ambient air–housed ani-
mals. (A) IL-8 mRNA. (B) IL-8 protein. (C) IL-6 mRNA. (D) IL-6 protein.

Each data point represents the mean 6 SE from 4–6 animals per group.

*P , 0.05, **P , 0.01, and ***P , 0.001, according to two-way

ANOVA, environment versus LPS concentration. Diamonds, filtered
air; triangles, filtered air 1 LPS; squares, ambient.
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showing disparate in vitro responses to allergens or viruses, com-
pared with cultures derived from control subjects (23, 38).

In conclusion, the results of this study show that the airway
epithelium in early life is functionally impaired with regard to
the generation of a robust proinflammatory cytokine response
after LPS challenge. Furthermore, the molecular transition to
an adult LPS response profile is not always linear with age,
and may be affected by environmental exposures. These findings
are consistent and present parallels with the early-life develop-
ment of innate immune function for cells of hematopoietic ori-
gin. Because the epidemiology of other childhood diseases such
as asthma strongly supports a window of susceptibility within the
first year of life, whether LPS or other TLR ligands can impose
epigenetic programming in infant airway epithelium remains
a critical question and a focus of our future studies.

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