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Abstract

Respiratory tract infections are a leading cause of morbidity and
mortality in children under 5 years of age. Increased susceptibility to
infection is associated with deficiencies in immunity during early
childhood. Airway epithelium represents the first line of mucosal
defense against inhaled pathogens. However, little is known about
epithelial immune mechanisms in the maturing lung. IL-22 and its
receptor IL-22R1 are important in host defense and repair of
epithelial barriers. The objective of this study was to determine
whether a quantitative difference in IL-22R1 exists between infant
and adult airways using the rhesus macaque monkey as a model of
childhood lung development. Immunofluorescence staining of
tracheal tissue revealedminimal expression of IL-22R1 in epithelium
at 1month of age, with a progressive increase influorescence-positive
basal cells through 1 year of age. Western blot analysis of tracheal
lysates confirmed significant age-dependent differences in IL-22R1
protein content. Further, primary tracheobronchial epithelial cell
cultures established from infant and adult monkeys showed
differential IL-22R1mRNA and protein expression in vitro. To begin
to assess the regulation of age-dependent IL-22R1 expression in
airway epithelium, the effect of histone deacetylase and DNA
methyltransferase inhibitors was evaluated. IL-22R1 mRNA in adult
cultures was not altered by 5-aza-29-deoxycytidine or trichostatin A.

IL-22R1 mRNA in infant cultures showed no change with
5-aza-29-deoxycytidine but was significantly increased after
trichostatin A treatment; however, IL-22R1 protein did not
increase concurrently. These data suggest that IL-22R1 in airway
epithelium is regulated, in part, by epigenetic mechanisms that
are dependent on chronologic age.
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Clinical Relevance

Respiratory tract infections remain a leading cause of death
worldwide in very young children. Novel approaches to
prevention and treatment of pediatric respiratory infections
will require the identification of new physiologic targets. Our
data describe for the first time that IL-22R1 density on airway
epithelium is developmentally regulated and that expression is
markedly attenuated in early life. Given the known importance
of IL-22 in epithelial defense and repair during lung injury, our
findings represent a potentially important immune pathway
that can be enhanced for prophylaxis and therapy.

Clinically significant immunologic
differences exist between children and
adults (1, 2). For example, respiratory
infections represent a leading cause of
death worldwide in humans ,5 years of
age, whereas the same infectious agents

cause less severe morbidity and mortality
in adults (3). This difference is partially
attributed to qualitative and quantitative
inadequacy in innate and adaptive
immunity. Identification of novel age-
related differences in immune function

could represent opportunities for new
therapeutics and improved clinical
outcomes for pediatric patients.

Interleukins (IL) and their receptors
feature prominently in mammalian immune
systems. IL-22 and its receptor IL-22R1
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are representative examples of immune
pathways that functionally link cytokine
output from cells of hematopoietic origin
with physiologic responses mediated by
structural cells that contribute to barrier
functions. Major producers of IL-22 include
innate lymphoid cells and natural killer
T cells (4–7). The receptor for IL-22 is
a dimer composed of IL-22R1 and IL-10RB.
Whereas IL-10RB is ubiquitous, IL-22R1
is primarily found on epithelium, and this
distribution limits the activity of IL-22
anatomically and supports its role in innate
immunity (8). IL-22R1 is primarily
expressed on structural cells such as
epithelium and smooth muscle within
respiratory tract, gastrointestinal tract,
and skin (9–11). Dysregulation of the
IL-22/IL-22R1 axis is associated with
epithelial hyperproliferation and
inhibition of differentiation (12, 13),
chronic bacterial and fungal infections
(14, 15), and aberrant barrier repair after
viral or mechanical insults (14, 16, 17).

Although tissue-specific expression
of IL-22R1 has been characterized, the
influence of developmental age on function
of the IL-22/IL-22R1 axis has not been
well defined. Here, we investigated
conducting airway epithelial cell expression
of IL-22R1 using the rhesus macaque
monkey as a model of childhood lung
development. Because pediatric patients
exhibit enhanced susceptibility to
respiratory infections, we hypothesized
that airway epithelium from infant monkeys
would express less IL-22R1 as compared
with adults. Based upon our initial findings
of constitutively attenuated IL-22R1 in
infant airway epithelium, we further
explored the epigenetic regulation of
IL-22R1 using inhibitors of DNA
methyltransferase (DNMT) or histone
deacetylase (HDAC) in vitro.

Evidence of epigenetic influences on
pulmonary mucosal immunity continues
to grow. For example, nasal epithelial
cells from smokers have unique DNA
methylation patterns as compared with
nonsmokers, and this results in altered
expression of antiviral genes in vitro (18).
Taken together, our studies suggest one
putative immune pathway by which
airway epithelium of very young children
may exhibit enhanced susceptibility to
pathogens. Further, it appears that airway
epithelial cells from infant rhesus
monkeys display a degree of plasticity, as
evidenced by HDAC inhibitor treatment

of cultures, indicating that mucosal barriers
may represent novel therapeutic targets.

Materials and Methods

A detailed version of the materials and
methods is available in the online
supplement.

Animals
All tracheobronchial tissues used for this
study were obtained from the California
National Primate Research Center
Pathology Unit. Animals ,12 months of
age were considered “infants,” and those
>36 months of age were considered
“adults” (19). Animal experiments were
approved by the Institutional Animal Care
and Use Committee of the University of
California at Davis. The care and housing
of all animals complied with the provisions

of the Institute of Laboratory Animal
Resources and conformed to the practices
established by the American Association for
Accreditation of Laboratory Animal Care.

Immunofluorescence Microscopy
Trachea cryosections were fixed and
incubated with mouse monoclonal
anti–IL-22R1 antibody (Santa Cruz
Biotechnologies, Santa Cruz, CA), followed
by Alexa 568–conjugated secondary
antibody (Invitrogen, Eugene, OR).
Sections were imaged on an Olympus
BX61 microscope with an Olympus DP71
color camera (Olympus, Waltham, MA).

Western Blot
Protein was isolated from fresh trachea
tissues or cultured primary tracheobronchial
epithelial (TBE) cells and separated on
polyacrylamide gels (Bio-Rad, Richmond,
CA) by electrophoresis and then transferred
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Figure 1. Immunofluorescence staining for IL-22R1 in rhesus monkey airway epithelium during
the first year of life. Trachea cryosections from infant and adult monkeys were stained with
a mouse monoclonal anti–IL-22R1 antibody (0.5 mg/ml) or a mouse IgG3 isotype control (0.5 mg/ml).
Antibody binding was detected with Alexa 568–conjugated donkey anti-mouse antibodies (red).
Nuclei were counterstained with 49,6-diamidino-2-phenylindole (DAPI) (blue). Representative images
from 1-, 6-, and 12-month-old animals are shown (n = 3–4 animals per age group). Isotype control as
shown is for a 12-month-old animal. Scale bar, 25 mm.
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to blot membranes. Blots were incubated
with antibodies against IL-22R1 and
glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Cell Signaling
Technologies, Danvers, MA) followed by
secondary antibodies conjugated to HRP.
Blots were exposed to enhanced
chemiluminescence substrate (Thermo-
Fisher Scientific, Waltham, MA) followed
by image acquisition and band density
analysis for IL-22R1 and GAPDH with an
automated imager and software (Protein
Simple, Santa Clara, CA).

Primary Cell Culture
Primary TBE cells were isolated and
cultured as previously described (20).
In brief, epithelial cells were expanded
with bronchial epithelial cell growth
medium (Lonza, Allendale, NJ) containing
50 nM retinoic acid (Sigma-Aldrich,
St. Louis, MO) and subsequently plated in
Corning Transwells clear polyester inserts
(Corning Life Sciences, Tewskbury, MA).
Confluent cultures were transitioned to
air–liquid interface conditions with
a 1:1 mixture of bronchial epithelial cell
growth medium and Dulbecco’s modified
Eagle’s medium (Life Technologies,
Carlsbad, CA) (21, 22). Cultures were
grown until polarized (z7 d).

IL-22 Treatment
Primary TBE cultures were treated with
recombinant IL-22 (PeproTech, Rocky Hill,
NJ) at 0, 10, or 100 ng/ml. Cells were
harvested after 6 hours of treatment for
quantitative RT-PCR (qRT-PCR) analysis of
IL-8, lipocalin-2 (LCN2), and granulocyte/
macrophage colony-stimulating factor
(GM-CSF) mRNA.

Quantitative RT-PCR
Cells were collected into TRIzol (Life
Technologies), total RNA was extracted,
and cDNA was synthesized as previously
described (22). Taqman qRT-PCR (Life
Technologies) was performed to measure
IL-22R1, IL-8, LCN2, GM-CSF, and
GAPDH mRNA. Specific gene expression
was compared with GAPDH expression
to determine ΔCt or ΔΔCt.

Trichostatin A and 5-Aza-29-
Deoxycytidine Treatment
The effect of HDAC or DNMT inhibitors
was assessed in polarized TBE cultures.
The HDAC inhibitor trichostatin A (TSA)
(InvivoGen, San Diego, CA) was used at

100 nM, and the DNMT inhibitor 5-aza-
29-deoxycytidine (AZA) (Sigma Aldrich)
was used at 50 mM. IL-22R1 expression
was assessed by qRT-PCR at 12 and
24 hours of treatment and by Western
blot at 24 and 48 hours of treatment.

Statistical Analyses
Data are presented as mean6 SEM.
We determined statistical significance
(P< 0.05) using Student’s t test,
one-way ANOVA with Dunnett’s multiple
comparisons test, or two-way ANOVA
with Dunnett’s multiple comparisons
test (Prism version 6.0; GraphPad,
La Jolla, CA).

Results

IL-22R1 Expression in Airway
Epithelium Is Dependent on
Chronological Age
To assess whether IL-22R1 was differentially
expressed in the airways during early
life, we first used immunofluorescence
microscopy to visualize IL-22R1 expression
in monkey airways at 1, 6, and 12 months of
age. At 1 month of age, there was little
detectable expression of IL-22R1 in airway
epithelium (Figure 1). Immunofluorescence
staining was primarily detected on basal
cells within the trachea, and abundance
progressively increased with age. IL-22R1

protein was also detected on smooth
muscle surrounding the trachea, but
expression did not appear to be age
dependent (data not shown).

To further quantify IL-22R protein in
native tissue, we performed Western blot
analysis. IL-22R1 protein was identified in
whole tracheal lysates from infant and adult
rhesus monkeys; the molecular weight of
the detected band appeared to be consistent
with the expected range of 45 to 55 kD
for rhesus IL-22R1 (Figure 2A). Using
densitometry, IL-22R1 protein was
determined to be approximately 1.5-fold
greater (P = 0.0283) in lysates from adult
tracheal tissue as compared with infant tissue.

To confirm that differential expression
of IL-22R1 in infant and adult trachea
was constitutively associated with
conducting airway epithelium, we assessed
whether age-dependent IL-22R1 protein
levels persisted in TBE cell cultures from
infant and adult monkeys. As shown in
Figure 2B, age-dependent expression of
IL-22R1 protein was perpetuated in vitro;
adult TBE cell cultures contained 4-fold
more IL-22R1 than those derived from
infant monkeys (P = 0.0002).

Functional Consequences of
Age-Dependent IL-22R1 Expression
in Airway Epithelium
We next asked if the observed attenuated
expression of IL-22R1 in infant airway
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Figure 2. Western blot analysis of IL-22R1 protein from infant and adult rhesus monkey airway
epithelium. Representative Western blots from whole tracheal lysate (A) and primary tracheobronchial
epithelial cell cultures (B). Optical band density for IL-22R1 was analyzed with respect to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for each sample, and signals were
quantified with commercial densitometry software. Data represent the mean6 SEM for each
age group (n = 3–5 animals per group). *P = 0.0283 (A) and 0.0002 (B).
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epithelium corresponded with diminished
responsiveness to the receptor ligand IL-22.
IL-22 has been previously reported to
enhance expression of IL-8, LCN2, and
GM-CSF (10, 14, 15). Accordingly, we
treated primary TBE cell cultures with
recombinant human IL-22 and measured
the induction of multiple gene transcripts
known to be affected by IL-22. At
6 hours, IL-8, LCN2, and GM-CSF
(Figures 3A, 3B, and 3C, respectively)
mRNA were significantly induced in
adult monkey–derived TBE cell cultures
as compared with untreated controls
(P, 0.05). In comparison, there was
no significant increase in IL-8, LCN, or
GM-CSF after treatment of primary
TBE cell cultures derived from infant
rhesus monkeys.

IL-22R1 and IL-10RB mRNA
Expression in Primary TBE
Cell Cultures
To discern if the age-dependent difference
in protein expression of IL-22R1 in airway
epithelium was due to transcriptional or
post-transcriptional regulation, we
measured IL-22R1 mRNA in primary
TBE cell cultures. Adult monkey TBE
cell cultures expressed nearly 15-fold higher
IL-22R1 mRNA levels in comparison with
cultured TBE cells derived from infant
monkeys (P = 0.048) (Figure 4A). Because
IL-22R1 function depends on dimerization
with IL-10RB, we also quantified mRNA
expression of IL-10RB to assess whether
the heterodimer partner of IL-22R1 might
also be developmentally regulated. As
shown in Figure 4B, infant and adult
primary TBE cell cultures expressed
similar levels of IL-10RB mRNA.

Epigenetic Regulation of IL-22R1
mRNA and Protein Expression In Vitro
Next, we asked if epigenetic mechanisms
might contribute to attenuation of IL-22R1
transcription in infant airway epithelium.
Primary TBE cultures derived from infant
monkeys were treated with TSA and
subsequently evaluated for IL-22R1; TSA
treatment resulted in a 2- to 3-fold increase
in IL-22R1 mRNA after 12 (P = 0.021) and
24 hours (P = 0.032) as compared with
time-matched control cultures (Figure 5A).
In comparison, adult TBE cell cultures did
not show a significant change in IL-22R1
mRNA levels after treatment with TSA
(Figure 5B). Similar treatment with AZA
resulted in no significant change in IL-22R1
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Figure 3. Effect of IL-22 on innate immunity gene expression in infant and adult rhesus
monkey airway epithelial cell cultures. Primary tracheobronchial epithelial cell cultures
grown under air–liquid interface conditions were exposed to control media or rhIL-22
for 6 hours followed by quantitative RT-PCR for IL-8 (A), lipocalin-2 (B), and
granulocyte/macrophage colony-stimulating factor (C). Data represent mean6 SEM
for fold difference in expression as compared with control (n = 5–6 per age group;
*P , 0.05).
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mRNA levels for either infant or adult TBE
cultures relative to time-matched controls
(Figures 5A and 5B).

To assess for toxicity for either TSA or
AZA treatment, we further compared cycle
threshold for the GAPDH housekeeping
gene in cultures and found no significant
difference with respect to time or treatment
regardless of age groups over the course
of the experiment (data not shown).
Likewise, the effect of TSA or AZA was also
examined with respect to IL-1a, which is
known to be differentially expressed in
infant and adult epithelium (21); there
was no apparent change in IL-1a mRNA
levels regardless of treatment or age group
(data not shown).

Finally, we determined if the
age-dependent effects of TSA on IL-22R1
mRNA levels in primary TBE cell cultures
were accompanied by an increase in
IL-22R1 protein. In contrast with our
finding for IL-22R1 mRNA expression,
we did not find a corresponding increase
in IL-22R1 protein for either age group
at 24 or 48 hours after TSA treatment
of TBE cell cultures (Figure 6).

Discussion

Immunological differences between adults and
children are associated with enhanced
morbidity and mortality in the face of
respiratory infections in early life. A
multifactorial explanation is most likely but
remains incompletely described. Here, we
focused on the epithelial barrier’s role in innate
immunity. We examined airway epithelial cell
cultures and airway tissue sections from infant

and adult rhesus monkeys for the presence of
IL-22R1. We found that IL-22R1 expression
in tracheobronchial airway epithelium
progressively increases with age in
rhesus monkeys. Attenuated expression of
IL-22R1 in infant airway epithelium was
perpetuated in isolated epithelial cells after
proliferation and differentiation in vitro,
suggesting an epigenetic mechanism of
inhibition. In concurrence with the observed
reduction in IL-22R1 expression in infant
monkey airway epithelium, treatment of TBE
cell cultures with the IL-22R1 ligand IL-22
resulted in an attenuated innate immune
cytokine response in TBE cultures from infant
monkeys as compared with adults. We further
showed that IL-10RB, which participates
in the IL-22 receptor complex, was not
differentially expressed in primary TBE cell
cultures from either infant or adult monkeys,
suggesting that IL-22R1 is the limiting
component with respect to age and IL-22
functionality. Finally, treatment with TSA
partially abrogated the difference in IL-22R1
mRNA, increasing expression 2- to 3-fold in
infant, but not adult, airway epithelial cultures.
To the best of our knowledge, this is the first
report of age-dependent regulation for the
IL-22/IL-22R1 axis.

Dysregulation of the IL-22/IL-22R1
axis has been associated with many diseases
and has been identified as a potential
therapeutic target in some cases (7, 23).
The effects of IL-22 in the respiratory tract
can be summarized as antibacterial and
reparative in nature (14, 17). Mice deficient
in IL-22 have more severe lung injury
than wild-type mice in influenza infection
models (4, 24), and in a rat model of
ventilator-induced lung injury, nebulized

IL-22 improved survival (16). To date,
functional studies have focused on
deficiency of IL-22; the potential regulatory
role of IL-22R1 levels has not yet been
explored. If a deficiency in receptor
levels recapitulates the effects of cytokine
deficiency, our findings have important
implications. Thus, IL-22R1 density in
airways may be a factor in the higher
morbidity and mortality seen in respiratory
infections of infants and children as
compared with adults.

The magnitude of age-related IL-22R1
expression was not consistent when
comparing mRNA from TBE cell cultures
versus protein from whole tracheal
homogenate. As shown for human airway
smooth muscle (25), we observed IL-22R1
expression in airway smooth muscle of
rhesus monkeys, and this compartment was
included in the homogenate analysis. Because
smooth muscle IL-22R1 expression levels
appeared to be constitutive for all age groups,
it would be expected that the magnitude of
age-dependent IL-22R1 expression in whole
tracheal homogenates would be less than
isolated airway epithelial cell cultures. Not
surprisingly, when we measured IL-22R1
protein in TBE cultures by Western blot, the
difference between adult and infant monkeys
was exaggerated as compared with the
whole tracheal homogenates that contain the
smooth muscle component. The functional
role of the IL-22/IL-22R1 axis in airway
smooth muscle is complex, but there is
evidence that it can contribute to remodeling
and increased smooth muscle mass in
asthma (26, 27).

We found epithelial IL-22R1
expression to be primarily associated
with the basal cells of the trachea.
Basal cells in this location are responsible
for reparative processes after injury of
the airways, and it has been speculated
that this cell phenotype may contribute
to the pathogenesis of COPD (28). In
addition, IL-22 signaling is required to
maintain epithelial integrity in the face
of respiratory infections (4, 14, 24).
Therefore, our finding of localized
expression of IL-22R1 on airway basal
cells is not unexpected. One important
question to address in future studies is
how IL-22R1low–expressing epithelial cells
in infant airways are ultimately replaced
by IL-22R1high–expressing cells as animals
mature. Based upon our finding that
infant TBE cells perpetuate the IL-22R1low

phenotype in vitro despite proliferation
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Figure 4. IL-22 receptor complex mRNA expression in infant and adult rhesus monkey airway
epithelial cell cultures. Primary tracheobronchial epithelial cell cultures grown under air–liquid interface
conditions were evaluated for IL-22R1 (A) and IL-10RB (B) mRNA levels as measured by quantitative
RT-PCR. Data represent the mean6 SEM of 22DCt for each target gene within both age groups (n = 8
per age group; *P = 0.048).
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and expansion in culture, it may be
speculated that the IL-22R1high phenotype
requires an environmental signal for
induction.

In addition to epithelial integrity,
a multitude of cytokines, chemokines, and
antimicrobial peptides are induced by IL-22
(15, 29). In our study, we evaluated the
impact of IL-22 treatment on primary
TBE cell cultures, focusing on IL-8, LCN2,
and GM-CSF (10, 14, 15). No significant
response was elicited by IL-22 in infant
monkey TBE cell cultures, whereas adult
cultures showed increased mRNA
expression for all three targets evaluated.

It has been previously reported that
costimulation with IL-17 is required
for maximal IL-22 responses (14, 30);
therefore, it is possible that our findings
may have been different with IL-17
costimulation. Although it is beyond the
scope of the current study, the contribution
of IL-17 on functionality of the IL-22/IL-
22R1 axis in infant airway epithelium
would be important to assess in the future.

Epigenetic regulation of gene
expression in airway epithelium is evident
in inflammatory conditions like asthma,
smoking, and infection; TSA has been
instrumental in uncovering the role of

histone acetylation in some of these studies
(18, 31–33). Although TSA is an inhibitor
of most of the class I and II HDAC
proteins, its activity is restricted outside of
the HDAC family of proteins (34). The
result of histone deacetylation is a closed
chromatin pattern and transcriptional
repression. As such, HDAC inhibitors
usually act to increase mRNA expression.
Here we have demonstrated that treatment
with TSA specifically increased IL-22R1
mRNA expression in infant TBE cell
cultures, but it did not have the same effect
in adult cultures. Moreover, there was no
apparent effect of treatment of infant TBE
cells with a DNMT inhibitor, suggesting
that methylation of the IL-22R1 promoter
or transcriptional factor promoters that
regulate IL-22R1 expression is not
a primary mechanism for suppression of
IL-22R1 during early life.

One potential mechanism by which
TSA may selectively enhance IL-22R1
mRNA expression in TBE cells is that
infants may have an inherently different
histone acetylation pattern of the IL-22R1
promoter as compared with adults.
Alternatively, infant and adult cells may
have different levels of histone acetyl
transferase and/or HDAC activities. It is
also possible that the effect of TSA is
not directly related to histone acetylation/
deacetylation; both histone acetyl
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Figure 5. Epigenetic regulation of IL-22R1 transcription by histone deacetylase or DNA
methyltransferase inhibition. Primary tracheobronchial epithelial cell cultures were treated with control
media, trichostatin A (TSA), or 5-aza-29-deoxycytidine (AZA) for 12 or 24 hours, followed by
quantitative RT-PCR for IL-22R1 mRNA. IL-22R1 mRNA quantity is expressed as 22DCt. Controls
(at 12 and 24 h) were normalized to a value of 1 for fold difference IL-22R1 expression in infant
(A) and adult (B) cultures treated with either TSA or AZA. Data represent the mean6 SEM for
each age group (n = 8 infants and 8 adults). *P = 0.032 and **P = 0.021.
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expression in primary tracheobronchial epithelial
cell cultures. Primary tracheobronchial epithelial
cell cultures were treated with control media
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analysis of culture lysates. The ratio of IL-22R1/
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control for each monkey. Data represent the
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transferase and HDAC can modify
nonhistone proteins, resulting in increased
or decreased activity of ubiquitous
transcription factors (34–36). The latter
explanation is less likely because TSA did
not increase IL-22R1 expression in adult
TBE cultures. Further, the increase in gene
transcription was not universal; we have
found no effect of TSA on IL-1a or
GAPDH mRNA expression in infant
TBE cell cultures.

There are several possible explanations
for the lack of correlation between IL-22R1
mRNA and protein expression after TSA
treatment of infant TBE cell cultures.
One possibility is that IL-22R1 protein
was induced after TSA treatment of infant
TBE cells, but proteasomal degradation
prevented stabilization and membrane
expression (37). Alternatively, there may
be post-transcriptional control of IL-22R1;

for example, in human keratinocytes,
miR-197 negatively regulates IL-22R1 (38).
The TSA-induced increase in IL-22R1
mRNA for infant TBE cells also did not
reach the levels observed in adult TBE cells;
therefore, a larger increase may be
required to detect a significant impact
on protein translation.

In summary, we have shown intrinsic
suppression of IL-22R1 expression in airway
epithelium using a nonhuman primate
model of lung development. Developmental
regulation of IL-22R1 in the conducting
airways was limited to the epithelial
compartment, as evidenced by the finding
that smooth muscle appeared to express
IL-22R1 at comparable levels starting at
1 month of age in monkeys. TSA (but
not a DNMT inhibitor) increased IL-22R1
mRNA expression in infant TBE cell
cultures, suggesting an epigenetic

mechanism for attenuated transcription.
However, additional post-translational
mechanisms may also participate in the
developmental regulation of IL-22R1
protein expression. The pathophysiologic
consequences IL-22R1 deficiency in the
infant airway remain an important question
that will be explored further in future
studies. n
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