ARTICLES

Interleukin-22 regulates antimicrobial peptide
expression and keratinocyte differentiation to
control Staphylococcus aureus colonization

of the nasal mucosa

ME Mulcahyl, JM Leech’, J-C Renauld®, KHG Mills®> and RM McLoughlin1

The local immune response occurring during Staphylococcus aureus nasal colonization remains ill-defined. Studies
have highlighted the importance of T-cell immunity in controlling S. aureus colonization of the nasal mucosa. We extend
these observations, identifying a critical role for interleukin (IL)-22 in this process. IL-22 is basally expressed within the
nasal mucosa and is induced upon S. aureus colonization. IL-22 is produced by CD4 + and CD8 + T lymphocytes at this
site, with innate-like lymphocytes also contributing. IL-22~/~ mice demonstrate significantly elevated levels of

S. aureus nasal colonization as compared with wild-type (WT) mice. This was associated with reduced expression of
antimicrobial peptides (AMPs) in the nose. Furthermore, expression of staphylococcal ligands loricrin and cytokeratin 10
was higher in the noses of IL-22 ~/~ as compared with WT mice. IL-17 has been shown to regulate S. aureus nasal
colonization by controlling local neutrophil responses; however, IL-17 expression and neutrophil responses were
comparable in the noses of IL-22 ~/~ and WT mice during S. aureus colonization. We conclude that IL-22 has

an important role in controlling S. aureus nasal colonization through distinct mechanisms, with IL-22 mediating its

effect exclusively by inducing AMP expression and controlling availability of staphylococcal ligands.

INTRODUCTION

Staphylococcus aureus is an opportunistic pathogen, respon-
sible for several life-threatening invasive diseases, as well as less
severe skin and soft tissue infections. In contrast to its invasive
ability, S. aureus is part of the normal human microbiome
and persistently colonizes the anterior nares of 20% of the
population, whereas the remainder are colonized intermit-
tently." The anterior nares are the principal niche for S. aureus
and often act as a reservoir for the inoculation of other body
sites.” Persistent carriage is a risk factor for invasive infection
particularly in a nosocomial setting and patients are frequently
infected by their endogenous strain.” Temporary decoloniza-
tion of the nose is achieved in at-risk patients using topical
antibiotics such as mupirocin; however, effectiveness of this
strategy is hampered by escalating mupirocin resistance.* A
number of studies have begun to elucidate the molecular

interactions that occur between the organism and the host at
the surface of the nasal epithelium;>® however, the immune
response at this site during S. aureus colonization remains
largely undefined. A detailed understanding of local immunity
at the primary carriage site of S. aureus may provide the
framework for the development of therapeutic strategies to
enhance the host immune response in order to effectively
eradicate bacterial nasal carriage in target patient groups.
Although S. aureus is primarily found in the anterior nares,
clinical studies support the presence of several sites of
colonization within the deeper areas of the nasal cavity, as
well as the throat.”® The mechanisms underlying the inter-
action between S. aureus and the nasal epithelium have been
defined for two sites within the nasal cavity: the anterior nares
and epithelial cells lining the inner nasal cavity.>® Bacterial
attachment to the anterior nares is facilitated by the
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staphylococcal surface adhesin clumping factor B, through
high-affinity interaction with the cornified envelope (CE)
protein loricrin.’ Colonization of the inner nasal cavity is
mediated by the cell wall glycopolymer wall teichoic acid. Wall
teichoic acid binds to an F-type scavenger receptor, known as
scavenger receptor expressed by endothelial cell-1 (SREC-1),
which is expressed on the surface of epithelial cells in the inner
nasal cavity.” Given that the desquamated epithelial cells to
which S. aureus binds at the anterior nares are constantly shed
from the nose, it has been proposed that the colonization site at
the inner nasal epithelium acts as a reservoir of bacteria for the
anterior nares.”’

A number of genetic determinants of S. aureus nasal carriage
have been reported. Polymorphisms in genes expressing
human f-defensin 1, mannose-binding lectin, C-reactive
protein, and IL-4 are associated with an increased risk for
S. aureus nasal carriage,””"' highlighting that S. aureus
cultivates a unique relationship with both the innate and
the adaptive immune system during nasal colonization. Nasal
fluid from non-carriers displays stronger antimicrobial activity
against S. aureus when compared with nasal secretions from
carriers’ and impaired induction of the human antimicrobial
peptide (AMP) B defensin 3 in the skin correlates with
persistent carriage status.'> Clinical observations have revealed
the importance of adaptive immunity. Defined non-carriers
and intermittent carriers have similar antistaphylococcal
antibody profiles against S. aureus antigens that are distinct
from persistent carriers,' and persistent carriage is linked with
higher levels of antistaphylococcal IgA and IgG in children."
Furthermore, an increased prevalence of S. aureus colonization
is observed in HIV patients with lower CD4 4 T-cell counts,
suggesting that T cells have an important role in controlling
S. aureus colonization.'* To date, only a single murine study has
been undertaken to dissect this response at the cellular level and
has identified that T-helper type 17 (Th17) cells are important
in controlling S. aureus nasal colonization through their ability
to promote neutrophil recruitment to the anterior nares."

Like the intestinal mucosa, the nasal mucosa is continually
exposed to a diverse ecosystem of microorganisms, necessitat-
ing a multi-factorial immune response to defend against
inhaled pathogens and control the commensal microbiota. The
cytokine IL-22 has emerged as a key player in intestinal host
defense through its ability to promote production of AMPs'®
and to promote tissue healing.'” IL-22 mediates the expression
of many AMPs in the gut, skin, and lungs, including
B-defensins 2 and 3, S100A7-9, and Reg3y.'®'*7?' 1L-22 is
required to prevent severe intestinal pathology and mortality
during Clostridium rodentium colitis and is critical for host
protective immunity against Klebsiella pneumoniae in the
lung.'®"® In addition to its role in regulating AMP production,
IL-22 inhibits the terminal differentiation of keratinocytes by
downregulating expression of CE proteins, such as loricrin and
cytokeratin 10 (K10), and induces keratinocyte migration to
promote wound healing in the epithelium.*"**

IL-22 is primarily produced by conventional T cells, y0T
cells, and innate lymphoid cells (ILCs). Studies using an IL-22
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fate reporter mouse have indicated that yOT cells are the
predominant source of IL-22 in the mouse skin and lungs,
whereas type-3 ILCs are the primary source of IL-22 in the
intestine.”> In humans, a distinct subset of skin-homing
memory CD4 " T cells, termed Th22 cells, are a major source
of IL-22 (ref. 24) and IL-22 can also be produced by the
CD8 + counterpart Tc22 at this site.”” Furthermore, a subset of
mucosal-associated natural killer cells, termed NK22 cells, in
the tonsils and payers patches exclusively produce IL-22 and
may have a role in innate immunity at mucosal sites.*® Type-3
ILCs have emerged as key orchestrators of immune defense
and homeostasis in the gut*’ but have also been shown to
be responsible for IL-22 production in a murine model of
Streptococcus pneumoniae lung infection.”® y8T cells have been
identified as an important source of IL-22 during Bacillus subtilis
lung infection® and C. rodentium intestinal infection,’® and
there is emerging evidence that IL-22 derived from CD8 cells is
important in protection against oropharyngeal candidiasis.”!
Recently, IL-22 produced by both conventional TCRB + cells
and also a population of CD3 — cells, potentially ILCs, was
shown to be protective in S. aureus pneumonia infection.””

In this study, we define a role for IL-22 in the host response to
S. aureus mnasal colonization. We demonstrate that IL-22
expression is induced in a number of lymphocyte populations
within the nasal mucosa following colonization by S. aureus.
Mice deficient in IL-22 were more readily colonized with
S. aureus and this was associated with impaired AMP produc-
tion locally within the nasal cavity. Furthermore, we demon-
strate for the first time that expression of known ligands for
S. aureus attachment in the nose is controlled in vivo by IL-22.
Our findings identify IL-22 as one of the critical components
of the host immune response that controls nasal colonization by
S. aureus, mediated through its ability to induce killing of the
organism by triggering AMP expression, and importantly by
inhibiting attachment to the nares by controlling availability of
staphylococcal ligands.

RESULTS
IL-22 is constitutively expressed in nasal tissue and is
induced upon S. aureus colonization
To establish whether IL-22 is basally expressed in the nasal
tissue, RNA was isolated from the skin, spleen, kidney, lungs,
nose, and nasopharyngeal tissue (NT) of naive WT mice and
IL-22 messenger RNA (mRNA) expression was determined
using quantitative real-time PCR (qPCR). Basal expression of
IL-22 was significantly elevated in the nose when compared
with the spleen and kidney (Figure 1a). High IL-22 expression
was also observed in the NT with some basal expression
detected in the skin. IL-17 expression followed a similar pattern
with basal expression of IL-17 detectable in the skin, nose, and
NT (Figure 1b). Constitutive expression of IL-22 and IL-17 in
response to the commensal microbiome in the gut has been
reported;*”*>** our findings indicate that IL-22 and IL-17 may
also be expressed locally at nasal mucosa.

A previous study has shown that IL-17 is induced in the nasal
cavity during S. aureus colonization."”” In order to establish
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Figure 1

Basal expression of interleukin (IL)-22 and IL-17 in murine nasal tissue. Naive WT mice were killed and RNA was extracted from the spleen,

kidney, lungs, nose, and nasopharynx-associated lymphoid tissue (NALT). IL-22 (a) and IL-17 (b) gene expression was assessed using quantitative
reverse transcription PCR. Messenger RNA (mRNA) values were expressed as mean relative expression *s.e.m. compared with 18S RNA expression
(n=7-9, per group). Statistical analysis was performed using a Kruskal-Wallis test. *P<0.05; **P<0.005.
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Figure 2 Expression of interleukin (IL)-22 in the nasal cavity following S. aureus colonization. Wild-type mice were colonized with S. aureus Newman
Sm® (2 x 108 colony-forming units per nose) or were administered with phosphate-buffered saline (PBS). Ondays 1, 3, 7, 10, and 14 mice were killed, and
RNA was extracted from the nares and nasopharyngeal tissue (NT). Analysis of IL-22 gene expression in the nares (a) and NT (b) was established using
quantitative reverse transcription PCR. Messenger RNA values were expressed as mean fold increase in expression *s.e.m. and was compared with
baseline IL-22 expression from PBS-treated controls after normalizing to 18S RNA expression (n=5-6, per group). On days 1, 3, and 10, noses were
homogenized in PBS and protein levels of IL-22 (c) were determined by enzyme-linked immunosorbent assay. Values are expressed as mean protein
concentration +s.e.m. (n=>5, per group). Statistical analysis was performed using two-way analysis of variance or a Kruskal-Wallis test with Dunns
Multiple Comparisons. *P<0.05; **P<0.005; ***P<0.001.

whether IL-22 is also induced in response to S. aureus
colonization of the nasal cavity, S. aureus nasal colonization
was established in the groups of WT mice using a spontaneous
streptomycin-resistant mutant of S. aureus strain Newman
(Newman Sm¥, 2 x 108 colony-forming unit (CFU) per nose).
Over the course of 14 days, IL-22 mRNA and protein levels were
determined in the nose and NT of colonized WT mice and
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compared with the baseline IL-22 expression levels in non-
colonized phosphate-buffered saline (PBS)-treated controls.
IL-22 mRNA expression was significantly upregulated at
both sites by day 7 post colonization (Figure 2a,b).
Significant levels of IL-22 protein (above PBS control
levels) were detectable in the nose on days 3 and 10 post
colonization (Figure 2c).
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IL-22 is produced by CD4 + and CD8 + T cells as well as a
population of ILCs in the nasal tissue during S. aureus nasal
colonization

To establish the cellular source of IL-22 in the nasal cavity
during S. aureus nasal colonization, mice were colonized with
Newman Sm", and 7 days post colonization, the NT (compri-
sing the nasopharynx-associated lymphoid tissue) was excised
for the analysis of leukocyte populations by flow cytometry
combined with intracellular cytokine staining for IL-22.
Following S. aureus nasal colonization, total numbers of
CD45 + leukocytes were increased twofold in the NT, confirm-
ing that an immune response is activated (Figure 3a). Of these
CD45 + leukocytes, ~ 3% was IL-22 producing, whereas IL-22
expression was undetectable ( < 0.5%) in non-colonized control
mice (Figure 3b). To establish the cellular source of IL-22, we
used a panel of well-defined surface markers to identify
individual T-cell subsets. On day 7 post colonization, IL-22 was
predominantly produced by CD4+ T cells (CD3 + CD4 +)
and CD8 + T cells (CD3 4 CD8 + ). IL-22 was also produced
by a population of CD3 —CD4+ cells, which potentially
represent type-3 ILCs (Figure 3c). However, the low numbers
of these cells recoverable from the NT (~ 200 cells) precluded
further phenotypic analysis. We did not detect IL-22-producing
v8 T cells (CD3 4 TCRdS + ) at this time point.

S. aureus nasal colonization is elevated in IL-22-deficient
mice

Having demonstrated that IL-17 and IL-22 are constitutively
expressed in the nasal cavity, we used IL-17- and IL-22-
deficient mice to examine the role of these cytokines in
controlling S. aureus nasal colonization. WT, IL-17A ' ~, and
IL-22 7/~ mice were inoculated intra-nasally with Newman
Sm® (2 x 10® CFU per nose) and bacterial burdens in the noses
enumerated on days 10 and 14 post colonization. S. aureus nasal
colonization levels were significantly elevated in IL-22 '~ and
IL-17A '~ mice on day 14 as compared with WT mice
(Figure 4a). Similarly, although not statistically significant,
IL-22 '~ andIL-17 /" mice retained higher levels of bacteria
in their noses compared with WT mice on day 10 post
colonization. These results confirm previous studies that
suggest that IL-17 is important for clearance of S. aureus
from the nasal cavity, and indicate that IL-22 may also have
an important role in controlling S. aureus persistence at
this site.

We then examined S. aureus nasal colonization in IL-22 ~/ ~
mice over the course of 21 days. On day 3 post colonization,
both WT and IL-22 '~ mice retained similar numbers of
S. aureus in the nose (Figure 4b). However, by day 10,
IL-22 '~ mice had a higher bacterial burden providing evi-
dence of S. aureus proliferation in the nose when compared
with WT mice. By day 14, bacterial burden in IL-22 /"~ mice
was significantly elevated when compared with WT mice
(P= <0.05) and after 21 days, low levels of S. aureus remained
in the noses of IL-22~/~ mice, whereas S. aureus was
completely cleared from WT mice. The carriage rate in the
nose (determined by the number of mice colonized by
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S. aureus/total number of mice) in WT mice decreased to
50% at day 14 post colonization, whereas IL-22 '~ mice
maintained 100% carriage rate at this time point, and by day 21,
WT mice displayed 100% clearance compared with only
60% clearance rate seen in IL-22 '~ mice (Figure 4c).

To assess the ability of S. aureus to survive in the NT,
nasopharyngeal lavages were performed (following removal of
the nose) on WT and IL-22 '~ mice post colonization and the
bacterial burden was assessed. Overall, IL-22 ~/~ mice retained
more bacteria in the nasopharyngeal lumen than WT mice
(Figure 4d). On day 3 post inoculation, there was a significantly
higher bacterial burden obtained from IL-22"' mice
compared with WT mice.

To assess the therapeutic effect of IL-22 in the nose, recom-
binant murine IL-22 (200 ng per nose) was administered to
WT and IL-22 "/~ mice in conjunction with S. aureus intra-
nasal inoculation. On day 3 post colonization, WT mice that
received rIL-22 exhibited a significant reduction in colonization
compared with WT mice treated with PBS (Figure 5a).
Similarly, administration of rIL-22 to IL-22 '~ mice signifi-
cantly reduced S. aureus colonization (Figure 5b). Taken
together, these data identify IL-22 as one of the major factors
controlling S. aureus colonization of the nasal cavity.

IL-22 does not regulate the IL-17 axis or neutrophil
recruitment during nasal colonization

IL-17-dependent recruitment of neutrophils to the nasal cavity
has proven important for controlling S. aureus nasal coloniza-
tion."® Therefore, it was important to establish whether IL-22
may in-part mediate its effect through IL-17 induction and
associated neutrophil recruitment. A 14-day time course of
S. aureus nasal colonization was established in the groups
of WT and IL-22"/~ mice, and at specific time points
post colonization expression of inflammatory cytokines and
chemokines in the nose was assessed. Consistent with previous
studies, an increase in the mRNA expression of IL-17 and
CXCL1 was observed as early as day 1 post colonization in WT
mice. IL-17 and CXCL1 mRNA, and protein levels were
elevated in the first 7 days post colonization (Figure 6a-d).
Although CXCL1 mRNA levels appeared to be higher in WT
mice, no significant difference in expression of either IL-17A
or CXCL1 mRNA or protein was observed between WT and
IL-22 7/~ mice during colonization. IL-1B is known to be
critically important in driving IL-17 and IL-22 responses.>**>>¢
To establish whether IL-22 had any effects on IL-1 activity
during S. aureus nasal colonization, IL-1 protein levels were
assessed in the nose. IL-1[3 was elevated at day 1, but by day 7, a
decline in expression was observed in both WT and IL-22 '~
animals (Figure 6e).

Neutrophil infiltration to the nose and the NT was also
assessed in WT and IL-22 ~/~ mice on day 7 post colonization.
Although neutrophil recruitment to both the nose and NT was
increased following S. aureus colonization compared with PBS
controls, neutrophil recruitment to either site was comparable
in both WT and IL-22 =/~ mice (Figure 7). Similarly, neutro-
phil numbers did not differ between WT and IL-22 '~ mice

VOLUME 9 NUMBER 6 | NOVEMBER 2016 | www.nature.com/mi


http://www.nature.com/mi

ARTICLES

a 200,000 q
b
150,000
E !
il i
g 100,000 o
i ——
2 50000 4
<
O T T
PBS Colonized
b 4 -
—[— PBS S. aureus
é 3 4 0.5% 3.6%
=
g 21
w0 |
3] e
& 1 - O
I=|
0 T T
PBS Colonized IL-22
c PBS S. aureus
0.8% 4.1%
IN] Q
i Vi i 9]
= o = o}
% g 18.2% 75.8%
3 . #.@>
———————>CD4 -—>CD3
0.4% 8.1% 400 1
2
o [+
B 5] 300 -
3 200 -
=4
o
> CD8 Q
& 100 -
=
0 .

CD3+CD8+ CD3+CD4+ CD3-CD4+

Figure3 Source of IL-22in the nasopharyngeal tissue (NT) during S. aureus nasal colonization. Wild-type mice were colonized with S. aureus Newman
Sm® (2 x 108 colony-forming units per nose) or were administered with phosphate-buffered saline (PBS). At day 7 post colonization, mice were killed and
cells were isolated from the NT. Cells were cultured with brefeldin A and were surface stained with CD45, CD3, CD4, CD8, and TCRd before intracellular
staining for interleukin (IL)-22 and analysis by flow cytometry. Total infiltrating of CD45 + leukocytes (a) was assessed and a significant proportion was
shown to produce IL-22 (b). Analysis of IL-22 production by individual T-cell subsets was then assessed (c). Results are expressed as mean * s.e.m. with
representative fluorescence-activated cell sorting plots shown (n=4-5, per group). Data are representative of two individual experiments. SSC, side

scatter.

on day 3 post colonization (Supplementary Figure S1 online).
These results therefore suggest that in contrast to IL-17, IL-22
does not control S. aureus nasal colonization by regulating the
local neutrophil response.

The expression of AMP is reduced in IL-22 '~ mice

IL-22 is a potent inducer of AMP expression during bacterial
infection at the lung and gut epithelium.'®"” To determine the
role of AMPs in IL-22-mediated protection against S. aureus
nasal colonization, noses from WT and IL-22~/~ mice
were analyzed for AMP expression using qPCR. The expression
of murine B-defensins 3, 4, and 14, (Figure 8a-c), Reg3y
(Figure 8d), S1I00A8, and S100A9 (Figure 8e,f) was deter-
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mined in the nose of WT and IL-22 '~
mice inoculated with PBS.

In WT mice, expression of B-defensins 3, 4, Reg3y, and
S100A9 was upregulated at the early stages of colonization,
whereas expression of -defensin 14 and S100A8 peaked later.
The expression of all AMPS was almost completely abolished
in IL-22 /"~ mice. These results indicate that a spectrum of
AMPs is produced in the nose at different stages in response
to S. aureus nasal colonization, and that their production is
dependent upon IL-22. Interestingly, there was no significant
change in AMP expression in the noses of IL-17A '~ mice
compared with WT mice at days 1, 3 and 7 post colonization
(Supplementary Figure S2).

mice compared with
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determined in WT and IL-22 =/~ mice (n=10-15, per group). Statistical analysis was performed using a Kruskal-Wallis test. *P<0.05; **P<0.005;

***P<0.0001.
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Figure 7 Neutrophil influx to the nasal cavity of wild-type (WT) and interleukin (IL)-22 =/~ mice during S. aureus nasal colonization. Groups of WT and
IL-22 =/~ mice were colonized using S. aureus Newman Sm™ (2 x 108 colony-forming units per nose) or were administered with phosphate-buffered
saline (PBS). Cells isolated from the nose and nasopharyngeal tissue (NT) on day 7 post colonization were stained with anti-CD11b, anti-Ly6G, and anti-
F4/80 and analyzed by flow cytometry. Neutrophils were identified as CD11b + Ly6G + F4/80 — cells. Values are expressed as mean absolute numbers
of neutrophils isolated from nasal tissue +s.e.m. (n=4-5, per group). Data are representative of two different experiments.
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Figure 8 Differential expression of AMPs in wild-type (WT) and interleukin (IL)-22 =/~ mice during S. aureus nasal colonization. Groups of WT and IL-
22/~ mice were colonized using S. aureus Newman SmR (2 x 108 colony-forming units per nose) or were administered with phosphate-buffered saline
(PBS). Atdays 1, 3, 7, 10, and 14, mice were killed, RNA was extracted from noses, and gene expression of defp3 (a), defp4 (b), defp14 (c), regllly (d),
S100A8 (e), and S100A9 (f) in the noses assessed using quantitative reverse transcription PCR. Expression was compared with PBS controls after
normalizing to 18s RNA expression and expressed as mean fold increase in expression +s.e.m. (n= 3, per group). Data are representative of at least two
individual experiments. Statistical analysis was performed using two-way analysis of variance. *P<0.05; **P<0.005; ***P<0.001.

Expression of squamous cell epithelium staphylococcal

ligands is more abundant in the nares of IL-22 '~ mice

Previous studies have reported that IL-22 downregulates the
expression of many structural proteins in the CE of epithelial
cells.>'?? Two of these proteins, loricrin and K10, have been
implicated as ligands for staphylococcal adhesion to desqua-
mated epithelial cells.*”” To determine whether a deficiency
of IL-22 affects expression of loricrin and K10 in the nares,
RNA extracted from nasal homogenates was probed for the
expression of loricrin and K10 using qPCR. IL-22 '~ control
mice displayed higher basal expression of loricrin and K10
(Figure 9a,b) compared with WT control mice. In WT
mice, both loricrin and K10 mRNA expression levels remained
similar to PBS controls 1 and 3 days post colonization.
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However, loricrin and K10 levels were increased on days 1 and 3
post colonization in IL-22 ~/~ mice as compared with the PBS
controls and were significantly elevated as compared with WT
colonized mice.

To confirm this at the protein level, protein extracts from the
noses of WT and IL-22 ~/~ mice were probed for loricrin and
K10 on days 1 and 3 post colonization compared with PBS
controls using western immunoblotting. Nasal homogenates
were normalized by protein concentration, and loricrin and
K10 were detected as bands of ~56 and 60 kDa, respectively.
On day 1 post colonization, loricrin (Figure 9c,e) and K10
(Figure 9d,e) protein expression following S. aureus nasal
colonization in WT mice was not significantly altered from PBS
controls. Consistent with this, we previously observed no
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RNA was extracted from noses, and gene expression of loricrin (a) and K10 (b) assessed using quantitative reverse transcription PCR. Messenger RNA
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Statistical analysis was performed using Mann—Whitney test. Nasal tissue was excised from euthanized mice at days 1 and 3 post colonization. Soluble
proteins were extracted and analyzed by western immunoblotting using rabbit anti-murine loricrin IgG (¢, e) or rabbit anti-murine K10 1gG (d, e). The band
intensity of samples was measured using ImageQuant software. 3-Actin expression was used as a loading control. Values are expressed as ratio of mean
expression compared with $-actin +s.e.m. (n=10-12, per group). Statistical analysis was performed using two-way analysis of variance. *P<0.05;

**P<0.005.

significant difference in loricrin expression after 10 days of
S. aureus nasal colonization in WT mice. In contrast, on day 1
post colonization in IL-22 ~/~ mice, loricrin and K10 protein
expression was higher compared with control mice and was
significantly higher than loricrin and K10 expression in WT
mice at this time point. This trend was still evident on day 3 post
colonization. Taken together, these results indicate that during
S. aureus nasal colonization induction of IL-22 locally in the
nasal cavity controls expression of squamous epithelium
ligands. This change in ligand-availability may affect S. aureus
persistence.

DISCUSSION
There is currently a lack of understanding of how the host
immune response controls nasal colonization with S. aureus.

MucosallImmunology | VOLUME 9 NUMBER 6 | NOVEMBER 2016

There is evidence to suggest that Th17-mediated responses are
important for clearance of S. aureus by regulating neutrophil
recruitment to the nose.'>*® Our study now demonstrates a
critical role for IL-22 in controlling S. aureus nasal colonization.
We demonstrate enhanced expression of IL-22 in the nose
during nasal colonization with S. aureus, and that this cytokine
is produced by innate and adaptive lymphocytes. IL-22
regulates the production of AMPs locally within the nose
and importantly controls expression of staphylococcal-binding
ligands on the CE of cells in the nose. Through these effects,
IL-22 contributes to the elimination of S. aureus from the nasal
cavity. Furthermore, administration of rIL-22 to the nose may
have therapeutic benefit for nasal decolonization of S. aureus.

IL-22 is expressed basally within the nasal cavity of naive
mice and is induced following colonization with S. aureus.
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Analogous to IL-22 expression observed in the gut mucosa,*”**

IL-22 is likely constitutively expressed at the nasal mucosa in
response to commensal nasal flora. Consistent with this, we
observed that treatment with streptomycin, which reduced the
total nasal flora (Supplementary Figure S3), was associated
with reduced IL-22 expression in the nose. Moreover, IL-22-
producing cells were undetectable in the NT of non-colonized
(streptomycin treated) mice. Germ-free mice display lower
levels of IL-22-producing innate immune cells and IL-22
mRNA in the gut.*”** Our findings are consistent with this and
indicate that IL-22 production is induced by commensal nasal
flora. Basal IL-17 expression is also high in the nose compared
with other tissues, suggesting that IL-17 is also expressed in the
nares in response to commensal flora, a mechanism also seen
previously in germ-free mice.”” These data indicate that IL-22 is
a key player in modulating microbial homeostasis at the nasal
mucosal surface.

Previous studies of S. aureus and S. pneumoniae colonization
have utilized mice deficient in leukocyte subsets to identify that
a T-cell-mediated response is required for bacterial clearance
from the nose and nasopharynx.'>*® Until now, no study has
attempted to phenotype T-cell subsets expanded locally within
the nasal cavity in response to bacterial colonization. We
observed that CD4 + and CD8 + T cells, and toalesser extenta
population of cells that are likely ILCs, are expanded in the nasal
cavity during S. aureus nasal colonization (Supplementary
Figure S4A). IL-22 was predominantly produced by CD4 +
and CD8 + cells, whereas ILCs also potentially contribute to
IL-22 production. It was recently shown that TCRB + cells
were the predominant source of IL-22 in a S. aureus pneumonia
model, whereas IL-22 production was localized to CD4 + and
CD8 + T cells in the lesional skin in a murine model of atopic
dermatitis. These cells exclusively produce IL-22 in the absence
of IL-17, alluding to the presence of specialized “T22” T-cell
subsets in the skin.” In this study, we did not specifically
determine whether IL-22-producing T cells co-synthesized
IL-17; however, we were unable to detect IL-17 by fluorescence-
activated cell sorting on day 7 post colonization (Supplemen-
tary Figure S4B). Archer et al demonstrated that severe
combined immunodeficiency mice retained elevated CFU in
the nares compared with IL-17A /'~ mice at 28 days post
colonization, suggesting that other Th17 cytokines are involved
in S. aureus nasal clearance."” Both IL-17A and IL-17F have
been shown to confer protection against S. aureus murine
mucocutaneous infection;** however, our data implicate that in
the nasal cavity, IL-22 is a critical factor in response to S. aureus
colonization. A role for IL-17F in controlling S. aureus nasal
colonization remains to be established.

The antimicrobial properties of nasal fluid have been
implicated as a determining factor of S. aureus carriage status.
Studies using human keratinocytes show that expression of
[-defensins 2 and 3 is induced in response to S. aureus, and
B-defensin 3 displays potent antistaphylococcal activity.*'
Reg3y is both bacteriostatic and bactericidal against S. aureus
due to its ability to bind peptidoglycan.*? Using qPCR, we
observed a significant increase in AMP expression in the nares
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following S. aureus nasal colonization that was absent in
IL-22 /™ mice. Our results demonstrate that AMP expression
correlates with S. aureus nasal colonization, and that IL-22 is a
critical factor regulating their expression. IL-22 has been shown
to synergistically enhance IL-17-mediated production of
B-defensin 2, S100A7, S100A8, and SI100A9 in human
keratinocytes.'® However, we observed no significant change
in AMP expression in the noses of IL-17A '~ compared with
WT mice following S. aureus colonization, indicating that IL-22
has a dominant role in controlling AMP expression at this site.

IL-22 can inhibit terminal differentiation of keratinocytes
by downregulating expression of several proteins in the CE of
keratinocytes, including K10 and loricrin.>!"*? Loricrin, which
comprises ~80% of the CE of terminally differentiated
keratinocytes, is a determinant of S. aureus nasal colonization.
Loricrin interacts specifically with the S. aureus surface protein
clumping factor B mediating attachment to murine nares and to
human terminally differentiated keratinocytes.® K10 also
mediates S. aureus attachment to terminally differentiated
keratinocytes in a clumping factor B-dependent mechanism.””
Here we show, for the first time, a host defense mechanism that
controls availability of staphylococcal ligands in vivo. Our data
support a mechanism whereby upon S. aureus colonization,
IL-22 is induced and manipulates a keratinocyte response
pathway, resulting in inhibition of terminal keratinocyte
differentiation. In IL-22 ~/~ mice, the absence of this pathway
may result in more terminally differentiated, loricrin- and
K10-rich cells, and could facilitate greater attachment of
S. aureus to the nares. IL-22-signaling in keratinocytes is
primarily mediated by the transcription factor STAT3.*?
Activation of STAT3 by IL-22 and subsequent repression of
keratinocyte differentiation has been demonstrated in vitro.*
Furthermore, STAT3 activation and STAT3-mediated Reg3y
expression are crucial for clearance of meticillin-resistant
S. aureus (MRSA) pneumonia in vivo,** but whether this mech-
anism is involved during S. aureus nasal colonization remains
to be elucidated. In an in vitro keratinocyte culture system,
induction of IL-6 by S. aureus triggers the downregulation of
loricrin and K10.*> However, similar levels of IL-6 were induced
in the noses of WT and IL-22 '~ mice after 1 day of S. aureus
colonization (Supplementary Figure S5), suggesting that IL-22
is regulating expression of loricrin and K10 in the nose directly,
and that these effects are not mediated by IL-6 in vivo.

This study outlines a mechanism by which IL-22 regulates
S. aureus nasal colonization that is distinct from IL-17. We
hypothesize that IL-17 and IL-22 work in concert to control
S. aureus nasal colonization, but operate through distinct
mechanisms; IL-22 regulates bacterial burden through the
induction of AMPs and by controlling keratinocyte differen-
tiation and thus availability of S. aureus ligands within the nose.
In contrast, IL-17 facilitates S. aureus clearance by modulating
local neutrophil responses.'” IL-22 and IL-17 have previously
been shown to modulate distinct pathways in a keratinocyte
model of psoriatic skin where IL-17 controls proinflammatory
responses and neutrophil recruitment, whereas IL-22 mediates
the downregulation of differentiation markers.*® In our study,
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IL-22 does not impact upon neutrophil responses and IL-22
does not regulate IL-17 expression. Importantly, IL-22 is
also expressed at WT levels in IL-17A "'~ mice following
colonization (2.66  0.219 vs. 3.357 £ 0.515 fold increase at day
7 for WT and IL-17A '~ mice, respectively). Therefore, it
appears that IL-22 and IL-17 are required to work in parallel
to prevent persistent colonization of the nasal cavity with
S. aureus. A transgenic mouse model deficient in both IL-17
and IL-22 would be required to confirm this effect.

It will be important to establish whether IL-22 is a
determinant of AMP expression and subsequent S. aureus
carriage in humans. IL-22 deficiency in human acne inversa
lesions correlated with reduced AMP expression in lesional
tissue.”” However, it is clear from this study that IL-22 is a
crucial component of the T-cell-mediated immune response
elicited during S. aureus nasal colonization in vivo. IL-22
expression following colonization triggers an increase in AMP
expression in order to mediate bacterial killing. Furthermore,
IL-22 directly mediates downregulation of important staphy-
lococcal-binding partners in the nose. These findings highlight
the importance of T-cell immunity in controlling S. aureus
colonization and propose a host response mechanism, whereby
IL-22 and IL-17 facilitate distinct pathways of bacterial
clearance from the nose. Further investigation into these
mechanisms may provide therapeutic benefit for permanent
eradication of S. aureus from the nares.

METHODS

Mice. Animal experiments were conducted in accordance with
guidelines of the Health Products Regulatory Authority, the competent
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authority in Ireland, approved by Trinity College Animal Research
Ethics Committee. C57BL6/] mice were obtained from Harlan, UK.
IL-227'~ mice*® were provided by our collaborator Professor
Renauld. IL-17A "/~ and IL-22 '/~ (C57BL6/J background) were
bred in-house.

Bacteria. A streptomzcin—resistant mutant of S. aureus strain
Newman (Newman Sm")® was grown on trypticase soy agar (TSA) at
37 °C for 18 h. Colonies were scraped from the plate, cells washed and
resuspended in sterile PBS, and adjusted to 2 x 10'® CFU per ml at an
optical density at 600 nm.

S. aureus nasal colonization model. Mice received sterile water
containing 0.5 mgml ~ ' of streptomycin 24 h before nasal inoculation
and for the duration of the experiment. Mice were inoculated intra-
nasally with one dose of S. aureus strain Newman Sm%, 2 x 10® CFU in
PBS (10 pl per nostril), or PBS alone. Alternatively, mice were left
untreated or were treated with recombinant murine IL-22 (eBioscience,
San Diego, CA, 200 ng per nose) in conjunction with the inoculum. On
days 3, 10, 14, and 21, mice were killed. The nose was excised,
homogenized in 500 pul PBS, and plated onto TSA with or without
0.5mgml ' of streptomycin to quantify S. aureus CFU per nose.

For CFU enumeration in the nasopharynx, on days 3, 10, 14, and 21,
the trachea was exposed and cannulated, and 500 pl of PBS was washed
through the trachea to the nose. Nasopharyngeal washes were plated
onto TSA containing 0.5mgml ~ " of streptomycin to quantify CFU
per ml.

For RNA extraction, noses were homogenized in 1ml of Trizol
reagent. For preparation of samples for enzyme-linked immunosorbent
assay, noses were homogenized in lysis buffer (3% (w/w) NaCl, 50 nm
HEPES, 1% (v/v) Igepal). Supernatant was collected and IL-22, IL17,
IL-1B, IL-6, and CXCL1 concentrations were determined by enzyme-
linked immunosorbent assay (R&D System, Minneapolis, MN).

RNA extraction, complementary DNA synthesis, and qPCR. RNA
from homogenized tissue was extracted by Trizol reagent (Invitrogen,
Waltham, MA) according to the manufacturers’ instructions. RNA

Table 1 Primers used in qPCR
Gene Gene/assay ID/primer pair Supplier/reference
cxcl1 14825, PP 1 KiCqStart primers, Sigma Life Science
il17a 16171, PP 1 KiCqgStart primers, Sigma Life Science
defb3 27358, PP 1 KiCqStart primers, Sigma Life Science
defb4 56519, PP 1 KiCqStart primers, Sigma Life Science
defb14 244322, PP 1 KiCgStart primers, Sigma Life Science
lor MmO01962650_s1 Life Technologies
krt10 MmO03009921_m1 Life Technologies
18s 4319413E Life Technologies
il6 F: 5'-TCC AAT GCT CTC CTA ACA GAT AAG-3' Integrated DNA Technologies, 16

R: 5’- CAA GAT GAATTG GAT GGT CTT G-&
s100a8 F: 5'-TGT CCT CAG TTT GTG CAG AAT ATA AA-3 Integrated DNA Technologies, 16

R: &'- TCA CCA TCG CAA GGA ACT CC-3&
s100a9 F: 5-GGT GGA AGC ACA GTT GGC A-3 Integrated DNA Technologies, 16

R: 5-GTG TCC AGG TCC TCC ATG ATG-3'
reg3g F: 5’-ATG GCT CCT ATT GCT ATG CC-& Integrated DNA Technologies, 16

R: &-GAT GTC CTG AGG GCC TCT T-&
il22 F: 5'-CCT ACA TGC AGG AGG TGG TG-3 Integrated DNA Technologies, 49

R: 5-AAA CAG CAG GTC CAG TTC CC-&
18s rRNA F: 5’-CCT GCG GCT TAATTT GAC TC-& Integrated DNA Technologies

R: 5-AAC TAA GAA CGG CCA TGC AC-3'

Abbreviations: F, forward; R, reverse; rRNA, ribosomal RNA; gPCR, quantitative PCR.
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yield was measured on a NanoDrop ND-1000 (Nanodrop, Wilington,
DE). RNA was stored at — 80 °C.

RNA (250ng) was reverse-transcribed using iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA) with random primers according
to the manufacturers’ instructions. mRNA was quantified using
quantitative PCR on a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad) using iTaq Sybr Green Supermix or SsoFast probes
supermix (Bio-Rad) according to the manufacturers’ recommenda-
tions. Primer pairs are listed in Table 1.'%*° Expression of mRNA from
homogenized tissue was compared with that of tissue from control
mice by the change-in-cycle-threshold (AACT) method.

Protein extraction from nasal tissue and western immunoblotting.
Nasal tissue was excised and homogenized in 500 pl of PBS. Total
protein concentration was measured using a bicinchoninic acid assay
and was normalized to 500 ugml ~'. Tissue was diluted in sample
buffer (Laemmli, Sigma, St. Louis, CA), heated to 95 °C for 10 min,
separated on polyacrylamide gels (10-12%), and transferred onto
polyvinylidene difluoride membranes. Filters were blocked in 10% (w/
v) skimmed milk proteins before probing with rabbit anti-murine
loricrin polyclonal IgG (Abcam, Cambridge, UK) followed by
horseradish peroxidase-conjugated goat anti-rabbit IgG. Reactive
bands were visualized using ECL detection system and ImageLab
developing system (Bio-Rad). Bound antibody was removed using
stripping buffer (Sigma) and reprobed with B-actin. Blots were
stripped and reprobed with rabbit anti-murine K10 IgG followed by
horseradish peroxidase-conjugated goat anti-rabbit IgG.

Flow cytometry. Nasopharyngeal tissue, including the NALT, was
isolated as previously described,”® collected in sterile PBS, and filtered
through a 40-um nylon Falcon cell strainer.

Isolated NT cells were incubated with brefeldin A (5 ugml ™~ 1 for
4h. Cells were then resuspended in Fcy block (1pgml~ ')
before extracellular staining with fluorochrome-conjugated anti-
bodies against CD4 (BioLegend, San Diego, CA; clone GK1.5),
CD3 (eBioscience; clone 145-2C11), CD8x. (eBioscience; clone 53-6.7),
TCRS (eBioscience; clone GL3), and CD45 (eBioscience; clone 30-
F11). Cells were fixed and permeablized using the Dakocytomation
Intrastain Kit (Alere, San Diego, CA) before intracellular staining with
fluorochrome-conjugated antibodies specific for intracellular IL-22
(eBioscience; clone 1TH8PWSR) and IL-17 (eBioscience; clone 17B7).
Analysis was performed with BD FACSCanto II using FACS DIVA
and FloJo software (Treestar, Ashland, OR). Gates were set on
respective Fluorescence Minus One.

For neutrophil isolation, tissue was dispensed in 3 ml of RPMI-1640
supplemented media containing collagenase (1 mgml ', Sigma) and
DNase I (100Uml ™}, Sigma) for 90-120min at 37 °C, and then
passed through a 40-um nylon Falcon cell strainer. Cells were
resuspended in ammonium chloride potassium bicarbonate lysis
buffer, washed in RPMI-1640 medium, and stained using the following
fluorochrome-conjugated antibodies: CD11b (eBioscience, clone M1/
70); Ly6G (BD Pharmingen, San Jose, CA, clone 1A8); and F4/80
(eBioscience, clone BMS8).

Statistical analysis. Statistical analysis was performed using Prism
Graphpad 5 software (Graphpad Software, La Jolla, CA) using a
Mann-Whitney test, Kruskal-Wallis analysis of variance, or two-way
analysis of variance. Comparisons for the groups were made using
Dunns Multiple Comparisons test or Bonferroni post tests.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi
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