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Abstract

Calprotectin is a heterodimer of the proteins SI00A8 and S100A9, and
itisan abundant innate immune protein associated with inflammation.
In humans, calprotectin transcription and protein abundance are
associated with asthma and disease severity. However, mechanistic
studies in experimental asthma models have been inconclusive,
identifying both protective and pathogenic effects of calprotectin. To
clarify the role of calprotectin in asthma, calprotectin-deficient
S100A9/~ and wild-type (WT) C57BL/6 mice were compared in a
murine model of allergic airway inflammation. Mice were intranasally
challenged with extracts of the clinically relevant allergen, Alternaria
alternata (Alt Ext), or PBS every third day over 9 days. On Day 10,
BAL fluid and lung tissue homogenates were harvested and allergic
airway inflammation was assessed. Alt Ext challenge induced release
of SI00A8/S100A9 to the alveolar space and increased protein

expression in the alveolar epithelium of WT mice. Compared with
WT mice, SI00A9™'~ mice displayed significantly enhanced allergic
airway inflammation, including production of IL-13, CCL11, CCL24,
serum IgE, eosinophil recruitment, and airway resistance and
elastance. In response to Alt Ext, SI00A9™/~ mice accumulated
significantly more IL-13"IL-5"CD4" T-helper type 2 cells.
SI00A9™'™ mice also accumulated a significantly lower proportion of
CD4™" T regulatory (Treg) cells in the lung that had significantly
lower expression of CD25. Calprotectin enhanced WT Treg cell
suppressive activity in vitro. Therefore, this study identifies a role for
the innate immune protein, SI00A9, in protection from CD4 ™"
T-helper type 2 cell hyperinflammation in response to Alt Ext. This
protection is mediated, at least in part, by CD4 " Treg cell function.
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Calprotectin is an innate immune protein
associated with inflammatory diseases. It
comprises approximately 50% of the
neutrophil cytoplasm, but is also produced by
other myeloid cells, epithelial cells, and some
endothelial cells (1). Notably, calprotectin is a
major component of the peripheral blood
eosinophil proteome (2). Calprotectin is a
heterodimer of SI00A8 (myeloid-related

protein [MRP] 8) and S100A9 (MRP14) that
binds metals and has bacteriostatic and
proinflammatory activity (3, 4). The
proinflammatory activity of calprotectin is
thought to be mediated by its role as a
damage-associated molecular pattern (DAMP)
that promotes inflammation as a ligand for the
receptor for advanced glycation end products
(RAGE) and Toll-like receptor-4 (5-7).

Transcriptional and proteomic studies
have linked calprotectin levels to asthma.
The transcripts for SI00A8 and S100A9
were among the most highly upregulated in
peripheral blood mononuclear cells of
children with asthma compared with
control subjects without asthma (8).
Furthermore, calprotectin is more abundant
in induced sputum from patients with
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asthma compared with healthy control
subjects (9). Among patients with asthma,
calprotectin is associated with severe disease.
Calprotectin is enriched in patients with
uncontrolled asthma and neutrophilic-type
sputum (10, 11). Combined, these findings
suggest that calprotectin is important in
regulating airway inflammation that is
associated with asthma.

Mechanistic studies using experimental
asthma models have implicated calprotectin
in opposing roles, both promoting and
protecting from allergic airway inflammation
(AAI). In a murine model of adaptive AAI
using ovalbumin (OVA), exogenous
application of S100A8 protein reduced mast
cell degranulation, production of the type 2
cytokine, IL-13, and production of eosinophil
chemoattractants, suggesting that calprotectin
is protective (12). Similarly, in a rat model of
acute OVA challenge, exogenous S100A9 was
protective and reduced pulmonary resistance
(13). In contrast, neutralizing anti-S100A8
and anti-S100A9 antibodies decreased total
cellular recruitment in mice challenged with
Aspergillus allergens mixed with OVA (14),
suggesting that calprotectin promotes AAL In
addition, exogenous S100A9 promoted
neutrophil recruitment and anti-S100A9
neutralizing antibodies abrogated AAI in
response to OVA/complete Freund’s
adjuvant treatment (11). Exogenous
application of calprotectin also promoted
release of TSLP and IL-25 when normal
human bronchial epithelial cells were
challenged with the extracts from the
allergenic mold, Alternaria alternata (Alt Ext)
(15). Consistent with a role for calprotectin
in promoting AAI, mice lacking the
calprotectin receptors, Toll-like receptor-4
and RAGE, have reduced AAI when
challenged with Alt Ext or house dust mite
extract (16, 17). Taken together, these data
suggest that the role for calprotectin in AAI
warrants further investigation.

To clarify the role of calprotectin in
asthma, calprotectin-deficient SI00A9™"~
mice were tested in a murine model of
acute AAI using Alt Ext. SI00A9™'~ mice
do not express S100A8 in peripheral blood
cells or in the spleen, and are therefore
calprotectin deficient (18). In addition,
S100A9™'~ neutrophils are defective at
upregulating CD11b in response to IL-8, in
responding to chemotactic stimuli in vitro,
and in migration to the hearts of mice
infected with Staphylococcus aureus (18, 19).
SI00A9™~ mice are defective in controlling
infection by Acinetobacter baumannii,
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S. aureus, Listeria monocytogenes, Klebsiella
pneumoniae, and Helicobacter pylori
(20-23). AAI in SI00A9 '~ mice has not
been previously reported.

Alt Ext causes AAI and asthma
exacerbations in sensitized people (24). In
murine models, Alt Ext induces robust
T-helper (Th) type 2 responses, including
type 2 cytokine production by group 2 innate
lymphoid cells (ILC2s) and CD4" T-helper
(Th) type 2 cells, eosinophilic recruitment,
and airway hyperresponsiveness (AHR)

(16, 25-31). We used a 10-day model of Alt
Ext challenge to investigate the effects of
calprotectin on innate and adaptive type 2
AAI responses, including function of
epithelial cells, ILC2s, CD4" Th2 cells, and
eosinophils. Our results demonstrate that,

in this model, wild-type (WT) mice
upregulate calprotectin in response to Alt Ext

challenge, whereas calprotectin-deficient mice
have increased AAI in response to Alt Ext
challenge, as measured by increased IL-13,
serum IgE, eosinophil recruitment, and AHR.
Furthermore, these data suggest that
increased AAI in calprotectin-deficient mice
is due to enhanced CD4" Th2 responses.

Methods

Mice

WT C57BL/6] mice were obtained from The
Jackson Laboratory. SI00A9™'~ mice were
generated in the C57BL/6 background (18),
and backcrossed into C57BL/6]. SI0A9 ™/~
mice are 87% C57BL/6] and 13% C57BL/6NJ;
littermate controls used in one experiment
assessing T regulatory (Treg) cell numbers
and marker expression were 92.5% C57BL/6]
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Figure 1. Alternaria alternata (Alt Ext [Alt]) challenge induces production of calprotectin in the lung.
(A) Mice were intranasally (i.n.) challenged with Alt or mock challenged with PBS on Days 0, 3, 6, and
9, and killed on Day 10 at 24 hours after the final challenge. (B) S100A8 levels in the BAL were
determined by ELISA; data are combined from three experiments and include 10-11 PBS-challenged
and 15-21 Alt-challenged mice per group. (C) ST100A9 production and distribution in the lungs were
determined by immunohistochemistry. *P < 0.05, **P < 0.01, **P < 0.001, and ****P < 0.0001.
Scale bar: 40 pm. Data with error bars represent mean = SEM. S100A9 = S100 calcium binding

protein A9; Sac = killed; WT = wild-type.
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Figure 2. S100A9~~ mice produce more IL-13 and serum IgE in response to airway allergen challenge. (A-C) The level of BAL type 2 cytokines, IL-13 (A)
and IL-5 (B), and serum IgE (C) were determined by ELISA. Data are combined from two separate experiments and include 11-17 Alt-challenged and eight

or nine mock-challenged mice per genotype. *P < 0.05, **P < 0.01, ***P < 0.001, and ***P < 0.0001.

and 6.5% C57BL/6N]. Although SI00A8~'~
mice are fetally resorbed (32), SI 00A9~'~
mice are viable (18). Age-matched 7- to
11-week-old male WT C57BL/6] mice and

A PBS

SI00A9~'~ mice were maintained in specific
pathogen-free facility conditions. All animal
experiments were reviewed and approved by
the Vanderbilt University Medical Center
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Figure 3. ST00A9™/~ mice more robustly activate and proliferate T-helper (Th) type 2 cells as a result
of airway allergen challenge. (4) Representative flow plots with percentages of the parent CD3*CD4™
T cells shown. Aggregated data for the total number of (B) IL-13*, (C) IL-5, and (D) IL-13*IL-5*
double-positive Th2 cells in the right lung. (B-D) Data are combined from two experiments and
include eight Alt-challenged and five or six mock-challenged mice per genotype. “*P < 0.01, **P <
0.001, and ***P < 0.0001. Data with error bars represent mean = SEM.
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Data with error bars represent mean + SEM.

Institutional Animal Care and Use
Committee, and were conducted according
to the guidelines for the Care and Use of
Laboratory Animals prepared by the Institute
of Laboratory Animal Resources, National
Research Council.

In Vivo Alt Ext Extract Challenge

WT and $100A9™'~ mice were
anesthetized with ketamine/xylazine and
challenged intranasally with 7.5 pg protein
content of Alt Ext (Greer Laboratories) in
80 wl PBS on Days 0, 3, 6, and 9. At 24
hours after the last challenge, mice were
killed and tissues harvested. When
indicated, BAL fluid was collected in

0.8 ml PBS for cytokine analysis and cell
counting. Cells were cytocentrifuged onto
glass slides, stained with Three-Step Stain
Set (Richard Allen Scientific), and cell
types were counted (n =200) using
standard morphological techniques as
previously described (33).

Histopathology of Lungs

Lungs were inflated and fixed in 10%
buffered formalin for 3-4 days before
embedding in paraffin blocks. For detailed
methods, see the data supplement.

Flow Cytometry

After BAL on Day 10 of the Alt Ext challenge
protocol, IL-5- and IL-13-producing Th2
cells and ILC2s were quantified from right
lungs. Detailed staining procedures are
available in the data supplement.

Methacholine Challenge
AHR and airway elastance was measured on
Day 10 after Alt Ext challenge. Detailed

461



ORIGINAL RESEARCH

methods are available in the data
supplement.

Cytokine Measurements

ELISA kits (R&D Systems Inc.) were used to
measure cytokine levels according to the
manufacturers’ instructions. Quantikine kits
were used for IL-13, IL-5, TSLP, and IL-10,
and Duoset kits were used for S100A8,
CCL11, CCL24, TL-25 (IL-17E), and IL-33.
Cytokines were measured from BAL, or
whole lungs (post-BAL) were homogenized
in 0.7 ml PBS using a Bullet Blender tissue
homogenizer (Next Advance) and used to
measure IL-25 and IL-10 or diluted eightfold
to measure CCL11. Serum was diluted 100-
fold and measured using a total IgE ELISA
kit (BioLegend).

In Vitro Treg Cell Suppression Assay
CD4" Treg and CD4" effector cells were
isolated from spleens and assessed for
Treg suppression of CD4 " effector cell
proliferation. Detailed methods are
available in the data supplement.

Statistical Analyses

Statistical analyses were performed with
GraphPad Prism 6.0 (GraphPad Software
Inc.) by one-way ANOVA with Sidak’s
multiple comparisons, unless indicated
otherwise. Significance is indicated by
asterisks seen in the figure legends; all

P values less than 0.1 are reported. All
data are represented as mean (*£SEM).
Data below the limit of detection were
assigned to half the limit of detection for
statistical purposes.

Results

S$100A8 and S100A9 Are Produced

at Increased Levels in WT Mice
Challenged with Alt Ext

Based on previous studies associating the
presence of calprotectin with severe asthma,
we hypothesized that calprotectin would
be present at higher levels in Alt
Ext-challenged mice. To test this
hypothesis, we used a 10-day model of
allergic airway inflammation with the
physiologically relevant allergen, Alt Ext
(16). WT and SI00A9™'~ mice were
challenged with Alt Ext on Days 0, 3, 6, and
9, and BAL and or lungs were harvested on
Day 10 (Figure 1A). The levels of SI00A8 in
the BAL of Alt Ext—challenged mice were
measured by ELISA. WT mice challenged
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with Alt Ext had significantly higher levels
of S100A8 in the BAL than mice mock
challenged with PBS; S100A9™ '~ mice had
no detectable S100A8, consistent with
previous findings in peripheral tissues (18).
S100A9 production in the lung was assessed
by immunohistochemistry of lung tissue
(Figures 1B and 1C). In WT mice mock
challenged with PBS, S100A9 was not
expressed in the respiratory epithelium, but
was expressed at a low level in the alveolar
epithelium and strongly expressed by type
IT pneumocytes. In WT mice challenged
with Alt Ext, there was a marked increase
in S100A9 expression in the alveolar
epithelium and the airway epithelium.
SI100A9™'~ mice did not express SI00A9.
Together, these results show that challenge
with Alt Ext induces S1008 and S100A9
expression in the allergic lung that is not
detected in S100A9~'~ knockout mice.

IL-13 and Serum IgE Are Produced at
Higher Levels in ST00A9~'~ Mice
during Alternaria-induced Allergic
Airway Inflammation

Because calprotectin production and release
is induced by Alt Ext challenge, we
hypothesized that calprotectin promoted
allergic airway inflammation and that

calprotectin-deficient SI00A9'~ mice
would have reduced production of type 2
cytokines. This model of allergic airway
inflammation induces both innate and
adaptive type 2 responses by ILC2s and Th2
cells, including producing cytokines that
stimulate B cells to produce IgE (16).
Surprisingly, SI00A9™'~ mice had similar or
higher levels of type 2 cytokines in response
to Alt Ext challenge. Compared with

WT mice, S100A9~'~ mice produced
significantly higher levels of BAL IL-13
(Figure 2A), and similar levels of BAL IL-5
(Figure 2B), in response to Alt Ext challenge.
S100A9'~ mice also produced significantly
more serum total IgE when challenged with
Alt Ext (Figure 2C). Together, these results
show that S100A9™~ mice had increased
IL-13 production during allergic airway
inflammation, resulting in increased serum
IgE.

Calprotectin-Deficient Mice Have
More IL-13/IL-5-Producing CD4*

T Cells during Allergic Airway
Inflammation

IL-13 was detected at higher levels in

Alt Ext—challenged SI00A9™'~ mice,
suggesting that calprotectin affects ILC2 or
Th2 cytokine production. To test this
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Figure 4. Mice lacking calprotectin recruit more eosinophils and produce more eotaxins when

challenged with Alt. (A) Total BAL cells, (B) eosinophi

Is, and (C) differential cell counts. (D) BAL CCL24

and (E) lung CCL11 were determined by ELISA. (A-D) Data are combined from two experiments and
include 13-15 Alt-challenged and 8 or 9 mock-challenged mice per genotype. (E) Data are from two

experiments and include 11-12 Alt-challenged and

8 or 9 mock-challenged mice per genotype.

***P < 0.001 and ****P < 0.0001. Data with error bars represent mean = SEM.
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hypothesis, the abundance of IL-13- and
IL-5-producing ILC2s and Th2 cells was
measured on Day 10 after Alt Ext challenge.
There was no difference in IL-13- and
IL-5-producing ILC2s in response to Alt
Ext challenge between genotypes (Figures
E3A-E3D in the data supplement).
However, after gating on CD3"CD4"

T cells (Figure 3A), Alt Ext-challenged
S100A9™"~ mice trended toward an
increase in total IL-13" Th2 cells

(Figure 3B), and had significantly more
total IL-5" Th2 cells (Figure 3C) and
IL-137/IL-5% Th2 cells (Figure 3D). The
majority of IL-5" Th2 cells were also
IL-13", whereas there was a substantial
population of IL-13*/IL-5~ Th2 cells
(Figure 3A). These results are consistent
with the observation of higher BAL IL-13
and serum IgE in S100A9~'~ mice
challenged with Alt Ext. In addition, these
results reveal that calprotectin restricts the
number of lung Th2 cells in response to Alt
Ext challenge.

S100A9~'~ Mice Recruit More Airway
Eosinophils in Response to Alt Ext
Challenge
Based on the finding that S100A9™'~ mice
had more IL-5-expressing Th2 cells at Day
10 of allergic airway inflammation, we
hypothesized that SI00A9™/~ mice recruit
more eosinophils to the airway in response
to Alt Ext airway challenge. Therefore, we
measured total cell and eosinophil numbers
in the alveolar space. On Day 10 of PBS or
Alt Ext challenge, BAL was harvested and
total nonerythrocyte cells were counted.
In addition, a portion of cells were
cytocentrifuged onto glass slides for
differential staining and counting of the
eosinophil proportion. These experiments
revealed that both WT and calprotectin-
deficient S100A9™~ mice robustly recruited
cells to the airway space in response to
protease allergen challenge (Figure 4A), and
nearly all were eosinophils (Figure 4B). As
hypothesized, SI00A9'~ mice challenged
with Alt Ext had significantly more total cells
and eosinophils harvested from their BAL.
Monocytes, neutrophils, and lymphocytes in
the airway space were unchanged for all four
groups (Figure 4C), consistent with the
conclusion that the majority of cells
recruited to the airways in response to
Alt Ext challenge were eosinophils.

To explain why we observed an
increase in eosinophils despite equivalent
IL-5 protein levels (Figure 2B), we
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Figure 5. S7 00A9™~ mice have increased Alt-induced airway hyperresponsiveness, elastance, and
inflamsmation. (A) Mice were challenged with increasing concentrations of methacholine (MCh) and
airway resistance and elastance were measured. (B-D) Representative airway sections staining
and quantification of a-smooth muscle actin by immunohistochemistry (B), mucus production by
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hypothesized that eosinophil-recruiting
chemokines stimulated by earlier IL-5
production may be higher in S10049/~
mice at Day 10 of Alt Ext challenge. To test
this, we measured CCL11 and CCL24
(eotaxin-1 and eotaxin-2) protein levels in
the BAL and lung homogenates by ELISA.
These data showed that CCL24 was
significantly higher in the BAL of both WT
and SI100A9™' mice challenged with Alt
Ext (Figure 4D). Furthermore, among mice
challenged with Alt Ext, CCL24 was
significantly higher in S100A9™/~ mice
than in WT mice. We observed similar
phenotypes of CCL11 protein levels in lung
homogenates (Figure 4E). Together, these
results suggest that calprotectin inhibits
production of eotaxin chemokines, thereby
inhibiting recruitment of eosinophils to
the lung in response to airway allergen
challenge.

S100A9~'~ Mice Have Greater AHR in
Response to Alt Ext Challenge

Airway remodeling and AHR are critical
pathological features of asthma that lead
to characteristic shortness of breath,
wheezing, and chest tightness (34, 35). Due
to the fact that SI00A9 /" mice challenged
with Alt Ext produce more IL-13 and
recruit more eosinophils than WT mice,
we hypothesized that SI00A9™'~ mice
would develop greater AHR after Alt Ext
challenge. On Day 10 after Alt Ext
challenge, airway resistance and elastance
in response to increasing methacholine
concentration were measured. There was
no difference in airway resistance or
elastance in PBS-challenged WT or
SI00A9™"" mice, and there was a trend
toward increased resistance and elastance
in Alt Ext-challenged WT mice

(Figure 5A). In contrast, there was a
significant increase in airway resistance
and elastance in 10049~ mice
challenged with Alt Ext in comparison to
PBS-challenged mice. Importantly, there
was a significant increase in airway
resistance and elastance in S100A9™/~
mice compared with WT mice when both
groups were challenged with Alt Ext.
These data demonstrate that calprotectin

protects the lung from increased airway
resistance and elastance in response to
allergen challenge, suggesting increased
inflammation and airway remodeling in
S100A9™'~ mice compared with WT mice
challenged with Alt Ext.

Airway remodeling includes mucus
production, smooth muscle proliferation,
submucosal thickening and fibrosis, and
increased numbers of blood vessels (34).
To identify the mechanism of increased
airway resistance and elastance, serial
lung sections were assessed for smooth
muscle proliferation, mucus production,
and inflammation. There was increased
a-smooth muscle actin (SMA) staining by
immunohistochemistry in response to Alt
Ext in both WT and S100A9™'~ mice,
both qualitatively (Figure 5B) and by a
semiquantitative approach (data not
shown). However, among the Alt
Ext-challenged mice, there was no
difference in the percent SMA-positive
cells or overall tissue staining based on
genotype (Figure 5B). Similarly, there was
significantly more mucus production by
PAS staining in Alt Ext-challenged mice
of both genotypes, but no difference
in PAS staining between WT and
S100A9~"~ mice challenged with Alt Ext
(Figure 5C).

Finally, airway inflammation
was assessed in hematoxylin and
eosin-stained tissue sections from
lungs of PBS-challenged and Alt
Ext-challenged WT and S100A9™/~
mice. There was no inflammation in
PBS-challenged WT or SI00A9™'~ mice,
whereas there was a significant increase
in inflammation in Alt Ext-challenged
mice (Figure 5D). In addition,
S100A9~"" mice challenged with Alt Ext
had significantly increased inflammation
compared with WT Alt Ext-challenged
mice, including increased alveolar
inflammation and eosinophilic cuffs
around vessels and airways (Figure 5D).
These results suggest that in
calprotectin-deficient mice, increased
Th2 responses stimulate airway
remodeling, leading to increased airway
resistance without affecting smooth

muscle hyperproliferation or mucus
production.

Treg Cells Comprise a Lower
Proportion and Do Not Induce
Expression of CD25 or FoxP3 in the
Allergic Lungs of ST00A9~/~ Mice
Based on the finding that calprotectin-
deficient S100A9™'~ mice have more Th2
cells after 10 days of Alt Ext challenge, we
hypothesized that calprotectin deficiency
promotes Th2 responses by: 1) enhancing
release of early type 2-stimulating alarmins;
2) serving as a DAMP or alarmin via release
in the airway; or 3) inhibiting Treg
function. IL-25, TSLP, and IL-33 are
epithelial-associated cytokines or alarmins
that can stimulate ILC2 and Th2 cells to
release type 2 cytokines, IL-4, IL-5, and IL-13
(36, 37). The model of AAI that we used

is highly dependent on IL-33, whereas early
production of IL-25 and TSLP is extremely
low (25, 38). Consistent with previous
reports, IL-25 and TSLP were below the
limit of detection in the BAL at 1 hour or
6 hours after a single Alt Ext application.
Similarly, TSLP in the lung homogenate

at 6 hours after a single Alt Ext or PBS
application was extremely low (20 pg/ml),
and was only significantly induced by Alt
Ext in WT mice (data not shown). To test
the hypothesis that calprotectin inhibits
initial IL-33 release, IL-33 was compared in
BAL from WT and SI00A9™'~ mice 1 hour
after a single Alt Ext application (Figure
E3E), due to the rapid release and cleavage
of IL-33 (25, 39, 40). There was no
significant difference in IL-33 levels in
response to Alt Ext application between
WT and SI100A9'~ mice, which were
significantly higher than in PBS-challenged
mice (Figure E3F). These data suggest that
calprotectin deficiency does not affect IL-33
release in response to aeroallergen
challenge.

To test the hypothesis that SI00A9
deficiency abrogates Treg responses, Treg
cells were quantified in WT and S100A9 "~
mice. WT and calprotectin-deficient
SI100A9™"~ mice had more CD4™ T cells
in response Alt Ext airway challenge
compared with PBS challenge, but no

Figure 5. (Continued). periodic acid-Schiff staining (C), and inflammation by hematoxylin and eosin staining (D). (A) Data are combined from two
experiments and include 12-14 Alt-challenged and 8 mock-challenged mice per genotype. (B) Data represent one experiment that included eight or nine
Alt-challenged and three PBS-challenged mice per genotype. (C and D) Data are combined from two experiments and include 15-17 Alt-challenged and
5 or 6 PBS-challenged mice per genotype. Significance was determined by two-way ANOVA with (A) Tukey’s multiple comparisons and (B) Student’s
t test. *P < 0.05, *P < 0.01, **P < 0.001, and ****P < 0.0001. Scale bars: 20 pm and 40 pm. Data with error bars represent mean + SEM.
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difference in the number or percent CD4™"
T cells in Alt Ext—challenged mice (Figures
6A and 6B). CD4" T cells were assessed for
CD25 and FoxP3 expression to quantify the
Treg cell population (Figure 6C). Among
PBS-challenged mice, there was no
significant difference between WT and
S100A9™' mice in total number or percent
Treg cells (Figures 6D and 6E). Both WT
and S100A9™"" mice recruited significantly
more Treg cells when challenged with Alt
Ext, and the percent Treg cells of CD4™"

T cells was significantly higher in Alt
Ext-challenged mice (Figures 6D and 6E).
These results suggest that Treg cells are
recruited to control Th2 inflammation

in the allergic lung. Although Alt
Ext—challenged S100A9'~ and WT mice
had no significant difference in total
number of Treg cells, a significantly lower
percentage of CD4" T cells were
CD25"FoxP3" in S100A9 ™/~ mice
compared with WT (Figure 6E), consistent
with a greater proportion of S100A9~/~
CD4" T cells being Th2 cells (Figure 3).
Finally, the mean fluorescence intensity of
CD25 was significantly higher in Treg cells
from WT Alt Ext—challenged mice
compared with mock-challenged WT or
Alt Ext—challenged SI00A9™'~ mice
(Figure 6F). Similarly, the mean
fluorescence intensity of FoxP3 in Treg cells
was higher in WT Alt Ext-challenged mice
compared with mock-challenged mice, but
was unchanged in SI00A9™'~ mice
challenged with Alt Ext compared with
mock-challenged mice (Figure 6G).
Together, these data suggest that, although
Treg cells in SI00A9™'~ animals
accumulate at similar numbers, they have
reduced regulatory potential and fail to
control Th2-mediated inflammation.

Calprotectin Promotes WT Treg Cell
Suppression of T Effector Cell
Proliferation In Vitro

To test differences in Treg function in vivo,
Treg cells were assessed for expression of
functional markers, KLRG1, LAG3, and
CTLA4, by flow cytometry. In both WT
and SI00A9™'~ mice, expression of
KLRGI, LAG3, and CTLA4 are induced
in response to Alt Ext challenge, but there
is no difference between the genotypes
(Figures E4A-E4C). In addition, Treg
function was assessed in vivo by measuring
IL-10 in the lung homogenate. IL-10 was
induced in response to Alt Ext challenge in
both WT and SI100A9~'~ mice, but there
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Figure 6. ST00A9 ™~ mice have a lower proportion of T regulatory (Treg) cells and lower CD25
expression in response to Alt Ext challenge. Aggregated data for (A) the total number and (B) percent
of CD4™ T cells in the left lung. Representative flow plots with (C) percentages of the parent CD4*
T cells shown, and (D) aggregated data for the total number and (E) percent of FoxP3™ Treg cells.
Mean fluorescence intensity (MFI) in arbitrary units (a.u.) for (F) CD25 and (G) FoxP3 of CD25* FoxP3™
Treg cells are reported. Data are combined from two experiments and include 10 Alt-challenged and
6 mock-challenged mice per genotype. *P < 0.05, **P < 0.01, and ***P < 0.001. Data with error bars
represent mean = SEM. SSA = side scatter area.
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was no difference between the groups,
suggesting that any differences in Treg
function are IL-10 independent or rely on
local differences that were not captured in
whole-lung homogenates.

To test whether calprotectin directly
affects Treg cell suppression, natural Treg
cells were isolated from WT and SI00A9™"~
mice. Diluted Treg cells were incubated
with purified WT CD4" T effector cells
labeled with CellTrace Violet and incubated
for 4 days before measuring proliferation by
flow cytometry. In the presence of 50 ng/ml
recombinant murine calprotectin, WT Treg
cells had greater suppression of CD4" T
effector cell proliferation than in the
absence of calprotectin (Figure 7A). In
contrast, SIO0A9 ™'~ Treg cells displayed no
difference in suppression in the presence or
absence of calprotectin (Figure 7B). These
results are consistent with a model where
exogenous calprotectin promotes Treg
suppressive activity for WT Treg cells, but
not S100A9™'~ Treg cells, suggesting that
S100A9 and calprotectin may play multiple
roles in Treg-mediated suppression of Th2
inflammation.

Discussion

Calprotectin is an important innate immune
protein and comprises a major granulocyte
proteome component in neutrophils and
eosinophils (1, 2). Previous studies
examining the role of calprotectin in
allergic airway inflammation have
uncovered opposing effects. To determine
the overall role of calprotectin in innate and
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adaptive allergic airway inflammation, we
challenged calprotectin-deficient mice with
a clinically relevant protease allergen.
S100A9™'" mice were intranasally
challenged with Alt Ext in a 10-day model.
These studies found that SI00A9™"~ mice
have significantly more allergic airway
inflammation, including Th2 cells and
cytokine production, serum IgE
production, eosinophil accumulation in the
lungs, overall inflammation, and airway
resistance. We further report that, although
WT S100A9 protects from total airway
resistance, it does not affect mucus
production or airway smooth muscle
hyperproliferation. The difference in total
airway resistance may be due to increased
eosinophilia observed in allergic SI00A9™"~
lungs, as eosinophils are major contributors
to airway remodeling (41). Finally,
calprotectin-deficient mice have similar
numbers, but decreased activation state of
Treg cells in the allergic lung, suggesting
that Treg responses are unable to control
Th2-mediated hyperinflammation in
S100A9™'" mice.

Calprotectin has weak chemotactic
activity, is a major component of the
eosinophil proteome, and promotes
neutrophil recruitment to sites of infection
in a cell-intrinsic mechanism, suggesting
that calprotectin-deficient mice might have
lower eosinophil accumulation (2, 14, 19).
However, our data demonstrate that
S100A9~'~ mice accumulate more
eosinophils in response to aeroallergen
challenge, suggesting that calprotectin-
deficient eosinophils are competent at
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Figure 7. WT Treg cells increase suppression of T effector (Teq) cell proliferation in the presence of
recombinant murine calprotectin. The ability of (4) WT and (8) STO0A9 ™~ Treg cells to suppress
proliferation of WT CD4™ T effector cells was determined in the presence and absence of 50 ng/ml
recombinant murine calprotectin (fCP). Data represent three biological replicates. *P < 0.05. Data

with error bars represent mean = SEM.
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migration. Taken together, these data
support a model in which S100A9™/~ mice
respond to Alt Ext challenge with more
robust Th2 responses upstream of
eosinophil chemotaxis, likely due to
decreased Treg activity. These data are
consistent with findings in previous models
that suggest that calprotectin protects from
AAI, primarily using rodent OVA models
(12, 13). Interestingly, these data are in
contrast to data suggesting that calprotectin
promotes AAI in other studies using
allergenic molds (11, 14, 15). These
differences may be due to the fact that, in
the present study, SI00A9 protected from
AAT via the adaptive immune response
mediated by CD4" T cells. In contrast, the
studies that identified a pathogenic role for
calprotectin in AAI neutralized S100A8 or
S100A9 only 2 hours before a single
intranasal allergen challenge in sensitized
mice (14), using a neutrophilic-type asthma
model (11), or in normal human bronchial
epithelial cells by release of IL-25 and
TSLP (15). The increased AAI in Alt
Ext-challenged S100A9~'~ mice reported
here was mediated by CD4™" T cells and the
adaptive immune response, which may
explain the differences observed.
Importantly, these data suggest, for the
first time, that there is a physiological role
for calprotectin in CD4™ T cell responses,
including Th2 and Treg cells. We did not
observe differences in ILC2 number or
function between WT and S100A9~/~
mice at Day 10 of Alt Ext challenge, a time
point at which previous studies have
observed phenotypic differences based on
mouse genotype (16). However, these data
do not rule out a role for S100A9 in ILC2
function that affects later Th2 response by
Day 10. In contrast, SI00A9’~ mice had
increased numbers of IL-13"IL-5" CD4™"
T cells in response to Alt Ext challenge.
Previous transcriptional profiling studies
reported that, among CD4" T cells,
S100A8 and SI00A9 are only expressed
in natural Treg cells (42). Although
S100A9™'~ mice had similar numbers
of Treg cells in the allergic lung, their
activation state was abrogated. In addition,
recombinant murine calprotectin
promoted suppressive activity of WT Treg
cells, but not SI00A9™ Treg cells.
Consistent with results reported here,
calprotectin has been shown to promote
Treg cell differentiation by signaling
through CD69 and upregulation of
suppressor of cytokine signaling 3 (SOCS3)
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(43). Splenic natural Treg cells from
C57BL/6 mice express calprotectin
receptors, RAGE and CD69 (42, 44),
suggesting that calprotectin released
during AAI may signal directly on Treg
cells in the allergic lung. Together, these
findings suggest that SI00A9 and/or
calprotectin play a role in Treg cell
activation, perhaps both extrinsically and
intrinsically.

Together, these studies identify SI00A9
as protective from type 2 inflammation
in response to challenge from Alt Ext.
Specifically, these studies uncover a role for
S100A9 and/or calprotectin in adaptive
immune inflammation, because SI00A9™~
mice challenged with Alt Ext produce more
serum IgE, accumulate more Th2 cells in
the lung, and have reduced Treg activation.

Future studies defining the role of
calprotectin in Treg function and release in
response to protease aeroallergens will
clarify its role in CD4™ T cell function
during allergic airway inflammation.
Calprotectin has been previously described
as a proinflammatory DAMP that amplifies
the innate immune response (5, 6). In
contrast, the finding that calprotectin
protects from allergic airway inflammation
via modulating the adaptive immune
response suggest that calprotectin is also
antiinflammatory. Consistent with an
antiinflammatory role for calprotectin, a
recent study found that calprotectin
programs neonatal innate immunity to
prevent hyperinflammation and protect
from sepsis (45). In addition, SI00A9
stimulates myeloid-derived suppressor cell

production associated with cancer and
suppression of antitumor immune
responses (46). Together with the results
reported in this work, these findings
suggest that calprotectin promotes
immunoregulatory function to prevent
hyperinflammation. H
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