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Abstract immunopathogenesis by promoting the proliferation of IL-33"
epithelial stem/progenitor cells in early life.

Respiratory syncytial virus (RSV)-induced immunopathogenesis

and disease severity in neonatal mice and human infants have =~ Keywords: IL-33; IL-1; respiratory syncytial virus; epithelial stem

been related to elevated pulmonary IL-33. Thus, targeting or progenitor cells; age-dependent RSV immunopathogenesis

IL-33 has been suggested as a potential therapy for respiratory

viral infections. Yet, the regulatory mechanisms on IL-33

during early life remain unclear. Here, using a neonatal Clinical Relevance

mouse model of RSV, we demonstrate that IL-13 positively

regulates but is not required for RSV-induced expression of By providing mechanistic insights explaining the observation of
pulmonary IL-33 in neonatal mice early after the initial the positive correlation between respiratory IL-33 and IL-18 in
infection. Exogenous IL-1p upregulates RSV-induced IL-33 respiratory syncytial virus (RSV)-infected human infants, our
expression by promoting the proliferation of IL-33" lung current study serves as a reverse translation from bedside to
epithelial stem/progenitor cells. These cells are exclusively bench in RSV immunopathogenesis research. The knowledge
detected in RSV-infected neonatal rather than adult mice, gained from our current research also provides new avenues
partially explaining the IL-1B-independent IL-33 expression in for future investigation to determine whether IL-13-mediated
RSV-infected adult mice. Furthermore, IL-1f aggravates proliferation of IL-33 " epithelial stem cells during RSV
IL-33-mediated T-helper cell type 2-biased infection in early life is permanent and, if so, predisposes to the
immunopathogenesis upon reinfection. Collectively, our study development of certain lung diseases (i.e., asthma).
demonstrates that IL-13 exacerbates IL-33-mediated RSV

Respiratory syncytial virus (RSV) is the during their infancy. Approximately 80% of  tract disease (2, 3). Human and animal data
most common cause of bronchiolitis and the children hospitalized are less than 1 have suggested that elevated respiratory
pneumonia in infants in the United States year of age (2). The clinical manifestations IL-33 concentrations are responsible for
and the most common viral cause of of RSV infection in infants range from mild =~ RSV-induced immunopathogenesis (4, 5).
pneumonia worldwide (1). Children are upper respiratory tract illness to severe and ~ IL-33, a member of the IL-1 cytokine family

most vulnerable to severe RSV bronchiolitis  potentially life-threatening lower respiratory  that includes IL-13 and IL-1q, is highly and
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constitutively expressed by airway epithelial
cells as a full-length precursor (6, 7). Under
homeostatic conditions, full-length IL-33 is
located in the cell nuclei owing to its
nuclear localization sequence (7, 8). As an
alarmin, IL-33 is released during cell
necrosis (9, 10), or in responses to oxidative
and mechanical stress, or via ATP-mediated
mechanism during cell activation (11, 12).
While IL-33 shares common features with
IL-1B, such as a C-terminal IL-1-like
cytokine domain and a coreceptor IL-1
receptor accessory protein (6, 13), IL-33
exclusively exerts its effects through IL-1
receptor-like 1 (also known as ST2) (14).
While the role of IL-33 in mediating age-
variable RSV immunopathogenesis has been
well documented (5, 15), little is known
regarding the regulation of IL-33 expression
during early life, and what is known is
contradictory. For example, IL-33
production in adult mice is enhanced in the
peritoneal cavity in the absence of IL-13
signaling during the early phase of helminth
infection (16). Similarly, exogenous IL-1
has been demonstrated to suppress
superconfluence-mediated IL-33 expression
by human endothelial vascular cell cultures
(17). These studies suggest that IL-18
negatively regulates the expression of IL-33.
However, this notion has been challenged
by an increasing number of recent human
and experimental animal studies. IL-1p has
been shown to promote the expression of
pulmonary IL-33 and to exacerbate asthma
and chronic obstructive pulmonary disease
in animals (18). It is also evident that
exogenous IL-1(3 upregulates IL-33
expression of human nasal fibroblast

in vitro (19). Intriguingly, a cohort study of
93 RSV-infected infants previously
demonstrated a significant positive
correlation between IL-33 and IL-1B
concentrations in nasal aspirates (5).
Prompted by these human and animal data,
we sought to determine the role of IL-1f3
on RSV-induced IL-33 production during
early life. To this end, we conducted the
current study using the well-established
neonatal RSV model that mimics disease
observed in human infants (15, 20).

Methods

Full methods are available in the ONLINE
METHODS section in this article’s data
supplement.

Vu, Phan, Hijano, et al.: IL-1B Promotes the Proliferation of IL-33" Epithelial Stem Cells

Neonatal Mouse Model for

RSV Infection

BALB/c mice (Envigo Laboratories) were
maintained in a specific-pathogen-free
facility in ventilated microisolator cages. The
IL-33 citrine mice (cit/wt), generously
provided by Dr. Andrew N. J. McKenzie
(Medical Research Council, UK), are
generated by mating IL33(wt/wt) mice and
IL33(cit/cit) mice. Breeders were time-mated,
and pups born on the same date were used
for experiments. Neonatal mice (5 days old)
received 2.5 ng of recombinant IL-13/g body
weight (Biolegend) (21) or 50 pg anakinra
(IL-1PB receptor antagonist)/g body weight
intranasally (16). Three hours later, mice
were infected with RSV strain A2 in serum-
free media at a dose of 2 X 10° TCIDs5, (50%
tissue culture infectious dose)/g body weight
delivered intranasally (hereafter referred to as
NR1 + IL-1P or NRI + Ana, respectively).
Control mice received serum-free media at
the same schedule and via the same route
(NS). Neonatal mice that received vehicle
(0.1% BSA in 0.9% NaCl) served as the
control groups (NR1 + Veh or NS + Veh,
respectively). Mice were reinfected 4 weeks
after initial infection (NRR) (Figure 1A).
This animal protocol was developed
according to the Guide for the Care and Use
of Laboratory Animals and was approved by
the Institutional Animal Care and Use
Committee at Louisiana State University and
Pennington Biomedical Research Center,
both Association for Accreditation of
Laboratory Animal Care accredited.

mRNA and Protein (IL-33, IL-1B, and
Caspase) Expression Degrees
Relative expression degrees of IL-33 mRNA
were analyzed using 2~ **“* method. The
expression of IL-33, IL-1[3, caspase-3, and
caspase-7 in whole-lung homogenates were
determined by ELISA and Western blot,
respectively.

Lung Histopathology

Mouse lungs were retroperfused with PBS
and then gravity-inflated with zinc-formalin.
Lung sections were stained with periodic
acid-Schiff to observe mucus production.
Dual in situ hybridization (ISH) and
immunohistochemistry (IHC) for 133 and
Caspase-1 were performed on the third
stepped tissue section of the lungs from each
experimental group.

Lung Function Test

In anesthetized, tracheotomized mice (15),
peak airway resistance values in response to
increasing doses of inhaled methacholine
were measured using the Buxco FinePointe
Resistance and Compliance system (DSI,
Harvard Bioscience, Inc.) and normalized as
deviation from baseline.

Flow Cytometry

Lungs were retroperfused with ice-cold PBS
and harvested in ice-cold FACS buffer (5%
heat-inactivated FCS in PBS). Lung-derived
single-cell suspension was stained with CD16/
CD32 Ab, live/dead dyes in PBS for 30 min at
4°C. Subsequently, cells were stained for cell-
surface and then intracellular markers with a
combination of antibodies (listed in Table E1
in the data supplement). Cells were run on
either a three-laser BD Canto-II, or a four-
laser BD LSRFortessa X-20, using FACS Diva
software (BD Biosciences). Acquired data files
were analyzed using Flow]Jo 10.01 (BD
Biosciences).

Statistical Analyses

Raw data were analyzed, and graphs were
generated using Prism 9.0.0 (GraphPad).
Data are presented as mean * SEM unless
noted otherwise. Normal distribution was
examined using the Shapiro-Wilk test.
Two-tailed Welch’s -tests were performed to
compare two groups of samples. For three
and more groups of samples, either a one-
way or a two-way ANOVA with a Sidak
multiple comparisons test was conducted.
The statistical significance of these tests was
represented as P value with ns: non-
significant, *P < 0.05, **P < 0.01,
***P=<0.001, and ****P < 0.0001.

Results and Discussion

IL-1B Positively Regulates but Is Not
Required for RSV-induced Expression
of Pulmonary IL-33 in Neonatal Mice
We have previously shown that RSV
infection induces rapid IL-33 production in
neonatal mice, which is not observed in adult
mice (15) and which results in an ILC2
response initially upon RSV infection in the
neonatal mouse and a T-cytotoxic cell (Tc2)
and T-helper cell type 2 (Th2) biased
response in both neonatal mice and humans
(15, 22). In trying to understand what was
inducing IL-33 expression in neonatal mice,
we observed differences in IL-13
concentrations. Specially, IL-13 was elevated
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Figure 1. Intranasal treatment with IL-1B before respiratory syncytial virus (RSV) infection significantly boosted the expression of RSV-induced IL-33 at 1
day after infection (dpi) in neonatal mice. (A) Experiment design scheme. Five-day-old pups received either 2.5 ng of recombinant IL-18/g body weight
(Biolegend) or 50 g anakinra (IL-1B antagonist)/g body weight delivered intranasally (i.n.) 3 hours before i.n. RSV infection. The expression of pulmonary
IL-33 was examined at 1 dpi (hereafter referred to as NR1 + IL-18 or NR1 + Ana, respectively). A cohort of mice received vehicle (0.1% BSA in saline) i.n.
and served as the control group (NR1 + Veh). We reinfected mice with RSV 4 weeks after initial infection. At 6 days after reinfection (dpr), we profiled
pulmonary cell subsets and evaluated the animals’ lung function. (B and C) Bar graphs representing the expression of IL.-33 mRNA (B) and protein (C). (D)
Representative IL-33 in situ hybridization (ISH) sections of lungs from three independent RSV-infected neonatal mice. IL-33 mRNA was stained as dark red
dots indicated by black arrows within the magnified inset (top left). Scale bars, 50 pm. (£ and F) Quantification of IL-33 mMRNA-positive cells per unit area of
lungs. ISH sections were digitized to 20X whole slide images and presented as the staining area (E) and proportions of the whole slide area (F). *P < 0.05,
**P < 0.01, and ****P < 0.0001; two-tailed Welch'’s t-tests and one-way ANOVA with a Sidak multiple comparisons compared between two or more than
two indicated groups, respectively. Ana = anakinra; hpi = hours post-injection; NS = not significant; Veh = vehicle; Th2 = T-helper cell type 2.

in adult mice infected with RSV, but not in
neonatal mice infected with RSV (Figure
E1A). As IL-1B has been shown to negatively
regulate the production of IL-33 (16, 17), we
administered IL-13 or anakinra (IL-1B
receptor antagonist) to neonates just before
RSV infection. As RSV infection induced
rapid IL-33 expression (i.e., as early as 6
hours after infection) in neonatal mice (15),
IL-1B or anakinra was administered
intranasally 3 hours before the RSV infection
to allow the distribution to the lung before
infection (Figure 1A). We expected, based on
the existing literature and our adult RSV
data, that IL-1 would reduce IL-33
responses upon RSV infection; however, this
did not happen in our RSV neonatal model.
In the presence of IL-1p, expression of
RSV-induced IL-33 at Day 1 after infection
(dpi) was significantly enhanced, as
evidenced by the increase in IL-33 mRNA

314

and protein and elevated frequencies of
IL-33-producing cells in the lungs following
RSV infection (Figures 1B-1F). There was no
significant difference between IL-33
concentrations in NS and NS + IL-13)
groups, suggesting that IL-1 3 upregulates
IL-33 expression only in the setting of RSV
infection (Figures 1B and 1C). The different
observations in our RSV neonatal model and
helminth adult model (16) are more likely
attributed to the target organs (pulmonary
vs. peritoneal), pathogen (viral vs. parasite
infection) and age at initial infection
(neonate vs. adult). It has been shown that
IL-33 responses to RSV infection (15) are
age-dependent as IL-33 production and
more robust in neonates than adults.
Interestingly, the blockage of IL-13
signals with anakinra before RSV infection
did not alter the expression of pulmonary
IL-33 (Figures 1B and 1C). The data suggest

that IL-1B enhances but is not required for
RSV-induced IL-33 expression in neonatal
mice. Similar to our data, a study using house
dust mite-induced asthma in mice
demonstrated that the absence of IL-11 did
not alter the expression of pulmonary IL-33
but significantly diminished the increase in
IL-33 concentrations following asthma
exacerbation (18). Our current finding was
also corroborated by the significantly positive
correlation between IL-33 and IL-13 levels in
nasal aspirates collected from human infants
with severe RSV (5).

IL-18 Has a Long-Lasting Impact
Exacerbating IL-33—-mediated Th2-
biased Immunopathogenesis upon
RSV Reinfection

Elevated concentrations of IL-33 have been
associated with more severe RSV disease in
human infants (4, 5). More severe RSV
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disease often results in increased airway
mucus and dramatic airway obstruction

(2, 23-25). Therefore, we anticipated that
exogenous IL-13 would enhance IL-33
production and lead to more severe RSV
disease. To test this possibility, we continued
using our RSV neonatal model, which
exhibits a pathophysiological phenotype
typically observed in severe human infantile
RSV. In our model, RSV-induced lung
dysfunction and T-cell responses to RSV
infection were limited after the primary
infection and peaked at 6 days after
reinfection (dpr) or 32 days after primary
infection (15, 20). Reinfection with RSV
occurs frequently, and neonatal reinfection
models have been used by numerous labs
(15, 20, 26-29) to determine the role of RSV-
specific cell-mediated immunity.

Indeed, administration of IL-1 before
RSV infection significantly increased airway
mucus production at 6 dpr (Figures 2A and
2B). In addition, the NRR + IL-1[3 group
exhibited significantly greater airway
resistance in response to increasing doses of
inhaled methacholine than the NRR + Veh
group (Figure 2C), indicating airway
hyperresponsiveness following RSV
infection. As it is evident that IL-1B is a
strong inducer of mucin gene in either
in vivo (30) or in vitro models (31, 32), we
also treated neonatal mice with IL-13
(NSS + IL-1B) and used this group to
control for the effect of IL-1f alone on
mucus production (Figure 2A) and airway
resistance (Figure 2C). We observed no
significant difference in mucus production
and airway resistance between NSS + IL-1(3
and NSS + Veh groups, suggesting the
limited effect of IL-1(3 alone on lung function
after reinfection. Of note, there are many
differences between previous studies (30-32)
and our current study. Our IL-1( treatment
was a single dose of 2.5 ng/g (~7 ng/mouse),
significantly smaller than that of the previous
study (a single dose of 200 ng IL-1B3 per adult
C57BL/6 mouse via tracheostomy). More
importantly, although IL-1B-induced
expression of mucin genes was assessed at 24
hours after IL-1[3 treatment in previous
studies (30-32), we evaluated mucus
production and airway resistance at 32 days
after the single dose of IL-1B (6 dpr). The
disparities in IL-1f3 dosing and study designs
may reconcile the different observations
between previous studies and ours.

RSV-induced immunopathogenesis has
been associated with IL-33-mediated type
2-biased responses (15). IL-33-mediated

Vu, Phan, Hijano, et al.: IL-1B Promotes the Proliferation of IL-33" Epithelial Stem Cells

type 2-biased immune responses are also
responsible for other respiratory
inflammatory diseases (33-35). Skewed type
2 responses are evidenced by increased
accumulation of group 2 innate lymphoid
cells (ILC2), Th2 (IL-4 " IFN-

v IL17A~CD4%), and Tc2 (IL-4'IFN-

vy~ IL17A~CD8™) (5, 15, 22, 33-35). To
further investigate whether IL-1f3 mediated
IL-33 exacerbation of type 2 skewed
responses, we examined the pulmonary
accumulation of ILC2

(Lin"RORyt~ CD90.2" ST2*GATA3" C-
D127") at 1 dpiand T cell subsets at 6 dpr
(Figures E1B and E1C). Our previously
published data (15) indicate that IL-33
expression is critical for ILC2 induction.
Thus, our data cumulatively suggest that
elevated concentrations of IL-13-enhanced
IL-33 expression is responsible for
significantly greater frequencies of
pulmonary ILC2 in NR + IL-13 group
compared with vehicle-treated group

(NR + Veh) (Figures 2D and 2E) at 1 dpi.
Also, we observed that IL-13-enhanced
IL-33 production led to significantly greater
frequencies of pulmonary Tc2 in

NRR + IL-1{3 mice at 6 dpr (Figures 2F
and 2G) compared with the NRR + Veh
group. In sharp contrast to the Tc2
response observed in NRR + IL-13

mice, the frequencies of Thl
(IL-4"IFN-y*IL17A~CD4") and Tcl
(IL-4"TFN-y " IL17A~CD8") in lungs of
NRR + IL-1{ mice were significantly
reduced at 6 dpr (Figures 2F and 2G)
compared with the NRR + Veh) group.
Significant alterations of lung-accumulated
Thl, Tcl, and Tc2 frequencies result in the
skewed ratio of Th2/Th1 and Tc2/Tcl in
the NRR + IL-13 compared with the

NRR + Veh group (Figures 2H and 2I),
strongly indicating type 2-biased responses.
Although the increase of Th2 frequencies
following IL-1B3-mediated IL-33
augmentation is not statistically significant
(Figure 2G), these collective data regarding
ILC2, Th2/Thl, and Tc2/Tc1 ratio strongly
suggest that exogenous IL-1{3 enhanced
IL-33 production early after the initial
infection (1 dpi) and exacerbated type
2-biased immunopathogenesis after RSV
reinfection.

IL-18 Upregulates RSV-induced IL-33
Expression in a Caspase-
Independent Manner

Next, we examined potential mechanisms by
which exogenous IL-1{3 upregulates IL-33. In

line with previous studies (36-38), we found
that exogenous IL-1{ significantly enhanced
its own production following RSV infection
in neonatal mice (Figure E2A). IL-18 can
promote its positive feedback loop by
upregulating NLRP3 inflammasome,
resulting in caspase-1 activation (36). Indeed,
using FAM-YVAD-FMK FLICA (BioVerge)
(39, 40), which allowed us to assess caspase-1
activation, we found that exogenous IL-13
promotes the activation of caspase-1 in NR
mice at 1 dpi (Figure 3A). Paradoxically,
active caspase-1, -3, and -7 have been
reported to significantly diminish IL-33
bioactivities (41). To assess the possibility
that exogenous IL-1B3-mediated caspase-1
activation dampens IL-33 bioactivities in our
neonatal RSV model, we examined the
cellular colocalization of active caspase-1 and
IL-33 using IL-33(cit/wt) mice (42) (Figure
E2B). We found that the majority of
IL-33-producing cells in either the

NR + Veh or NR + IL-1f groups are
negative for active caspase-1 signal and vice
versa (Figures 3B and 3C). Although 1% of
pulmonary leukocytes

(CD45"CD31~ EpCAM ™) express active
caspase-1, less than 0.05% of the same
population produce IL-33 (Figures 3D and
3E). Likewise, more than 14% of distal lung
epithelial cells (CD45~ CD31~ EpCAM ™)
express IL-33, whereas only 0.05% of the
same population harbored active caspase-1
(Figures 3F and 3G). The data demonstrate
the distinct cellular origins of IL-33 and
active caspase-1 in NR mice regardless of
IL-1B pretreatment.

The majority of active caspase-1 cells
are CD64 granulocytes and myeloid
subsets, including alveolar and interstitial
macrophages, and CD64 " monocyte-
derived dendritic cells (DC). In contrast,
IL-33 was mainly expressed by
CD45 EpCAM™ airway epithelial cells
(Figure 3H). The gating strategies and
Fluorescence Minus One (FMO) controls
are illustrated in Figures E2C, E2D, and
E3. In addition, we failed to detect active
caspase-3 and -7, which cleave and
inactivate IL-33 biological activity
(43, 44), and only detected procaspase-3
and -7, regardless of the presence of IL-1(3
signaling (Figure E4A). Expression
degrees of procaspase-3 and -7 also are
independent of IL-13 signaling
(Figure E4B). Collectively, these data
strongly rule out the possibility that IL-1B
induces caspase activation and could
dampen IL-33 bioactivities in our model.
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Figure 2. Exogenous IL-1B exacerbates IL-33-mediated RSV immunopathogenesis during early life. (A) Lung sections stained with periodic
acid-Schiff (PAS) to observe mucus (bright purple; indicated by black arrowheads). Images were taken at 40X. (B) Quantification of airway
mucus in experimental mice. **P<0.01. (C) Airway resistance in response to increasing doses of inhaled methacholine (MeCh; n=4-6 per group).
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Exogenous IL-1B Upregulates
RSV-induced IL-33 Expression by
Promoting the Proliferation of IL-33*
Lung Epithelial Stem/Progenitor Cells
We further fractionated lung epithelial cells
into different subsets to investigate the
impact of exogenous IL-1§3 on IL-33
production of CD45 EpCAM " airway
epithelial cells. In line with previous studies
(9, 42, 45, 46), our data revealed that
IL-33-expressing populations are
heterogeneous, including
EpCAM™°"CD49f™ 1" Pro-SpC* T1a
alveolar type 2 cells (AEC-II),
EpCAM™°CD49f"*"*"Pro-SpC~ Tla ™
(AEC-I) and EpCAM™"CD49f" " Pro-
SpC Tla airway epithelial cells

(T1la” proSPC™ cells),
EpCAMMCD49fCD24'°" ™, and
EpCAM™CD49f"CD24" cells (Figures 3G
and 3H). Among these populations, AEC-1I
and EpCAM™MCD49f"CD24'°"" are the
primary cells expressing IL-33. The gating
strategies are illustrated in Figure E4C. Like
AEC-II, mouse lung distal
EpCAM™CD49f¥CD24"" ™™ cells have been
classified as epithelial stem/progenitor cells
(EpiSPC), as evidenced by their high
proliferative and renewal capacity (47-50).
Subfractionation into MHC-II and stem cells
antigen-1 (Sca-1) expression revealed that
most IL-33" AEC-II cells do not express
MHC-II or Sca-1 (Figure 31, P4 population).
In sharp contrast, most IL-33" EpiSPC cells
are MHC-II" and Sca-1" (Figure 31, P2
population), suggesting proliferative (51, 52)
and antigen-presenting potential (53, 54).
The data imply the functional differentiation
between these subsets. Intriguingly, we
observed that exogenous IL-1f induces a
significant expansion of IL-33 expressing
cells, including EpiSPC and AEC-IJ, rather
than promoting IL-33 expression per cell
(Figures 3]-3N). Indeed, the increase in

IL-33-expressing EpiSPC in the NR1 + IL-
13 group is almost double that of the

NR1 + Veh group (Figure 3]). It is
corroborated by the similar increase in
mRNA and protein levels of IL-33

(i.e., almost double in NR1 + IL-13 mice)
(Figures 1B and 1C).

By examining the cell cycle and the
presence of proliferation marker Ki67
(Figures 4A and 4B), we found that most
IL-33-expressing cells were in growth phase
GI1 (Figures 4C and 4D). NR1 + IL-1B pups
exhibited significantly greater frequencies of
G1IL-33"EpCAM " than NRI + Veh pups
did, whereas there was no difference between
the two groups regarding the frequencies of
GO IL-33"EpCAM " (Figures 4E and 4F). As
expected, these G1 IL-33 " EpCAM ™ cells
were mainly EpiSPC (33.2%) and AEC-II
(62.8%) (Figures 4G and 4H). Consistent
with the above data, G1 IL-33" EpiSPC
exhibit high MHC-II and Sca-1 expression
degrees, which are significantly limited in the
G1IL-33" AEC-II subset (Figure 4G). The
data suggest that IL-1f has mitogenic effects
on IL-33 " EpiSPC and AEC-IL It remains
puzzling why EpCAM™°*CD49f""
1oWAEC-II cells, which express low amounts
of Sca-1, therefore, presumably are less
proliferative than EpiSPC, appeared to be the
predominant subset within G1 IL-
33"EpCAM " population (Figure 4H). Of
note, these G1 IL-33 " AEC-I cells exhibit
high levels of CD24 - a marker for
differentiated epithelial cells (48) (Figure
4G). It has been shown that AEC-II cells
arise from potent progenitors during early
life development and lung injury-induced
regeneration (55, 56). Thus, exogenous
IL-1( may induce the differentiation of
IL-33" Sca-1"CD24"°"™ EpiSPC into the
more differentiated IL-33 " Sca-1~ CD24™
AEC-II cells in our model. Although our
current study has not been designed to

investigate this possibility, the data strongly
suggest that IL-1p induces the proliferation
of IL-33-expressing EpiSPC and AECII
(Figures 4G and 4H). Previous studies
corroborate our findings by demonstrating
the ability of IL-1B to stimulate the
proliferation of different cell types,
including glomerular epithelial cells (57),
lung fibroblasts (58), gastric epithelial cells
(59), epithelial progenitors (60), alveolar
epithelial cells (61), and gallbladder cancer
cells (62). The role of IL-1B inducing the
differentiation of IL-33 " CD24""VEpiSPC
into IL-33*CD24" AEC-IT in our RSV
neonatal model is beyond the scope of the
current study. Still, it can be addressed in
further lineage-tracing studies using

IL-33 and Pro-SpC reporter mice (63).

RSV-infected Adult Mice Showed No
IL-1B—Dependent Increase of
Pulmonary IL-33

It has been shown that RSV-induced IL-33
expression is age dependent (15). RSV
infection induces a rapid and significantly
greater increase in expression of
pulmonary IL-33 in neonatal mice
compared with adult mice (15).
Confoundingly, compared with infected
neonatal mice, RSV-infected adult mice
produce significantly higher IL-13
concentrations (Figure E1A), presumably
promoting greater production of IL-33 in
adult mice. Having demonstrated that
IL-1B induces the proliferation of IL-

33 EpiSPC, we therefore hypothesized
that IL-1B-mediated IL-33 expression is
also age variable and associated with the
abundance of IL-33"EpiSPC. To
investigate the hypothesis, we repeated the
same experiments with adult mice. Like
neonatal mice, we administered IL-13
intranasally to 6- to 8-week-old mice 3
hours before RSV infection. The

Figure 2. (Continued). The peak airway resistance values in response to increasing doses of inhaled methacholine were measured and
normalized as deviation from baseline. *P<0.05 compared between two indicated groups at the 50 mg/ml dose of methacholine. Data are
representative of at least two independent experiments (mean = SEM). (D and E) Quantification of pulmonary ILC2 cells, including frequencies of
pulmonary ILC2 in total pulmonary leukocyte population (D) and the absolute number of ILC2 cells in the lungs (E). *P<0.05. Data are
representative of at least two independent experiments (mean = SEM). (F) Clusters of T-cytotoxic cell type | (Tc1), (Tc2), Th1, and Th2 from flow
cytometry analysis, gated on total CD3™ T cells and visualized by t-distributed stochastic neighbor embedding (tSNE) and assigned specific colors
(left panel), the abundance of these clusters in lungs of NRR + IL-18 mice (middle panel), and NRR + Veh mice (right panel). (G) The frequencies of
Tc1, Tc2, Th1, and Th2 population in lungs for experimental mice. The intracellular cytokine production of T cells following stimulation with

PMA + ionomycin were detected by flow cytometry. The dots on the left panel indicate the positive (dark gray dots) and negative (light gray dots)
detection of corresponding cytokines. *P<0.05 and **P< 0.01, compared between NRR + IL-18 and NRR + Veh group for each respective
population (one-way ANOVA with Sidak multiple comparisons test). Data are representative of at least two independent experiments (mean + SEM).
(Hand /) Th2/Th1 (H) and Tc2/Tc1 (/) ratio compared between NRR + IL-18 and NRR + Veh group. *P < 0.05 and **P < 0.01. Data are
representative of at least two independent experiments (mean + SEM). ILC2 =type 2 innate lymphoid cells; NRR = mice infected with RSV as neonates

and reinfected 4 weeks later; NSS = mice sham infected as neonates and sham reinfected 4 weeks later.
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Figure 3. IL-18 enhances IL-33 production by promoting the expansion of IL-33™ epithelial stem/progenitor cells (EpiSPCs). (A) Representative
flow cytometric dot plot of total live CD31™ cells from lungs of RSV-infected neonatal mice collected at 1 dpi and 4 dpi, gated on epithelial cell
adhesion molecule (EpCAM) and active caspase-1. Gates for active caspase-1-positive cells were set using Fluorescence Minus One (FMO)
control (top, right panel). (A7) Bar graphs illustrate the frequencies of active caspase-1-positive cells. (B) Representative dual IL-33 mRNA ISH
and caspase-1 immunohistochemical sections of lungs from 3 biologically independent RSV-infected neonatal mice. IL-33 mRNA (red) and
caspase-1 protein (brown) expressing cells, and collocation of IL-33 mRNA and caspase-1 protein were indicated by thick arrows, arrowheads,
and thin arrows with magnified inset (#, &, and *), respectively. Scale bar, 50 pm. (C) FlowSOM visualization of the flow cytometry analysis for
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Figure 4. IL-1B induces the proliferation of IL-33"EpiSPC. (A-D) Quantification and characterization of lung epithelial cell proliferation in
neonatal mice following RSV infection. (A) Diagram shows the markers of the different phases of the cell cycle; (B and C) representative flow
cytometry dot plots showing different cell cycle phases, gated on CD31~CD45 live cells; (D) FMO IL-33 was used to set gatings for

IL-33" cells. (E and F) Frequencies of IL-33" epithelial cells had undergone resting GO phase and proliferation G1 phase. *P< 0.05. (G) tSNE
clusters of EpiSPC, AEC-II, AEC-I, and T1a proSPC™ epithelial cells from flow cytometry analysis, gated on total IL-33"EpCAM™ cells
underwent G1 phase (the first panel from the left). First, the IL.-33*EpCAM™* G1 populations in each sample (12 samples: 6 IL-18 and 6 treated
mice) were downsampled to the minimum number of IL-33"EpCAM™ G1 events among 12 samples (2,271 events). Second, 2,271 events of the
IL-33"EpCAM™*G1 population from each sample were concatenated (in total, 12 X 2271 =27252 events of IL.-33"EpCAM*G1 cells). The
concatenated population was then subjected to tSNE analysis. The tSNE clusters were evaluated for MHC-II, Sca-1, and CD24 expression.

(H) Frequencies of IL-33"EpCAM™ cells underwent G1 phase. ****P< 0.0001 compared between indicated groups using one-way ANOVA with
Sidak multiple comparisons test. Data represent two independent experiments (mean + SEM).

expression of pulmonary IL-33 was
examined at 1 dpi. Unlike neonatal mice,
RSV-infected adult mice showed no
IL-1B-dependent increase of pulmonary
IL-33 (Figure 5A) and significantly less
than that of RSV-infected neonatal mice
(Figure 1C). Also, we found that
exogenous IL-1( did not alter the
abundance of IL-33"EpCAM ™, IL-
337CD45",and IL-33"CD31 " cells

(Figures 5B-5D) in RSV-infected adult
mice. Collectively, our data demonstrate
that IL-13 upregulates RSV-induced IL-33
expression in early life, whereas it failed to
alter the IL-33 concentrations in later life.
One potential explanation for this
difference is that the abundance of EpiSPC
capable of expressing IL-33 changes
during lung development. The
constriction in IL-33 " lung epithelial cells

in adulthood has been demonstrated
during alveolarization (Postnatal Day
7-14) in mice (64). Accordingly, IL33 has
been shown to peak during postnatal
alveolarization and gradually decline in
adulthood (64). In agreement, our data
indicate distinct CD24'°VEpiSPC capable
of producing IL-33 in neonatal mice (Day
6) but not adult mice (Figures 5E and 5F).
We reasoned that despite the production

Figure 3. (Continued). the pulmonary cellularity of RSV-infected neonatal mice at 1 dpi, showing the levels of active caspase-1 (left panel) and
IL-33 (right panel). (D-G) The frequencies of CD45" caspase-1" cells (D), CD45" 1L-33" cells (E), EpCAM*caspase-1" (F), and EpCAM™ IL-
33" (G) in lungs of mice with different treatments. Data are representative of n=12-16, accumulated from at least two independent experiments
(mean = SEM). (H) FlowSOM visualization of the flow cytometry analysis for the pulmonary cellularity of RSV-infected neonatal mice at 1 dpi. The
color of the nodes corresponds with the distinct subpopulation. The mean marker values are visualized for each node using star charts. Each
part’s height indicates the intensity: if the part reaches the border of the circle, the cells have a high expression for that marker (left panel).
Expression degrees (median fluorescent intensity) of IL-33 on EpiSPC and airway epithelial cells (AECs) (right top and bottom panels). The color
and size of inner cycles represent the intensity of IL-33 expression and the frequencies of that population, respectively. (/) Pie charts illustrate
the frequencies of different fractions of EpCAM™CD45~CD31~ cells regarding IL-33 expression. (J) Bar graphs illustrate the comparison
between NR1 + IL-18 and NR1 + Veh groups regarding the frequencies of IL-33" cells. Data represent n=16-19 accumulated from two
independent experiments (mean *+ SEM). (K-N) Median fluorescent intensity (MFI) levels of IL-33 expression by EpiSPC (K and L) and AEC-II
and | (M and N). *P<0.05 and **P<0.01; compared between indicated groups using one-way ANOVA with Sidak multiple comparisons test.
Data represent two independent experiments (mean = SEM). DC = dendritic cell.
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Figure 5. RSV-infected adult mice showed no IL-18 dependent increase of pulmonary IL-33. (A-D) IL-33 expression in RSV-infected adult mice
with and without exogenous IL-1B: protein concentrations of IL-33 from whole-lung homogenates (A). The frequencies of IL-33-expressing cell
subsets and also EpCAM™ cells (B), CD45" cells (C), and CD31" cells (D). *P < 0.05 and ***P < 0.001 compared between indicated groups
using one-way ANOVA with Sidak multiple comparisons test. Data represent two independent experiments (mean = SEM). Circles: neonatal;
triangles: adult mice; open bars: vehicle; solid bars: IL-1B-treated groups. (£ and F) Frequencies and number of EpiSPC in neonatal and adult
mice with different treatments. ****P<0.0001 compared between indicated groups using one-way ANOVA with Sidak multiple comparisons test.
Data represent two independent experiments (mean + SEM). Cycles: IL-1B; inverted triangles: vehicle; triangles: sham infection groups; solid
bars: neonatal; open bars: adult mice. AR1=adult mice infected with RSV, at 1 dp; AS =adult mice sham infected.

of higher amounts of IL-1 compared
with neonatal mice, adult mice have
significant constriction in IL33-producing
EpiSPC and therefore significantly lower
levels of IL-33 in response to RSV. Taken
together, we hypothesized that lung
IL-33-expressing epithelial stem/
progenitor cells differentiate into other
subsets and lose their ability to produce
IL-33 in adulthood. However, it is also
important to remember that there are
many immunological variables between
these time points, including immaturity of
the innate and adaptive immune
responses and cellular phenotypes present
that play roles in the observed differences
in responses to IL-1[3 between neonatal
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and adult mice. These notions are beyond
the scope of the current study but warrant
further investigation.

Conclusions

Although the critical role of IL-33 in RSV
immunopathologies during early life has been
established (5, 15), the regulatory mechanism
of IL-33 expression is largely unknown. In
recent years, IL-13 and IL-33 became the
focus of many studies and are suggested as
effective treatment targets (65-67). Therefore,
understanding the interaction between IL-13
and IL-33 in mediating RSV-induced
immunopathogenesis in early life is essential
for successful therapeutics development.
Findings from experimental asthma and

helminth infection models indicate that IL-33
production occurs dependent on IL-13
signaling in adult mice; however, what is
known is contradictory (16, 18). Although we
have learned much from these studies, studies
evaluating the regulatory role of IL-13 on
IL-33 production in adult mice do not provide
an accurate reflection of IL-33 production or
regulation in neonatal mice and, by extension,
human infants with RSV disease.

Our results clearly show that exogenous
IL-1B enhances RSV-induced IL-33
expression in early but not later life.

In addition, IL-1P exacerbated
IL-33-mediated type 2-biased RSV
immunopathogenesis in early life. IL-13
enhances RSV-induced IL-33 expression by
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promoting the proliferation of TL-33 "
EpiSPCs, which are significantly limited in
adulthood. Our findings also provide a
potential explanation for the age-variable
IL-33 expression in lungs, which is largely
based on the constriction of IL-33" epithelial
stem/progenitor cells in adulthood, and
suggest the involvement of IL-33 in lung
development during early life.

There are certain limitations to our
study. The possibility that IL-1f upregulates

IL-33 expression by promoting the
differentiation of IL-33~ EpiSPCs into
IL-33" AEC-II cells, which is beyond the
scope of our current study, was not assessed.
Such future studies are warranted and will
strengthen our current findings. It also
remains unclear whether IL-1B-mediated
expansion of IL-33 " EpiSPCs during RSV
infection in early life is permanent and, if so,
predisposes neonates/human infants to the
development of certain lung diseases (i.e.,

asthma). These notions are testable and
warrant further investigation. l
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