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Tollip deficiency exaggerates
airway type 2 inflammation in
mice exposed to allergen and
influenza A virus: role of the
ATP/IL-33 signaling axis

Hamid Reza Nouri?, Niccolette Schaunaman®, Monica Kraft?,
Liwu Li*, Mari Numata' and Hong Wei Chu™

‘Department of Medicine, National Jewish Health, Denver, CO, United States, 2Department of
Medicine, Icahn School of Medicine at Mount Sinai, New York, NY, United States, 3Department of
Biological Sciences, College of Science, Virginia Tech, Blacksburg, VA, United States

Toll-interacting protein (Tollip) is a negative regulator of the pro-inflammatory
response to viruses, including influenza A virus (IAV). Genetic variation of Tollip
has been associated with reduced airway epithelial Tollip expression and poor
lung function in patients with asthma. Whether Tollip deficiency exaggerates
type 2 inflammation (e.g., eosinophils) and viral infection in asthma remains
unclear. We sought to address this critical, but unanswered question by using a
Tollip deficient mouse asthma model with IAV infection. Further, we determined
the underlying mechanisms by focusing on the role of the ATP/IL-33 signaling
axis. Wild-type and Tollip KO mice were intranasally exposed to house dust mite
(HDM) and IAV with or without inhibitors for IL-33 (i.e., soluble ST2, an IL-33
decoy receptor) and ATP signaling (i.e., an antagonist of the ATP receptor P2Y13).
Tollip deficiency amplified airway type 2 inflammation (eosinophils, IL-5, I1L-13
and mucins), and the release of ATP and IL-33. Blocking ATP receptor P2Y13
decreased IL-33 release during IAV infection in HDM-challenged Tollip KO mice.
Furthermore, soluble ST2 attenuated airway eosinophilic inflammation in Tollip
KO mice treated with HDM and IAV. HDM challenges decreased lung viral load in
wild-type mice, but Tollip deficiency reduced the protective effects of HDM
challenges on viral load. Our data suggests that during 1AV infection, Tollip
deficiency amplified type 2 inflammation and delayed viral clearance, in part by
promoting ATP signaling and subsequent IL-33 release. Our findings may provide
several therapeutic targets, including ATP and IL-33 signaling inhibition for
attenuating excessive airway type 2 inflammation in human subjects with Tollip
deficiency and IAV infection.
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1 Introduction

Acute exacerbations of asthma are associated with respiratory
viral infections, which continue to pose a significant burden for
patients, healthcare providers, and the economy (1). Respiratory
viruses contribute to 80% and 50% of asthma exacerbations in
children and adults, respectively (2, 3). Rhinovirus and respiratory
syncytial virus (RSV) are commonly detected in asthma
exacerbations, but influenza A virus (IAV) infections in asthma
patients have been linked to more severe exacerbations (4). It was
reported that asthma was one of the most underlying medical
conditions among hospitalized patients due to influenza A(HIN1)
pdm09 viral infection in 2009 (5). In addition, children with asthma
were more susceptible to IAV infection during the 2009-2010 flu
season (6). Children who developed acute pneumonia as a result of
pHINI infection had elevated levels of type 2 (T2) cytokines in the
serum (7). The mechanisms by which IAV induces asthma
exacerbations are still unclear, although viral exacerbations of
asthma have been associated with increased pro-inflammatory
cytokines, disruption of the epithelial barrier, impaired apoptosis
and decreased IFN-y production (8).

Toll-interacting protein (Tollip) is a multifunctional immune
regulator that has been implicated in several lung diseases (9).
Tollip is constitutively expressed by many types of cells, including
macrophages and epithelial cells. The classical functions of Tollip
include inhibition of pro-inflammatory response induced by Toll-
like receptor (TLR) agonists and pathogen infections (10-12).
However, recent studies have discovered the non-classical
functions of Tollip, such as autophagy and stabilization of
antiviral proteins (13, 14). In humans, a Tollip single nucleotide
polymorphism (SNP) has been associated with decreased Tollip
gene expression and increased susceptibility to idiopathic
pulmonary fibrosis (15). Our group has shown that Tollip
rs5743899 is associated with reduced Tollip expression in human
airway epithelial cells and airflow limitation in asthma subjects (16).

The role of Tollip in viral exacerbations of asthma remains
unclear. Our previous study suggests that Tollip deficiency
enhanced lung non-type 2 (e.g., neutrophilic) inflammation,
which was coupled with increased extracellular ATP and IL-33
release (17). However, whether Tollip regulates type 2 inflammation
during IAV infection via extracellular ATP and IL-33 has not been
investigated. IL-33 is a member of the IL-1 family, which can be
increased in asthma patients and released during virus-induced
exacerbations (18, 19). IL-33 through binding to the membrane
bound receptor ST2L stimulates Th2, mast cells and group 2 innate
lymphoid cells (ILC2s) to release type 2 (T2) cytokines, such as IL-13
and IL-5 (20), which in turn regulate type 2 inflammation including
eosinophil recruitment and survival, and mucus production (21).

Mice treated with house dust mite (HDM) and IAV increased
IL-33 production (22), but how IL-33 is released during IAV
infection in lungs with allergic inflammation remains unclear.
Upon exposure to airborne allergens or viral infection (23, 24),
mitochondrial damage (25) and associated adenosine 5'-
triphosphate (ATP) secretion (26) occur. It has been proposed
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that increased extracellular ATP via binding and activating the ATP
receptor P2Y13 may lead to the release of processed/activated IL-33
(27). As Tollip is an essential coordinator to remove damaged
mitochondria (28), it likely regulates ATP release, but this has not
been studied.

In the current study, we hypothesized that Tollip deficiency
exaggerates type 2 inflammation during IAV infection by increasing
ATP release to the extracellular space, which utilizes an ATP receptor
P2Y13 to increase IL-33 release. To test our hypothesis, we utilized a
Tollip deficient mouse model of house dust mite (HDM) challenges
and TAV infection in the presence and absence of a highly selective
pharmacological inhibitor of P2Y13, and sST2, a decoy IL-33 receptor.

2 Materials and methods
2.1 Preparation of |IAV

The pandemic influenza A/California/07/2009 (CA07) virus
(29) used in this study was provided by Dr. Mari Numata from
National Jewish Health (NJH). Briefly, IAV was propagated in
Madin-Darby canine kidney (MDCK; ATCC, Manassas, VA,
USA) cells in Dulbecco’s Modified Eagles Medium (DMEM;
Thermo Fisher Scientific, Waltham, MA, USA), supplemented
with 10% fetal calf serum (MilliporeSigma, Burlington, MA,
USA), L-glutamine, penicillin-streptomycin, and 1.5 ug/mL of N-
tosyl-Lphenylalanine chloromethyl ketone (TPCK)-treated trypsin
(Thermo Fisher Scientific, Waltham, MA, USA), harvested at 72
hour post-infection, and tittered by quantitative plaque assay using
MDCK cells as previously reported (29).

2.2 Murine models of house
dust mite-induced lung
inflammation and IAV infection

Tollip knockout (KO) mice on C57/BL6 background were
obtained from Dr. Liwu Li at Virginia Polytechnic Institute and
State University and bred at the NJH Biological Resource Center
(BRC). Wild-type (WT) C57BL/6 mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA). Mice were housed at
NJH BRC under pathogen-free housing conditions and maintained
on a 12-hour light-dark cycle with access to food and water. The
Institutional Animal Care and Use Committee at NJH approved all
the experiments. Groups of Tollip KO and WT mice (8-12 weeks
old, both females and males) with age and gender matched, were
assigned to four treatment groups, phosphate buffered saline (PBS)
as control, HDM, IAV and HDM+IAV. Mice were lightly
anesthetized with isoflurane, then intranasally exposed to 10 pg of
HDM (30) or PBS on days 0 and 7, and then challenged daily with
HDM at days 14-16. Two days after the last HDM challenge, mice
were inoculated intranasally with 1x10* pfu/mouse of IAV in 50 L
of PBS or 50 pL of PBS (17). Mice were sacrificed at day 7 and day
10 post IAV infection (Supplementary Figure 1).
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2.3 Soluble ST2 (sST2) treatment during 1AV
infection in HDM-challenged mice

Using the HDM and IAV infection model as described above,
Tollip KO and WT mice were intranasally inoculated with 10 pg of
recombinant mouse ST2 (R&D Systems, Minneapolis, MN, USA),
or IgG control (17), in 50 uL of PBS on day 8 and day 9 post IAV
infection. Mice were sacrificed on day 10 post infection.

2.4 Treatment of a selective ATP receptor
P2Y13 antagonist during IAV infection in
HDM-challenged and IAV-infected mice

Using the HDM and IAV infection model as described above,
Tollip KO mice were intraperitoneally treated with 50 pl of PBS
(control) or a highly selective ATP receptor P2Y13 antagonist
MRS2211 (TOCRIS, USA) (31) at 1 mg/kg body weight after one
hour of TAV infection, and then once daily on days 1, 4, 5 and 6 post
infection. Mice were sacrificed on days 7 and 10 post infection. The
dose of MRS2211 was chosen based on our pilot dose optimization
study and previously published research (27).

2.5 Mouse bronchoalveolar lavage fluid
and lung tissue processing

Mice were euthanized by intraperitoneal injection of
pentobarbital sodium (Fatal-Plus). BAL was performed with 1 mL
of sterile saline. Cell-free BAL fluid (BALF) was used for ELISA,
western blot analysis, and ATP measurement. Cytospin slides
prepared from BAL cells were stained with a Diff-Quick stain kit
(IMEB, San Marcos, CA, USA) for cell differential counts.
Leukocyte differentials were determined as a percentage of 500
counted leukocytes. Left lungs were saved in RLT (QIAGEN, MD,
USA) or radioimmunoprecipitation assay (RIPA) lysis bufter at -20°
C for gene or protein expression assays, respectively. The apical lobe
of the right lung was fixed in 10% formalin, embedded in paraffin,
and cut at 5-um thickness for histopathologic evaluation and

mucin staining.

2.6 Mouse lung histopathologic analysis
and mucin staining

Lung tissue sections were stained with hematoxylin and eosin
(H&E), and assessed blindly under a light microscope using the
histopathological inflammatory scoring system as described
previously (32). Briefly, each tissue section was evaluated based
on five categories: a) the number of bronchiolar and bronchial sites
with inflammatory cells infiltrate, b) the severity of infiltrate of
inflammatory cells, ¢) the severity of bronchiolar and bronchial
luminal exudate, d) the frequency of perivascular inflammatory
cells infiltrate, and e) the severity of parenchymal pneumonia. In
addition, airway mucin production was identified by PAS staining
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and analyzed. Medium-sized airways were examined for
quantifying airway mucins (33, 34). The area of mucins in the
epithelium of five complete airways per mouse was evaluated using
the NIH ImageJ software (National Institutes of Health, Bethesda,
MD). The results were expressed as airway mucin area/total airway
epithelium area (percentage).

2.7 Western blot analysis

IL-33 released into mouse BALF was measured via western blot
as previously described (17). An equal volume of BALF (25 pl) was
run on 15% polyacrylamide gels, and proteins were separated via
denaturing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Briefly, proteins were transferred to
a polyvinylidene difluoride (PVDF) membrane (Millipore, USA),
blocked with 5% skimmed milk (Sigma, USA), and incubated with a
goat anti-mouse IL-33 antibody (1:500, AF3626; R&D Systems,
Minneapolis, MN, USA) overnight at 4°C, followed by detection
with a horseradish peroxidase-conjugated secondary antibody
against goat (1:3000, HAF017; R&D Systems, Minneapolis, MN,
USA). The signal was developed using the chemiluminescent
method recommended by the manufacturer (ECL, USA) and
captured using a Fotodyne imaging system (Fotodyne, Inc.,
Hartland, WI, USA). Western blotting of BALF soluble E-
cadherin - an indicator of lung epithelial integrity or injury was
performed. Briefly, an equal volume of mouse BALF was run on 8%
polyacrylamide gels, and probed with a goat anti-mouse E-cadherin
antibody (R&D Systems). The densitometry values in equal
volumes (25 ul) of BALF were used to indicate IL-33 or E-
cadherin levels. Protein levels in the control group of WT mice
were used to normalize those in other groups of mice.

2.8 Measurements of adenosine
triphosphate, lactate dehydrogenase
and cytokines

ATP in BALF was assessed using a Fluorometric Assay Kit
(SIGMA ALDRICH, MO, USA). The LDH detection kit (Roche
Diagnostics, Indianapolis, IN, USA) was used to assess the cytotoxic
effect of different treatments. Data were expressed as the fold
changes of different groups versus the control groups. Mouse
CXCL1/KC ELISA kit (R&D Systems Inc. Minneapolis, MN,
USA) was used to quantify KC in BALF.

2.9 Quantitative real-time PCR

TagMan real-time PCR assays including primers and probes
were purchased from ThermoFisher (Waltham, MA, USA) to assess
mRNA expression of IL-5 (assay ID: Mm00439646_ml), IL-13
(assay ID: Mm00434204_m1) and Muc5ac (assay ID:
Mm01276718_m1). Lung tissue INF- and IAV expression was
measured with custom-made primers and probe (Integrated DNA
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Technologies, Coralville, IA). Briefly, specific primers and probes
used to amplify INF-f gene are: forward primer: 5'-
GACGGAGAAGATGCAGAAGAG-3', reverse primer: 5'-
CCACCCAGTGCTGGAGAA-3', probe: 5'"-FAM/
TGCCTTTGCCATCCAAGAGAT-3'. Specific primers and probes
(17) were used to amplify M1 protein of IAV: forward primer: 5’
GACCRATCCTGTCACCTCTGAC-3’, reverse primer: 5'-
AGGGCATTYTGGACAAAKCG TCTA-3', probe: 5'- FAM/
TGCAGTCCTCGCTCACTGGGCACG-3'. Target gene
expression was normalized to the housekeeping gene 18S rRNA
(catalog number: 4310893E, ThermoFisher, Waltham, MA, USA).
The comparative threshold cycle method (AACt) was applied to
determine the relative levels of target genes.

2.10 Statistical analysis

GraphPad Prism version 8.0 software was used for all statistical
analyses. Parametric data were analyzed using 1-way analysis of variance
(ANOVA) followed by a Tukey post hoc test for multiple comparisons.
Nonparametric data were analyzed using the Kruskal-Wallis test for
multiple comparisons or the Mann-Whitney test for two-group
comparisons. A p-value <0.05 was considered to be significant.

3 Results

3.1 Tollip deficiency exaggerated type 2
airway inflammation in HDM-challenged
and IAV-infected mice

In wild-type (WT) mice, HDM increased eosinophils in BALF
at day 9 and 12 after the last HDM challenge (or 7 and 10 days after
IAV) (Figures 1A, B). IAV alone in WT mice slightly increased
airway eosinophils at day 7 post infection (7 dpi), which became
significant at 10 dpi. While IAV infection in HDM-challenged WT
mice trended to decrease eosinophil levels at 7 dpi, it significantly
increased eosinophil levels at 10 dpi. After 7 days of IAV infection,
Tollip deficient versus WT mice had lower levels of airway
eosinophils following the treatments with HDM alone, IAV alone
or combination of both HDM and IAV. However, HDM-challenged
Tollip deficient mice with TAV infection trended to have higher
levels of eosinophils compared to HDM or IAV alone at 7 dpi.
Notably, after 10 days of viral infection, Tollip deficient mice treated
with HDM and TAV had significantly higher levels of eosinophils
than WT mice (Figure 1B).

We next examined the lung tissue histopathology to expand our
findings of BALF inflammation in Tollip deficient mice at 10 dpi.
The HDM-challenged Tollip KO (vs. WT) mice with IAV infection
showed a significantly higher histopathology score (Figure 1C),
indicating more severe inflammation, including eosinophils around
airways and in the alveolar space (Figure 1D).

Eosinophil recruitment into the lung is regulated by type 2
cytokines, including IL-13 and IL-5 (35). IL-13 and IL-5 mRNA
expression was increased by HDM in WT mice at 7 dpi, but not at
10 dpi. However, in the presence of both HDM and IAV infection,
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IL-5 increased in WT mice at 10 dpi. Tollip deficient (versus WT)
mice treated with HDM and IAV significantly increased IL-13 and
IL-5 mRNA expression at 7 dpi and 10 dpi (Figures 2A-D).

One of the key features of type 2 inflammation is excessive
airway mucin expression or goblet cell metaplasia. As shown in
Figures 3A, B, like the BALF eosinophil data, HDM and IAV
infection increased lung tissue Muc5ac mRNA expression at 10
dpi in Tollip KO mice as compared to WT mice, which was
supported by mucin protein PAS positively stained goblet cells
(Figure 3C). Representative photomicrographs of airway mucin
PAS staining were shown in Figure 3D.

3.2 Tollip-deficiency sustained airway
neutrophilic inflammation in HDM-
challenged and IAV-infected mice

Our previous study demonstrated that Tollip deficiency
increased airway neutrophil levels after IAV infection alone (no
allergen challenges) (17). Here, we extended our previous data in
that Tollip deficient (vs. WT) mice treated with both HDM and IAV
also had significantly higher levels of neutrophils in BALF at 10 dpi,
but not at 7 dpi (Figures 4A, B). Interestingly, neutrophil
chemokine KC preceded the increased levels of neutrophils as it
was increased at 7 dpi, but not at 10 dpi in Tollip KO mice treated
with HDM and IAV (Figures 4C, D). Unlike eosinophil and
neutrophil data, the levels of macrophages and lymphocytes were
not significantly different among various groups of mice.

3.3 Tollip deficiency promoted the release
of IL-33 and blocking of IL-33 signaling
inhibited type 2 inflammation

IL-33, an upstream regulator of IL-13 in vivo, can be induced
during viral infection (36). Given the existence of different isoforms
of IL-33, including full-length (35 kDa) and active forms (18- 25
kDa), we utilized western blot to identify and quantify all isoforms
of IL-33 in BALF (Figures 5A, B). Both 20 kDa and 25 kDa of IL-33,
the fragmented (activated) isoforms derived from the full-length IL-
33, were detected in BALF. Release of both 20 and 25 kDa increased
similarly in WT and Tollip KO mice by IAV alone or combination
of HDM and IAV at 7 dpi. However, at 10 dpi, Tollip KO mice
treated with IAV and HDM + IAV had significantly higher levels of
IL-33 than the WT mice.

To determine if increased IL-33 release due to Tollip deficiency
is necessary for exaggerated eosinophilic inflammation in Tollip KO
mice at 10 dpi, we treated the mice with sST2 between 7 and 10 dpi
(Figure 6A). Administration of sST2 significantly reduced airway
eosinophilic inflammation (Figure 6B) and histopathology score
(Figure 6C), indicating less severe inflammation around the airways
and in the alveolar space (Figure 6D). In addition, mRNA
expression of IL-5 and Muc5ac significantly decreased in Tollip
KO, but not in WT mice (Figures 6E, F). Additionally, sST2
treatment significantly reduced PAS stained goblet cells at 10 dpi
in both WT and Tollip KO mice (Figure 6G). Representative
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FIGURE 1

House dust mite (HDM)-challenged Tollip KO mice exaggerated lung type 2 inflammation during influenza A virus (IAV) infection. (A, B) Eosinophil
counts in bronchoalveolar lavage fluid (BALF) of wild-type and Tollip KO mice treated with HDM and/or IAV and sacrificed at day 7 (7 dpi) and day 10
(10 dpi) after IAV infection. (C) Histopathology score, and (D) H&E staining of mouse lung tissues collected at 10 dpi. Black and blue arrows indicate
leukocyte infiltration around airways and in the alveolar space, respectively. To identify inflammatory cell types (original magnification, x200), higher
magnification (x400 and x1000), of the framed inflammation area is shown in panels (i, j). The red arrows indicate eosinophils in the submucosa and

alveolar space. Data is expressed as the median of n = 4-7 mice/group.

photomicrographs of airway mucin PAS staining after sST2
treatment were shown in Figure 6H.

To determine if increased IL-33 release observed in Tollip KO mice
at 10 dpi was associated with lung epithelial injury, soluble E-cadherin
was measured in BALF as the respiratory viral infection was shown to
increase the release of E-cadherin (37). Both WT and Tollip KO mice
similarly and significantly increased E-cadherin release than their non-
infected control groups (Supplementary Figure 2), suggesting that
disruption of the airway epithelial barrier may not be a mechanism
for the excessive release of IL-33 due to Tollip deficiency.
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3.4 Blocking ATP signaling inhibited
IL-33 release and eosinophilic
inflammation in Tollip deficient
mice treated with HDM and |AV

How IL-33 is released is not well understood. Recent studies
reported that IL-33 can be actively released via increased
extracellular ATP (23, 27). We found that IAV infection
increased ATP release into BALF in WT mice at 7 dpi, which was
amplified by HDM. Tollip deficiency significantly augmented ATP
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Tollip deficiency increased type 2 cytokine expression during influenza A virus (IAV) infection in house dust mite (HDM)-challenged Tollip KO mice.
IL-13 (A, B) and IL-5 (C, D) mRNA expression levels in WT and Tollip KO mice sacrificed at 7 dpi (day post infection) and 10 dpi. Data is expressed as

the median of n = 4-7 mice/group.

release levels in response to IAV alone and combination of both
HDM and IAV at 7 dpi and 10 dpi (Figures 7A, B). To test whether
the increased ATP release is related to lung injury, lactate
dehydrogenase (LDH) as an indicator of tissue injury (38) was
assessed in BALF. There was no significant difference in LDH levels
between WT and Tollip KO mice treated with IAV or both HDM
and TAV at 7 dpi and 10 dpi (Supplementary Figure 3).

To determine if ATP is involved in IL-33 release and airway
eosinophilic inflammation in HDM-challenged and IAV-infected
Tollip KO mice, ATP signaling was blocked with MRS2211, a highly
selective P2Y13 antagonist (Figure 8A). After MRSS2211 treatment,
IL-33 release was significantly reduced at 7 dpi and 10 dpi
(Figure 8B). Likewise, airway eosinophil, but not neutrophil
recruitment was significantly attenuated by MRS2211 treatment
(Figures 8C, D).

3.5 Tollip deficiency delayed the
protective effect of allergen
challenges on IAV infection

The viral load in homogenized lung tissue was measured
(Figures 9A, B). Viral load was significantly higher in Tollip KO
mice than WT mice at both 7 dpi and 10 dpi in the absence of
presence of HDM challenges. In WT mice, HDM significantly
decreased lung viral load. Tollip deficiency either prevented (7

Frontiers in Immunology

dpi) or slowed (10 dpi) the decline of viral load by HDM. As shown
in Figures 9C, D, treatment with sST2 (vs. IgG control) significantly
increased the viral load and IFN-f expression in Tollip KO mice at
10 dpi. In contrast, administration of MRS2211 (vs. PBS) to Tollip
KO mice treated with both HDM and IAV significantly decreased
lung viral load at 7- and 10 dpi (Figure 9E). MRS2211 treatment
significantly reduced the expression of IFN-3 at 7 dpi, while there
was no significant change in the expression of IEN-f after 10 days of
IAV infection (Figure 9F).

4 Discussion

The mechanisms of asthma exacerbations remain unclear. Our
data demonstrated that Tollip deficiency may contribute to
excessive lung type 2 inflammation by amplifying the release of
ATP during viral infection and subsequently increasing the release
of IL-33. We found that in the early stage of IAV infection, Tollip
deficiency enhanced the expression of type 2 cytokines IL-13 and
IL-5 in HDM-challenged mice, followed by elevated levels of lung
eosinophils and airway mucin expression, another major feature of
type 2 asthma. Excessive production of mucin, particularly Muc5ac,
results in airway mucus plugging, persistent inflammation and
airway remodeling (39). Taken together, our data suggests that
Tollip deficiency may be one of the risk factors for virus-mediated

exacerbations of type 2 inflammation in allergic lungs.
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Mucin quantification in WT and Tollip KO mouse lung tissue. (A, B) Muc5ac mRNA expression levels in WT and Tollip KO mice at 7 dpi (day post

infection) and 10 dpi. (C) Morphometric analysis of mucin protein expressed

as a percentage of airway epithelium occupied by mucin protein.

(D) Representative photomicrographs of airway epithelial mucin PAS staining (arrows) in control (a, b), HDM (c, d), IAV (e, f) and HDM+IAV (g, h)

groups on day 10 post IAV infection. Original magnification, x 200. Data is e

xpressed as median of n = 4-7 mice/group.

One innovative aspect of our current study was to unravel the role
of Tollip in regulating IL-33 release during IAV infection in the
presence of type 2 inflammation. For the first time, we investigated
IL-33 release in HDM-challenged mice with viral infection. The role of
Tollip in the release of IL-33 appeared to be time-dependent as we only
observed a significant increase of IL-33 release at 10 dpi, but not 7 dpi.
The current study did not determine the cellular sources of IL-33
release in BAL fluid. It is possible that multiple types of cells may
contribute to the release of IL-33 as previous studies (40) found that
immune cells such as eosinophils, mast cells, macrophages, dendritic
cells, B cells, monocytes, and lung epithelial cells express IL-33. A
critical role of IL-33 signaling in Tollip deficiency-mediated
amplification of type 2 inflammation was supported by our data
showing that sST2, a decoy IL-33 receptor ST2L (41), significantly
reduced eosinophilic inflammation, Muc5ac and IL-5 expression. Our
data are in line with previous animal studies to block IL-33 signaling
(42, 43). We realize the complex role of sST2 in human asthma. High
levels of sST2 in serum or induced sputum samples have shown to be
predictive of asthma severity or asthma exacerbations (44-46), and
were associated with high numbers of neutrophils and eosinophils.
Whether sST2 plays a beneficial or detrimental role in human asthma
has not been clear. Interestingly, in asthmatic children with rhinovirus
infection, serum sST2 levels were reduced along with less IFN-8
expression (47). In addition, cultured human airway epithelial cells
reduced the release of sST2 after stimulation with a viral mimic polyl:C
(48). Together, sST2 treatment may be needed to reduce excessive
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inflammatory responses during viral infection. However, there may be
a side effect of sST2 treatment on viral infection as we have
demonstrated increased viral load by administration of sST2 in
Tollip deficient mice with HDM challenges.

Although IAV infection has been linked to IL-33 signaling (27),
the underlying mechanisms of IL-33 release in allergic lungs remain
unclear. Both passive (i.e., necrosis) and active (i.e., ATP signaling
without cell death) mechanisms have been proposed to explain IL-
33 release and activation (18, 49). Our data did not support cell
injury as a passive mechanism of Tollip deficiency-dependent IL-33
release as levels of E-cadherin and lactate dehydrogenase were not
significantly different between WT and Tollip KO mice. Another
IL-33 passive release mechanism involves necroptosis which
directly induces the release of nuclear IL-33 in its full-length (50).
The absence of IL-33 in its full-length in BALF indicated that this
process may not contribute to IL-33 release. Previous studies have
shown that exposure to aeroallergens or IAV infection leads to ATP
release (51, 52), which contributed to IL-33 production (27). We
found that IAV infection in HDM-challenged Tollip KO mice
augmented the ATP levels. Tollip is involved in the mitophagy
process in order to clean the damaged mitochondria (53).
Therefore, Tollip deficiency may be associated with failure to
clear damaged mitochondria and increased ATP release into the
cytosol or extracellular space, which may then increase the release of
IL-33 from the nuclei to the extracellular space to engage in IL-33
signaling in adjacent cells. Mechanistically, extracellular ATP may
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Blocking ATP receptor P2Y13 decreased IL-33 release and eosinophilic inflammation following house dust mite (HDM) challenges and influenza A
virus (IAV) infection in Tollip KO mice. (A) Study design for P2Y13 blocking in HDM-challenged Tollip KO mice. (B) Western blot of IL-33 release in
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6—7 mice/group.

increase of eosinophils in IAV-infected mice without HDM
challenges was much less despite similar IL-33 release at 10 dpi.
There are several potential mechanisms to explain this observation.
IAV infection is known to induce type I and type II interferons in
epithelial cells and immune cells, respectively (54). Recent studies
have revealed that IFN-a, -B and -y negatively regulate production
of type 2 cytokines (55-57). Furthermore, IFN-y produced during
TAV infection can inhibit IL-33-dependent type 2 inflammation
(58). We found that HDM pre-exposures had a protective effect on
the viral infection as viral load was reduced in wild-type mice,
which was consistent with previous studies (59-62). Notably, Tollip
deficiency abrogated or reduced the protective effect of HDM on
viral load. Second, we observed that blocking IL-33 and ATP
signaling yielded similar inhibition of type 2 inflammation, but
the outcome of viral level is the opposite. While the exact
mechanism remains unclear, it suggests that ATP and IL-33 may
utilize differ pathways to regulate viral infection. Data from our
current study and a recent publication (63) have shown the
protective role of type 2 inflammation in viral infection. Thus,
inhibition of type 2 inflammation by blocking IL-33 signaling (sST2
treatment) may serve as a primary mechanism for increased viral
load. The fact that inhibition of ATP signaling reduced both type 2
inflammation and viral load suggests that ATP signaling may have a
diverse role in viral infection. Indeed, previous studies suggest that
ATP signaling (e.g., extracellular ATP levels) reflects the severity of
viral infection (64) and contributes to virus production (65). Thus,
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it is likely that in our mouse model, ATP signaling regulates viral
infection in a type 2 inflammation-independent manner.
Extracellular ATP and purinergic receptors have been shown to
promote the entry of HIV into target cells (66). Additionally,
activation of P2Y purinergic receptors by IAV reduces alveolar
fluid clearance (AFC) and causes pneumonia (67). Therefore,
blocking ATP signaling may inhibit viral replication, but it should
be confirmed in future studies. Therefore, inhibiting ATP signaling
could be beneficial for inhibiting type 2 inflammation as well as viral
infection. Lastly, how Tollip inhibits ATP and IL-33 signaling
during TAV infection in HDM-challenged mice remains to be
determined. Given observed mitochondrial dysfunction such as
mitochondrial damage, production of excessive reactive oxygen
sepsis (ROS) and ATP release in allergen exposures, inflammation
and viral infection (25, 26, 68), the role of Tollip in mitochondrial
function warrants further study. A previous study (28) suggests that
Tollip by interacting with an E3 ubiquitin ligase Parkin is critical to
coordinate the delivery of mitochondrial-derived vesicles (MDVs)
to lysosomes for degradation. Therefore, it is possible that Tollip
deficiency may result in impaired clearance of MDVs containing
ATP synthase (69), leading to increased production of extracellular
ATP. The accumulated extracellular ATP subsequently increases
the release of IL-33 to enhance type 2 inflammation.

We realize some limitations to the current study. First, this
study focuses on the acute model of type 2 inflammation to address
the role of Tollip deficiency-mediated excessive ATP and IL-33
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Effect of Tollip deficiency on mouse lung influenza A virus (IAV) infection. (A, B) Tollip deficiency increased the viral load at both 7 and 10 dpi (day
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release in acute exacerbations of type 2-high asthma. Chronic
allergen challenge models can be considered to address the long-
term effect of Tollip deficiency on virus-mediated asthma
exacerbations. Second, we did not test which cell types including
ILC2 may produce type 2 cytokines in Tollip deficient mice with
increased IL-33 release as previous studies have demonstrated an
important role of ILC2 in IL-33-mediated type 2 cytokine expression
during viral infection (70). Third, to avoid the impact of
methacholine challenge on intracellular mucin levels (71-73), we

Frontiers in Immunology

did not measure airway resistance in Tollip deficient mice treated
with HDM and IAV to determine if Tollip deficiency increases
airway obstruction. Future experiments will be warranted to
determine the effect of Tollip deficiency-mediated IL-33 release
on airway obstruction. Fourth, the mechanisms by which Tollip
deficiency regulates mitochondrial function such as mitophagy and
ATP release need to be further explored. Fifth, we did not further
explore the underlying mechanisms by which HDM exposures
reduced viral load. Previous studies suggested that eosinophils
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may protect against viral infection (74). As HDM challenges
increased lung eosinophils, it is conceivable that viral load would
be decreased. As there are multiple mechanisms involved in viral
defense or clearance, therapeutic approaches to target type 2
inflammation should be carefully balanced with consideration of
viral infection. Finally, although we focused on the measurement of
neutrophil chemokine KC, there may be other cytokines (e.g., IL-
17) contributing to neutrophilic inflammation. We measured IL-17
mRNA expression in [AV-infected lung tissue at 10 dpi. Overall,
IAV-infected Tollip KO mice showed higher levels of IL-17 mRNA
expression. However, unlike KC data, IL-17 mRNA expression did
not differ between the IAV and IAV+HDM groups in both wild-
type and Tollip KO mice. Therefore, our data suggest that KC may
better indicate the changes of neutrophilic inflammation in our
mouse model.

In summary, our study, for the first time, demonstrated that
Tollip deficiency serves as a risk factor for exaggerating type 2
inflammation during IAV infection, potentially through the ATP/
IL-33 signaling axis (Figure 10). Our findings have the potential
therapeutic implication of using the ATP receptor antagonists to
treat excessive type 2 inflammation in patients with Tollip
deficiency who experience exacerbations associated with IAV or
other species of viral infections.

Frontiers in Immunology

12

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Animal Care and Use
Committee at National Jewish Health. The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

HN: Data curation, Investigation, Methodology, Writing — original
draft, Writing — review & editing. NS: Methodology, Writing — review
& editing. MK: Conceptualization, Investigation, Methodology,
Writing - review & editing. LL: Methodology, Writing - review &
editing. MN: Investigation, Methodology, Writing — review & editing.
HC: Conceptualization, Data curation, Funding acquisition,
Investigation, Project administration, Resources, Supervision,
Validation, Visualization, Writing — review & editing.

frontiersin.org


http://www.BioRender.com
http://www.rcsb.org
https://doi.org/10.3389/fimmu.2023.1304758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Nouri et al.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by National Institutes of Health
U19AI125357, RO1AI150082, RO1AI152504 and RO1AI161296.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Barnes NC. Can guideline-defined asthma control be achieved? The Gaining
Optimal Asthma Control study. Am J Respir Crit Care Med (2004) 170(8):830-1. doi:
10.1164/rccm.2408006

2. Jacoby DB. Virus-induced asthma attacks. JAMA (2002) 287(6):755-61. doi:
10.1001/jama.287.6.755

3. Johnston SL, Pattemore PK, Sanderson G, Smith S, Lampe F, Josephs L, et al.
Community study of role of viral infections in exacerbations of asthma in 9-11 year old
children. BMJ (1995) 310(6989):1225-9. doi: 10.1136/bmj.310.6989.1225

4. Mahut B, Refabert L, Marchac V, Iniguez JL, Aubertin G, Tamalet A, et al.
Influenza-like illness responsible for severe exacerbations in asthmatic children during
HINI pandemic: a survey before vaccination. J Asthma. (2011) 48(3):224-7. doi:
10.3109/02770903.2011.555032

5. Obuchi M, Adachi Y, Takizawa T, Sata T. Influenza A(HIN1)pdm09 virus and
asthma. Front Microbiol (2013) 4:307. doi: 10.3389/fmicb.2013.00307

6. Kloepfer KM, Olenec JP, Lee WM, Liu G, Vrtis RF, Roberg KA, et al. Increased
HINT1 infection rate in children with asthma. Am ] Respir Crit Care Med (2012) 185
(12):1275-9. doi: 10.1164/rccm.201109-16350C

7. Takano T, Tajiri H, Kashiwagi Y, Kimura S, Kawashima H. Cytokine and
chemokine response in children with the 2009 pandemic influenza A (HIN1) virus
infection. Eur ] Clin Microbiol Infect Dis (2011) 30(1):117-20. doi: 10.1007/s10096-010-
1041-9

8. Jartti T, Bonnelykke K, Elenius V, Feleszko W. Role of viruses in asthma. Semin
Immunopathol (2020) 42(1):61-74. doi: 10.1007/s00281-020-00781-5

9. Li X, Kim SE, Chen TY, Wang J, Yang X, Tabib T, et al. Toll interacting protein
protects bronchial epithelial cells from bleomycin-induced apoptosis. FASEB ] (2020)
34(8):9884-98. doi: 10.1096/£].201902636RR

10. Zhang G, Ghosh S. Negative regulation of toll-like receptor-mediated signaling
by Tollip. J Biol Chem (2002) 277(9):7059-65. doi: 10.1074/jbc.M109537200

11. Didierlaurent A, Brissoni B, Velin D, Aebi N, Tardivel A, Kaslin E, et al. Tollip
regulates proinflammatory responses to interleukin-1 and lipopolysaccharide. Mol Cell
Biol (2006) 26(3):735-42. doi: 10.1128/MCB.26.3.735-742.2006

12. Tto Y, Schaefer N, Sanchez A, Francisco D, Alam R, Martin RJ, et al. Toll-
interacting protein, tollip, inhibits IL-13-mediated pulmonary eosinophilic
inflammation in mice. J Innate Immun (2018) 10(2):106-18. doi: 10.1159/000485850

13. Pokatayev V, Yang K, Tu X, Dobbs N, Wu J, Kalb RG, et al. Homeostatic
regulation of STING protein at the resting state by stabilizer TOLLIP. Nat Immunol
(2020) 21(2):158-67. doi: 10.1038/s41590-019-0569-9

14. Li X, Goobie GC, Zhang Y. Toll-interacting protein impacts on inflammation,
autophagy, and vacuole trafficking in human disease. ] Mol Med (Berl) (2021) 99(1):21-
31. doi: 10.1007/s00109-020-01999-4

15. Noth I, Zhang Y, Ma SF, Flores C, Barber M, Huang Y, et al. Genetic variants
associated with idiopathic pulmonary fibrosis susceptibility and mortality: a genome-
wide association study. Lancet Respir Med (2013) 1(4):309-17. doi: 10.1016/S2213-
2600(13)70045-6

16. Huang C, Jiang D, Francisco D, Berman R, Wu Q, Ledford JG, et al. Tollip SNP
rs5743899 modulates human airway epithelial responses to rhinovirus infection. Clin
Exp Allergy (2016) 46(12):1549-63. doi: 10.1111/cea.12793

17. Schaunaman N, Dimasuay KG, Cervantes D, Li L, Numata M, Kraft M, et al.
Tollip inhibits IL-33 release and inflammation in influenza A virus-infected mouse
airways. ] Innate Immun (2022) 15(1):1-11. doi: 10.1159/000525315

Frontiers in Immunology

13

10.3389/fimmu.2023.1304758

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1304758/full#supplementary-material

18. Ravanetti L, Dijkhuis A, Dekker T, Sabogal Pineros YS, Ravi A, Dierdorp BS,
et al. IL-33 drives influenza-induced asthma exacerbations by halting innate and
adaptive antiviral immunity. J Allergy Clin Immunol (2019) 143(4):1355-1370.e1316.
doi: 10.1016/j.jaci.2018.08.051

19. Smith DE. IL-33: a tissue derived cytokine pathway involved in allergic
inflammation and asthma. Clin Exp Allergy (2010) 40(2):200-8. doi: 10.1111/
j.1365-2222.2009.03384.x

20. Liew FY, Girard JP, Turnquist HR. Interleukin-33 in health and disease. Nat Rev
Immunol (2016) 16(11):676-89. doi: 10.1038/nri.2016.95

21. Carr TF, Berdnikovs S, Simon HU, Bochner BS, Rosenwasser LJ. Eosinophilic
bioactivities in severe asthma. World Allergy Organ J (2016) 9:21. doi: 10.1186/s40413-
016-0112-5

22. Ravanetti L, Dijkhuis A, Sabogal Pineros YS, Bal SM, Dierdorp BS, Dekker T,
et al. An early innate response underlies severe influenza-induced exacerbations of
asthma in a novel steroid-insensitive and anti-IL-5-responsive mouse model. Allergy
(2017) 72(5):737-53. doi: 10.1111/all.13057

23. Uchida M, Anderson EL, Squillace DL, Patil N, Maniak PJ, Iijima K, et al.
Oxidative stress serves as a key checkpoint for IL-33 release by airway epithelium.
Allergy (2017) 72(10):1521-31. doi: 10.1111/all.13158

24. Aizawa H, Koarai A, Shishikura Y, Yanagisawa S, Yamaya M, Sugiura H, et al.
Oxidative stress enhances the expression of IL-33 in human airway epithelial cells.
Respir Res (2018) 19(1):52. doi: 10.1186/s12931-018-0752-9

25. To EE, Erlich JR, Liong F, Luong R, Liong S, Esaq F, et al. Mitochondrial reactive
oxygen species contribute to pathological inflammation during influenza A virus infection in
mice. Antioxid Redox Signal (2020) 32(13):929-42. doi: 10.1089/ars.2019.7727

26. Riteau N, Gasse P, Fauconnier L, Gombault A, Couegnat M, Fick L, et al. Extracellular
ATP is a danger signal activating P2X7 receptor in lung inflammation and fibrosis. Am ]
Respir Crit Care Med (2010) 182(6):774-83. doi: 10.1164/rccm.201003-03590C

27. Werder RB, Ullah MA, Rahman MM, Simpson J, Lynch JP, Collinson N, et al.
Targeting the P2Y(13) receptor suppresses IL-33 and HMGBI release and ameliorates
experimental asthma. Am J Respir Crit Care Med (2022) 205(3):300-12. doi: 10.1164/
rcem.202009-36860C

28. Ryan TA, Phillips EO, Collier CL, Jb Robinson A, Routledge D, Wood RE, et al.
Tollip coordinates Parkin-dependent trafficking of mitochondrial-derived vesicles.
EMBO ] (2020) 39(11):€102539. doi: 10.15252/embj.2019102539

29. Numata M, Mitchell JR, Tipper JL, Brand JD, Trombley JE, Nagashima Y, et al.
Pulmonary surfactant lipids inhibit infections with the pandemic HINT influenza virus in
several animal models. ] Biol Chem (2020) 295(6):1704-15. doi: 10.1074/jbc.RA119.012053

30. Dimasuay KG, Schaunaman N, Martin RJ, Pavelka N, Kolakowski C, Gottlieb
RA, et al. Parkin, an E3 ubiquitin ligase, enhances airway mitochondrial DNA release
and inflammation. Thorax. (2020) 75(9):717-24. doi: 10.1136/thoraxjnl-2019-214158

31. Kim YC, Lee JS, Sak K, Marteau F, Mamedova L, Boeynaems JM, et al. Synthesis
of pyridoxal phosphate derivatives with antagonist activity at the P2Y13 receptor.
Biochem Pharmacol (2005) 70(2):266-74. doi: 10.1016/j.bcp.2005.04.021

32. Cimolai N, Taylor GP, Mah D, Morrison BJ. Definition and application of a
histopathological scoring scheme for an animal model of acute Mycoplasma
pneumoniae pulmonary infection. Microbiol Immunol (1992) 36(5):465-78. doi:
10.1111/§.1348-0421.1992.tb02045.x

33. Chu HW, Honour JM, Rawlinson CA, Harbeck RJ, Martin R]J. Effects of
respiratory Mycoplasma pneumoniae infection on allergen-induced bronchial

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1304758/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1304758/full#supplementary-material
https://doi.org/10.1164/rccm.2408006
https://doi.org/10.1001/jama.287.6.755
https://doi.org/10.1136/bmj.310.6989.1225
https://doi.org/10.3109/02770903.2011.555032
https://doi.org/10.3389/fmicb.2013.00307
https://doi.org/10.1164/rccm.201109-1635OC
https://doi.org/10.1007/s10096-010-1041-9
https://doi.org/10.1007/s10096-010-1041-9
https://doi.org/10.1007/s00281-020-00781-5
https://doi.org/10.1096/fj.201902636RR
https://doi.org/10.1074/jbc.M109537200
https://doi.org/10.1128/MCB.26.3.735-742.2006
https://doi.org/10.1159/000485850
https://doi.org/10.1038/s41590-019-0569-9
https://doi.org/10.1007/s00109-020-01999-4
https://doi.org/10.1016/S2213-2600(13)70045-6
https://doi.org/10.1016/S2213-2600(13)70045-6
https://doi.org/10.1111/cea.12793
https://doi.org/10.1159/000525315
https://doi.org/10.1016/j.jaci.2018.08.051
https://doi.org/10.1111/j.1365-2222.2009.03384.x
https://doi.org/10.1111/j.1365-2222.2009.03384.x
https://doi.org/10.1038/nri.2016.95
https://doi.org/10.1186/s40413-016-0112-5
https://doi.org/10.1186/s40413-016-0112-5
https://doi.org/10.1111/all.13057
https://doi.org/10.1111/all.13158
https://doi.org/10.1186/s12931-018-0752-9
https://doi.org/10.1089/ars.2019.7727
https://doi.org/10.1164/rccm.201003-0359OC
https://doi.org/10.1164/rccm.202009-3686OC
https://doi.org/10.1164/rccm.202009-3686OC
https://doi.org/10.15252/embj.2019102539
https://doi.org/10.1074/jbc.RA119.012053
https://doi.org/10.1136/thoraxjnl-2019-214158
https://doi.org/10.1016/j.bcp.2005.04.021
https://doi.org/10.1111/j.1348-0421.1992.tb02045.x
https://doi.org/10.3389/fimmu.2023.1304758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Nouri et al.

hyperresponsiveness and lung inflammation in mice. Infect Immun (2003) 71(3):1520—
6. doi: 10.1128/1A1.71.3.1520-1526.2003

34. Chu HW, Jeyaseelan S, Rino JG, Voelker DR, Wexler RB, Campbell K, et al.
TLR2 signaling is critical for Mycoplasma pneumoniae-induced airway mucin
expression. ] Immunol (2005) 174(9):5713-9. doi: 10.4049/jimmunol.174.9.5713

35. Pope SM, Brandt EB, Mishra A, Hogan SP, Zimmermann N, Matthaei K, et al. IL-13
induces eosinophil recruitment into the lung by an IL-5- and eotaxin-dependent mechanism.
J Allergy Clin Immunol (2001) 108(4):594-601. doi: 10.1067/mai.2001.118600

36. Kim HY, Chang YJ, Subramanian S, Lee HH, Albacker LA, Matangkasombut P,
et al. Innate lymphoid cells responding to IL-33 mediate airway hyperreactivity
independently of adaptive immunity. J Allergy Clin Immunol (2012) 129(1):216-
227.€211-216. doi: 10.1016/j.jaci.2011.10.036

37. Smallcombe CC, Linfield DT, Harford TJ, Bokun V, Ivanov Al, Piedimonte G,
et al. Disruption of the airway epithelial barrier in a murine model of respiratory
syncytial virus infection. Am J Physiol Lung Cell Mol Physiol (2019) 316(2):L358-68.
doi: 10.1152/ajplung,00345.2018

38. Khan AA, Allemailem KS, Alhumaydhi FA, Gowder SJT, Rahmani AH. The
biochemical and clinical perspectives of lactate dehydrogenase: an enzyme of active
metabolism. Endocr Metab Immune Disord Drug Targets (2020) 20(6):855-68.
doi: 10.2174/1871530320666191230141110

39. Bonser LR, Erle DJ. Airway mucus and asthma: the role of MUC5AC and
MUCSB. J Clin Med (2017) 6(12):112. doi: 10.3390/jcm6120112

40. Drake LY, Kita H. IL-33: biological properties, functions, and roles in airway
disease. Immunol Rev (2017) 278(1):173-84. doi: 10.1111/imr.12552

41. Saikumar Jayalatha AK, Hesse L, Ketelaar ME, Koppelman GH, Nawijn MC. The
central role of IL-33/IL-1RL1 pathway in asthma: From pathogenesis to intervention.
Pharmacol Ther (2021) 225:107847. doi: 10.1016/j.pharmthera.2021.107847

42. Lee HY, Rhee CK, Kang JY, Byun JH, Choi JY, Kim §J, et al. Blockade of IL-33/
ST2 ameliorates airway inflammation in a murine model of allergic asthma. Exp Lung
Res (2014) 40(2):66-76. doi: 10.3109/01902148.2013.870261

43. Warren KJ, Poole JA, Sweeter J]M, DeVasure JM, Dickinson JD, Peebles RS]r., et al.
Neutralization of IL-33 modifies the type 2 and type 3 inflammatory signature of viral
induced asthma exacerbation. Respir Res (2021) 22(1):206. doi: 10.1186/s12931-021-01799-5

44. Watanabe M, Nakamoto K, Inui T, Sada M, Honda K, Tamura M, et al. Serum
sST2 levels predict severe exacerbation of asthma. Respir Res (2018) 19(1):169. doi:
10.1186/s12931-018-0872-2

45. Oshikawa K, Kuroiwa K, Tago K, Iwahana H, Yanagisawa K, Ohno S, et al. Elevated
soluble ST2 protein levels in sera of patients with asthma with an acute exacerbation. Am |
Respir Crit Care Med (2001) 164(2):277-81. doi: 10.1164/ajrccm.164.2.2008120

46. Hamzaoui A, Berraies A, Kaabachi W, Haifa M, Ammar J, Kamel H. Induced
sputum levels of IL-33 and soluble ST2 in young asthmatic children. J Asthma. (2013)
50(8):803-9. doi: 10.3109/02770903.2013.816317

47. Haag P, Sharma H, Rauh M, Zimmermann T, Vuorinen T, Papadopoulos NG,
et al. Soluble ST2 regulation by rhinovirus and 25(OH)-vitamin D3 in the blood of
asthmatic children. Clin Exp Immunol (2018) 193(2):207-20. doi: 10.1111/cei.13135

48. Kaur D, Chachi L, Gomez E, Sylvius N, Singh SR, Ramsheh MY, et al. ST2
expression and release by the bronchial epithelium is downregulated in asthma. Allergy
(2020) 75(12):3184-94. doi: 10.1111/all.14436

49. Le Goffic R, Arshad MI, Rauch M, L'Helgoualch A, Delmas B, Piquet-Pellorce C,
et al. Infection with influenza virus induces IL-33 in murine lungs. Am J Respir Cell Mol
Biol (2011) 45(6):1125-32. doi: 10.1165/rcmb.2010-05160C

50. Shlomovitz I, Erlich Z, Speir M, Zargarian S, Baram N, Engler M, et al.
Necroptosis directly induces the release of full-length biologically active IL-33 in
vitro and in an inflammatory disease model. FEBS J (2019) 286(3):507-22. doi:
10.1111/febs.14738

51. Idzko M, Hammad H, van Nimwegen M, Kool M, Willart MA, Muskens F, et al.
Extracellular ATP triggers and maintains asthmatic airway inflammation by activating
dendritic cells. Nat Med (2007) 13(8):913-9. doi: 10.1038/nm1617

52. Keshavarz M, Solaymani-Mohammadi F, Namdari H, Arjeini Y, Mousavi MJ,
Rezaei F. Metabolic host response and therapeutic approaches to influenza infection.
Cell Mol Biol Lett (2020) 25:15. doi: 10.1186/s11658-020-00211-2

53. Shin WH, Chung KC. Tollip negatively regulates mitophagy by promoting the
mitochondrial processing and cytoplasmic release of PINK1. BMB Rep (2022) 55
(10):494-9. doi: 10.5483/BMBRep.2022.55.10.082

Frontiers in Immunology

14

10.3389/fimmu.2023.1304758

54. Wu W, Metcalf JP. The role of type I IFNs in influenza: antiviral superheroes or
immunopathogenic villains? J Innate Immun (2020) 12(6):437-47. doi: 10.1159/000508379

55. Pritchard AL, Carroll ML, Burel JG, White OJ, Phipps S, Upham JW. Innate
IFNs and plasmacytoid dendritic cells constrain Th2 cytokine responses to rhinovirus:
a regulatory mechanism with relevance to asthma. J Immunol (2012) 188(12):5898-
905. doi: 10.4049/jimmunol.1103507

56. Gonzales-van Horn SR, Farrar JD. Interferon at the crossroads of allergy and
viral infections. J Leukoc Biol (2015) 98(2):185-94. doi: 10.1189/j1b.3RU0315-099R

57. Bruselle GG, Kips JC, Peleman RA, Joos GF, Devos RR, Tavernier JH, et al. Role
of IFN-gamma in the inhibition of the allergic airway inflammation caused by IL-12.
Am ] Respir Cell Mol Biol (1997) 17(6):767-71. doi: 10.1165/ajrcmb.17.6.2820

58. Califano D, Furuya Y, Roberts S, Avram D, McKenzie ANJ, Metzger DW. IFN-
gamma increases susceptibility to influenza A infection through suppression of group II
innate lymphoid cells. Mucosal Immunol (2018) 11(1):209-19. doi: 10.1038/mi.2017.41

59. Furuya Y, Furuya AK, Roberts S, Sanfilippo AM, Salmon SL, Metzger DW.
Prevention of influenza virus-induced immunopathology by TGF-beta produced during
allergic asthma. PloS Pathog (2015) 11(9):¢1005180. doi: 10.1371/journal.ppat.1005180

60. Samarasinghe AE, Woolard SN, Boyd KL, Hoselton SA, Schuh JM, McCullers
JA. The immune profile associated with acute allergic asthma accelerates clearance of
influenza virus. Immunol Cell Biol (2014) 92(5):449-59. doi: 10.1038/icb.2013.113

61. An S, Jeon Y], Jo A, Lim HJ, Han YE, Cho SW, et al. Initial influenza virus
replication can be limited in allergic asthma through rapid induction of type III
interferons in respiratory epithelium. Front Immunol (2018) 9:986. doi:
10.3389/fimmu.2018.00986

62. Liuzzo Scorpo M, Ferrante G, La Grutta S. An overview of asthma and COVID-
19: protective factors against SARS-COV-2 in pediatric patients. Front Pediatr (2021)
9:661206. doi: 10.3389/fped.2021.661206

63. Doni Jayavelu N, Altman MC, Benson B, Dufort MJ, Vanderwall ER, Rich LM,
etal. Type 2 inflammation reduces SARS-CoV-2 replication in the airway epithelium in
allergic asthma through functional alteration of ciliated epithelial cells. J Allergy Clin
Immunol (2023) 152(1):56-67. doi: 10.1016/j.jaci.2023.03.021

64. da Silva GB, Manica D, da Silva AP, Kosvoski GC, Hanauer M, Assmann CE,
et al. High levels of extracellular ATP lead to different inflammatory responses in
COVID-19 patients according to the severity. J] Mol Med (Berl) (2022) 100(4):645-63.
doi: 10.1007/s00109-022-02185-4

65. Chang CW, Li HC, Hsu CF, Chang CY, Lo SY. Increased ATP generation in the
host cell is required for efficient vaccinia virus production. ] BioMed Sci (2009) 16(1):80.
doi: 10.1186/1423-0127-16-80

66. Seror C, Melki MT, Subra F, Raza SQ, Bras M, Saidi H, et al. Extracellular ATP
acts on P2Y2 purinergic receptors to facilitate HIV-1 infection. J Exp Med (2011) 208
(9):1823-34. doi: 10.1084/jem.20101805

67. Paoletti A, Raza SQ, Voisin L, Law F, Pipoli da Fonseca ], Caillet M, et al.
Multifaceted roles of purinergic receptors in viral infection. Microbes Infect (2012) 14
(14):1278-83. doi: 10.1016/j.micinf.2012.05.010

68. Tang W, Dong M, Teng F, Cui J, Zhu X, Wang W, et al. Environmental allergens
house dust mite-induced asthma is associated with ferroptosis in the lungs. Exp Ther
Med (2021) 22(6):1483. doi: 10.3892/etm.2021.10918

69. Hazan Ben-Menachem R, Lintzer D, Ziv T, Das K, Rosenhek-Goldian I, Porat Z, et al.
Mitochondrial-derived vesicles retain membrane potential and contain a functional ATP
synthase. EMBO Rep (2023) 24(5):e56114. doi: 10.15252/embr.202256114

70. Fonseca W, Lukacs NW, Elesela S, Malinczak CA. Role of ILC2 in viral-induced
lung pathogenesis. Front Immunol (2021) 12:675169. doi: 10.3389/fimmu.2021.675169

71. Jaramillo AM, Piccotti L, Velasco WV, Delgado ASH, Azzegagh Z, Chung F,
et al. Different Muncl8 proteins mediate baseline and stimulated airway mucin
secretion. JCI Insight (2019) 4(6):e124815. doi: 10.1172/jci.insight.124815

72. Fischer AJ, Pino-Argumedo MI, Hilkin BM, Shanrock CR, Gansemer ND, Chaly
AL, et al. Mucus strands from submucosal glands initiate mucociliary transport of large
particles. JCI Insight (2019) 4(1):e124863. doi: 10.1172/jci.insight.124863

73. Webber SE, Widdicombe JG. The actions of methacholine, phenylephrine,
salbutamol and histamine on mucus secretion from the ferret in-vitro trachea.
Agents Actions (1987) 22(1-2):82-5. doi: 10.1007/BF01968821

74. Samarasinghe AE, Melo RC, Duan S, LeMessurier KS, Liedmann S, Surman SL,
et al. Eosinophils promote antiviral immunity in mice infected with influenza A virus. J
Immunol (2017) 198(8):3214-26. doi: 10.4049/jimmunol.1600787

frontiersin.org


https://doi.org/10.1128/IAI.71.3.1520-1526.2003
https://doi.org/10.4049/jimmunol.174.9.5713
https://doi.org/10.1067/mai.2001.118600
https://doi.org/10.1016/j.jaci.2011.10.036
https://doi.org/10.1152/ajplung.00345.2018
https://doi.org/10.2174/1871530320666191230141110
https://doi.org/10.3390/jcm6120112
https://doi.org/10.1111/imr.12552
https://doi.org/10.1016/j.pharmthera.2021.107847
https://doi.org/10.3109/01902148.2013.870261
https://doi.org/10.1186/s12931-021-01799-5
https://doi.org/10.1186/s12931-018-0872-2
https://doi.org/10.1164/ajrccm.164.2.2008120
https://doi.org/10.3109/02770903.2013.816317
https://doi.org/10.1111/cei.13135
https://doi.org/10.1111/all.14436
https://doi.org/10.1165/rcmb.2010-0516OC
https://doi.org/10.1111/febs.14738
https://doi.org/10.1038/nm1617
https://doi.org/10.1186/s11658-020-00211-2
https://doi.org/10.5483/BMBRep.2022.55.10.082
https://doi.org/10.1159/000508379
https://doi.org/10.4049/jimmunol.1103507
https://doi.org/10.1189/jlb.3RU0315-099R
https://doi.org/10.1165/ajrcmb.17.6.2820
https://doi.org/10.1038/mi.2017.41
https://doi.org/10.1371/journal.ppat.1005180
https://doi.org/10.1038/icb.2013.113
https://doi.org/10.3389/fimmu.2018.00986
https://doi.org/10.3389/fped.2021.661206
https://doi.org/10.1016/j.jaci.2023.03.021
https://doi.org/10.1007/s00109-022-02185-4
https://doi.org/10.1186/1423-0127-16-80
https://doi.org/10.1084/jem.20101805
https://doi.org/10.1016/j.micinf.2012.05.010
https://doi.org/10.3892/etm.2021.10918
https://doi.org/10.15252/embr.202256114
https://doi.org/10.3389/fimmu.2021.675169
https://doi.org/10.1172/jci.insight.124815
https://doi.org/10.1172/jci.insight.124863
https://doi.org/10.1007/BF01968821
https://doi.org/10.4049/jimmunol.1600787
https://doi.org/10.3389/fimmu.2023.1304758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Tollip deficiency exaggerates airway type 2 inflammation in mice exposed to allergen and influenza A virus: role of the ATP/IL-33 signaling axis
	1 Introduction
	2 Materials and methods
	2.1 Preparation of IAV
	2.2 Murine models of house dust mite-induced lung inflammation and IAV infection
	2.3 Soluble ST2 (sST2) treatment during IAV infection in HDM-challenged mice
	2.4 Treatment of a selective ATP receptor P2Y13 antagonist during IAV infection in HDM-challenged and IAV-infected mice
	2.5 Mouse bronchoalveolar lavage fluid and lung tissue processing
	2.6 Mouse lung histopathologic analysis and mucin staining
	2.7 Western blot analysis
	2.8 Measurements of adenosine triphosphate, lactate dehydrogenase and cytokines
	2.9 Quantitative real-time PCR
	2.10 Statistical analysis

	3 Results
	3.1 Tollip deficiency exaggerated type 2 airway inflammation in HDM-challenged and IAV-infected mice
	3.2 Tollip-deficiency sustained airway neutrophilic inflammation in HDM-challenged and IAV-infected mice
	3.3 Tollip deficiency promoted the release of IL-33 and blocking of IL-33 signaling inhibited type 2 inflammation
	3.4 Blocking ATP signaling inhibited IL-33 release and eosinophilic inflammation in Tollip deficient mice treated with HDM and IAV
	3.5 Tollip deficiency delayed the protective effect of allergen challenges on IAV infection

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


