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Virus-induced asthma exacerbation is a health burden worldwide and lacks effective
treatment. To better understand the disease pathogenesis and find novel therapeutic
targets, we established a mouse model of steroid (dexamethasone (DEX)) resistant
asthma exacerbation using ovalbumin (OVA) and influenza virus (FLU) infection. Using
liquid chromatography-tandem mass spectrometry (LC-MC/MS), we performed a
shotgun proteomics assay coupled with label-free quantification to define all
dysregulated proteins in the lung proteome of asthmatic mice. Compared to control,
71, 89, and 30 proteins were found significantly upregulated by at least two-fold (p-value ≤
0.05) in OVA-, OVA/FLU-, and OVA/FLU/DEX-treated mice, respectively. We then applied
a Z-score transformed hierarchical clustering analysis and Ingenuity Pathway Analysis
(IPA) to highlight the key inflammation pathways underlying the disease. Within all these
upregulated proteins, 64 proteins were uniquely highly expressed in OVA/FLU mice
compared to OVA mice; and 11 proteins were DEX-refractory. IPA assay revealed two of
the most enriched pathways associated with these over-expressed protein clusters were
those associated with MHC class I (MHC-I) antigen-presentation and interferon (IFN)
signaling. Within these pathways, signal-transducer-and-activator-of-transcription-1
(STAT1) protein was identified as the most significantly changed protein contributing to
the pathogenesis of exacerbation and the underlying steroid resistance based on the
label-free quantification; and this was further confirmed by both Parallel Reaction
Monitoring (PRM) proteomics assay and western blots. Further, the pharmacological
drug Fludarabine decreased STAT1 expression, restored the responsiveness of OVA/FLU
mice to DEX and markedly suppressed disease severity. Taken together, this study
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describes the proteomic profile underpinning molecular mechanisms of FLU-induced
asthma exacerbation and identifies STAT1 as a potential therapeutic target, more
importantly, we provided a novel therapeutic strategy that may be clinically translated
into practice.
Keywords: influenza infection, asthma exacerbation, steroid-resistance, inflammation, proteomics, pathway
analysis, STAT1 and fludarabine
INTRODUCTION

Asthma is a chronic inflammatory airway disorder, characterized
by wheezing, shortness of breath, coughing, and tightness of the
chest (1). Asthma exacerbation is an acute worsening of normal
asthma symptoms, which significantly decreases patients’
quality-of-life and remains as a major cause of disease
mortality in patients (2). The socioeconomic cost of asthma
exacerbation is a significant healthcare burden globally (3).

The most common triggers of asthma exacerbation are
respiratory viral infections (4). Rhinovirus (RV) and respiratory
syncytial virus (RSV) are two of the most common viral pathogens
causing asthma exacerbation (4). Exacerbations are characterized by
the induction of an exaggerated neutrophilic inflammation on the
background of an underlying type-2 immune response (known as
Th2 response), regulated by cytokines secreted from innate
lymphoid cells type-2 and CD4+ T-helper-2 lymphocytes (Th2
cells) (5). Although influenza virus (FLU)-induced asthma
exacerbation occurs less frequently, it is more refractory due to a
poorer response to current mainstay treatments (i.e steroid therapy)
compared to RSV and RV (6). Effective clinical management of viral
induced steroid-resistant asthma exacerbation remains a significant
unmet need. Therefore, there is an urgent need for the development
of innovative therapeutic strategies to treat asthma exacerbation,
especially during those linked to FLU seasons and/or
influenza pandemics.

Understanding of the underlying mechanisms of disease is
key to develop therapeutic approaches. Herein, to gain insight
into the molecular mechanisms operating during asthma
exacerbation, we established a mouse model of FLU-induced
exacerbation of asthma. This model mimics key clinical features
of the steroid-resistant severe asthma phenotype. Liquid
chromatography coupled with tandem mass spectrometry (LC-
MS/MS) and multiple bioinformatic software platforms were
then used to analyze the lung proteome during asthma
exacerbation. The proteins regulating MHC class I (MHC-I)
antigen-presentation and interferon (IFN) signaling pathways
were highly enriched, while signal-transducer-and-activator-of-
siveness; AB-PAS, alcian blue/periodic
fluid; DEX, dexamethasone; dpi, days
, Fludarabine; IFNs, interferons; i.n.,
enuity Pathway Analysis; LC-MS/MS,
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transcription-1 (STAT1) was among the most significantly
changed protein within these pathways. Furthermore, we
showed that pharmacological inhibition of STAT1 with
Fludarabine (currently employed clinically for cancer therapy)
coupled with dexamethasone (DEX) treatment significantly
reduced disease severity. Overall, our study provides a novel
insight into the molecular mechanisms of FLU-induced asthma
exacerbation and suggests a potential new clinically adaptable
therapeutic approach.
MATERIALS AND METHODS

Mouse Asthma Models
BALB/c wild type (WT) mice were sourced from the Animal
Services Unit facility and housed in a specific pathogen-
free environment.

MDCK (Madin-Darby Canine Kidney) cells were used to
produce the influenza virus (strain A/Puerto Rico/8/1934 H1N1)
as previously described (7). Plaque assay was used for titration,
which was calculated as plaque-forming units (PFU) per ml (8).
For the allergic asthma model, 6-8-week-old BALB/c mice were
sensitized with 50 µg ovalbumin (OVA, Sigma-Aldrich, USA) on
day 0 by intraperitoneal (i.p.) injection (or Phosphate-buffered
saline (PBS) for controls) and challenged by exposure to
nebulized 1% OVA solution for 30 minutes/day from day 13-
16. For the asthma exacerbation model, intranasal (i.n.) FLU
inoculation (100 PFU/mouse) was added on day 19. Where
indicated, mice were treated with Dexamethasone (DEX) (1
mg/kg, Sigma-Aldrich) in 200 µl of PBS by i.p. injection on
days 20 and 22, and/or Fludarabine (Flud) (0.75mg/mouse,
Selleck) in 200 µl of PBS from day 19-23. All endpoints were
assessed 5 days post-infection (dpi) (day 24).

Measurement of Lung Function and
Sample Collection
Lung function (airway hyperresponsiveness, AHR) was determined
using a Flexivent apparatus (FX1 system; Scireq, Montreal, Canada)
to measure airway resistance in response to incremental increases of
methacholine (MCh, Sigma-Aldrich) as described previously (9).
Bronchoalveolar lavage fluid (BALF) was collected by flushing the
right lobes as previously described (9). After red blood cell lysis, cells
from BALF were cytospun onto glass slides and stained with May-
Grunwald/Giemsa for further differential leukocyte counts. The left
lung lobes were either stored at -80°C for later mRNA and protein
analysis or fixed in 10% neutral buffered formalin for histological
February 2022 | Volume 13 | Article 805558

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Liu et al. Fludarabine Inhibits Asthma Exacerbation
examination. Paraffin-embedded sections were stained with alcian
blue/periodic acid-Schiff (AB-PAS) for assessment of hyperplasia of
mucus-secreting goblet cells or with Hematoxylin and eosin (H&E)
for determination of inflammation score as described previously
(10, 11).

Sample Preparation for
Mass Spectrometry
Lung proteins were extracted by homogenizing in RIPA buffer
(radioimmunoprecipitation assay buffer, Sigma-Aldrich) with
1% protease inhibitor (Cell Signaling Technology; Danvers,
MA). Protein concentration in the supernatant was measured
using the bicinchoninic acid (BCA) assay. An equal amount of
proteins (200 µg) from each mouse in the same group was
pooled, and 200 µg protein from each group was mixed with
denaturation buffer to a final concentration of 6 M urea and 2 M
thiourea. Denatured proteins were reduced using 10 mM
dithiothreitol, alkylated using 20 mM iodoacetamide, and
subsequently digested into peptides using 1:40 (enzyme:
protein) ratio of Trypsin/Lys-C mix endoproteinase (mass spec
grade, Promega) to activate Lys-C digestion. After Lys-C
digestion, the solution was diluted below 1 M urea, 0.33 M
thiourea by adding 20 mM tetraethylammonium bromide (pH
7.8) and incubated overnight to activate trypsin digestion.
Peptide samples were desalted using Visiprep™ vacuum
manifold (12-port, Sigma-Aldrich) coupled with Empore™

C18 Solid-phase extraction (SPE) cartridge (4 MM per 1 ml)
according to the manufacturer’s instructions. The peptide
eluents were quantified using the Invitrogen™ Qubit® Protein
Assay (Life Technologies Australia Pty Ltd), lyophilized and
resuspended with MS loading buffer (2% acetonitrile, 0.1%
trifluoroacetic acid). All resuspended samples were store at
-80°C before mass spectrometry.

Liquid Chromatography-Tandem
Mass Spectrometry (LC-MS/MS)
for Shotgun Proteomics
500 ng peptides were injected and separated prior to MS using a
Dionex ultimate Nano/Cap 3500-RS LC system (Thermo Fisher
Scientific) at a constant flow rate of 300 nL min-1 using an EASY-
Spray PepMap C18 LC column (75 mm × 15 cm, C18, 2 mM, 100
Å, Thermo Fisher Scientific), with a 150-min gradient. Solvent A
was water, 0.1% formic acid, and solvent B was acetonitrile, 0.1%
formic acid; peptides were first injected with 2% solvent B for 6
min and eluted by a gradient from 2 to 35% solvent B from 6 to
126 min, then 35 to 90% solvent B over a further 0.1 min, the
remaining peptides were washed away using 90% solvent B for
1.9 min followed by a 22 min equilibration step (2% solvent B)
before LC returning to the starting conditions. Q-Exactive Plus
High-Resolution Quadrupole-Orbitrap™ (Thermo fisher
scientific) tandem mass spectrometry (MS/MS) was used for
the discovery of MS assay. Precursor ions were measured with a
full mass scan (400-2000 m/z, with a resolution of 70,000), an
AGC target value at 1e6 and a maximum injection fill time is 50
ms. The product ions were fragmented with a normalized
Frontiers in Immunology | www.frontiersin.org 3
collision energy of 27.0 and measured at a resolution of 35,000
on the Orbitrap. AGC target value was set at 2e5 and the
maximum injection fill time was 120 ms to control the correct
ion population within the orbitrap. Dynamic exclusion was
employed for 30 s. Each group was run duplicate for
shotgun proteomics.

Shotgun Proteomics for Protein
Identification and Quantification
Shotgun proteomic raw data were analyzed to generate a
protein/peptide identification report using the Sequest HT
search engine in Thermo Proteome Discoverer (version
2.4.1.15) against all reviewed mouse entries (canonical only)
in the Uniprot proteome database (downloaded May 20, 2020,
with a total of 36,352 entries). The following search parameters
were used: mass tolerances of precursor and product ions were
10 ppm and 0.02 Da, respectively; trypsin was designated as the
digestion enzyme, and up to two missed cleavages were allowed;
Protein confidence indicators were thresholded at ≤ 1% (strict)
and ≤ 5% (relaxed) false discovery rate (FDR). Oxidation of
methionine, deamidation of asparagine and glutamine,
carbamidomethylation of cysteines, acetylation of lysine,
methylation of lysine, phosphorylation of serine, threonine,
and tyrosine, loss of methionine and loss + acetylation of
methionine were set as dynamic modifications. Relative label-
free protein quantification analysis was conducted by using the
Minora algorithm in Thermo Proteome Discoverer (version
2.4.1.15). The following quantification parameters were used:
the minimum trace length was 5; the maximum retention time
difference of isotope pattern multiples was 0.2 min, and PSM
verification confidence was high. Two replicates of OVA, OVA/
FLU and OVA/FLU/DEX were grouped and compared with
PBS control to calculate average expression fold changes for
individual proteins. Significance assessment was performed
using the individual proteins-based ANOVA method
implemented in Proteome Discoverer 2.4 and multiple
comparison adjustment of the p values was performed by
Benjamini-Hochberg correction method (12, 13).

Clustering Analysis for
Heatmap Visualization
All identified proteins of lung tissue proteome were filtered based
on the following rules: ≤ 1% FDR, ≥ 2 unique peptides, protein
expression fold change (OVA, OVA/FLU, or OVA/FLU/DEX
versus PBS control ≥ 2 or ≤ -2, p-value ≤ 0.05) to select proteins
that were detected in high confidence and were significantly
changed between mouse treatment groups. To prepare the data
set for clustering analysis, the protein expression fold change value
of all significantly changed proteins from each type of treated mice
were used, while treated mice with no significant change for a
particular protein were assigned as zero for that protein in the data
set. For heatmap visualization, the data set was imported into
TBtools (14) and transformed to Z-score scale for normalization.
The clustering analysis was performed using the Euclidean
complete method for distance and aggregation of all proteins.
February 2022 | Volume 13 | Article 805558
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Ingenuity Pathway Analysis (IPA) Analysis
Based on the clustering analysis results, only proteins that over-
expressed or under-expressed in OVA/FLUmice but not in OVA
mice were included, and further analyzed using IPA to define the
enriched protein signaling pathways and to predict upstream
regulators. The analysis was performed by comparing all
significantly changed proteins against known canonical
pathways within the standard IPA library. A right-tailed
Fisher’s exact test was used to calculate the significance of
pathways and upstream regulator. The activation state of
upstream regulator was analyzed based on the expression fold
changes for individual proteins (asthmatic versus PBS). The
major protein signal transduction networks that led to the
immunopathogenesis of steroid resistant asthma exacerbation
were reconstructed according to all IPA results as well as the
literature searching.

PRM Proteomic Analysis
Parallel reaction monitoring (PRM) proteomic is an ion
monitoring technique based on high-resolution mass
spectrometry which is more convenient in assay development
for precise quantification of proteins and peptides of interest
(15). Among all major protein components for the
immunopathogenesis of asthma exacerbation, using label-free
shotgun proteomic approach, STAT1 was found to be among the
most highly relevant protein and was then validated by PRM
mass spectrometry. Proteins extracted from PBS, OVA, OVA/
FLU, and OVA/FLU/DEX were digested into peptides as
described above (see protein extraction and sample preparation for
mass spectrometry). Two standard peptides (K.LQHSLDTALR.R and
R.SAPAAAIAAR.V) from the precursor of nerve growth factor
(proNGF) were spiked into peptide samples at the optimized
concentration (25 ftamol/ml) to obtain the relative quantification.
500 ng peptides were injected and separated before MS using a
Dionex ultimate Nano/Cap 3500-RS LC system as described above in
the section Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) for shotgun proteomics. A 70-min short gradient was used.
Solvent A was water, 0.1% formic acid, and solvent B was acetonitrile,
0.1% formic acid; peptides were first injected with 2% solvent B for 5
min and eluted by a gradient from 2 to 40% solvent B from 5 to 45
min, then 40 to 95% solvent B over a further 2 min, the remaining
peptides were washed away using 95% solvent B for 3 min followed
by a 20 min equilibration step (2% solvent B) before LC returning to
the starting conditions. A Q-Exactive Plus High-Resolution
Quadrupole-Orbitrap™ (Thermo fisher scientific) tandem mass
spectrometer (MS/MS) was used. PRM methods were optimized by
screening all tryptic peptides for protein STAT1 according to mass
state, charge state, and product ion peak quality. Two unique
peptides, K.TLEELQDEYDFK.C and K.VMAAENIPENPLK.Y,
with the highest product ion peak intensity and confidence were
selected for final quantification of STAT1. Precursor ions were
measured with a full mass scan (390-2000 m/z, with a resolution of
70,000), an AGC target value at 1e6 and a maximum injection fill
time is 50 ms. The product ions were fragmented with stepped
collision energy from 26.0 to 30.0 and measured at a resolution of
35,000 on the Orbitrap. AGC target value was set at 2e5 and
Frontiers in Immunology | www.frontiersin.org 4
maximum injection fill time was 128 ms to control for the correct
ion population within the orbitrap. These raw data were analyzed
using Skyline-daily software 64-bit, version 19.0.0.190 (MacCoss Lab,
University of Washington, Seattle, WA). Quantification was
performed by measuring the peak area for each product ion for
each peptide, followed by normalizing according to the two
standard peptides.

Western Blotting
Lung protein was extracted as described above. Proteins were
separated on stain-free gels (Bio-rad) and transferred onto
polyvinylidene fluoride (PVDF) membranes and incubated
with rabbit anti-STAT1 Ab (1:2000 dilution, Cell Signaling
Technology) or with rabbit anti-phospho-STAT1 (Tyr701) Ab
(1:2000 dilution, Cell Signaling Technology). Secondary Abs
were goat anti-rabbit IgG (1:5000 dilution, Abcam). Anti-b-
actin (1:2000 dilution, Biolegend) was incubated after stripping
the STAT1 or P-STAT1 Ab. The relative amount of STAT1 and
P-STAT1 protein was quantified by normalizing the amount of
b-actin housekeeping protein using Image Lab software 6.1.

Statistical Analysis
GraphPad Prism (Version 9.0, USA) was used for all data
analysis. Lung function data were analyzed using two-way
ANOVA, while all other forms of analysis were conducted
using one-way ANOVA (plus Tukey post hoc test multi-
comparison test). n = 6–8 mice/group, data represented as
mean ± SEM. Differences will be considered statistically
significant if p<0.05.
RESULTS

Viral Infection Induced Severe Steroid-
Resistant Asthma Exacerbation With
Augmented AHR and Airway Inflammation
The establishment of an in vivo model of asthma exacerbation
was displayed in Figure 1A. Mice treated with OVA alongside
FLU infection (OVA/FLU) exhibited dramatically exacerbated
AHR compared to OVA alone or the control PBS/FLU group
(Figure 1B). FLU infections caused significant body weight loss,
and viral replication was not affected by the allergic condition
(Figures 1C, D). OVA and PBS/FLU groups displayed
eosinophilic/lymphocytic or neutrophilic/macrophage
inflammation, respectively, OVA/FLU groups exhibited
increased levels of the four major inflammatory cells in BALF
(Figure 1E). Histological analysis revealed increased
inflammatory foci in the parenchyma and airway in the OVA/
FLU group compared to PBS/FLU or OVA groups (Figure 1F).
Additionally, OVA/FLU group showed no significant reduction
in Th2 cytokine levels compared to OVA (Figures S1A–E). IFN-
a, IFN-b, IFN-g, TNF and IL-1b were significantly elevated in
PBS/FLU but not OVA groups and were further increased in
OVA/FLU mice (Figures S1F–J).

DEX treatment of the OVA group significantly suppressed
AHR, decreased the infiltration of eosinophils and lymphocytes,
February 2022 | Volume 13 | Article 805558
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goblet cells hyperplasia (Figures 1B, E, F), and transcription of
Th2 cytokines (Figure S.1A-E). By contrast, DEX had no effect
on these factors in the PBS/FLU or OVA/FLU groups
(Figures 1B, E, F). DEX did not prevent weight loss or viral
replication (Figures 1C, D) and had no effect on the transcript
levels of IL-4, IL-5, Eotaxins, IFN-a/b/g, TNF, or IL-1b, except
for IL-13 in OVA/FLU/DEX group, and these factors are not
affected in PBS/FLU/DEX group (Figures S1A–J). These data
describe a unique mouse model of FLU-induced asthma
exacerbation that is steroid-resistant with a mixed inflammatory
Frontiers in Immunology | www.frontiersin.org 5
response (cells and factors) and steroid-resistant AHR on the
background of pathogenic type-2 inflammation.

Profiling of the Lung Tissue Proteome in
Allergic Asthma and Asthma Exacerbation
Next, we profiled the whole lung tissue proteome in three groups
of asthmatic mice (OVA, OVA/FLU and OVA/FLU/DEX) and
control mice (PBS) to investigate the mechanisms of FLU
induced exacerbations (5 dpi). LC-MS/MS analysis identified
3,466 unique peptides corresponding to 1,221 individual proteins
A

B C

D E

F

FIGURE 1 | Viral infection of allergic asthmatic mice induces increased airway hyperresponsiveness (AHR) and inflammation which does not respond to
dexamethasone (DEX) treatment. BALB/c mice were sensitized i.p. with OVA/PBS on day 0 and exposed to OVA aerosol on days 13–16. Some mice were
inoculated with FLU on day 19 and/or treated with DEX on days 20 and 22, and lung function and airway inflammation were assessed on day 24. (A) experimental
design; (B) AHR; (C) body weight changes over 0 dpi; (D) viral load in lung tissue assessed by qPCR; (E) differential inflammatory cell counts for eosinophils,
lymphocytes, macrophages, and neutrophils in BALF; (F) histologic examination of lungs stained with H& E for assessment of inflammatory score or AB-PAS for
assessment of mucus-secreting goblet cells hyperplasia. All images were randomly selected using a 20 × magnification lens. Data are presented as mean ± SEM
(n = 6-8 mice/group) and are representative of three independent experiments. *Designates significant differences compared to PBS group (*p < 0.05, **p < 0.01,
***p < 0.001); #Designates significant differences compared to OVA/FLU treated group (#p < 0.05, ###p < 0.001); +Designates significant differences compared to
DEX treated groups (+p < 0.05, ++p < 0.01, +++p < 0.001).
February 2022 | Volume 13 | Article 805558
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in OVA group (Table S1). Among them, 590 proteins were
identified in high confidence (Table S2), with 71 significantly
upregulated and 1 significantly downregulated by at least 2-fold
(OVA verses PBS) (Figure 2A and Table S3). 3,540 unique
peptides corresponding to 1,237 individual proteins were
identified in the OVA/FLU group (Table S1), with 623
identified in high confidence (Table S2), among which 89 were
significantly upregulated at least 2-fold but there were no
downregulated proteins within this threshold (OVA/FLU
verses PBS) (Figure 2A and Table S4). 3,169 unique peptides
corresponding to 1,156 individual proteins were identified in the
OVA/FLU/DEX group (Table S1); among which, 560 were
Frontiers in Immunology | www.frontiersin.org 6
identified in high confidence (Table S2), with 30 significantly
up-regulated at least 2-fold and no downregulated proteins
within this threshold (OVA/FLU/DEX verses PBS) (Figure 2A
and Table S5).

For identification of proteins of interest, hierarchical
clustering analysis was firstly performed on the data set of
significantly changed proteins in asthmatic mice compared
with PBS. A segment containing 64 proteins was found to be
specifically highly expressed in OVA/FLU compared to OVA
(Figure 2B and Table S6). Among them, 53 proteins were
reduced to baseline after DEX treatment (DEX-sensitive), and
11 were consistently upregulated after DEX treatment (DEX-
A

B

FIGURE 2 | Profiling the mouse lung tissue proteome in allergic asthma and steroid-resistant asthma exacerbation. All samples were analyzed in biological
duplicates and data presented are compared to PBS control. (A) Volcano plots represent protein changes in the lungs of all asthmatic mice (OVA or OVA/FLU or
OVA/FLU/DEX). The x and y axes are in log scale. Dark red dots indicate significantly upregulated proteins whereas dark green dots indicate significantly
downregulated proteins (threshold: protein fold change (asthmatic versus PBS ≥ 2 or ≤ -2, p-value ≤ 0.05). (B) Heatmap depicting expression of the significantly
changed proteins in asthmatic mouse lung tissue compared to PBS controls (asthmatic versus PBS ≥ 2 or ≤ -2, p-value ≤ 0.05). Clustering analysis using Z-score
for row scale normalization and Euclidean method for distance and aggregation. The heatmap shows a segment of proteins over-expressed exclusively in OVA/FLU/
DEX mice (DEX inducible proteins) and a segment of proteins over-expressed in OVA/FLU treated mice but under-expressed in OVA mice. One cluster of proteins
was also found highly expressed in OVA/FLU/DEX treated mice (DEX-insensitive) while another cluster of proteins was not (DEX-sensitive).
February 2022 | Volume 13 | Article 805558
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insensitive), which include interferon-induced protein with
tetratricopeptide repeats-3 (IFIT3), tapasin (Tapbp), H-2 class
I histocompatibility antigens (H2-L/H2-D1), and STAT1
(Figure 2B and Table S6-1). In addition, 13 proteins were
elevated uniquely in DEX group (Table S6-2).

Integrated Proteomic Pathway Analysis
Reveals STAT1 as a Key Regulator of
Asthma Exacerbation
All 64 significantly upregulated proteins in OVA/FLU mice were
submitted to IPA for pathway analysis, which were potentially
involved in 40 signaling pathways. Two of the most relevant
pathways related to the immunopathology of exacerbation were
MHC-I and IFN signaling pathways (Table S7). IPA analysis
further revealed that the activities of 74 upstream regulators were
significantly changed, including the significant activation of IFN-
a/b/g, and TNF (Table S8). By combining IPA analysis and
literature search, a molecular blueprint of the major dysregulated
signaling pathways involved in FLU-induced asthma
exacerbation was created; MHC-I and IFN-STAT1 signaling
are particularly interesting as they are known to be involved in
antiviral responses and immunopathology (Figures 3A, B).
Indeed, among those proteins upregulated in OVA/FLU group,
Tapbp, H2-L (MHC-I molecule), IFIT3, and STAT1 were steroid
resistant and implicated in MHC-I and IFN-STAT1 signaling
Frontiers in Immunology | www.frontiersin.org 7
(Table S6-1). Interestingly, IFIT3 is embedded in the STAT1-
regulated signaling network (16), and label-free quantification
revealed STAT1 was among the top upregulated (53-fold)
proteins in OVA/FLU group compared to control, indicating
that STAT1 might be the most important functional factor in
these pathways. Thus, its protein expression was further
validated by Parallel Reaction Monitoring (PRM) mass
spectrometry and western blotting.

PRM and Western Blot Validation of
STAT1 Expression in Asthma Exacerbation
The validation of STAT1 was firstly conducted by PRM. OVA/
FLU versus PBS groups are shown as an example for successful
PRM quantification of protein STAT1, all precursor ions,
product ions and MS/MS spectrum for two unique peptides
K.TLEELQDEYDFK.C and K.VMAAENIPENPLK.Y of STAT1
were detected and quantified in OVA/FLU group but not in PBS
control group (Figures 4A, B). All quantitative product ions in
other groups are presented in Table S9. The correlation curves
were generated between protein level changes observed by
shotgun label-free proteomic and PRM quantification
(Figure 4C and Table S10), where the Pearson correlation
coefficient (coefficient of determination, R2) was 0.9849,
indicating a “high” correspondence in results obtained by the
two quantification approaches. To confirm the mass
A

B

FIGURE 3 | Signaling pathway enrichment in a mouse steroid-resistant asthma exacerbation model. The reconstruction of protein networks was based on Ingenuity
Pathway Analysis (IPA) and literature searching. The most regulated signal transduction pathways and the major changes in protein components of these pathways
are displayed. (A) MHCI Antigen presentation signaling; (B) IFN-STAT1 signaling cascade. MHC I, class I major histocompatibility complex; B2M, b2 macroglobulin;
CANX, chaperone calnexin; TAP, transporters associated with antigen processing; Tapbp, tapasin, TAP binding protein; IFN, interferon; JAK, Janus tyrosine kinase;
STAT, signal transducer and activator of transcription; IFNAR/IFNGR, interferon receptor. IFIT3, interferon induced protein with tetratricopeptide repeats 3; TNF,
tumor necrosis factor.
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A

B

C D

FIGURE 4 | Parallel Reaction Monitoring (PRM) mass spectrometry and western blot of STAT1 protein expression. PRM mass spectrometry detected and quantified
two unique peptides of STAT1, K.TLEELQDEYDFK.C (peptide 1) and K.VMAAENIPENPLK.Y (peptide 2), in OVA/FLU and OVA/FLU/DEX but not OVA or PBS groups
(OVA/FLU versus PBS is shown as an example). (A) A serial precursor ions (each color bar represents one precursor ion), as well as their corresponding y and b
product ions (each color peak represents one product ion) for both peptides, were accurately detected in the OVA/FLU but not PBS group. (B) MS/MS spectrum for
both peptides validated that all y (labeled in red) and b (labeled in blue) product ions for both peptides of protein were accurately detected in the OVA/FLU but not in
PBS group. (C) The correlation plot represents the quantification results of STAT1 (OVA or OVA/FLU OVA/FLU/DEX or versus PBS) obtained between shotgun label-
free proteomic and PRM proteomic. The coefficient of linear regression (coefficient of determination R2) is 0.9849. (D) Western blot of the two isoforms of STAT1
(Stat1a, Stat1b) and the phosphorylated STAT1 (P-STAT1, on site Tyr 701) (phospho-Stat1a/phospho-Stat1b). b-actin (42 kDa) was used as a loading control. The
relative quantification of STAT1 was performed using Image Lab software 6.1. Results are representative of three independent experiments. *Designates significant
differences compared to PBS group (*p < 0.05); #Designates significant differences compared to OVA/FLU treated group (#p < 0.05).
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spectrometry results, western blot analysis was employed. Both
Stat1a/Stat1b (91 and 84 kDa) and phosphorylated STAT1(P-
STAT1, site Tyr 701), were significantly upregulated in OVA/
FLU and OVA/FLU/DEX groups compared to OVA and PBS
groups (Figures 4D and S2A). Therefore, our proteomic analysis
output was deemed reliable.

STAT1 Inhibition Significantly
Suppresses AHR and Inflammation
in the Asthma Exacerbation Model
To validate our finding, we inhibited STAT1 with Fludarabine
(Flud). The experimental design is displayed in Figure 5A.
OVA/FLU mice treated with Flud exhibited significantly
reduced expression of both isotypes of STAT1 and P-STAT1
(Figures 5B and S2B). Although there was no significant effect
on the infiltration of eosinophils, lymphocytes or on goblet cells
hyperplasia, Flud-treatment was accompanied by significantly
reduced macrophages and neutrophils, attenuated AHR,
prevented body weight loss, and suppression of FLU viral-
replication (Figures 5C–F); it also decreased inflammation
scores compared to vehicle control (Figure 5G). The
transcript levels of IFN-a/b/g, TNF, and IL-1b but not Th2
cytokines were suppressed (Figures S3A–J). Interestingly, with
DEX and Flud combined-treatment, these not-affected
hallmarks (eosinophils, lymphocytes, and goblet cells
hyperplasia and expression of Type-2 molecules) were
significantly reduced compared to the non-DEX treated
group (i.e., OVA/FLU, or OVA/FLU/Flud), accompanied by
completely suppressed AHR and decreased tissue inflammation
hallmarks (Figures 5C–G and S3A–J). These data indicate the
important effect of inhibiting STAT1 with Flud on controlling
viral-induced immunopathology, and in resolving the problem
of steroid resistance in our asthma exacerbation model.
DISCUSSION

To understand the pathogenesis of asthma exacerbation, we
established a FLU-induced exacerbation mouse model and
profiled the lung proteome using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) and
multiple bioinformatic software. We identified the important
roles of MHC-I antigen presenting and IFN-STAT1 signaling
pathways in triggering asthma exacerbation. Furthermore, we
have identified STAT1 as a potential therapeutic target for
reducing immunopathology and restoring steroid sensitivity
during FLU-triggered exacerbation.

Asthma is a complex immune disorder with two major
immune phenotypes, Th2 high and Th2 low airway
inflammation (17). Our asthma model (OVA group) exhibited
typical Th2 high inflammation, in which the hallmarks of
inflammation can be reduced by DEX treatment. Our asthma
exacerbation model (OVA/FLU group) exhibited Th2 low
inflammation, with dramatically increased neutrophils and
macrophages in the lung and a cytokine expression pattern of
low Th2 combined with high non-Th2 cytokines, which were
Frontiers in Immunology | www.frontiersin.org 9
largely resistant to DEX treatment. These results are consistent
with previously reported findings that the major cellular feature
of Th2 low airway inflammation involves innate immune cells
infiltration (neutrophils and macrophages) (18), which are
closely related to the steroid resistance of asthmatic disease
(19–21).

Despite evidence highlighting the innate immune cells as a
hallmark feature of asthma exacerbation, the molecular
mechanisms underlying the infiltrates remain poorly
understood. Using a shotgun proteomics assay we analyzed the
protein expression profiles of lung tissue from mice during
asthma exacerbation. As far as we have learned from the
literature, this is one of the most comprehensive proteomics
investigations for studying the entire proteome of influenza
infection and asthma exacerbations in a single study using
mouse model systems. We revealed not only the protein
profiles of the asthma exacerbation, but also the mechanism of
steroid resistance. Besides the DEX-sensitive and DEX-
insensitive proteins, a small cluster of DEX-inducible proteins
(Chil4, ITGB2, and Fcer1g with high fold change) were also
identified. These factors have regulatory effects on the activities
of eosinophils, NK cells, T cells, neutrophils, and mast cells (22–
24), indicating that DEX may also play a role in promoting
leukocytes migration.

Of particular interest, our IPA results for the first time
showed that two of the most upregulated pathways in FLU-
induced asthma exacerbation (compared to allergic asthma
without infection) were MHC-I antigen-presenting and IFN
signaling pathways. Given that these pathways are important
in the regulation of the innate immune response (25–28), our
results provide evidence supporting the key role of MHC-I and
IFN signaling pathways in triggering immunopathogenesis of
asthma exacerbation. Many studies have reported that
suppression of MHC-I and IFN signaling downregulates
inflammation in numerous diseases (e.g., infectious disease,
cancer, autoimmune disease) (29–34), highlighting the potential
to treat asthma exacerbation by targeting these pathways.

Among all proteins identified within the MHC-I and IFN
pathways, STAT1 was the most attractive candidate for
therapeutic intervention. STAT1 was not only one of the most
significantly upregulated protein, but also insensitive to DEX-
treatment. As a central mediator of IFN signaling (35), its
activation enables the transcription of IFN-stimulated genes
involved in a variety of cellular activities, e.g., apoptosis,
regulation of inflammation and immunosurveillance (36–39).
Downregulation of STAT1 has been shown to inhibit
inflammation in respiratory diseases, e.g., chronic obstructive
pulmonary disease (40), and potentially to treat severe COVID-
19 disease (41).

Further, we tested the effect of targeting STAT1 on asthma
exacerbation by using Fludarabine, a pharmaceutical drug that
decreases the activation of STAT1 and is currently used clinically
to treat certain cancers (42–44). We observed that treatment with
Fludarabine together with dexamethasone greatly decreased the
key cellular features of asthma exacerbation including innate
inflammatory cells infiltration into the lung and goblet cells
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hyperplasia. Combination therapy also decreased the levels of
Th2 and innate inflammatory cytokines, and attenuated AHR
and tissue inflammation. Our findings highlight that Fludarabine
has the potential to restore steroid sensitivity in asthma during
exacerbation, by attenuating the exaggerated inflammatory
response and immunopathology characteristic of disease. To
date, although many studies have spent significant efforts and
Frontiers in Immunology | www.frontiersin.org 10
costs on discovering novel drugs that target pro-inflammatory
factor(s) to prevent or reduce inflammation associated with
asthma exacerbation, only a few have been effective (45).
Notably, type 2 biologics targeting Th2 high asthma are
relatively effective, however, individuals still exacerbate even
with these treatments. On the other hand, further effective
treatments for Th2 low asthma are still required. Here, our
A

B

C

E

G

F

D

FIGURE 5 | Fludarabine treatment inhibits STAT1 production and suppresses AHR and inflammation in the asthma exacerbation model. BALB/c mice were
sensitized i.p. with OVA or PBS on day 0 and exposed to OVA aerosol on days 13–16. Some mice were inoculated with FLU on day 19, treated with Dex on days
20 and 22, or injected with Fludarabine from day 19-23 as indicated. Lung function and airway inflammation were assessed on day 24. (A) experimental design; (B)
Western blot analysis confirmed the efficiency of Fludarabine inhibiting STAT1, using anti-STAT1 Ab (Stat1a, Stat1b) and anti-phospho-STAT1 (Tyr701) Ab. b-actin
(42 kDa) was used as a loading control. The relative quantification of STAT1 proteins were performed using Image Lab software 6.1. (C) AHR; (D) body weight
changes over 0 dpi; (E) viral load in lung tissue; (F) differential inflammatory cell counts for neutrophils, lymphocytes, macrophages, and eosinophils in BALF; (G)
histologic examination of lung tissue stained with H&E or AB-PAS for assessment of inflammatory score or hyperplasia of mucus-secreting goblet cells, respectively.
All histological images were randomly selected using a 20 × magnification lens. Data are presented as mean ± SEM (n = 6-8 mice/group) and are representative of
three independent experiments. *Designates significant differences from PBS-treated controls (*p < 0.05, **p < 0.01, ***p < 0.001). #Designates significant
differences between Flud-treated and isotype-treated groups (#p < 0.05, ##p < 0.01, ###p < 0.001).
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study suggests that the combination of clinical available drugs,
Fludarabine and DEX, could be directly added into the existing
treatment protocols for steroid-resistant asthma exacerbation
induced by FLU. Future studies are necessary to perform both
the pharmacokinetics and pharmacodynamics analyses for
optimizing the drug administration (e.g. dose and frequency),
as both drugs can cause side-effects when used long-term or at
high doses (46).

We also observed that Fludarabine treatment significantly
reduced viral load in FLU-infected mice and prevented infection-
mediated body weight loss. Further, the elevated anti-viral IFNa/
b transcription levels following FLU infection were all reduced
by Fludarabine treatment. Although STAT1 deficient mice has
shown decreased anti-viral responses (47, 48), our data is
consistent with the previously reported finding that
Fludarabine has an anti-viral effect on influenza virus (49).
Several studies have reported that Fludarabine has anti-viral
activity against many RNA viruses including zika virus, severe-
fever-with-thrombocytopenia-syndrome-virus and enterovirus
(50). This may be because Fludarabine can compete with
natural nucleotides for incorporation into viral RNA (vRNA),
thus interrupting vRNA synthesis (50). This evidence highlights
that Fludarabine has the potential to be re-purposed as an anti-
viral drug for targeting RNA viruses, however, the mechanism
and the clinical significance need to be further evaluated.

Here, we provide a detailed proteomic profile, identifying
dysregulated proteins associated with the pathogenesis and
disease progression of FLU-induced exacerbation of asthma.
More importantly, as far as we are aware, this is the first study
that highlights the potential clinical utility of using Fludarabine in
combination with DEX, for the treatment of asthma exacerbation.
Of note, the protein dataset that we presented in this study is
publicly accessible and can be employed for future investigations
of the pathological processes of asthma exacerbation.
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