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IL-9 aggravates SARS-CoV-2 infection and
exacerbates associated airway inflammation
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SARS-CoV-2 infection is known for causing broncho-alveolar inflammation.
Interleukin 9 (IL-9) induces airway inflammation and bronchial hyper respon-
siveness in respiratory viral illnesses and allergic inflammation, however, IL-9
has not been assigned a pathologic role in COVID-19. Here we show, in a K18-
hACE2 transgenic (ACE2.Tg) mouse model, that IL-9 contributes to and
exacerbates viral spread and airway inflammation caused by SARS-CoV-2
infection. ACE2.Tg mice with CD4" T cell-specific deficiency of the transcription
factor Forkhead Box Protein Ol (Foxol) produce significantly less IL-9 upon
SARS-CoV-2 infection than the wild type controls and they are resistant to the
severe inflammatory disease that characterises the control mice. Exogenous
IL-9 increases airway inflammation in Foxol-deficient mice, while IL-9 blockade

reduces and suppresses airway inflammation in SARS-CoV-2 infection, pro-
viding further evidence for a Foxol-1I-9 mediated Th cell-specific pathway
playing a role in COVID-19. Collectively, our study provides mechanistic insight
into an important inflammatory pathway in SARS-CoV-2 infection, and thus
represents proof of principle for the development of host-directed ther-
apeutics to mitigate disease severity.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes
coronavirus disease 2019 (COVID-19). COVID-19 symptoms range from
mild to severe pneumonia and acute respiratory distress syndrome'.
SARS-CoV-2 infection leads to hyperactivation of immune cells, which
further induces inflammatory cascade, broncho-alveolar inflammation
and immunopathology”. Use of dexamethasone, an anti-inflammatory
drug, resulted in lower mortality and severity in patients hospitalized
with COVID-19°, indicating that immune suppression is effective in
controlling the severity and mortality. In addition, we identified that
SARS-CoV-2 infection, in animal model, contributes to the extra-
pulmonary pathologies which include cardiovascular complications
and thymic atrophy*.

Although the precise mechanism of disease pathogenesis and
lung pathology that lead to hyper-inflammatory response is not fully

understood, autopsy histopathology of pulmonary samples revealed
increased accumulation of eosinophils, basophils, neutrophils and
perivascular and septal mast cells in COVID-19°”". Single-cell landscape
of bronchoalveolar immune cells in patients with COVID-19 shows that
one of the prominent cell types is Mast cells’®. In line with this, mast
cells-derived proteases, chymase and eosinophil-associated mediators
are found to be elevated in sera of COVID-19 patient and lung
autopsies®®. Interleukin 9 (IL-9), a common y chain family cytokine
primarily produced by Th9 cells’, promotes mast cell growth and
function in allergic inflammation’®. Although IL-9 plays an essential
role in severe airway inflammation and bronchial hyper responsiveness
in asthma and Respiratory Syncytial Virus (RSV) infection'", the role of
IL-9 is not yet identified in SARS-CoV-2 infection, and its associated
immunopathology.
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IL-9 induction in Th9 cells requires a distinct set of transcription
factors. Pu.1 is one of the key transcription factors essential for IL-9
induction and Th9 cell differentiation’. Other transcription factors,
Interferon (IFN) regulatory factor 1 (Irf-1)", Irf-4*, Basic leucine zipper
transcription factor, ATF-like (Batf)® and Hypoxia-inducible factor
1-alpha(Hif-1a)'"*", were found to be associated with the Th9 cells dif-
ferentiation and functions. We have identified that Foxol, a forkhead
family transcription factor, is essential for IL-9 induction not only in
Th9 cells but other Th subsets™. In addition, the role of Foxol is well
documented in T cell homoeostasis and tolerance through interplay
between effector and regulatory T cell®. While Foxol regulates
Th17?°% cell functions, it is essential for the generation and functions
of Foxp3* Tregs and Th9 cells®.

This study aims to investigate the role of interleukin-9 (IL-9) in
COVID-19 pathogenesis. We show that hACE2.Tg mice with CD4" T cell-
specific deficiency of the transcription factor Foxol are resistant to
severe inflammation. Further, we also observe that exogenous IL-9
increases airway inflammation in Foxol-deficient mice, while IL-9
blockade reduces and suppresses airway inflammation in SARS-CoV-2
infection. Here we unravel the role of Foxol-IL-9 axis in SARS-CoV-2
infection, and its associated airway inflammation and immunopathol-
ogy. These findings provide important mechanistic insights in under-
standing role of Foxol-IL-9 axis in COVID-19 and could pave the way for
the development of host-directed therapeutics to mitigate respiratory
viral illness and disease severity.

Results

IL-9 promotes the severity of SARS-CoV-2 infection and
associated lung inflammation

We show that IL-9 levels were elevated in active COVID-19 patients
infected with ancestral strain during the first wave of pandemic in mid-
2020 (Fig. 1a; Supplementary Table 1). First we tested the acquisition of
mutations in the ancestral strain of SARS-CoV2, we used in this study by
performing sequencing followed by minor variant analysis. Minor var-
iant analysis indicated the presence of five single nucleotide variants
(SNVs) in ancestral strains of SARS-CoV-2 (Supplementary Table 2).
None of these SNVs were found to be in the cleavage site of virus.
Therefore it is highly unlikely to affect infectivity, lethality of the virus or
weaken the virus’s pathogenicity. This is supported by the experimental
evidences we provided subsequently in which we found that infection
of hACE2.Tg mice with ancestral strain of SARS-CoV2 causes lethality
and mice become moribund post infection as reported earlier**>.

To test the role of IL-9, we infected hamster and ACE2.Tg mice
with ancestral stain of SARS-CoV2. Similar to active COVID-19 patients,
IL-9 was found to be upregulated in the lungs of SARS-CoV-2-infected
hamster and ACE2.Tg mice (Supplementary Fig. 1b; Fig. 1b, c; Supple-
mentary Fig. 2a, b). IL-9 is primarily produced by Th9 cells but Th2,
Th17 and Foxp3" Tregs also produce IL-9'%%°, We tested the mRNA
expression of genes, Pu.l, Irf-1, signal transducer and activator of
transcription-5 (Stat-5), Stat-6, Bat-f that are associated with Th9
cells'*5, We found that genes that are associated with Th9 cells are
upregulated in the lungs of SARS-CoV-2-infected hamster and ACE2.Tg
mice (Supplementary Fig. 2c-e), indicating the association of Th9 cells
in SARS-CoV-2 infection.

To determine the role of IL-9 in SARS-CoV-2 infection, anti-IL-9
neutralizing antibody was given to ACE2.Tg mice during SARS-CoV-2
infection at indicated time points (Fig. 1d, e). As compared to SARS-
CoV-2-infection and Remdesivir (RDV) treatment, ACE2.Tg mice trea-
ted with anti-IL-9 antibody treatment resulted in rescuing weight loss
and lung haemorrhage with the reduction of lung viral load (Fig. 1f, g;
Supplementary Fig. 2f, g). Similar to RDV, anti-IL-9 antibody treatment
decreased immune cells infiltration, mucus production, thickening of
blood vessels and mild hypertrophy and mast cell accumulation in the
SARS-CoV-2-infected lungs of ACE2.Tg mice (Supplementary Fig. 2h).

Anti-IL-9 antibody treatment decreased inflammatory cytokines, IL-9,
IL-4, IL-17 and IFN-y and replenish the CD4, CD8 and y& T cells in the
BAL (Supplementary Fig. 3a-e) and expression of /[9, Il4, II5, Il6, and
Th9 cell-associated transcription factors, Foxol, Stats, Staté, Irf4, Bat-f,
Gata3, and Irfl (Supplementary Fig. 3f, g) together with allergic mar-
kers, chemokine (C-C motif) ligand 2 (Ccl2), CXC chemokine ligand 5
(Cxcl5), Cxclio, (Tryptophan hydroxylase 1) Tphl, (high-affinity IgE
receptor) Fcerl in the lung tissue samples of ACE2.Tg mice (Supple-
mentary Fig. 3h). Contrary to IL-9 neutralization, intranasal adminis-
tration of exogenous IL-9 enhanced severity of SARS-CoV-2 infection in
ACE2.Tg mice as indicated by weight loss, lung lesions and viral load
associated with an increased frequency of mast cells, and eosinophils
in the Bronchoalveolar lavage (BAL) (Fig. 1h-I; Supplementary Fig. 1a;
Supplementary Fig. 4a, b). In line with this, lung histology indicated an
overall increased in immune cell infiltration, and mucus production
upon IL-9 treatment in SARS-CoV-2-infected ACE2.Tg mice (Supple-
mentary Fig. 4c). Interestingly, we found that IL-9 enhanced infection
of Omicron variant of SARS-CoV-2 in ACE2.Tg mice, as indicated by
loss of body weight, increased lung lesions and viral load (Fig. 1m, n;
Supplementary Fig. 4d) with increased infiltration of immune cells and
lung tissue damage (Supplementary Fig. 4e). We performed the minor
variant analysis of Omicron stock we used in this study and identified
that there are 24 SNVs. However, none of these SNVs are found in the
cleavage site of the Omicron (Supplementary Table 2), indicating
unlikely possibility to affect infectivity and pathogenicity of the
Omicron variant is known to cause a milder infection with a reduced
mortality”.

Anti-viral pathways include IFN-stimulated genes (ISGs) and anti-
viral genes, are critical for anti-viral immunity®**. We found that anti-
IL-9 antibody, as compared to control, treatment increased the
expression of ISGs, Irf3, Irf7, Irf9, Ifnb, Ifnarl, Ifnar2 and Interferon-
induced transmembrane proteins (/fitm), and anti-viral genes, adeno-
sine deaminase acting on RNA (Adar), Ribonuclease L (Rnase L), oli-
goadenylate synthase2 (Oas2), Oas3, Oaslg, Irf3, Irf7, and Irf9 (Fig.
1p-r). In Contrary, exogenous IL-9 inhibited the expression of anti-viral
genes (Oas2, Oaslg, and Oas3) and ISGs (Irf3, Irf7, Irf9, Ifn-a and Ifn-P) in
the lungs of SARS-CoV-2-infected ACE2.Tg mice (Supplementary
Fig. 4f-h). In addition, we found that IL-9 treatment increased viral load
in human alveolar adenocarcinoma-derived epithelial cells (Supple-
mentary Fig. 4i). Moreover, compared to untreated ACE2.Tg mice, IL-9
treatment enhanced IL-9, IL-4, IFN-y, and IL-13 in the BAL and IL-9R
expression in the lung tissues of SARS-CoV-2 infected ACE2.Tg mice
and adenocarcinomic human alveolar basal epithelial cells (A459) cell
in vitro (Supplementary Fig. 5a-f).

To address the role of IL-9 in regulating the activity of the trans-
genic K18 promoter, which might regulate the expression of the
transgenic hACE2, we performed Western Blot experiment in which we
tested the expression of hACE2 at protein level in the presence or
absence of IL-9 treatment. Briefly, KI8hAce2 mice were administered
rIL-9 (500 ng/mice) or vehicle intranasally for 24 h before euthanising
the mice. Lungs from these were homogenised in protein lysis buffer
for Western Blot analysis using anti-human Ace2 antibody. Our data
indicated that IL-9 treatment did not increase, as compared to control
treatment, hAce2 expression in KIS8hACE2.Tg mice (Supplemen-
tary Fig. 5g).

To further substantiate this finding, we used the intestinal epi-
thelial cell line, Caco2, which is known to express Ace2’°*. Briefly,
Caco2 cell line was treated with recombinant human IL-9 (10 ng/ml) for
24 h. Post IL-9 treatment, these treated cells were lysed with protein
lysis buffer for further Western Blot analysis. Our results indicate that
IL-9 treatment did not enhance Ace2 expression in Caco2 cells (Sup-
plementary Fig. 5g), suggesting that IL-9 is not able to increase
expression of hAce2, and thus may not influence the expression of the
transgenic hACE2 in a non-physiological manner.
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Synergistic effect of anti-IL-9 antibody treatment with
Remdesivir (RDV) in SARS-CoV-2 infection

We further tested synergistic effect of anti-IL-9 and RDV in controlling
SARS-CoV-2 infection. A suboptimal (SO) dose of anti-IL-9 antibody
and RDV alone or in combination was given to ACE2.Tg mice during
SARS-CoV-2 infection as indicated (Fig. 2a). As compared to the

optimal dose of anti-IL-9 antibody, SARS-CoV-2-infected ACE2.Tg mice
treated with SO dose of anti-IL-9 antibody and RDV effectively rescued
weight loss, increased survival, reduced lung lesions and haemorrhage,
and decreased viral load (lung and faecal) while SO dose of anti-IL-9
antibody or RDV alone failed to do so (Fig. 2b-e). SO dose of anti-IL-9
and RDV, compared to SO of anti-IL-9 or RDV, treatment reduced the
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Fig. 1| IL-9 promotes the severity of SARS-CoV-2 Infection and associated lung
inflammation. Role of IL-9 was studied in COVID-19 patients and in hACE2 trans-
genic mice by using neutralizing monoclonal IL-9 antibody. We isolated the PBMCs
from Healthy (9 individuals) and COVID-19 RT-PCR positive (n=9) individuals and
isolated the cDNA from these PBMCs. a Relative mRNA expression (222) of /[9 in
active COVID-19 patients (n=9) and healthy individuals (n=9), **p <0.01, using
student’s t test; bar graph represents as a mean = SEM. b Percentage frequency of
CD4"IL-9" cells in BALF samples of hACE2 mice (*p < 0.05; students t test) bar graph
represents as a mean + SEM. ¢ Relative mRNA expression of /[9 in lung samples
(*p=0.0428; students t test); bar graph represents as a mean + SEM. d Pictorial
diagram showing therapeutic regime of aIL-9 and RDV (created with Bior-
ender.com). e Quantitation of secretory II-9 in BALF samples by ELISA

(***p < 0.0001; one-way ANOVA followed by Tukey’s Multiple comparison test); bar
graph represents as a mean = SEM. f Percentage change in body weight (n = 5; two-
way ANOVA followed by Tukey’s multiple comparison test. **p = 0.0185,
***p=0.0006). g Relative viral load in lungs measured by qRT-PCR, ***p < 0.0001
(one-way ANOVA followed by Tukey’s multiple comparison test). h Percentage
change in body weight (n =5). Two-way ANOVA followed by Tukey’s multiple

comparison test. *p = 0.0369. i Gross morphological changes of lungs (n = 5); black
arrows represent dark red lung lesions. J Relative viral load was measured by qRT-
PCR; ***p < 0.0001 (one-way ANOVA followed by Tukey’s multiple comparison
test); bar represents as a mean + SEM. k Representative images show the Toludine
blue staining and bar graph represents histological score (x60 magnifications;

50 pm scale bar) arrow represents mast cells. | Mast cell percentages were deter-
mined in BALF; **p = 0.0003, one-way ANOVA followed by Tukey’s multiple com-
parison test. m Representative image shows gross morphological changes in
Omicron (B.1.1.529) infected lungs. n Viral load in infected (B.1.1.529) mice (n=5) or
mice treated with rIL-9 (500 ng/mice) measured in the lungs by qPCR (*p = 0.0360).
o Representative FACS zebra plot and its corresponding bar graph showing per-
centage frequency of IL-9, IL-4. *p = 0.0501, n = 4. p-r Relative mRNA expression of
transcription factors genes Irf3, Irf7, and Irf9; ISG’S genes (Ifn-p, Ifnarl, Ifnar2, Ifitm);
and anti-viral genes (Adar, Oaslg, Oas2, Oas3, RNasel) were measured in lung tis-
sues (n=4 mice per group). Bars show mean of +SEM. *p = 0.0201, **p = 0.0061,
***p=0.0002, ***p < 0.0001, ns = non-significant (two-way ANOVA followed by
Tukey’s multiple comparison test). Source data are provided as a Source data file.

frequency of eosinophils, mast cells, basophils and IL-9*, IL-17* and IFN-
Yy CD4" T cells in BAL and mediastinal and branchial lymph node of
SARS-CoV-2-infected ACE2.Tg mice (Supplementary Fig. 1b; Fig. 2f-h).
Lung histology indicated that combinatorial treatment of SO dose of
anti-IL-9 and RDV reduced immune cells infiltration, mucus production
and mast cell accumulation (Supplementary Fig. 6a, b), indicating that
anti-IL-9 antibody and RDV treatment synergistically controlled SARS-
CoV-2 infection. Altogether, we demonstrated that IL-9 regulating anti-
viral response while promoting airway inflammation contributes to
SARS-CoV-2 infection.

FoxolI-inhibition attenuates lung inflammation and SARS-CoV-2
infection

We previously showed that Foxol is essential for IL-9 induction and
Th9 cell differentiation’®. We observed that FoxoI and IL-9 expression
is increased in active human Covidl9 patients, and in the lungs of
SARS-CoV-2-infected hamster and ACE2.Tg mice (Fig. 3a-d; Supple-
mentary Fig. 7a), suggesting that Foxol-IL-9 axis might be critical for
SARS-CoV-2 infection and lung inflammation. To test the effect of
Foxol in SARS-CoV-2 infection, we blocked Foxol using pharmacolo-
gical inhibitor (Foxoli), AS184285, as indicated (Fig. 3e). Foxoli inhib-
ited Foxol, Pu.l expression (Supplementary Fig. 7b) and restored
weight loss with increased survival, decreased lung lesions and hae-
morrhage score, and decreased lung viral load of SARS-CoV-2-infected
ACE2.Tg mice (Fig. 3f~h; Supplementary Fig. 7c, d). Foxoli treatment
found to be as good as RDV treatment in controlling SARS-CoV-2
infection (Fig. 3f-h). Lung histology indicated that Foxoli as effective
as RDV treatment in suppressing immune cell infiltration, collagen
accumulation, mucus overproduction, and mast cell accumulation
(Supplementary Fig. 7e). In line with this, Foxoli, as compared to
control, treatment reduced the frequency of eosinophils, mast cells,
basophils and CD4'IL-9*, CD4'IL-4" T cells, and IL-9 levels in BAL
(Fig. 3i-n; Supplementary Fig. 7f), and suppressed Th9 cells-associated
transcription factors, IRF4 Batf, Smad3 (Fig. 30), in SARS-CoV-2-
infected ACE2.Tg mice. Similar to IL-9 neutralization, Foxoli sup-
pressed the expression Cxcl10, Ccl2, Fcerl in the lungs of SARS-CoV2-
infected ACE2.Tg mice (Supplementary Fig. 7g).

We further tested type 1 IFNs and ISGs expression to understand
enhanced anti-viral activity upon Foxol inhibition. We found that Foxol
inhibition, as compared to control, enhanced the expression of IRFs
(Urf3, If7, Irf9), 1ISGs (Ifitm, Ifna, Ifnb, Ifnarl, Ifnar2), anti-viral genes
(Oaslg, Oas2, Oas3, Rnase-L, Adar, cgas and Sting) (Fig. 3p-r; Supple-
mentary Fig. 7h, i). These results suggest that Foxol inhibition sup-
pressed SARS-CoV-2 infection and airway inflammation via anti-viral
pathways and IL-9, respectively. Foxol exacerbates SARS-CoV-2 infec-
tion by FoxoI-dependent gene expression in SARS-CoV-2 infection.

To further confirm our findings that Foxol-dependent IL-9 pro-
motes SARS-CoV-2 infection and airway inflammation, we con-
ditionally deleted Foxol in CD4" T cells in ACE2.Tg mice, and hereafter
we refer these mice as FoxoF”".CD4°* while Foxol".CD4“® x ACE2.Tg
mice referred as Foxo?".CD4“* mice. We demonstrated that Foxot"",
CD4°*, as compared to Foxo?”".CD4®, mice were found to be less
sensitive to SARS-CoV-2 infection, remained healthy with no sign of
weight loss, and survived infection better than RDV treatment without
substantial lung lesions and lung viral load (Supplementary video 1a, b;
Fig. 4a-d; Supplementary Fig. 8a). Lung histology and immunophe-
notyping of BAL indicated that Foxol”.CD4“*", as compared to
Foxo?.CD4%*, mice infected with SARS-CoV-2 showed reduced fre-
quency of eosinophils, basophils, mast cells and IL-9%, IL-4" CD4" T cells
in the BAL and lower immune cell infiltration, mucus production, and
mast cell accumulation in lung tissues (Fig. 4e, f; Supplementary
Fig. 8b-e). Similarly, the expression of //4, II5, Il13, and Ifn-y Th9 cell-
associated genes /19, Gata3, Batf and Pu.I was found to be decreased in
FoxoF"£.CD4“** mice, as compared to Foxo?.CD4 mice (Supple-
mentary Fig. 9a-c).

To understand the resistant phenotype of Foxo}”%.CD4* mice to
SARS-CoV-2 infection, RNA sequencing (RNAseq) was performed.
Principal component analysis (PCA) indicated a distinct gene
profile between uninfected, SARS-CoV-2-infected Foxo¥”.CD4° and
Foxo}".CD4“"** mice (Supplementary Fig. 9d). Volcano plot represents
differentially expressed genes between SARS-CoV-2-infected lungs of
FoxoF"£.CD4“** and Foxo}”.CD4“* mice (Supplementary Fig. 9e).
Differential gene analysis indicated that, 1517, 1511 genes were upre-
gulated and 1377, 1657 genes were downregulated in Foxol”".CD4%®,
FoxoF".CD4“* infected mice, respectively with respect to uninfected
hACE2.Tg mice (Supplementary Fig. 9f). We selected top 100 differ-
entially expressed genes between Foxo!”".CD4“ and FoxoV”".CD4¢*
mice, and identified the top 10 pathways, which were differentially
regulated between SARS-CoV-2-infected lungs of Foxo?”".CD4¢*" and
FoxoF"£.CD4°* mice (Supplementary Fig. 9g). Pathways that are cri-
tical for anti-viral function including type 1 IFN, downregulation of
chemokine receptor and mitogen-activated protein kinase (MAPK)
activity, were differentially induced in SARS-CoV-2 infected lungs of
FoxoF”!.CD4“** and Foxo!”.CD4 mice (Supplementary Fig. 9f),
indicating that Foxol controls anti-viral pathways in SARS-CoV-2
infection. Among top 100 differentially modulated genes, we found
that Daxx (Death domain associated protein), NOD-like receptor family
CARD domain containing 5 (Nlrc5), Serine/threonine-protein kinase
PAK 2 (Pak2), Chemokine (C motif) ligand (Xcll), Oas2, Oasl2, which
were known to suppress SARS-CoV-2 infection®, were upregulated
in SARS-CoV-2-infected lungs of Foxo}”..CD4“"** mice, as compared to
FoxoF".CD4“* mice (Fig. 4g).
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RNAseq Data identified the downregulation of Plaa (Phospholi-
pase-A2-Activating protein)®, Neural precursor cell-expressed devel-
opmentally downregulated 9 (Nedd9)*, Protein Phosphatase 6
Regulatory Subunit 2 (ppp6r2)*”, Sic35a3 (Human protein atlas; www.
proteinatlas.org), Serpina3M*® which are known to be associated with
lung injury, lung cancer, allergic inflammation, fibroblast formation

o

genes, and asthma in the lungs of SARS-CoV-2-infected lungs of
Foxo}".CD4“** mice as compared to Foxot.CD4“ (Fig. 4h-j). String
analysis was performed on the differentially expressed genes between
FoxoF".CD4%* and Foxol".CD4°** mice to identify the network of
genes that are either upregulated or downregulated in Foxo??,CD4r*
mice. String analysis indicated Nlr3cl, Irf2, Runt-related transcription
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Fig. 2 | Synergistic effect of anti-IL-9 antibody treatment with RDV in SARS-
CoV-2 infection. a Experimental design where anti-IL-9 and RDV treatment was
given as indicated (Created with BioRender.com). b, ¢ Change in body weight (two-
way ANOVA followed by Tukey’s test) and percent survival determined by
Mantel-Cox test post SARS-CoV-2 infection and treatment (n = 5); *p < 0.05,

**p < 0.005); bar graph represents as a mean + SEM. d Lung haemorrhage score at 7
dpi on ascale of 0-5, 0 is a normal pink healthy lung, and 5 is a diffusely discoloured
dark red lung; bar graph represents as a mean + SEM (n =5 mice per group) (one-
way ANOVA followed by Tukey’s multiple comparison test) **p < 0.0005,

****p < 0.0001, ns = non-significant; arrow represents dark red lung lesions. e Viral
load in SARS-CoV-2-infected ACE2.Tg mice lung tissue after therapeutic treatment

(n=>5 mice), and freshly collected faeces qPCR assays (n =5 mice per group).
*p=0.0021, **p =0.0367, ***p < 0.0001; one-way ANOVA followed by Tukey’s
multiple comparison test; bar graph represents as a mean + SEM. f Representative
FACS dot plots show frequency of eosinophils, mast cells, and basophils. Bar graph
represents as a mean + SEM (n =S5 mice per group) (one-way ANOVA followed by
Tukey’s multiple comparison test). g, h Intracellular cytokine staining of IL-9, IFN-y
and IL-17 on CD4" T cells (n=5); bar graph represents as a mean + SEM; one-way
ANOVA followed by Tukey’s multiple comparison test. g **p < 0.0005;

****p < 0.0001, h *p < 0.05, ns = non-significant Source data are provided as a Source
data file.

factor 3 (Runx3), among other transcription factors were upregulated
while Smad3, Smad7, peroxisome proliferator-activated receptor
(Ppara) were downregulated in Foxo!”.CD4“*", as compared to
Foxo¥”.CD4°*, mice, and have a direct interaction with Foxol (Sup-
plementary Fig. 9i, j). While Nlr3cI and Irf2 negatively regulate anti-viral
functions®*°, Runx3 positively regulated Thl cells and suppresses Th9
cells development’®* may contribute to anti-SARS-CoV-2 activity.
Collectively, RNAseq Data show a distinct gene expression associated
with anti-viral, immune regulation, IL-9 induction, asthma and lung
injury, may make Foxo"".CD4** mice resistant to SARS-CoV-2 infec-
tion. Moreover, Foxot”.CD4°*, as compared to Foxol.CD4“*, mice
show an increased expression of ISGs (Ifna. Ifnb, Irfl, Irf3, Ifitm, Sting)
and anti-viral genes (OaslIg, Oas2, Oas3, Rnase ) in SARS-CoV-2 infec-
ted lungs (Supplementary Fig 10a, b). These Data indicate that Foxol
promotes viral infection and associated pathology through IL-9 and
suppressing anti-viral functions.

Foxol-IL-9 axis is essential for SARS-CoV2 transmission

Our data indicated Foxol linked to SARS-CoV-2 infection and regulate
viral replication and shedding, raising a possibility that Foxol may
control viral transmission. To understand this, SARS-CoV-2-infected
ACE2.Tg and Foxo}”.CD4°** mice were cohoused at 1:1 ratio with
uninfected ACE2.Tg mice for 10-12 days followed by measuring var-
ious parameters of infections (Fig. 5a). As compared to uninfected
ACE2.Tg mice, uninfected ACE2.Tg mice cohoused with SARS-CoV-2-
infected ACE2.Tg mice develop infection while uninfected ACE2.Tg
mice cohoused with SARS-CoV-2-infected Foxo!”.CD4" mice
develop low level of infection as indicated by weight loss, lung lesions,
viral load and histological score (Fig. 5b-f). In addition, we tested
whether ACE2.Tg and Foxo!%.CD4°** mice can transmit SARS-CoV-2
infection to healthy cohoused ACE2.Tg mice. Our previous data, indi-
cate that Foxol".CD4%**, as compared to Foxo}”".CD4, mice are
less sensitive to SARS-CoV-2 infection (Fig. 4a, b). This could be due to
lesser viral replication in Foxol”.CD4" mice. Keeping this in mind,
we cohoused SARS-CoV2-FoxoV”.CD4°* mice with healthy ACE2.Tg
mice for a longer period (12-day post infection) to see whether addi-
tional period allows an efficient transmission of SARS-CoV-2 to healthy
cohoused ACE2.Tg mice as it does in case of infected ACE2.Tg mice
cohoused with healthy ACE2.Tg mice. Even though, longer period of
cohousing of SARS-CoV-2 infected Foxol”".CD4* mice were unable
to transmit SARS-CoV-2 infection, indicating the inability Foxot".
CD4"*" to transmit the infection (Supplementary Fig. 12). As compared
Foxol".CD4“** cohoused with ACE2.Tg, ACE2.Tg cohoused ACE2.Tg
mice, showed higher frequency of eosinophils and mast cells in their
BAL (Fig. 5g, h). These Data together indicated Foxol limits viral
transmission.

Foxo!"".CD4** mice were resistant to SARS-CoV-2 infection and
associated mortality. Foxol-medaited IL-9 causes severity of SARS-
CoV-2 infection. We tested whether exogenous IL-9 makes Foxo}”~.
CD4“"*" mice susceptible to SARS-CoV-2 infection. Intranasal adminis-
tration of exogenous IL-9 makes Foxol.CD4“** mice susceptible to
SARS-CoV-2 infection as their overall physical activity declined (Sup-
plementary video 2a, b). In line with this, exogenous IL-9 treatment of

FoxoF".CD4“**, as compared to Foxo}”.CD4°** mice without IL-9
treatment, mice show weight loss, increased lung lesions, viral load
with and increased frequency of eosinophils, mast cells and IL-4"-, IL-
9*- and IL-17"-producing CD4" T cells (Fig. 5i-n; Supplementary
Fig. 11a). In line with this, IL-9 treatment to Foxo!’.CD4*" mice
increased histological score as determined by various indicated
changes (Fig. 50, p). These data indicated that replenishing IL-9 in
FoxoF"".CD4“** mice makes these mice susceptible to SARS-CoV-2
infection. However, endogenous (cellular) source of IL-9 in this case
was remained unclear. Since it was shown that IL-9 is primarily pro-
duced by CD4" cells and innate lymphoid cells (ILCs)**, we tested the
cellular source of IL-9 in SARS-CoV2 infection in ACE2.Tg mice. We
tested IL-9 cytokine staining in CD4" T cell, NK cells and ILCs from
uninfected and SARS-CoV-2 infected ACE2.Tg mice. Our data suggest
the IL-9 is primarily produced by CD4" T cells; we did not find IL-9
production from NK cells and ILCs (Supplementary Fig. 13a-d).

We further tested whether CD4" T cell-driven IL-9 is sufficient in
making Foxo}”".CD4“*" mice susceptible to SARS-CoV-2 infection. To
do this, we transferred the wt CD4" T cells from ROSA mTmG mice into
the Foxo?",CD4“** mice; we referred these mice as wt-CD4T-FoxoV"",
CD4“* mice. The advantage of using CD4" T cells from ROSA mTmG
mice, as these CD4" T cells can be tracked in vivo based on their
expression of RFP (Red fluorescence protein). Post transferring of
CD4" T cells from ROSA mTmG mice, we infected wt-CD4T-Foxol"~,
CD4°* and Foxo?.CD4°** mice with SARS-CoV-2 ancestral strain of
SARS-CoV-2. We found that wt-CD4T-Foxo"".CD4“* mice become as
susceptible as wt ACE2.Tg mice while Foxo?".CD4“* mice were found
to be remain resistant to SARS-CoV-2 infection (Supplementary
Fig. 13e). BALF analysis suggests that IL-9 is produced from wt mTmG,
but not from Foxol-deficeint, CD4" T cells, further confirming our
findings that CD4" T cell-derived IL-9 contributes to the susceptibility
of SARS-CoV-2 infection (Supplementary Fig. 13f-h). Taken together,
our Data demonstrate that IL-9 promote SARS-CoV-2 infection, and
make in FoxoP.CD4“* mice susceptible to infection. Altogether, we
identified one of the key mechanisms of T cell-mediated immuno-
pathology in Covidl9 by showing that Foxol and IL-9 controls two
distinctive pathological features that critically contribute to the pro-
gression and severity of COVID-19—namely anti-viral pathway and air-
way inflammation. The role of T cells was identified in mounting anti-
SARS-CoV-2 response®®. However, an Involvement of CD4" T cells was
not identified in promoting airway inflammation in promoting primary
SARS-COV-2 infection.

Discussion

In this study, we identified one of the key mechanisms of T cell-
mediated immunopathology in Covid19. We show that FoxoI-IL-9 axis
controls two distinctive pathological features that critically contribute
to the progression and severity of COVID-19 - namely anti-viral path-
way and airway inflammation. Although the involvement of adaptive
immune cells, particularly CD4" and CD8" T cells, was identified in
mounting protection in primary SARS-CoV-2 infection®, the role of
CD4" T cells and its cytokines were not known in regulation of anti-viral
response and airway inflammation in SARS-COV-2 infection.
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We identified an association of IL-9, a cytokine primarily produced
by Th cells, in enhancing the severity of SARS-CoV-2 infection. Naive
CD4" cells differentiate into IL-9-producing Th9 cell in the presence of
TGF-B and IL-4. Although the role of IL-9 and IL-9R was well docu-
mented in allergic inflammation and atopy, their functions in respira-
tory viral illness were not clearly understood. IL-9 was found to be

&

present in bronchial secretion of respiratory syncytial virus (RSV)
infected infants**. Moreover, IL-9 was found to regulate RSV-induced
immunopathology and enhance RSV infection, as depletion of IL-9
promoted RSV clearances from the lungs®. In line with this, we show
that IL-9 was found to be increased in active COVID-19 patients. Simi-
larly, IL-9 was found to be upregulated in SARS-CoV2-infected hamster
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Fig. 3 | Foxol inhibition attenuates lung inflammation and SARS-CoV-2 infec-
tion. a Heat map of gene expression of COVID-19 active patients or healthy control
(n=9). Gene expression levels in the heat map are z score-normalized values
determined from log2 transformed relative gene expression. Foxol (Human; n=9)
(b), Hamster (n =3 hamster per group) (c), and mice (n =3 mice per group) at day 2
(d) is represented in the form of a bar graph (*p < 0.05, ***p < 0.0001; student’s t-
test); bar graph represents as a mean + SEM. e Pictorial diagram shows the
experimental design of the study (Created with BioRender.com). f Percentage
change in the body weight (n =5 mice per group) (**p < 0.002, ***p < 0.0001; two-
way ANOVA followed by Tukey’s test); bar graph represents as a mean + SEM.

g Percent survival of each group analysed by Mantel-Cox test (**p < 0.0047, n=5);
bar represents as a mean + SEM. h Relative lung viral load by qPCR assay and Lung
haemorrhage scored on 7 dpi (*p < 0.05, **p < 0.0047, ***p < 0.0001); bar graph
represents as a mean + SEM (n =5 mice per group); (one-way ANOVA followed by

Tukey’s multiple comparison test). i-k Left panel: Intracellular staining of IL-9 was
performed (n =4) in BAL cells; middle panel (j) shows relative mRNA expression of
119 and right panel (k) shows the IL-9 concentration in BAL fluid by ELISA (n=5),
*P<0.05,**P<0.0004, p < 0.0001 (right: Kruskal-Wallis test, left and middle: two-
way ANOVA). I-n FACS plots and their respective bar graphs represent Eosinophils,
Mast cells, and Basophils percentages in BALF. *p = 0.0471, **p <0.005,
***p=0.0002, ***p < 0.0001 (one-way ANOVA followed by Tukeys multiple com-
parison test) n=35. o, p relative mRNA expression of /rf4, Batf, Smad3, Irf3,Irf7, and
Irf9 (*p = 0.0406, *p = 0.0060, ***p = 0.0003, ****p < 0.0001; one-way ANOVA).

q, r relative mRNA expression of ISGs (Ifitm, Ifnp, Ifnarl, Ifnar2, Ifna) and anti-viral
factors genes (Oas2, Oas3, Oaslg, RNasel, and Adar) profile by qPCR from lung
samples (n=4); *p < 0.05, *p < 0.005, **p < 0.005, **p < 0.0001 (one-way ANOVA
followed by Tukey’s, multiple comparison test); bar graph represents as a mean +
SEM. Source data are provided as a Source data file.

and ACE2.Tg mice. Our data demonstrated that the depletion of IL-9
enhances viral clearance while regulates SARS-CoV-2-induced airway
inflammation and lung pathology. We further characterised the role of
IL-9 in SARS-CoV-2 infection and associated pathologies in ACE2.Tg
mice. Our data suggested that IL-9 was found to be increased in early
days of SARS-CoV-2 infection in hamster, which further indicated
the involvement of IL-9 in the induction of airway inflammation. In line
with this, we found that the expression of IL-9 was found to
be increased in the PBMCs of active COVID-19 patients.

Role of IL-9 in inducing airway inflammation and immuno-
pathology is well characterized, as it was shown to greatly enhance
infiltration of lymphocytes, eosinophils and associated with mast
cells hyperplasia and mucus production*. It was previously shown
that anti-IL-9 neutralization markedly decreased allergic inflamma-
tion associated with reduced levels of total serum IgE, eosinophil
frequency, mucus production and overall histopathological
score**®, In line with this, our data demonstrated that anti-IL-9
neutralization in SARS-CoV-2 infection reduced overall of histo-
pathological score associated with the reduction in mucus produc-
tion, collagen deposition and mast cell accumulation in the lungs. In
line with this, exogenous treatment of IL-9 enhanced overall histo-
pathological score in SARS-CoV-2 infection with an increased in
eosinophils, mast cell accumulation and mucus production in the
lungs. Taken together, our data indicated a crosstalk between IL-9
and mast cell in SARS-CoV-2 infection, which is consistent with the
previous findings that IL-9 promotes mastocytosis and mast
cell functions by enhancing their survival**°. Although our data
suggest that IL-9 enhances the severity of the SARS-CoV2 infections,
mutations in the spike protein of SARS-CoV2 affect its infectivity and
antigenicity. Mutation in the multi-basic cleavage site (PRRAR) at the
spike protein S1/S2 interface is a major determinant of infectivity and
pathogenesis of SARS-CoV2 and its variants, as it allows the efficient
cleavage of S protein by the host proteases, which is a prerequisite
for efficient virus entry and fusion®*%. The mutation of Proline (P) to
Histidine (H) P681H in the cleavage site as seen in Alpha and Omicron
variants has been suggested to reduce the viral infectivity as com-
pared to the Delta virus in which the introduction of additional basic
residue P68IR might be responsible for the enhancement of
pathogenesis®****. However, except for the Proline mutation, the
cleavage site is found to be highly conserved in SARS-CoV-2 variants,
and mutation of the polybasic arginine residue might result in the
development of low virulent strains and infection might restrict the
localized spread as compared to systemic spread as shown in Influ-
enza viruses™*°, In addition, mutations in other than the spike pro-
tein like D614G, N501Y, and L452R were found to be associated with
viral infectivity and antigenicity. However, we did not find these
mutations in the viral stocks, we used in our study.

Our data suggested that IL-9-producing Th9 cells contribute to
the progression of SARS-CoV2 infection and associated airway
inflammation. However, IL-9 was also found to be produced by ILCs*?,

indicating a possibility of ILCs, in addition to Th9 cells, in con-
tributing to SARS-CoV2 infection and associated lung inflammation.
We tested the role of ILCs-mediated IL-9 production in SARS-CoV-
2 infection in ACE2.Tg mice. Our data indicated that neither NK cells
nor ILCs contribute to IL-9 production in the lungs of SARS-CoV2
infected mice. We previously identified that Foxol is one of the key
transcription factors that is essential for the induction of IL-9 in Th
cells®. Hence Foxol deletion may lead to the attenuation of IL-9-
mediated SARS-CoV2 infection and associated lung inflammation. In
line with this, our data demonstrated that Foxol deficiency in CD4"
T cells leads to blunted IL-9 production, which makes these mice less
susceptible to SARS-CoV-2 infection and associated airway inflam-
mation. Interestingly either exogenous IL-9 or transfer of Foxol-
sufficient CD4" T cells make Foxol-deficient mice susceptible to
SARS-CoV2 infection and associated inflammation further indicating
the role of Foxol in CD4" T cell-derived IL-9 in driving airway
inflammation in this model.

Although IL-9-mediated regulation of anti-viral function was
shown in RSV infection®”, the mechanism by which IL-9 regulates
antiviral functions was not identified. It was documented that anti-viral
genes and ISGs were found to be essential for the clearance of SARS-
CoV-2 infection. In line with this, our data suggest that IL-9 suppresses
the expression of anti-viral genes and ISGs, which could be responsible
for an increased severity of SARS-CoV-2 infection in the presence of IL-
9. Although there is no clear mechanism is identified as to how IL-9-
meidates suppression of type 1 IFN response. Our data indicated that
while anti-IL-9 antibody neutralization suppressed SARS-CoV-2 infec-
tion and increased anti-viral type 1 IFN response, exogenous recom-
binant IL-9 treatment enhanced SARS-CoV-2 infection and suppressed
anti-viral type 1 IFN response. Upon binding to its receptor, IL-9 acti-
vates proximal signalling events primarily driven by JAK-STAT path-
ways, which includes Jakl, Jak3 and Statl, Stat3 and Stat5”’. Anti-viral
response of type 1IFNs also requires activation of STAT proteins. It was
shown that Stat3 negatively regulates type 1 IFNs response, as Stat3
deficient cells produced enhanced type 11FNs, which in turn increased
ISGs expression®, Since IL-9 activates Stat3, it might suppress type 1
IFNs production and function and susequently ISGs expression. This is
could be one of the potential mechanisms by which IL-9 may suppress
type 1 IFNs response. However, this needs to be experimentally eval-
uated and validated. Our data suggested that increased type 1 response
together with anti-viral therapy might provide alternate therapy, as
anti-IL-9 antibody with anti-viral drug, RDV, reduce both viral load and
lung immunopathology. In fact, suboptimal doses of anti-IL-9 and RDV
synergistically eliminate SARS-CoV-2 infection and reduce lung
pathologies and inflammation. Foxol is essential for the induction of IL-
9 in Th9 cell, and other Th cell subsets™. FoxoI blockade reduces
allergic inflammation in asthma due to reduction in IL-9 production in
the lungs'. In line with this, our data show that Foxol inhibition using
pharmacological inhibitor leads to suppress SARS-CoV-2 infection and
associated immunopathology. Consistently, we demonstrated that
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FoxoI-conditional deficiency in CD4" T cells make ACE2.Tg mice
resistant to SARS-CoV-2 infection associated with the blunted IL-9
production. Mechanistically, similar to IL-9 neutralization, Foxol defi-
ciency in CD4" T cells leads to the upregulation of anti-viral and ISGs.
This could be due to the Foxol-dependent regulation of anti-viral
function by promoting Irf3 degradation®. Importantly, both IL-9
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neutralization and Foxol conditional deficiency in ACE2.Tg mice gen-
erate a similar phenotype in terms of immunopathology in SARS-CoV-2
infection associated with the accumulation of eosinophils, mast cells in
the lungs and other related pathologies. Taken together, our data
demonstrated that Foxol-IL-9 axis regulates SARS-CoV-2 infection and
associated immunopathology.
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Fig. 4 | Foxol exacerbates SARS-CoV-2 infection by Foxol-dependent gene
expression in SARS-CoV-2 infection. hACE2.Tg (wt), Foxo™.CD4**xhACE2.Tg
(RDV group as a control) was intranasally challenged with SARS-CoV-2 and eutha-
nization at 7 dpi. a Percentage changes in body Weight (n =5; two-way ANOVA
followed by Tukey’s multiple comparison test; *p = 0.0366, **p = 0.0001; bar graph
represents as a mean + SEM. b Percent survival by Mantel-Cox test (***p = 0.0095).
c Image shows gross lung morphological changes d Relative viral load was mea-
sured by qPCR (***p < 0.0001); bar graph represents as a mean + SEM (n =4 mice
per group); one-way ANOVA followed by Tukey’s multiple comparison test.

e, f BALF cells were stimulated with PMA/lonomycin and IL-9, IL-4 production was
determined by flow cytometry (*p < 0.05, *p < 0.005, ***p < 0.0001; n = 5) (one-way

ANOVA followed by Tukey’s multiple comparison test); bar graph represents as a
mean + SEM. g-j Heat maps of significantly up and downregulated genes during
SARS-CoV-2 infection. g Heat map of all significantly differentially expressed top
100 genes DEGs (differentially expressed genes) and further heat-map analysis of
selected top significantly differentially expressed genes. h Fibroblast genes i anti-
viral & asthma, lung injury genes in SARS-CoV-2, j allergy, Type I IFN signalling genes
identified through DEG analysis. Genes shown in each pathway are the union of the
differentially expressed genes from Wt (hACE2.Tg) Vs. Foxo™.CD4“** comparisons.
Columns represent samples, and rows represent genes. Gene expression levels in
the heat maps are z score-normalized values determined from log2 values. Source
data are provided as a Source data file and RNA seq data available at NCBI.

Methods

Animals

All the experiments were performed at infectious disease research
facility (IDRF) in BSL-3 and ABSL-3 as per IBSC (Institutional Biosafety
Committee) guidelines. All experimental procedures involving virus
challenge were approved by the Institutional Animal Ethics Committee
(IAEC), IBSC and RCGM as per the guidelines of THSTI (IAEC/THSTI/
191) and Department of Biotechnology, Govt. of India. Heterozygous
K18-hACE2.Tg mice c57BL/6) mice (strain: 2B6.Cg-Tg(K18-ACE2)
2Primn/J), Foxo?”’xCD4%** (Foxo™ strain#024756; CD4Cre strain:
017336) and mTmG mice (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-
tdTomato,-EGFP)Luo/J; strain #007676) were procured from The
Jackson Laboratory. Golden Syrian hamsters were procured from CDRI
(Central Drug Research Institute). hACE2.Tg mice were crossed with
the Foxo.CD4** mice to generate Foxol”.CD4* x ACE2.Tg mice.
Animals were housed and maintained at THSTI-SAF (small animal
facility). All the mice were fed with a standard chow diet (Cat.no 1324p,
Altromin; Germany), water and libitum. The temperature for mice
rooms were maintained between ~19-26 °C with -30-70% humidity.
Mice were housed with 14 h light/10 h dark cycles.

For the SARS-CoV-2 infection, mice were administered intrana-
sally with 10° (Foxoi, Foxo™.CD4%* +IL-9 experiment), 10° PFU (alL-9
and other experiments), 10* PFU (B.1.529 +rIL-9) (50 pl) of live SARS-
CoV-2 under injectable anaesthesia as previously described**°.

Human ethics

The study was approved by the Institutional Ethics Committee (Human
Research) of THSTI and ESIC Hospital, Faridabad (Letter Ref No: THS
1.8.1/(97) dated 07 July 2020). After obtaining an approval from the
Institutional Ethics Committee of THSTI (IEC, Human Research) and
ESIC Hospital, Faridabad active COVID-19 patients’ blood samples were
collected from symptomatic COVID-19 patients and healthy partici-
pants after the written informed consent and there was no bias to the
recruitment or collection. PBMCs were isolated from collected blood
samples, and stored in liquid nitrogen as previously described for
further use'. Briefly, human PBMCs were isolated by Ficoll Gradient
(GE Healthcare).

SARS-CoV-2 propagation

Vero E6 (CRL-1586; American Type Culture Collection) and Caco2 (A
kind gift from Dr. Sweety Samal) was cultured at 37 °C in Dulbecco’s
modified Eagle’s medium (DMEM) 4.5g/L D-glucose, 100,000 U/L
Penicillin471 Streptomycin, 100 mg/L sodium pyruvate, 25mM
HEPES and 2% FBS The isolate of SARS-CoV-2; USA-WA1/2020 and
B.1.1.529 (10* PFU) was used as a challenge strain As mentioned above***°
at THSTI Infectious Disease Research Facility (Biosafety level 3 facility).

In vivo treatments of RDV, anti-IL-9, Foxoi and exogenous IL-9
All the studies were designed to study therapeutic efficacy as com-
pared to RDV. Therapeutic studies (Neutralisation experiments) were
performed to define if drug regimens could affect virus replication and
disease progression. 6-8-week-old mice (Male and Female) were used

in this experiment. All treatments were initiated one day prior to
infection. Post challenge, uninfected and infected mice were observed
till the infected mice lost 20-30% weight and the animals were sacri-
ficed when they became moribund for further validation. In two other
experiments, treatment with a vehicle, RDV (25 mg/kg; ip), anti-IL-9
(20 pg/mice; ip), and Foxol inhibitor (20 mg/Kg; i.n.) were given. On
appearance of moribund features, animals were euthanized by iso-
flurane; lungs were scored for haemorrhage (described below). The
left lobe was placed in 10% formalin and stored at room temperature
until sectioning and histological analysis. Lung sectioning, haematox-
ylin, eosin staining, and N antigen staining as described below was
performed at the Institute of Liver and Biliary Sciences (ILBS) at
New Delhi.

We then performed two therapeutic studies to ascertain whether
«lIL-9 (suboptimal, S.0), RDV (S.0), «IL-9(S.0) + RDV (S.0), and Foxol
inhibitor alone could affect virus replication or disease progression. In
the first study, in randomly allocated groups (n = 5; 6-8- week-old mice
(male and female)), we compared vehicle, RDV, or Foxol inhibitor
alone. In another study, S.O of aIL-9 (10 mg/kg) and RDV (S.0) (1.5 mg/
kg), alL-9 (S.0) + RDV (S.0) (10 mg/kg + 1.5 mg/kg respectively) were
administered once daily via intraperitoneal injection.

To evaluate the role of IL-9, we used Foxol”.CD4* mice com-
pared to hACE2.Tg mice infection with rIL-9 i.n. (i.n.; 500 ng/mice; 6-8-
week-old mice (male and female) were used in this experiment.).
Euthanasia and immunopathological assays were performed as
described above.

Cohousing and viral transmission

hACE2.Tg mice (6-8 weeks male and female) and Foxol}”.
CD4“**ACE2.Tg (6-8 weeks male and female) mice were infected with
the with SARS-CoV-2. 24 h post infection, infected mice were cohoused
with the uninfected ACE2.Tg mice (1:1 ratio). Subsequently, mice were
followed for the sign of infection and other parameters were measured.

Measurement of viral load

Lung tissues and faecal samples were weighed and homogenized for
further processing as described earlier®. Briefly, RNA was extracted by
using Total RNA Isolation Kit (MDI) as per the manufacturer’s protocol.
Relative copy number of SARS-CoV-2 RNA was done using previously
used formula (POWER (2, ~ACT)*10,000 to calculate the relative gene
expression®. cDNA was synthesized using the kit from applied bio-
system. Copies of SARS-CoV-2 nucleocapsid (N) RNA were determined
using the N gene primers (forward: 5-~ATGCTGCAATCGTGCTACAA-3’;
reverse: 3’-GACTGCCGCCTCTGCTC-5'. B-actin gene was used as an
endogenous control for normalization. AACt method was used for
relative quantitation'®®,

Peripheral blood mononuclear cells (PBMCs) isolation

PBMCs were isolated using density-gradient centrifugation as descri-
bed previously'. Briefly, human PBMCs from healthy donors were
isolated by Ficoll-paque (GE Healthcare) gradient, and the PBMCs were
then washed once with 1X PBS, followed by isolation of total RNA using

Nature Communications | (2023)14:4060

10



Article

https://doi.org/10.1038/s41467-023-39815-5

a

g -e- Control
Infection =) -+ Foxo™™x CD4°"*-U|(Cohoused) 4 Ace2.T Ace2 T
-5 105 - WT: Ul cez. 1gx ce2_Tgx
# p— q;) - WT_UI(Cohoused) WT: | (Cohoused) FOXol-CDACre" Foxoli-CD4crs
“2anrs dpi” 4 6 8 10 o
RACE2Tg ’ Mool S 100 + +UI(Cohoused)
F I ox Saciifice  Saciifice g
s/ e [FORO"™CDA™ o g vl O g5 /
&“ 24hrs dpi <5 2 6 8 10 12 L. -] -
M &) et § 2 !
XFoxoTACD4 hACE2.Tg Ul hACE2TgUI ~ © N g
= 90 &
[}
o
d f Ace2_Tgx Ace2_Tgx
= Foxolf+CD4Cre++] Foxoflf+CD4Cre++U|
= Wt _Ul(Cohoused;7" Day) (71 Day (Cohoused; 7™ Day)
> .
ke) i R SV R  l e X K Py v e L R
T‘é 3
L &
o
<
2
N QA N A
DO AN D X O
d 7/, A}Q
@ é\ /Qb‘ s& s é‘ é\o"‘ 7.
\\x.‘_o $+0 ™ Hyaline membrane
(O\\ g w+ Normal septal wall thickness
<(°+ ((o*' ¥ Degradation of intracellular septae
Ace2_Tgx & Infiltration of Immune cells
g hACE2.Tg_| hACE2.T_UI Ace2_Tgx  FoxolCD4Cre++Ul _ 30, s Q Normal alveolar space
_ (Cohoused) Foxo™CD4¢e*  (Cohoused X o ® Proteinaceous debris
P — T %ol L
1 967, . %- 288 =
i P n o= 20114 sk
1 =3 . o
i ] =
! % 10 pia
;| o
1 w 0 [
] 3t ns
e 40
rep cy5.5 = —
h o ~ =30
= 1,202, B
g 1° 820
A, | ]
1°3 T 10
=
¥ 0
. FceR1 PE .
! < - Foxo™™ x cD4°™e* J S —~ 105 _x
2110, = Foxo™ x CD4T*+IL9 S 5 =
g Foxo x Foxox & 2 104 -
; Cre+4 Cre+4 o o
g 100 '”T:};;, 4t t CD4 | CD4 IL9 e 8. |2
& - u I X = 10 :
@ 90 I N o A =
£ 3
= 80 .= .
g & -E
S 70
4 123 45 6 7 8
| Days m
<«
Fi Aﬂ%e?:g% F ﬂ/ﬂAg;eli)ZAing IL9 * Foxof".CD4°"" Aoe2.Tox noe2 Tox
OX0™X re+ Foxo™ix re+ + Foxo’xCD4Cre+ Foxo™’xCDACre+ +IL9  « Foxof!M cD4Cre*
oxof".CD4
= Foxoff CD4%®* +1L9 |, |
10 =— & 1 . 70, Foxof/™.CD4%"®* +|L9
< X 0‘8] (- ) 6ol =i
B Eo 1 ) 2z =
(o] < 0.6 < -
3 3 . Bt S 50
+* + 04 Q c
I= < ~ ‘D 40
Q [a) 2 .
O O i

30

N Ace2.Tgx Ace2.Tgx
Foxo™xCD4Cre+ FoxoxCD4Cre+ +IL9
1 Sa
b Al 5
T - 33
L

(2]
},,_.. A2
0

Trizol reagent. The RNA isolated from PBMCs was used to test the
expression respective genes relative to 3-Actin.

Gene expression profiling of human PBMCs
Peripheral blood mononuclear cells (PBMCs) were isolated using
density-gradient centrifugation as described previously®’. Briefly,
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blood samples were collected from symptomatic COVID-19 patients
(-0-3 days from PCR positive report) and healthy volunteers in
heparinized CPTTM (BD Biosciences, USA) tubes and were centrifuged
at 1500 x g for 25 min. The PBMC layer was separated and washed with
1X PBS, and total RNA from PBMCs was isolated using the Trizol
reagent. The RNA isolated from PBMCs was used to test the expression
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Fig. 5 | Foxol-IL-9 axis is essential for SARS-CoV2 transmission. hACE2.Tg mice
(uninfected) were cohoused with Foxo™.CD4“** infected (10°PFU) mice, while
hACE2-Tg healthy mice were cohoused with hACE2-Tg infected mice. a Pictorial
diagram represents cohousing of mice (Adopted from “cohousing template” by
BioRender.com 2020). b Percentage body weight change (n =S5; two-way ANOVA:
*p =0.0215); bar graph represents as a mean + SEM. ¢ Gross pathology of Lungs
(black arrows show focal red lung lesions). d, e Viral burden in the lungs and faeces
was analysed by qPCR for viral RNA levels (n = 4; two-way ANOVA followed by
Tukey’s multiple comparison test (*p < 0.05, **p < 0.005, **p < 0.0005,

****p < 0.0001); bar graph represents as a mean = SEM. f Haematoxylin-Eosin
staining of lung sections; bar graph represents histology score (Hyaline membrane,
septal wall thickness, degradation of intracellular septae, infiltration of neutrophils
and protein debris); (x40 magnification; 100 pm scale bar); n=>5 mice per group
(two-way ANOVA followed by Tukey’s multiple comparison test); *p < 0.05,

**p < 0.005. FACS representative dot plot and its respective bar graph show per-
centage frequency mean + SEM indicating g Eosinophils (upper) (n = 4), h Mast cells
(Lower) percentage frequency (n=4); bar graph represents as a mean + SEM;

*p < 0.05, **p < 0.0005, ***p < 0.0001, ns = non-significant. Further to check the
role of IL-9 in Foxol™" CD4Cre * mice we have given exogenously IL-9 to the mice
and observed. i Percentage body weight change was monitored (one experiment;
n=5; two-way ANOVA *p < 0.0451; bar graph represents as a mean + SEM). j Gross
lung morphological changes between Foxo™. CD4*infected and rIL-9 treated
groups. k Viral load quantified by qPCR (n =4); *p < 0.05 (students t test); bar graph
represents as a mean = SEM. I-n Representative FACS dot plot and its corre-
sponding bar graph showing mean + SEM showing IL-9, IL-4, Mast cells and
Eosinophils frequency (n =5 mice per group); one-way ANOVA followed by
Tukey’s multiple comparison test (*p <0.05, **p < 0.005, **p < 0.0005).

o, p Histopathology of lungs from SARS-CoV-2 infected Foxol*CD4°* mice and
rIL-9 treated mice at day 7 post infection. Histopathological observations were
done for the H&E stained sections and histological score was given based on
Hyaline membrane, septal wall thickness, degradation of intracellular septae,
infiltration of neutrophils and protein debris (x60 magnification; 50 pm scale bar).
n=4; bar graph represents as a mean + SEM; *p < 0.05 (student t test). Source data
are provided as a Source data file.

of respective genes relative to (-Actin by RT-PCR. The relative
expression levels (27%°") of genes were further normalized by log2
transformation, and Z-score was calculated as described previously®.
The median of Z-scores of log2 transformed relative gene expression
was represented as a heat map.

qPCR

RNA was isolated from lungs and spleen as described previously'®. RNA
from BAL cell samples was isolated by using RNAeasy kit (MDI). Total
RNA was subjected to cDNA synthesis using the iScript cDNA synthesis
kit (Biorad; #1708891). qPCR was performed as described earlier using
SYBR green dye KAPA SYBR FAST qPCR Master Mix (2X) Universal kit
on standard 7500 Dx real-time PCR system (Applied Biosystems). The
relative gene expression was calculated as described previously'.
Following primer sets were used. Mice Primer sets: /[-13—5-CTTAAG-
GAGCTTATTGAGGAG-3" 3’-CATTGCAATTGGAGATGTTG-5; cGAS—5'-
GGATAGAGAAAACATGCTGTG-3; 3’-CAGTTTTCACATGGTAGGAAC-
5’; Tmemi173—5-CTCATTGTCTACCAAGAACC-3" 3-TAACCTCCTCCTT
TTCTTCC-5; Tbk1-5-GAACAACTCAATACCGTAGG-3’ 3-AATTCTT-
GATAGAGCAGCAG-5’; Irf3—5'-CTTGTAGAATAACCACCAGC-3" 3-CTT
GTAGAATAACCACCAGC-5; Cxcl10-5-AAAAAGGTCTAAAAGGGCTC-
3’ 3-AATTAGGACTAGCCATCCAC-5; Cxcl5—5-TCAGAAAATATTGGGC
AGTG-3’ 3"-CAAAGCAGGGAGTTCATAAAG-5; Oaslg—5-CTGTGGTAC
CCATGTTTTATG-3" 3-ATACATGTCCAGTTCTCCTC-5; Oas2—5-TTA-
TAAAATACCGGCAGCTC-3" 3-ATTACAGGCCTCTTTTTCTG-5; Oas3—
5’-CCAAACTTAAGAGCCTGATG-3" 3-GCCTCTCCTCCTTTATATCG-5;
RNasel—5-ATACTGTAGGTGATCTGCTG-3" 3-AAGTATCTCCTTCATTC
CCC-5'; IfnB1-5-AACTTCCAAAACTGAAGACC-3’ 3’-AACTCTGTTTTC
CTTTGACC-5;  Ifnar2—5-AGCCCAAAGTGAATAATGTC-3’  3-TGA-
TAATCCTGATTCCTGGC-5'; Ifnarl—5-CTGAATAAGACCAGCAACTTC-
3’ 3’-CATGACAGAGAAGAACACAAC-5; II-5-5-CCCTACTCATAAAAAT
CACCAG-3’ 3-TTGGAATAGCATTTCCACAG-5’; Ifitm3—5"-AAGAATCAA
GGAAGAATATGAGG-3" 3-GATCCCTAGACTTCACGG-S; Trim24-5'-
TTCCATCTCTCATCAGCATC-3’ 3-CATTCTGGCTTGGTGAATATC-5’; B-
Act—=5-TTAATTTCTGAATGGCCCAG-3* 3’-GACCAAAGCCTTCATACA
TC-5; Foxol—-5-AAACACATATTGAGCCACTG-3" 3'TCTACTCTGTTT-
GAAGGAGGS’; Ccl2-5-GAAGATGATCCCAATGAGTAG-3’ 3-TTGGTGA
CAAAAACTACAGC-Y; Ccl12-5-TGTGATCTTCAGGACCATAC-3  3'-
CATGAAGGTTCAAGGATGAAG-5; Tphl—-5-GAACTCAAACATGCACTT
TC-3’ 3-GTTGTACTTCAGTCCAAACG-5’; Fcerla—5-TCAACTACAGTTA
TGAGAGCC-3’ 3"-TGGGAAAATTAGTTGTAGCC-5; I-17-5-ACGTTTCT
CAGCAAACTTAC-3" 3'-CCCCTTTACACCTTCTTTTC-5’; NI-5-GACCC-
CAAAATCAGCGAAAT-3’ 3-TCTGGTTACTGCCAGTTGAATCTG-5 II-9—
5-GCATCAGAGACACCAATTAC-3’ 3-GTACAATCATCAGTTGGGAC-5’;
Ifn-y—5-TGAGTATTGCCAAGTTTGAG-3’ 3’-CTTATTGGGACAATCTCTT
CC-5; Irf-4—5-GAGTAGGATCTACTGGGATG-3’ 3’-CTTGCAGCTCTGA

TAGAAAC-5’; Irf9-5"-CAACATAGGCGGTGGTGGCAAT-3" 3-GTTGATG
CTCCAGGAACACTGG-5;  Irf-7-5-CCACGCTATACCATCTACCTGG-3’
3’-GCTGCTATCCAGGGAAGACACA-5;  hACE2—-5-TCCATTGGTCTTC
TGTCACCCG-3" 3-AGACCATCCACCTCCACTTCTC-5; Spil-5-GAGG
TGTCTGATGGAGAAGCTG-3’ 3'-ACCCACCAGATGCTGTCCTTCA-5'.
Human primer sets: Oas2—5"-GCTTCCGACAATCAACAGCCAAG-3’
3’-CTTGACGATTTTGTGCCGCTCG-5’; lI9r—5-GACCAGTTGTCTCTGTT
TGGGC-3’ 3-TTTCACCCGACTGAAAATCAGTGG-Y'; Ifna—5’ TGGGCTG
TGATCTGCCTCAAAC-3’ 3-CAGCCTTTTGGAACTGGTTGCC-5'; Irf9-5'-
CCACCGAAGTTCCAGGTAACAC-3’ 3’-AGTCTGCTCCAGCAAGTATCG
G-5; OasI-5-AGGAAAGGTGCTTCCGAGGTAG-3" 3-GGACTGAGGAAG
ACAACCAGGT-5; 0as3—5-CCTGATTCTGCTGGTGAAGCAC-3’ 3-TCC
CAGGCAAAGATGGTGAGGA-5; Ifnfi—5-CTTGGATTCCTACAAAGAAG
CAGC-3’ 3’- TCCTCCTTCTGGAACTGCTGCA-5’; Trim22—-5-GGATCGTC
AGTAGAGATGCTGC-3’ 3'-GAACTTGCAGCATCCCACTCAG-5’; Ifitm—5’-
GGCTTCATAGCATTCGCCTACTC3 3’-AGATGTTCAGGCACTTGGCGG
T-5"; RNaseL—5-AAGGCTGTTCAAGAACTACACTTG-3" 3-TGGATCTC
CAGCCCACTTGATG-5’; 119—5-GACATCAACTTCCTCATC-3’, 5’-GAGAC
AACTGGTCTTCTGG-3’; Irf3— 5-TCTGCCCTCAACCGCAAAGAAG-3’ 3’
TACTGCCTCCACCATTGGTGTC-5; Irf7—5-CCACGCTATACCATCTAC
CTGG-3’ 3’ -GCTGCTATCCAGGGAAGACACA-5’; lI9r—5-ATCAGTCCT
GCCTTGGAGCCAA-3’ 3-CCGACAATGTGATCCCTGTGCT-5’; Ifn-a—5"-T
GGGCTGTGATCTGCCTCAAAC-3"  3-CAGCCTTTTGGAACTGGTTGC
C-5’; Ifn-B—5-CTTGGATTCCTACAAAGAAGCAGC-3’ 3-TCCTCCTTCTG
GAACTGCTGCA-5’; Hamster primer sets: Foxol5’-AGGATAAGGGCGA-
CAGCAAC-3’ 3-GTCCCCGGCTCTTAGCAAAT-5’; II-9-5-CTCTGCCCTG
CTCTTTGGTT-3’ 3-CGAGGGTGGGTCATTCTTCA-5; Pu.l1-5-GCATTG
GAGGTGTCTGAT-3’ 3'-CATCTTCTTGCGGTTGCCCT-5'.

BALF collection and lung histological analysis

Lung lavage was collected by inserting a cannula into the trachea and
lavaging with 500 pl cold PBS three times as previously described™.
Lavage sample was centrifuged, and supernatant was collected for
further cytokine analysis, and cells were used for FACS analysis. Lungs
were excised; left lower lobe was immersed in 10% formalin and used
for histological analysis. Paraffin-embedded tissue samples were fur-
ther sectioned and various histological staining’s (H&E, Periodic acid
Schiff’s, van Gieson, and toluidine blue) were performed at ILBS (New
Delhi) and the scoring was done by a trained histopathologist inde-
pendently in a blinded manner.

Lung Injury Scoring System given by the three random people, in
order to help quantitate histological features of ALl (Acute Lung
Injury). In a blinded manner, three random diseased fields of lung
tissue were chosen at high power (60x), which were scored for the
following: (A) Immune cell infiltration (none=0, 1-5 cells=1, >5
cells =2), (B) Damage in the interstitial space/septae, (C) Proteinaceous
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debris in air spaces (none =0, one instance=1, >1 instance =2), (D)
alveolar septal thickening (<2x mock thickness =0, 2-4x mock thick-
ness =1, >4x mock thickness = 2).

Immunohistochemistry

For immunohistochemistry 2-4-pm sections were used as described
earlier. Briefly, paraffin-embedded sections were dewaxed and rehy-
drated through xylene and graded alcohol, respectively, for 15 min at
room temperature (RT), before epitope unmasking, slides were
blocked with normal goat serum for 30 min in RT. Samples were then
incubated with a primary antibody incubated overnight at 4 °C (SARS-
CoV-2-N antigen (5-25pg/ml; R&D, # Clone # 1035145)). Species-
matched gamma globulin was used as an isotype control at the same
concentration. Sections were washed in PBST and Species-matched
secondary antibodies were applied for 60 min at RT. The finally stained
sections for SARS-CoV-2-N protein were then observed and images
were captured under Ti Eclipse Nikon microscope at RCB (Regional
Centre for Biotechnology).

Cytokine ELISA

Quantitation of IL-4, IL-9, IL-10 and IFN-y was measured in BALF ELISA
as described earlier'. Briefly, ELISA plates were coated overnight by
anti-IL-4, anti-IL-9, anti-IL10 or anti-IFNy antibodies overnight in
bicarbonate buffer. Thereafter, wells were washed and blocked and
then incubated with BAL fluid at 1:1 dilution. The wells were then
washed and incubated with detection antibody conjugated with biotin.
Colour was developed by incubating with Avidin-HRP enzyme and then
with TMB substrate. Reaction was stopped by using 0.2 N stop solution
and plate was read at 600 nm in spectrophotometer (BioLinkk).

Flow cytometry analysis

FACS analysis of BAL cells, Splenocytes, and dLN’s were carried out
using fluorochrome labelled antibodies. Cells were collected from the
lungs after washing them with the cold PBS. Cells were activated with
PMA (phorbol 12-myristatel3-aceate; 50 ng ml™; Sigma-Aldrich) and
lonomycin (1.0 uyg ml™; Sigma-Aldrich) in the presence of Monensin
(#554724 Golgi Stop, BD Biosciences) followed by surface markers and
intracellular cytokines staining. The following antibodies were used:
anti-mouse CD3 BV510 (#100353, Clone-145-2C11, Biolegend INC, USA,
1:1000), anti-mouse ySTCR FITC (#118105, Clone-GL3, Biolegend INC,
USA, 1:1000), anti-mouse Grl BV421 (#108445, Clone-RB6-8CS5, Biole-
gend INC, USA, 1:1000), anti-mouse CDI11b PerCp-Cy5.5 (#101228,
Biolegend INC, USA, 1:1000), anti-mouse CD4-Percp cy5.5 (#100538;
Clone-RM4-5, Biolegend INC, USA, 1:1000), anti-mouse CD4-FITC
(#100406; Clone-GK1.5, Biolegend, INC, USA, 1:1000), anti-mouse
NK1.1-PE-Cy7 (#108714; Biolegend, USA, 1:1000), anti-mouse-CD8 -
BV421 (#100753; Clone-53-6.7 Biolegend INC, USA,2:2000), F4/80 -
FITC (#123108; Clone-BM8, Biolegend INC, USA, 1:1000), CD206 - PE
(#141705; Clone-C068C2, Biolegend, USA, 2:1000), CDS8O - AF647
(#305216, Clone-2D10, Biolegend INC, USA, 1:1000), CD68 - PEcy7
(#137015; Clone-FA-11, Biolegend INC, USA, 1:1000), CD49b (#117322;
Clone-N418, Biolegend INC, USA, 1:1000), C-kit (#105805; Clone-2BS,
Biolegend INC, USA, 2:100), Fcerl (#134308; Clone-MARI, Biolegend
INC, USA, 2:100), Siglec-f (#155528; Clone-S17007L, Biolegend INC,
USA, 2:100), IFNy - AF647 (#505814; Clone-XMG1.2, Biolegend INC,
USA, 1:100), IL-17 - PE-cy7 (#506922; Clone-TC11-18H10.1, Biolegend
INC, USA, 1:100), IL-10 - PE (#505008; Clone-JES5-16E3, Biolegend INC,
USA, 5:1000), Foxp3 - AF647 (#126408; Clone-MF14, Biolegend, USA,
2:500), IL-9 - Percp-cy5.5 (#514112, Clone-RM9A4, Biolegend INC, USA,
5:1000), IL-4 - PE (#504104, Clone-11B11, Biolegend, USA, 2:500) IL-4 -
PE-Cy7 (#504118, Clone-11B11, Biolegend, USA, 1:200).

NK, ILCs analysis of BALF cells were carried out using fluor-
ochrome labelled antibodies. Cells were activated as mentioned above
followed by surface markers and intracellular cytokines staining.
The following antibodies were used: Lineage cocktail antibodies

{anti-mouse CD3 FITC (# 100204, Clone-17A2, Biolegend INC, USA,
2:2000), anti-mouse CD11b FITC (#101206, Clone-M1/70, Biolegend
INC, USA, 1:1000), F4/80 - FITC (#123108; Clone-BMS, Biolegend INC,
USA, 1:1000), anti-mouse B220- FITC (#103206; Clone-RA3-6B2, Bio-
legend INC, USA, 2:2000), anti-mouse CD4-Percp cy5.5 (#100538;
Clone-RM4-5, Biolegend INC, USA, 1:1000), anti-mouse NK1.1-PE-Cy7
(#108714; Clone-PK136, Biolegend INC, USA, 1:1000), IL-9 - APC
(#514106; Clone-RM9A4, Biolegend, USA, 3:3000). Stained cells were
acquired on FACS-Canto-Il (Becton Dickinson, San Jose, CA) and ana-
lysed using Flowjo software (Tree Star, Ashland, OR, USA).

For sorting of mTmG CD4', Foxo"".CD4" CD4" T cells, we
sacrificed the ROSA mTmG wt mice and Foxo"".CD4“** mice eutha-
nized; spleen and lymph nodes were collected aseptically and single-
cell suspensions were made from 6-8-week-old mice. CD4" T cells were
purified using anti-mouse CD4-Percp cy5.5 (#100538; Biolegend).
CD4" T cells were further sorted using fluorescence-activated cell
sorting (FACS) on BD FACSArialll (BD Biosciences) to obtain PE*
CD4" T cells and CD4" T cells using anti-CD4-Percp Cy5.5. The purity of
sorted cells was typically ~96% in post-sort analysis.

hACE2 expressing Intestinal epithelial cells isolation (IECs)
Primary IECs were isolated as described earlier®. Briefly, the intestine
from the ACE2.Tg mice was cleaned with the cold PBS containing
Gentamycin The intestine was cut longitudinally and mucus layer was
removed and placed in EDTA (30 mM) solution at 4 °C for 20 min.
Colon epithelial cells were gently removed and washed with PBS.
Subsequently, the collected cells were plated in collagen-coated
plates.

Western blot

We treated the hACE2.Tg mice with or without rIL-9 (500 ng/mice; i.n.).
After 24 h, we sacrificed the mice using an overdose of Ketamine and
Xylazine. Cardiac perfusion was performed, and further, we digested
the lungs with Dispase to get the single-cell suspension. We collected
the cells and lysed them in RIPA buffer containing PIC (Protease inhi-
bitor cocktail). In line with this, we treated the Caco2 cells (Human
epithelial cell line) with or without rIL-9 (10 ng/ml) for 24 h. We have
lysed the cells in RIPA buffer, as mentioned above. The protein con-
centration was determined by performing a BCA protein assay (Bio-
Rad). 40 pg of protein extracts were loaded on a 10% SDS-Gel for
hACE2. Proteins were transferred to a membrane, blocked with 5%
BSA, and then incubated in primary antibody (MA5-31395; Thermo-
Scientific) overnight at 4 °C. The HRP-conjugated anti-mouse (#7076;
CST) secondary antibody was incubated for 1h. bands were captured
on Gel-doc (BIO-RAD). Band intensities were normalised with S-Actin
(#4967; CST) and calculated by using Image]J software.

Transcriptome profiling using RNA quantification sequencing
RNA sequencing of SARS-CoV-2 infected lungs of ACE2.Tg, hACE2.Tgx
Foxo'.CD4°®, and Foxo™".CD4°*" SARS-CoV-2 infected lung tissues
were homogenised and RNA was derived and subjected to next-
generation sequencing (NGS) to generate deep coverage RNASeq data.
Size selection of RNA fragments was done with SPRI Beads-based Size
Selection. High-quality libraries were prepared using NEB Next Ultra Il
Directional RNA Library Prep Kit according to manufacturer’s proto-
cols and paired-end reads of 151 bp read length were generated on the
Illumina Novoseq 6000 platform.

Transcriptome analysis

Quality-based filtering and adaptor trimming of the raw sequencing

reads was done using fastp (v0.20.1). A thresh hold of 30 was set for the

phred quality score. The filtered reads were aligned against the Mus

musculus (mm39) genome using the splice aware aligner Hisat (v2.2.1).
The alignments were assembled into transcripts with stringtie

assembler (v2.1.5). Stringtie computes read counts for the genes and
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normalized expression values with the Transcript per million (TPM)
metric. The gene read counts were used for differential analysis
between the conditions. Genes having a p-value of less than 0.05 were
considered to have a significant differential change in the expression
between the conditions. A log2Foldchange of 2 and higher of these
significant genes were classified as upregulated and a log2Foldchange
of =2 and lower as downregulated. Genes were functionally annotated
with Gene Ontology terms and Reactome pathways using NCBI
resources. David Bioinformatics resources (v6.8) was used to identify
significant enrichment of significant GO terms and pathways. String
database was used to determine for interaction of the protein-coding
genes. A high confidence score of 0.9 was used to compute the
interactions. R packages used for visualization - Complex Heat map,
Enhanced Volcano, ggplot2.

Principal component analysis

High-dimensional expression data are mathematically reduced to
principle components that can be used to describe variation across
samples in fewer dimensions to allow human interpretation. Principle
component 1 (PCI) accounts for the most amount of variation across
samples, PC2 the second most, and so on. These PC1 vs PC2 plots are
coloured by sample annotation to demonstrate how samples cluster
together (or not) in reduced dimensional space. PCA emphasizes var-
iation and brings out strong patterns in a dataset. It's used to make
data simpler to explore and visualize.

Viral RNA isolation and qRT-PCR

Viral RNA from stock solutions was isolated using Trizol, and SARS-
CoV-2 detection and quantification were performed using a SARS-CoV-
2 kit (Illumina, Cat. No. 20044311) with a cycle threshold of 35.

Library preparation, sequencing

Whole genome sequencing of the SARS-CoV-2 and B.1.1.529 samples,
using the capture-based Illumina Respiratory Virus Oligo Panel (RVOP),
was done to capture the SARS-CoV-2 genome. The library preparation
protocols for RVOP have been previously described. Briefly, double-
stranded cDNA was prepared from 300 ng RNA using the COVID Seq kit
(Cat. No.20051772). The RVOP library was prepared using lllumina DNA
Prep (Illumina, Cat. No. 20044311). Agilent 2100 bioanalyzer was used
to check the quality of both libraries. The RVOP library was denatured
and diluted to optimal loading concentration for sequencing on the
MiSeq platform using a v3 reagent kit at 2 x 75bp read length. The
sequencing data analysis was performed as previously described. The
sequencing data analysis was performed as previously described®*’.

Minor variant analysis

The primer-free pair raw reads of SARSCoV2 were generated from the
Illumina MiSeq. Raw reads of SARSCoV2 were pre-processed based on
read quality and read length (phred quality >30 and minimum length
>50 base pair) and merged by PEAR programme®®. The merged reads
were mapped to Wuhan's SARSCoV2 sequence (Genebank ID:
NC_045512.2) to generate a consensus genome®’. During the mapping
of reads to reference genome sequence, a BAM file was generated by
Samtools’. This BAM file was processed by diversiutils script in
DiversiTools (http://josephhughes.github.io/btctools/) to find the fre-
quency of all types of four bases for each position of a reference
sequence. The only variants that have been covered by at least 15 times
(read depth >15) by high-quality reads (average read’s phred score >
30) to find highly accurate single nucleotide variants (SNVs)”".

Statistical analysis

All the results were analysed and plotted using GraphPad Prism
8.0 software. Percentage change weight, relative gene expression, lung
haemorrhagic scores, FACS, ELISA, and gPCR studies were compared
and plotted as mean using graph pad. Dataset was analysed by using

one-way ANOVA, two-way ANOVA, Wilcoxon test or Student’s t-test.
Differences were considered statistically significant with a p value of
less than or equal to 0.05.

Statistics and reproducibility

No statistical method was used to predetermine sample size. No data
were excluded from the analyses. Mice of different genotypes were
randomly assigned to treatment groups throughout the study. For
experiments involving genetically modified animals, littermates were
used for each experiment. In the cell and animal experiments, inves-
tigators were not blinded to group allocation because the investigators
should give the drug to the mice and cell in different treatment con-
ditions. Bio render software was used for pictorial representations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA sequence Data generated in this study has been deposited in
the NCBI SRA database under the accession code no. PRJINA842504.
Publicly available data with accession code, GSE209550. The authors
declare that, the necessary data required to validate the findings of the
paper can be found within the article itself or in the Supplementary
Materials. Source data are provided with this paper.

References

1. Nalbandian, A. et al. Post-acute COVID-19 syndrome. Nat. Med. 27,
601-615 (2021).

2. Merad, M. & Martin, J. C. Pathological inflammation in patients with
COVID-19: a key role for monocytes and macrophages. Nat. Rev.
Immunol. 20, 355-362 (2020).

3. RECOVERY Collaborative Group et al. Dexamethasone in hospita-
lized patients with Covid-19. N. Engl. J. Med. 384, 693-704 (2021).

4. Rizvi, Z. etal. SARS-CoV-2 and its Variants, But Not Omicron, Induces
Severe Thymic Atrophy and Impaired T Cell Development (2022).

5. Gebremeskel, S. et al. Mast cell and eosinophil activation are
associated with COVID-19 and TLR-mediated viral inflammation:
implications for an anti-Siglec-8 antibody. Front. Immunol. 12,
650331 (2021).

6. Conti, P. et al. Mast cells activated by SARS-CoV-2 release histamine
which increases IL-1 levels causing cytokine storm and inflamma-
tory reaction in COVID-19. J. Biol. Regul. Homeost. Agents 34,
1629-1632 (2020).

7. Liao, M. et al. Single-cell landscape of bronchoalveolar immune
cells in patients with COVID-19. Nat. Med. 26, 842-844
(2020).

8. Tan, J. et al. Signatures of mast cell activation are associated with
severe COVID-19. Preprint at medRxiv https://doi.org/10.1101/2021.
05.31.21255594 (2021).

9. Chang, H.-C. et al. The transcription factor PU.1 is required for the
development of IL-9-producing T cells and allergic inflammation.
Nat. Immunol. 11, 527-534 (2010).

10. Goswami, R. et al. STAT6-dependent regulation of Th9 develop-
ment. J. Immunol. 188, 968 (2012).

1. George, L. & Brightling, C. E. Eosinophilic airway inflammation: role
in asthma and chronic obstructive pulmonary disease. Ther. Adv.
Chronic Dis. 7, 34-51 (2016).

12. Temann, U. A. et al. Expression of interleukin 9 in the lungs of
transgenic mice causes airway inflammation, mast cell hyperplasia,
and bronchial hyperresponsiveness. J. Exp. Med. 188,

1307-1320 (1998).

13. Végran, F. et al. The transcription factor IRF1 dictates the IL-21-
dependent anticancer functions of TH9 cells. Nat. Immunol. 15,
758-766 (2014).

Nature Communications | (2023)14:4060

14


http://josephhughes.github.io/btctools/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209550
https://doi.org/10.1101/2021.05.31.21255594
https://doi.org/10.1101/2021.05.31.21255594

Article

https://doi.org/10.1038/s41467-023-39815-5

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Staudt, V. et al. Interferon-regulatory factor 4 is essential for the
developmental program of T helper 9 cells. Immunity 33,
192-202 (2010).

Jabeen, R. et al. Th9 cell development requires a BATF-regulated
transcriptional network. J. Clin. Investig. 123, 4641-4653 (2013).
Wang, Y. et al. Histone Deacetylase SIRT1 Negatively Regulates the
Differentiation of Interleukin-9-Producing CD4+ T Cells. Immunity
44,1337-1349 (2016).

Roy, S. et al. EGFR-HIF1a signaling positively regulates the differ-
entiation of IL-9 producing T helper cells. Nat. Commun. 12,

3182 (2021).

Malik, S. et al. Transcription factor Foxo1 is essential for IL-9
induction in T helper cells. Nat. Commun. 8, 815 (2017).

Ouyang, W. et al. An essential role of the Forkhead-box transcrip-
tion factor Foxo1 in control of T cell homeostasis and tolerance.
Immunity 30, 358-371 (2009).

Laing, A. et al. Foxol is a T cell-intrinsic inhibitor of the RORyt-Th17
program. J. Immunol. 195, 1791-1803 (2015).

Wu, C. et al. Induction of pathogenic TH17 cells by inducible salt-
sensing kinase SGK1. Nature 496, 513-517 (2013).

Dalal, R., Sadhu, S. & Awasthi, A. in Translational Autoimmunity (ed.
Rezaei, N.) 93-121 (Academic Press, 2022).

Ouyang, W. et al. Novel Foxol-dependent transcriptional programs
control Treg cell function. Nature 491, 554-559 (2012).

Bao, L. et al. The pathogenicity of SARS-CoV-2 in hACE2 transgenic
mice. Nature 583, 830-833 (2020).

Winkler, E. S. et al. SARS-CoV-2 infection of human ACE2-
transgenic mice causes severe lung inflammation and impaired
function. Nat. Immunol. 21, 1327-1335 (2020).

Malik, S. & Awasthi, A. Transcriptional control of Th9 cells: role of
Foxo1 in interleukin-9 induction. Front Immunol. 9, 995 (2018).
Halfmann, P. J. et al. SARS-CoV-2 Omicron virus causes attenuated
disease in mice and hamsters. Nature 603, 687-692 (2022).
Diamond, M. S. & Kanneganti, T.-D. Innate immunity: the

first line of defense against SARS-CoV-2. Nat. Immunol. 23,
165-176 (2022).

Schneider, W. M., Chevillotte, M. D. & Rice, C. M. Interferon-
stimulated genes: a complex web of host defenses. Annu. Rev.
Immunol. 32, 513-545 (2014).

Mossel, E. C. et al. Exogenous ACE2 expression allows refractory
cell lines to support severe acute respiratory syndrome coronavirus
replication. J. Virol. 79, 3846-3850 (2005).

Sherman, E. J. & Emmer, B. T. ACE2 protein expression within iso-
genic cell lines is heterogeneous and associated with distinct
transcriptomes. Sci. Rep. 11, 15900 (2021).

Van den Broeke, C. et al. An emerging role for p21-activated kinases
(Paks) in viral infections. Trends Cell Biol. 20, 160-169 (2010).

Yoo, J.-S. et al. SARS-CoV-2 inhibits induction of the MHC class |
pathway by targeting the STAT1-IRF1-NLRCS5 axis. Nat. Commun. 12,
6602 (2021).

Li, M. et al. Pharmacological activation of STING blocks SARS-CoV-2
infection. Sci. Immunol. 6, eabi9007 (2021).

Nolin, J. D. et al. Identification of epithelial phospholipase A(2)
receptor 1 as a potential target in asthma. Am. J. Respir. Cell Mol.
Biol. 55, 825-836 (2016).

Alba, G. A. et al. Pulmonary endothelial NEDD9 and the pro-
thrombotic pathophenotype of acute respiratory distress syndrome
due to SARS-CoV-2 infection. Pulm. Circ. 12, 12071 (2022).
Maghsoudloo, M. et al. Identification of biomarkers in common
chronic lung diseases by co-expression networks and drug-target
interactions analysis. Mol. Med. 26, 9 (2020).

Rogers, A. J. et al. Copy number variation prevalence in known
asthma genes and their impact on asthma susceptibility. Clin. Exp.
Allergy 43, 455-462 (2013).

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zhang, L. et al. NLRC3, a member of the NLR family of proteins, is a
negative regulator of innate immune signaling induced by the DNA
sensor STING. Immunity 40, 329-341 (2014).

Li, M. M. et al. Interferon regulatory factor 2 protects mice from
lethal viral neuroinvasion. J. Exp. Med. 213, 2931-2947

(2016).

Shan, Q. et al. The transcription factor Runx3 guards cytotoxic
CD8(+) effector T cells against deviation towards follicular helper T
cell lineage. Nat. Immunol. 18, 931-939 (2017).

Wilhelm, C. et al. An IL-9 fate reporter demonstrates the induction
of an innate IL-9 response in lung inflammation. Nat. Immunol. 12,
1071-1077 (201M).

Israelow, B. et al. Adaptive immune determinants of viral clearance
and protection in mouse models of SARS-CoV-2. Sci. Immunol. 6,
eabl4509 (2021).

McNamara, P. S. et al. Interleukin 9 production in the lungs of
infants with severe respiratory syncytial virus bronchiolitis. Lancet
363, 1031-1037 (2004).

Dodd, J. S. et al. IL-9 regulates pathology during primary and
memory responses to respiratory syncytial virus infection. J.
Immunol. 183, 7006-7013 (2009).

Zhou, Y., McLane, M. & Levitt, R. C. Th2 cytokines and asthma —
Interleukin-9 as a therapeutic target for asthma. Respir. Res. 2,

80 (2001).

Sugimoto, N. et al. IL-9 blockade suppresses silica-induced lung
inflammation and fibrosis in mice. Am. J. Respir. Cell Mol. Biol. 60,
232-243 (2019).

Cheng, G. et al. Anti-interleukin-9 antibody treatment inhibits air-
way inflammation and hyperreactivity in mouse asthma model. Am.
J. Respir. Crit. Care Med. 166, 409-416 (2002).

Hdltner, L. et al. Mast cell growth-enhancing activity (MEA) is
structurally related and functionally identical to the novel mouse T
cell growth factor P40/TCGFIII (interleukin 9). Eur. J. Immunol. 20,
1413-1416 (1990).

Townsend, M. J. et al. IL-9-deficient mice establish fundamental
roles for IL-9in pulmonary mastocytosis and goblet cell hyperplasia
but not T cell development. Immunity 13, 573-583 (2000).
Peacock, T. P. et al. The furin cleavage site in the SARS-CoV-2 spike
protein is required for transmission in ferrets. Nat. Microbiol 6,
899-909 (2021).

Li, W. Delving deep into the structural aspects of a furin cleavage
site inserted into the spike protein of SARS-CoV-2: a structural
biophysical perspective. Biophys. Chem. 264, 106420 (2020).
Khatri, R. et al. Intrinsic D614G and P681R/H mutations in SARS-CoV-
2 VoCs Alpha, Delta, Omicron and viruses with D614G plus key
signature mutations in spike protein alters fusogenicity and infec-
tivity. Med. Microbiol. Immunol. 212, 1-20 (2022).

Saito, A. et al. Enhanced fusogenicity and pathogenicity of SARS-
CoV-2 Delta P681R mutation. Nature 602, 300-306 (2022).
Steinhauer, D. A. Role of hemagglutinin cleavage for the patho-
genicity of influenza virus. Virology 258, 1-20 (1999).

Whittaker, G. R. SARS-CoV-2 spike and its adaptable furin cleavage
site. Lancet Microbe 2, e488-e489 (2021).

Goswami, R. & Kaplan, M. H. A brief history of IL-9. J. Immunol. 186,
3283-3288 (2011).

Wang, W.B., Levy, D. E. & Lee, C. K. STAT3 negatively regulates type
| IFN-mediated antiviral response. J. Immunol. 187, 2578-2585
(201m).

Lei, C. Q. et al. FoxO1 negatively regulates cellular antiviral
response by promoting degradation of IRF3. J. Biol. Chem. 288,
12596-12604 (2013).

Rizvi, Z. A. et al. Golden Syrian hamster as a model to study cardi-
ovascular complications associated with SARS-CoV-2 infection.
Elife 1, €73522 (2022).

Nature Communications | (2023)14:4060

15



Article

https://doi.org/10.1038/s41467-023-39815-5

61. Sadhu, S. et al. Gefitinib results in robust host-directed immunity
against salmonella infection through proteo-metabolomic repro-
gramming. Front. Immunol. 12, 648710 (2021).

62. Thiruvengadam, R. et al. Effectiveness of ChAdOx1 nCoV-19 vaccine
against SARS-CoV-2 infection during the delta (B.1.617.2) variant
surgein India: a test-negative, case-control study and a mechanistic
study of post-vaccination immune responses. Lancet Infect. Dis. 22,
473-482 (2022).

63. Cheadle, C. et al. Analysis of microarray data using Z score trans-
formation. J. Mol. Diagnostics 5, 73-81 (2003).

64. Mustfa, S. A. et al. SUMOylation pathway alteration coupled with
downregulation of SUMO E2 enzyme at mucosal epithelium mod-
ulates inflammation in inflammatory bowel disease. Open Biol. 7,
170024 (2017).

65. Mehta, P. et al. Respiratory co-infections: modulators of SARS-CoV-
2 patients’ clinical sub-phenotype. Front. Microbiol. 12, 653399
(2021).

66. Li, H. & Durbin, R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760
(2009).

67. Danecek, P. et al. Twelve years of SAMtools and BCFtools. Giga-
science 10, giab008 (2021).

68. Zhang, J. et al. PEAR: a fast and accurate Illumina Paired-End reAd
mergeR. Bioinformatics 30, 614-620 (2014).

69. Poojary, M. et al. Computational Protocol for Assembly and Analysis
of SARS-nCoV-2 Genomes 1-14 (2020).

70. Li, H. et al. The sequence alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

71. Song, K., Li, L. & Zhang, G. Coverage recommendation for geno-
typing analysis of highly heterologous species using next-
generation sequencing technology. Sci. Rep. 6, 35736 (2016).

Acknowledgements

Funding support was provided to the AA laboratory from THSTI core
grant, Translational Research Programme (TRP). We thank Dr. Bhabatosh
Das, Dr. Pradipta, Dr. Shikha Saxena and Dr. Sweety Samal for helping
with the sequencing and analysis of SARS-CoV-2 and B.1.1.529 in Next
Generation Sequencing Lab at THSTI (New Delhi). We thank Dr. Sweety
Samal, and Ritika Khatri for providing the virus. We thank FACS facility
Incharge, Dr. Deepak Rathore for providing support. We acknowledge
SAF and infectious disease research facility (IDRF) for its support. ILBS
bio bank: for support in histological analysis and assessment. RCB
microscopy facility: for microscopic examination of the histology slide.
The following reagent was deposited by the Centers for Disease Control
and Prevention and obtained through BEI Resources, NIAID, NIH: SARS
Related Coronavirus 2, Isolate USA-WA1/2020, NR-52281, Isolate hCoV-
19/USA/MD-HP20874/2021 (Lineage B.1.1.529, Omicron Variant), NR-
56461, contributed by Andrew S. Pekosz, We acknowledge the BIRAC

funding (BT/CS0054/21 and BT/CTH/0004/21) and the intramural
funding from THSTI to support this study.

Author contributions

Conceived, designed and supervised the study: A.A.; designed and
performed the experiments: S.S.; ABSL3 experiment: S.S., R.D., J.D. and
Z.AR.;FACS:S.S.,R.D.and V.D.; gPCR: S.S., R.D. and A.B.; ELISA: Z.A.R.;
bright field microscopy imaging: S.S. and V.S.; genotyping: M.R.T. and
S.G.; minor variant analysis: S.K.; analysed the Data: S.S.; contributed
reagents/materials/analysis tools: A.A.; wrote the manuscript: S.S.

and A.A.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39815-5.

Correspondence and requests for materials should be addressed to
Amit Awasthi.

Peer review information Nature Communications thanks Tobias Bopp
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:4060

16


https://doi.org/10.1038/s41467-023-39815-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	IL-9 aggravates SARS-CoV-2 infection and exacerbates associated airway inflammation
	Results
	IL-9 promotes the severity of SARS-CoV-2 infection and associated�lung inflammation
	Synergistic effect of anti-IL-9 antibody treatment with Remdesivir�(RDV) in SARS-CoV-2 infection
	Foxo1-inhibition attenuates lung inflammation and SARS-CoV-2 infection
	Foxo1-IL-9 axis is essential for SARS-CoV2 transmission

	Discussion
	Methods
	Animals
	Human ethics
	SARS-CoV-2 propagation
	In vivo treatments of RDV, anti-IL-9, Foxoi and exogenous IL-9
	Cohousing and viral transmission
	Measurement of viral load
	Peripheral blood mononuclear cells (PBMCs) isolation
	Gene expression profiling of human PBMCs
	qPCR
	BALF collection and lung histological analysis
	Immunohistochemistry
	Cytokine ELISA
	Flow cytometry analysis
	hACE2 expressing Intestinal epithelial cells isolation (IECs)
	Western blot
	Transcriptome profiling using RNA quantification sequencing
	Transcriptome analysis
	Principal component analysis
	Viral RNA isolation and qRT-PCR
	Library preparation, sequencing
	Minor variant analysis
	Statistical analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




