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The alarmin IL-33 exacerbates pulmonary
inflammation and immune

dysfunction in SARS-CoV-2 infection

Hui Wang,'? Yashoda M. Hosakote,”® Paul J. Boor," Jun Yang,* Yuanyi Zhang,” Xiaoying Yu,” Casey Gonzales,'
CorriB. Levine,* Susan McLellan,* Nicole Cloutier,* Xuping Xie,® Pei-Yong Shi,® Ping Ren," Haitao Hu,® Keer Sun,?
Lynn Soong," Jiaren Sun,’? and Yuejin Liang?3/-*

SUMMARY

Dysregulated host immune responses contribute to disease severity and worsened prognosis in COVID-
19 infection and the underlying mechanisms are not fully understood. In this study, we observed that IL-
33, a damage-associated molecular pattern molecule, is significantly increased in COVID-19 patients and
in SARS-CoV-2-infected mice. Using IL-33 '~ mice, we demonstrated that IL-33 deficiency resulted in sig-
nificant decreases in bodyweight loss, tissue viral burdens, and lung pathology. These improved outcomes
in IL-33~/~ mice also correlated with a reduction in innate immune cell infiltrates, i.e., neutrophils, macro-
phages, natural killer cells, and activated T cells in inflamed lungs. Lung RNA-seq results revealed that IL-
33 signaling enhances activation of inflammatory pathways, including interferon signaling, pathogen
phagocytosis, macrophage activation, and cytokine/chemokine signals. Overall, these findings demon-
strate that the alarmin IL-33 plays a pathogenic role in SARS-CoV-2 infection and provides new insights
that will inform the development of effective therapeutic strategies for COVID-19.

INTRODUCTION

COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and is known to cause a spectrum of symp-
toms in humans that range from asymptomatic to severe multi-organ failure and death.' Notably, COVID-19 infection can result in patholog-
ical changes in the lungs and various extrapulmonary complications. Disease severity is closely tied to activation of inflammatory responses
that are predominantly considered to be part of a dysregulated innate immune reaction. This dysregulated innate immune reaction is marked
by a delayed interferon response and vigorous viral replication that result in cytokine storms (CS) and inflammation-induced tissue damage,
especially in the lungs.” Although the global distribution of SARS-CoV-2 vaccines has successfully curtailed severe disease and fatalities,
continuous viral evolution has raised concerns regarding the effectiveness of current vaccines.” Despite our increased understanding of
SARS-CoV-2, the host factors that contribute to a dysregulated immune response and excessive pulmonary inflammation are not fully under-
stood. Therefore, a better understanding of the molecular mechanisms that underlie dysregulated immune responses in SARS-CoV-2 infec-
tions will be instrumental in providing key evidence to inform the development of innovative therapeutic strategies to treat COVID-19.
Emerging data have revealed that both the innate and adaptive immune responses are not only involved in protection from SARS-CoV-2
but also in the pathological changes of severe COVID-19. In particular, innate immune cells, including neutrophils, inflammatory monocytes,
and activated macrophages, trigger CS in severe COVID-19 through overproduction of several inflammatory cytokines (IL-1B, IL-6, IL-12, IL-17,
IL-18, IFN-y, TNF-a,, G-CSF, and GM-CSF).® Therefore, therapeutics aimed at controlling hyperinflammatory responses could reduce disease
severity in COVID-19 patients. Unfortunately, significant efforts in clinical trials revealed that the efficacy of immune modulators (e.g., neutral-
izing IL-1, IL-6, and GM-CSF) has not met expectations.””'° However, identification of key molecules that regulate hyperinflammation during
SARS-CoV-2 infection remains critically important. Damage-associated molecular patterns (DAMPs) are endogenous danger molecules
released from damaged or stressed cells. DAMPs have the ability to enhance both innate and adaptive immune responses, which amplify
inflammation and cause additional damage to tissues and cells."' Interleukin-33 (IL-33) is a DAMP molecule that is highly expressed in epithe-
lial and endothelial cells and significantly contributes to inflammation in airway diseases.'? IL-33 possesses opposing functions in that it can
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trigger type 1 or type 2 immune responses depending on the disease and the time after infection.'*'® This dual role enables IL-33 to
contribute to both immune activation and tissue repair processes.'’~'” Recent clinical studies have provided evidence of a positive correlation
between high IL-33 expression and increased COVID-19 severity. One observational study showed increased IL-33 expression in peripheral
blood mononuclear cells (PBMCs) from SARS-CoV-2 seropositive individuals, and IL-33 also correlated with CD4™ T cell activation in PBMCs
from convalescent individuals.” Increased serum IL-33 levels were also found to be associated with increased COVID-19 disease severity,
suggesting that IL-33 could be a useful indicator for prognosis in patients.?'** We previously reported that SARS-CoV-2 infection upregulated
IL-33 expression in human epithelial cell culture,'® indicating that IL-33 may contribute to pulmonary inflammation and pathology in COVID-
19.2%?* However, the precise role of IL-33 and the mechanisms that underlie IL-33 function(s) during SARS-CoV-2 infection remain unknown.

In the present study, we identified correlations between IL-33 levels in plasma and naso-/oro-pharyngeal swab samples and the severity of
COVID-19 in patients. We also demonstrated that IL-33 is necessary for lung inflammation and damage in a mouse-adapted SARS-CoV-2, IL-
33-deficient mouse model. Bulk RNA-seq analysis of lung tissues revealed that IL-33 is involved in multiple facets of immune activity, including
infiltration of inflammatory cells, leukocyte maturation, interferon signaling, and activation of the NF-kB pathway. These findings indicate that
IL-33 could be a promising target for potential therapeutic interventions in the treatment of COVID-19.

RESULTS
SARS-CoV-2 infection induces IL-33 expression and inflammatory cytokine release

First, we quantified IL-33 levels in plasma and nasopharyngeal swab samples from COVID-19-positive patients. As shown in Figure 1A, IL-33
levels in the nasopharynx positively correlated with disease severity. Patients with moderate to severe symptoms had significantly higher
plasma IL-33 levels compared to healthy donors and patients with mild symptoms. Patients with critical symptoms also exhibited an increased
plasma IL-33, although this correlation was not statistically significant. These results suggest that IL-33, especially in the nasopharynx, might
be a promising biomarker for predicting COVID-19 severity.

To determine whether SARS-CoV-2 infection induces IL-33 expression in mice, we intranasally (i.n.) infected C57BL/6j (B6) mice with a
mouse-adapted SARS-CoV-2 virus CMA3p20.%> Mice were monitored after infection and serum and lung tissue were collected on D2 and
D4 post-infection for RNA-seq and Bio-Plex analysis. We determined that the pulmonary viral burden peaked at day 2 (D2) and subsequently
decreased at D4 (Figure STA). Increased viral burden and upregulated IL-33 levels in lung tissue were also observed in Delta strain infected
K18-hACE2 mice compared to control (Figures S1B and S1C). The transcript levels of proinflammatory chemokines (Ccl2, Cxcl1, and Cxcl2)
and cytokines (Ifnb, Ifng, 116, Tnf, and Csf1) were significantly increased in lung tissue of C57BL/6j mice at D2 but were similar to mock-treated
levels at D4 (Figure 1B). II10and 113 expression levels were increased at D4 compared to control, while no significant change in I/4 expression
was observed during infection (Figure 1B). Serum Bio-Plex data demonstrated that cytokines (IL-5, IL-6, IL-12p40, and G-CSF) and chemokines
(CXCL1, CCL2, and CCL5) were significantly upregulated at D2, while levels of IL-12p40 and CCL5 remained high through D4 (Figures 1C and
S2). As shown in Figure 1D, the transcript and protein levels of IL-33 in lung tissue were increased at D2 and D4 compared to the mock group.
Collectively, our data indicate that SARS-CoV-2 infection triggers the release of DAMP molecule IL-33 and induces inflammatory cytokine
release in mice.

Deficiency of IL-33 alleviates inflammatory infiltration, reduces cytokine production, and decreases viral loads in mice

To evaluate the role of endogenous IL-33 in the pathogenesis of SARS-CoV-2 infection, wild type (WT) and IL-33~~ mice were infected with
the mouse adapted SARS-CoV-2 virus CMA3p20. We found that IL-337/~ mice exhibited less bodyweight loss at D2 and D3 and had lower
viral burden in the lungs at D4 as compared to WT mice (Figures 2A and 2B). Histological examination of the lungs showed reduced peribron-
chiolar PMN infiltration and reduced intrabronchial mucus and cell debris in the lungs of IL-33~~ mice at D2 compared to WT mice. This
finding indicates that mice lacking IL-33 experienced less lung damage than WT mice. At D4, histological change in IL-337/~ mice consisted
of mild inflammation with collections of mucus and epithelial cells that were noted to be undergoing regeneration (Figure 2C). We also per-
formed multicolor flow cytometric analysis of infiltrated immune cells in the lungs and the gating strategy is depicted in Figure 2D. Our data
showed significantly decreased pulmonary infiltration of neutrophils, activated NK cells, and macrophages on D2 in IL-33~/~ mice (Figure 2E).
IL-33 deficiency also resulted in decreased numbers of activated CD4* and CD8" T cells, but not y3 T cells, in the lungs at D4 (Figure 2E). Next,
we examined the levels of inflammatory cytokines and chemokines in serum (Figure 2F) and observed a significant reduction in IL-5 and IL-6 at
D2 in IL-337~ mice compared to WT mice. Additionally, IL-12p40, CXCL1, CCL2, and granulocyte colony-stimulating factor (G-CSF) levels
were significantly decreased in IL-337/~ mice at D2. CCL11 was found to be reduced in IL-337/~ mice only at D4. Interestingly, IL-337/~
mice had higher serum IFN-y levels at D2 compared to WT mice. Altogether, our results demonstrate that endogenous IL-33 contributes
to pulmonary inflammatory responses and systemic cytokine production in mice following SARS-CoV-2 infection.

Exogenous IL-33 exacerbates lung inflammation in SARS-CoV-2-infected mice

To determine whether exogenous IL-33 would exacerbate the inflammatory response during SARS-CoV-2 infection, we i.n. treated mice with
recombinant IL-33 (rIL-33) at D1 and D3, respectively (Figure 3A). rlL-33 treatment resulted in more bodyweight loss at D3 compared to the
control group (Figure 3B). No significant changes in body weight were observed in uninfected mice with or without rIL-33 treatment (Fig-
ure 3B). In addition, rIL-33 treatment delayed viral clearance at D4 (Figure 3C), as evidenced by higher viral loads in rlL-33-treated mice
compared to control mice (mean & SD: 5602 + 2670 vs. 1365 + 462 copy numbers/ng lung RNA). Histological analysis of lung tissue showed
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Figure 1. SARS-CoV-2 infection leads to increased IL-33 levels and pulmonary inflammation

(A) IL-33 levels in human plasma and naso-/oro-pharyngeal swabs were higher in COVID-19 patients. Patient demographics, clinical status, and numbers in each
group are shown in Table S2.

(B) B6 mice (n = 4/group) were i.n. inoculated intranasally (i.n.) with 5 X 10° PFU SARS-CoV-2 CMA3p20. Lung tissues and sera were harvested at D2 and D4. Mock
mice received an inoculation of virus-culture medium. Relative fold changes in the gene expression of cytokines (Ifnb1, Ifng, Tnf, 116, I1b, 1110, and Csf1) and
chemokines (Cxcl1, Cxcl2, and Ccl2) within lung tissues were determined by RT-qPCR.

(C) Serum cytokine and chemokine levels were measured by Bio-Plex assay. The heatmap was generated using fold-changes which were calculated in comparison
to mock samples.

(D) Lung IL-33 transcript and protein levels were determined by RT-qPCR and western blot, respectively. Human data were analyzed by nonparametric analysis,
followed by Dunn’s multiple comparisons test. Mouse bodyweight change was analyzed using repeated measures two-way ANOVA. Pairwise comparisons were
performed by Tukey's multiple comparisons test at each time point. All other mouse data were analyzed by one-way ANOVA, followed by Tukey's multiple
comparison test. The results are presented as the mean + SD, and the animal experiment was performed twice independently. Statistically significant values
are denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

focally infiltrating immune cells filling the alveolar spaces (lung consolidation) and appeared worse in rIL-33-treated animals (Figure 3D). By
D4, immune cell infiltration seemed to partially resolve when areas of fibrosis and bronchial epithelial regeneration began to appear (Fig-
ure 3D). In concordance with the histological assessment, treatment with rIL-33 resulted in increased gene expression of pro-inflammatory
cytokines (I11b, 116, and Tnf) and chemokines (Ccl2, Cxcl1, Cxcl2, Cxcl9, and Cxcl10) in lung tissue at D4 (Figure 3E). Together, these findings
indicate that exogenous IL-33 exacerbates lung inflammation and immunopathogenesis in the context of SARS-CoV-2 infection.

IL-33 modulates pulmonary immune signatures in SARS-CoV-2 infection

To identify the unique immune signature induced by IL-33 during SARS-CoV-2 infection, we prepared lung homogenates from WT and IL-
337~ mice and performed a bulk RNA-seq assay. Principal component analysis revealed distinct transcriptional signatures of WT and IL-
337/~ samples at each time point (Figure S3). The gene set enrichment analysis conducted with Molecular Signatures Database (MSigDB)
displayed robust antiviral immune responses in the lungs of infected mice on both D2 and D4 compared to uninfected mice (Figures S4A
and S4B). The volcano plot shows that expression of 1,374 genes is upregulated and that expression of 967 genes is downregulated in the
lungs of IL-337/~ mice when compared to the lungs of WT mice at D2 (Figure 4A). Notably, hallmark pathways associated with immune
and inflammatory responses, including IFN-I/IFN-y, TNF/NF-kB, IL-6/JAK/STAT3, and IL-2/STAT signaling pathways were downregulated
in the lungs of IL-33™/~ mice on D2 (Figure 4B). In contrast, hallmark pathways related to epithelial-mesenchymal transition, apical junction,
and Hedgehog signaling were upregulated in [L-337/~ mice (Figure 4B). As shown in Figure 4C, downregulated genes in the IFN-y signaling
pathway included cytokines (Ifng, 116, I11b, and Ifnb1), chemokines (Cxcl? and Cxcl10), interferon stimulated genes (/fit2, Isg15, Irf8, and Irf1),
transcription regulators (Spl1, SOCS1, and SOCS3), immunoproteasome (PSMB9), oxidase (Cybb/Nox2), protein kinase C member (Prkcd),
and peptide transporter (Tap1). We further illustrated the gene network of IL-33 and COVID-19 by ingenuity pathway analysis (IPA) analysis
(Figure 4D) and found that IL-33 tightly regulated several inflammatory cytokines/chemokines. These included Ifng, Cxcl8, Cxcl2, Cxcl10, Ccl2,
Tnf, 114, 116, 1110, 1113, and II1b, all of which are critical components that contribute to the CS observed in severe COVID-19. The pathway
network revealed that IL-33 deficiency resulted in downregulation of lymphocyte/granulocyte activation, dendritic cell maturation, and path-
ogen-induced CS signaling (Figure 4E). The IFN/STAT signaling pathway and the inflammatory cytokines IL-17A, IL-18, IL-27, and TNF were
also downregulated in the absence of IL-33, which suggests that IL-33 is a key endogenous danger signal for lung inflammation. In addition,
suppressor of cytokine signaling 3 (SOCS3), an important regulator of inflammation that inhibits STAT activation, was significantly upregu-
lated in IL-33-deficient mice following SARS-CoV-2 infection. Interestingly, IL-33 deficiency resulted in an increase in IL-1 receptor antagonist
(IL1RN) levels (Figure 4E). Since IL1RN inhibits the pro-inflammatory effect of IL-1B, it could potentially contribute to the reduction of IL-
1B-mediated pulmonary inflammation during infection in IL-337/~ mice.

The analysis of the CS signaling pathway revealed inhibition of MyD88, AP-1, and NF-«B signals in the absence of IL-33, which could lead to
the reduced production of IL-6 and TNF-a (Figures S5 and S6). Decreased NF-kB activation in IL-33™/~ mice also caused a reduction in inter-
feron regulatory factor 1 (IRF-1), and limited CCL5 and CXCL10 production, resulting in attenuated immune infiltration in the lungs. In addi-
tion, IL-33-deficiency may prevent immune cell (e.g., macrophages, NK, Th1, and Th17 cells) activation and migration via downregulation of
cytokine/chemokine receptors including IL-12R, IL-21R, TNFR, CCR1, and CCRS5, thus alleviating inflammatory cytokine secretion and immu-
nopathogenesis. Furthermore, the absence of IL-33 led to a decrease in the expression of Toll-like receptors (TLR), specifically TLR1, 2, 3, and
7, which play a critical role in recognizing viruses by host cells. Downregulation of TLRs may also dampen NF-kB signaling and limit inflam-
matory cytokine production (Figure Sé). A limited number of differentially expressed genes in the lungs were also identified between
knockout and WT mice on D4 (127 gene upregulation and 198 gene downregulation), which was a similar trend to that observed on D2 (Fig-
ure S7). Altogether, the RNA-seq analysis demonstrated that IL-33 plays a pivotal role in initiating inflammatory responses via activating
several signaling pathways. Therapeutic interventions toward IL-33 signaling hold promise as a potential avenue for addressing severe
COVID-19.

DISCUSSION

COVID-19 has caused more than 6.9 million deaths worldwide as of November 2023. Severe COVID-19 not only causes significant damage to

26,

lung tissue, but it also affects other organs, such as the heart, kidneys, and brain which can result in long-term sequelae.?>?’ Recent evidence
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Figure 2. IL-33 deficiency alleviated SARS-CoV-2-induced pulmonary inflammation in mice

WT B6 and IL-337~ mice were infected with SARS-CoV-2 as indicated in Figure 1. B6 mice in the mock group were i.n. treated with the same volume of cell culture
medium.

(A) Bodyweight changes of WT and IL-337/~ mice after SARS-CoV-2 infection. Data were pooled from two independent experiments and were analyzed by
repeated measures two-way ANOVA.

(B) Relative viral load was measured by RT-gPCR; bar graph represents as a mean + SD (n = 7-8/group). These data were analyzed by t tests at each time point.
(C) Histological changes in the lungs of WT and IL-33 /= mice after SARS-CoV-2 infection: immune cell infiltration (black arrow), intrabronchial mucus and cell
debris (blue arrows) and epithelial regeneration (red arrows).

(D) Gating strategy flow cytometry data. Lymphocytes were selected from a forward scatter-A vs. side scatter-A dot plot, and single cells were subsequently
selected. Then, live lymphocytes were selected by live/dead dye and CD45. Neutrophils were identified as Ly6G* cells. Macrophages were identified as
CD11b*CD64™ cells. T cells were first identified as CD3" and further subdivided into CD4" and CD8" T cells. NK cells were identified as CD3~ and NK1.1".
v3T cells were identified as CD3" and ydTCR*. CD44"CD69" population was characterized as activated cells.

(E) Flow cytometric analysis of lung tissues of WT and IL-337/~ mice at days 2 and 4 post-SARS-CoV-2 infection. The numbers of neutrophils, activated NK cells,
macrophages, activated CD4 T cells, activated CD8 T cells and activated v3 T cells were plotted. Bar graph represents as a mean + SD (n = 4-5/group) (one-way
ANOVA followed by Tukey's multiple comparison test at each time point).

(F) Protein levels of IL-5, IL-6, IL-12p40, IFN-g, G-CSF, CXCL1, CCL2, and CCL-11 in the serum of WT and IL-33~~ mice after SARS-CoV-2 infection. Data were
analyzed by unpaired/two-tailed t tests at each time point. All results are presented as the mean + SD, and this experiment was performed twice independently
with similar trends. Statistically significant values are denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

suggests that dysregulation of the host immune system could be responsible for COVID-19 pathogenesis, including lymphopenia, neutro-
philia, dysregulated monocyte and macrophage activation, inhibited or delayed IFN-I response, and CS. Therefore, identifying key factors
that mediate immune dysregulation is warranted and can be translationally relevant. In the present study, our results demonstrated a positive
correlation between IL-33 levels and COVID-19 severity in patient samples. These findings corroborate recent reports from other
groups.”®?1"?® Of note, we reported that IL-33 is present in naso-/oro-pharyngeal swab samples and positively correlates with severe
COVID-19 and thus might represent a potential target for predicting disease severity as used in acute asthma.”” Here, we demonstrated
that IL-33 was significantly upregulated in the lungs in two murine models (Figures 1 and S1) and was accompanied by extensive inflammatory
gene expression, including IFN-I, IFN-y, IL-6, and TNF. Strong upregulation of CXCL1/2 and CCL2 may also contribute to robust neutrophil
and macrophage infiltration in the lung tissue. In contrast, the alteration of type Il cytokines (IL-4, IL-13, and IL-10) was relatively mild (Figure 1).
Increased levels of serum IL-5 have been reported in critically ill COVID-19 patients,” and we also observed a strong increase in serum IL-5 at
day 2 in mice. Next, we explored the role of IL-33 in animal models using two strategies that included an IL-33 knockout (endogenous) and
treatment with recombinant IL-33 (exogenous) (Figures 2 and 3). Although IL-33 may not play a major role in controlling SARS-CoV-2 early in
the course of infection, proinflammatory cytokines and chemokines were closely regulated by IL-33 in both lung tissue and blood. Intriguingly,
IL-337/~ mice showed an increased trend of IFN-y levels in the blood, suggesting that endogenous IL-33 signal deficiency may induce sys-
temic IFN-y during the acute stage of inflammation as reported by others in ConA-induced hepatitis.”’

Our histological assessment indicated that IL-33 contributes to pathological changes in the lungs. This is highly likely due to elevated im-
mune cell infiltration and activation in the lungs. We confirmed this hypothesis using flow cytometry. Flow cytometric analysis showed that the
absence of IL-33 resulted in lower myeloid cell infiltrates in the lungs. The number of activated T cells was also lower in IL-337/~ mice at day 4,
suggesting that IL-33 may also promote adaptive immune cell activation in SARS-CoV-2 infection. IL-33 can regulate v3 T cell activation and
differentiation in lymphocytic choriomeningitis virus (LCMV) infection;'® however, we did not observe any changes of activated yd T cell
numbers in our SARS-CoV-2 mouse model (Figure 2).

Our RNA-seq assay provided evidence to suggest that IL-33 plays a key role in the induction of hyperinflammation. As shown in Figure S4,
SARS-CoV-2 infection induced activation of hyperinflammatory pathways in the lungs, including TNF/NF-kB, IFN-I/II, IL-6/JAK/STAT2, IL-2/
STATS, and complement. These signal pathways were all downregulated in IL-33/~ mice (Figure 4), indicating that IL-33 may act as an ampli-
fier of inflammation via recruitment and activation of inflammatory cells such as macrophages, neutrophils, NK cells, and T cells. The IPA
network also generated a link between IL-33 and various proinflammatory cytokines that are known to mediate lung damage in severe
COVID-19 (Figure 4D). Moreover, IL-33 is reported to trigger a MyD88-and NF-kB-dependent acute inflammatory response.” The fact
that IL-33 signaling is critical for NF-kB-dependent inflammation in the lungs (Figure S5) suggests that targeting of IL-33/NF-kB axis could
be a promising therapeutic target to attenuate lung pathology in severe COVID-19. Of note, IL-33 may also promote Th2 differentiation
and ILC2 activation via NF-kB activation, which leads to pulmonary fibrosis.*>*® More research is needed to illustrate the exact role(s) of
IL-33 during the recovery stages of COVID-19.

Limitations of the study

Although we revealed a critical role of IL-33 in SARS-CoV-2 infection, our mouse model is a limitation of this study. Given that our mouse
model is a rapidly self-recovering model, we were unable to investigate the role of IL-33 in long-term SARS-CoV-2 infection. Further studies
are needed to explore the specific role(s) of IL-33 in long COVID and might utilize K18hACE2 or humanized mice. Although our model is a non-
lethal model, various types of transgenic mice, most of which are on B6 background, can be leveraged in the future to identify other key mol-
ecules that are involved in immune dysregulation in vivo. Altogether, our study demonstrates a vital role of IL-33 in lung hyperinflammation
and pathology in SARS-CoV-2-infected mice and highlights IL-33 as a potential therapeutic target for severe COVID-19.

6 iScience 27, 110117, June 21, 2024



iScience ¢? CellPress
OPEN ACCESS

>
w

-~ Uninfected + PBS (n=9)
—— Uninfected + rIL-33 (n=6)
104+
Strategy of mouse infection and treatment —e— Infected + PBS (n=15)
S - Infected + rIL-33 (n=15
CMA3p20 € 102 i)
PBS or PBS or 5
riL-33 riL-33 g
l | 1 | | 5 1001
I T I I 1 =
D1 D2 D3 D4 =)
Tissue Tissue 2 98
collection collection > *
° *
m 964
Cc Lung viral burden
10%+ - pes D
< .+ riL-33
b4 -
[
o 106-] X
5 . 3
. *% =
E 1044
2 B
2
£ 5
2 2
102 0 [
3 8
o o
13“ T T T T T T T T
Mock Infected Mock Infected
D2 D4
©
°?
<
£
E * 5k %k
* K Kk
50
e Mock % *% * %k %
X] - % %
© 251 e PBS |3 * —_
> 97 @ —
2 Q 1 .
5 e rlL-33 g .
5 204 * Kk
g .
£ i
o *k ¥
2 10 kkx * Kk
g * = : * *x ‘
) T Iﬁ ’-}‘ ‘ |-I_| 1 |%|
e s I N s S
116 Tnf Cxcl9 Cxcl10 Cxcl1 Cxcl2 Ccl2

Figure 3. Exogenous IL-33 exacerbated SARS-CoV-2-induced lung inflammation and pathology
(A) Schematic of SARS-CoV-2 infection (Created with BioRender.com). B6 mice were i.n. infected with 5 X 10° PFU CMA3p20, followed by intraperitoneal

administration of PBS or recombinant IL-33 (rlL-33). Uninfected mice with or without rIL-33 treatment were used as controls. Lung tissues were harvested at
D2 and D4. The illustration was created with BioRender.com.

(B) Bodyweight changes in mice post SARS-CoV-2 infection and treatment. Data were pooled from two independent experiments and were analyzed by repeated
measures two-way ANOVA.

(C) Lung viral loads were measured by RT-gPCR and these data were analyzed by unpaired/two-tailed t tests at each time point.

(D) Representative H&E staining images of lungs. Scale bars, 100 pm. Immune cell infiltration into alveolar spaces (lung consolidation), chronic fibrosis and
bronchial epithelial regeneration (arrows) were observed in lung sections from SARS-CoV-2 infected mice.

(E) Relative transcript levels of the indicated genes in the lungs at D4 were analyzed by RT-gPCR (n = 4-5/group). These data were analyzed by one-way ANOVA,

followed by Tukey's multiple comparison test. All results are presented as the mean & SD, and this experiment was performed twice independently with similar
trends. Statistically significant values are denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
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Figure 4. IL-33 regulated inflammatory signaling pathways in SARS-CoV-2-infection

WT B6 and IL-337/~ mice were infected with SARS-CoV-2 as indicated in Figure 1 (n = 3-5 mice/group). Bé mice in the mock group were i.n. treated with the same
volume of cell culture medium. Lungs were perfused with cold PBS and harvested for RNA extraction and RNA-seq analysis.

(A) Volcano plot describing the fold changes and false discovery rate (FDR)-adjusted p values between infected WT and IL-337~ lungs on D2.

(B) Pathway enrichment analysis of top ten hallmark pathways in the lungs on D2.
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Figure 4. Continued

(C) Representative heatmaps of differently expressed genes of IFN-y signaling pathway in the lungs of WT and IL-337'~ mice on D2. Heatmaps were generated
based on KEGG pathway using the Rosalind platform.

(D) Network plot showing the genes correlating IL-33 to the COVID-19 disease database identified by ingenuity pathway analysis of the bulk RNA-seq. The
orange and green labels indicate upregulation and downregulation, respectively, when compare IL-337/~ to WT samples.

(E) The network of differently expressed genes, pathways and cell functions analyzed by IPA network analyzer. The orange and blue legend on the right indicates
the genes predicted to be activation or inhibition, respectively.
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KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Fixable Viability Dye eFluor 506
PE-Cy7-anti-CD3e (145-2C11)
Pacific Blue-anti-CD4 (GK1.5)
APC-efluor780-anti-CD8a (53-6.7)
APC-anti-Ly6G (1A8-Ly6G)
PE-CF594-anti-NK1.1 (PK136)
FITC-anti-CDé4 (X54-5/7.1)

Alexa fluor700-anti-CD11b (M1/70)
BV711-anti-CD44 (IM7)
APC-anti-yd TCR (GL3)
FITC-anti-CD69 (H1.2F3)

ThermoFisher Scientific
Biolegend

Biolegend
ThermoFisher Scientific
Biolegend

BD Bioscience
Biolegend

Biolegend

Biolegend
ThermoFisher Scientific

ThermoFisher Scientific

Cati# 65-0866-14
Cat# 100319; RRID: AB_312684
Cat# 100428; RRID: AB_493647

Cat# 47-0081-82; RRID: AB_1272185

Cat# 127614; RRID: AB_2227348
Cat# 562864; RRID: AB_2737850
Cat# 139316; RRID: AB_2566556
Cat# 101222; RRID: AB_493705
Cat# 103057; RRID: AB_2564214
Cat# 17-5711-82; RRID: AB_842756
Cat# 11-0691-82; RRID: AB_465119

PE-anti-CD45 (30-F11) Biolegend Cat# 103106; RRID: AB_312971
Recombinant Anti-IL-33 [EPR17831] Abcam Cat# ab187060
B-Actin Cell Signaling Technology Cati# 4967
Bacterial and virus strains

Mouse-adapted strain of SARS-CoV-2 (CMA3p20) Muruato et al.”® N/A

Delta SARS-CoV-2 Liuetal.” N/A

Biological samples

COVID patient plasma samples UTMB biorepository N/A

Healthy donor plasma samples UTMB biorepository N/A

COVID patient naso-/oro-pharyngeal swab samples UTMB biorepository N/A
Chemicals, peptides, and recombinant proteins

Recombinant IL-33 cytokine Biolegend Cat# 580508
RNAprotect Tissue Reagent Qiagen Cat# 76106
Trizol Thermo Fishier Scientific Cat# 15596026
RNeasy Mini kit Qiagen Cat# 74104
iTaq Universal Probes One-Step kit Bio-Rad Cat# 1725141

SARS-CoV-2 gPCR Primer & Probe kit
iScript cDNA Synthesis kit

iTagq SYBR Green Supermix
Red Cell Lysis Buffer
Collagenase type IV

RPMI-1640 Medium

Fetal bovine serum

DPBS, pH7.4

ECL Western Blotting Substrate
RIPA buffer

Protease inhibitor cocktail

BCA Protein Assay Kit

Integrated DNA Technologies
Bio-Rad

Bio-Rad

Sigma-Aldrich

Thermo Fishier Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Cell Signaling Technology
Sigma-Aldrich

Thermo Fisher Scientific

Cat# 10006713
Cat# 1708891
Cat# 1725124
Cat# R7757-100ML
Cat# 17104019
Cat# 11875093
Cat# 16000044
Cat# 10010023
Cat# 32209

Cat# 9806

Cat# 11836170001
Cat# 23225
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Human IL-33 Quantikine ELISA Kit R&D Cat# D3300B
Bio-Plex Pro Mouse Cytokine 23-plex Assay Kit Bio-Rad Cat# M60009RDPD

Deposited data

Mouse lung bulk RNAseq data This paper GEO: GSE247370
Experimental raw data in this paper Mendeley Data https://data.mendeley.com/datasets/29zmznx7pv/1

Experimental models: Cell lines

Vero E6 cell ATCC Cat# CRL-1586

Experimental models: Organisms/strains

C57BL/6j mice Jackson Labs Cat# 000664
K18-hACE2 Jackson Labs Cat# 034860
IL-337 mice (Bé background) UTMB N/A

Oligonucleotides

Primers for mouse genes, see Table S1 This paper N/A

Software and algorithms

Bio-Rad CFX Maestro 1.1 Bio-Rad https://www.bio-rad.com

FlowJo version 10 BD Bioscience https://www.flowjo.com/

Bio-Plex Manager 5.0 Bio-Rad https://www.bio-rad.com

ROSALIND ROSALIND https://rosalind.onramp.bio/

Ingenuity Pathway Analysis Qiagen https://digitalinsights.qiagen.com/product-login/
GraphPad Prism 10 Dotmatics https://www.graphpad.com/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Yuejin Liang (yu2liang@
utmb.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in the
key resources table. All raw data have been deposited at Mendeley and are publicly available as of the date of publication. All other
data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For in vivo animal studies, male wild-type C57BL/6] mice (WT Bb, stock #000664) and K18-hACE2 (stock #034860) were purchased from Jack-
son Labs (Bar Harbor, ME). IL-337 mice (B6 background) were maintained in our animal facility.ﬁ"m'40 Mice were maintained under specific
pathogen-free conditions and used at 8-10 weeks of age, following protocols approved by the Institutional Animal Care and Use Committee
at the University of Texas Medical Branch (UTMB) in Galveston, TX. All procedures were approved by the Institutional Biosafety Committee, in
accordance with Guidelines for Biosafety in Microbiological and Biomedical Laboratories. UTMB operates in compliance with the USDA An-
imal Welfare Act (Public Law 89-544), the Health Research Extension Act of 1985 (Public Law 99-158), the Public Health Service Policy on Hu-
mane Care and Use of Laboratory Animals, and the NAS Guide for the Care and Use of Laboratory Animals (ISBN-13). UTMB is a registered
Research Facility under the Animal Welfare Act and has a current assurance on file with the Office of Laboratory Animal Welfare, in compliance
with the NIH Policy. The experimental protocols were carried out following ARRIVE guidelines 2.0 for animal experiments.
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For studies involving human participants, plasma and nasopharyngeal swab samples were collected from 61 patients diagnosed with
COVID-19. Twenty healthy control samples were obtained from the general population. These patients consented to participate in either
the Clinical Characterization Protocol for Severe Emerging Infections (UNMC IRB # 146-20-FB/UTMB IRB # 20-0066) or the Observational Pro-
tocol for Diseases and Exposures of Public Health Importance (UNMC IRB # 060-20-EP/UTMB IRB # 20-0031). Patient demographics and
detailed methods are included in Table S2.

The mouse-adapted strain of SARS-CoV-2 CMA3p20 is based on the sequence of USA-WA1/2020 isolate and was provided by the World
Reference Center for Emerging Viruses and Arboviruses (WRCEVA). It was originally obtained from the United States of America Centers for
Disease Control and Prevention.”>" Delta SARS-CoV-2 was also used as reported in our previous publication.” Viruses were titrated and
propagated in Vero Eé cells and then grown in DMEM with 5% fetal bovine serum and 1% antibiotic/antimycotic (Gibco, Amarillo, TX).

METHOD DETAILS

Mouse infection with SARS-CoV-2

Male WT Bé, K18-hACE2 and IL-33"" mice (Bé background) were maintained in our animal facility as described above. Animals were anesthe-
tized with isoflurane (1-4%) prior to intranasal infection with either the CMA3p20 strain (5%10° PFU for WT B6 mice and IL-337" mice) or the
Delta strain (1x10° PFU for K18-hACE2 mice). Recombinant IL-33 (1 pg/mouse/day) was administered intranasally at day 1 and day 3 post-
infection (D1 and D3). Animals were monitored daily for weight loss and morbidity, and were euthanized at D2 and D4 for tissue collection.
Mock-treated mice received equal volumes of Vero Eé cell culture medium. All mouse infection studies were performed in the ABSL3 facility in
the Galveston National Laboratory located at UTMB; all tissue processing and analysis procedures were performed in BSL3 or BSL2 facilities.

Lung histopathology

Lung tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 um thickness and stained with hematoxylin and
eosin for routine histological examination. Slides were examined by a pathologist in a double-blind manner and imaged using an Olympus
CX43 microscope. Inflammatory infiltrates and alterations within alveoli, alveolar septa, and airways were assessed.

Viral RNA quantification and qRT-PCR

RNA from lung tissues was collected using RNALater (Qiagen, Hilden, Germany). Samples were subsequently homogenized with Trizol re-
agent (ThermoFishier Scientific, Waltham, MA) in a BeadBlaster 24 Microtube Homogenizer (Benchmark Scientific, Sayreville, NJ). RNA
was then extracted from Trizol using an RNeasy Mini kit (Qiagen, Hilden, Germany) per the manufacturer’s instruction. Viral RNA was quan-
tified using an iTag Universal Probes One-Step kit (Bio-Rad, Hercules, CA) and SARS-CoV-2 gPCR Primer & Probe kit (Integrated DNA Tech-
nologies, Coralville, IA). 2019-nCoV_N positive control (2 x 10° copies/mL) and N1 (IBFQ) were used for standard curves and primer/probe,
respectively. The results were calculated as copy numbers per nanogram of total tissue RNA. For assessment of lung inflammatory genes,
extracted tissue RNA was converted to cDNA with the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). cDNA was amplified in a 10 ulL re-
action mixture containing 5 pL of iTaq SYBR Green Supermix (Bio-Rad, Hercules, CA) and 5 uM each of gene-specific forward and reverse
primers. PCR reactions were denatured for 30s at 95°C, followed by 40 cycles of 15s at 95°C, and é0s at 60°C utilizing the CFX96 Touch
real-time PCR detection system (Bio-Rad, Hercules, CA). Relative quantitation of mRNA expression was calculated using the 2724 method.
The primer sequences are listed in Table S1.

Flow cytometry

Left lung lobes were harvested from mice, minced, and digested with 0.05% collagenase type IV (Thermo Fisher Scientific, Waltham, MA) in
RPMI 1640 medium for 30 minutes at 37°C. Minced tissues were loaded into Medicons and homogenized using a BD Mediamachine System
(BD Biosciences, Franklin Lakes, NJ). Single-cell suspensions were made by passing cell homogenates through 70-um cell strainers followed
by treatment with a Red Cell Lysis Buffer (Sigma-Aldrich, St. Louis, MO). Leukocytes were stained with the Fixable Viability Dye eFluor 506
(ThermoFisher Scientific, Waltham, MA) for live/dead cell staining, blocked with FcyR, and stained with fluorochrome-labeled antibodies
(Abs). The following Abs were purchased from ThermoFisher Scientific and BioLegend: PE-Cy7-anti-CD3e (145-2C11), Pacific Blue-anti-
CD4 (GK1.5), APC-efluor780-anti-CD8a (53-6.7), APC-anti-Ly6G (1A8-Ly6G), PE-CF594-anti-NK1.1 (PK136), FITC-anti-CDé4 (X54-5/7.1),
Alexafluor700-anti-CD11b (M1/70), BV711-anti-CD44 (IM7), APC-anti-gd TCR (GL3), PE-anti-CD45 (30-F11) and FITC-anti-CDé9 (H1.2F3).
Cells were fixed in 2% paraformaldehyde overnight at 4°C before analysis. Data were collected using a BD LSR Fortessa and analyzed via
FlowJo software version 10 (BD Bioscience, Franklin Lakes, NJ).

Western blot analysis

Lung tissues were homogenized in RIPA buffer containing 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Protein concentration
was determined by Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA). Western blot analysis was performed to analyze IL-
33 protein levels. Briefly, 20 ng protein per lane was loaded onto 4-15% Tris-glycine gradient gel (ThermoFisher Scientific, Waltham, MA).
Samples were transferred to PVDF membrane and blotted with IL-33 (#ab187060, Abcam, Cambridge, United Kingdom) and B-actin
(#4967, Cell Signaling Technology, Danvers, MA) primary antibodies at 4°C overnight. Antibody detection was accomplished using horse-
radish peroxidase conjugated secondary antibodies and visualized with ECL. The signal intensity was quantified with Image J.
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Collection of plasma and nasopharyngeal swab samples from COVID-19 patients

Plasma and nasopharyngeal swab samples were collected from patients that were diagnosed with COVID-19 and admitted to a UTMB hos-
pital between March 2020 and March 2021 (Table S2). Patients were categorized into four groups based on their oxygen therapy require-
ments. 1) Mild disease group: Patients not needing oxygen therapy; 2) Moderate disease group: Patients requiring oxygen via nasal cannula;
3) Severe disease group: Patients needing non-invasive ventilation methods like high-flow nasal cannula, CPAP, BiPAP, or venturi mask; and 4)
Critical disease group: Patients requiring invasive mechanical ventilation or extracorporeal membrane oxygenation (ECMO). SARS-CoV-2
infection was confirmed in all subjects either through reverse transcriptase-polymerase chain reaction (RT-PCR) or through detection of viral
antigens in the samples. Clinical and laboratory data for patients diagnosed with COVID-19 were obtained from the medical record. Plasma
and nasopharyngeal swab samples were collected from 61 patients of varying disease severity and stored at the UTMB Biorepository for Se-
vere Emerging Infections at -80°C until use. Plasma and nasopharyngeal swab samples were also collected from twenty healthy individuals
who tested negative for SARS-CoV-2 and did not have any underlying health conditions. Plasma samples were collected from anticoagulant-
treated whole blood after centrifugation at 1,200 g for 10 minutes at 4°C. All samples were inactivated either by heating at 56°C for 30 minutes
or y-irradiated and validated before transfer outside of BSL3.

Human IL-33 ELISA assay

IL-33 levels in patient samples were quantified using a Human IL-33 Quantikine ELISA Kit (R&D, Minneapolis, MN) according to the manufac-
turer’s instruction. The assay range of the kit is 3.1 - 200 pg/mL. The sensitivity is 1.5 pg/mL. Samples with undetectable IL-33 levels were
excluded from the analysis.

Multiplex cytokine/chemokine analysis

Mouse sera were separated using a Microtainer Tube with Serum Separator (BD Biosciences, Franklin Lakes, NJ) and inactivated at 56°C for
30 minutes. Serum cytokine/chemokine concentrations were determined using a Bio-Plex Pro Mouse Cytokine 23-plex Assay kit (Bio-Rad,
Hercules, CA) according to manufacturer's protocol. Samples were read by a Bio-Plex 200 system (Bio-Rad, Hercules, CA), and the calculation
of both absolute concentrations and relative fold changes were performed.

Lung tissue RNA-seq assay

RNA-seq analysis was performed by LC Sciences (Houston, TX) and RNA purity/quantity was assessed using a Bioanalyzer 2100 and RNA 6000
Nano LabChip Kit (Agilent Technologies, Santa Clara, CA). Extraction of mRNA, construction of cDNA libraries, and sequencing were per-
formed using the lllumina Novaseq 6000. Raw data were normalized and analyzed by ROSALIND (San Diego, CA). The Mus musculus genome
build mm10 was used as a reference genome. Quality control analysis was done using FastQC and RSeQC6."” ROSALIND used HTseg4 to
quantify individual sample reads and DESeq2 R library to normalize reads via Relative Log Expression.”*** Enrichment was determined by
hypergeometric distribution and was calculated relative to a background gene set that was relevant for the experiment. The Molecular Sig-
natures Database was referenced for collection of “hallmark” gene sets. The RNA-seq data presented herein were deposited in NCBI's Gene
Expression Omnibus and is accessible through GEO Series accession number GSE247370.

Ingenuity pathway analysis

RNA-seq data were analyzed using Qiagen Ingenuity Pathway Analysis (IPA). Canonical pathways analysis identified the most significant path-
ways from the Qiagen IPA library that were relevant to the dataset. Molecules that met the following criteria of fold changes with a cutoff of 1.5
and adjusted p-value of 0.05 and associated with a canonical pathway in the Qiagen Knowledge Base were included in the analysis. For the
pathway network of IL-33 and COVID-19, both "Infectious Diseases" and "Organismal Injury and Abnormalities" were selected for analysis.
The comparison analysis was performed based on the results of the IPA core analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean =+ standard deviation (SD). An unpaired/two-tailed t test was employed to compare two groups. Datasets with
more than two groups were analyzed using a one-way ANOVA followed by Tukey’s multiple comparisons test for pairwise comparisons. Body-
weight changes were analyzed by repeated measured two-way ANOVA with group (between factor), time (within factor) and group by time
interaction. After a significant interaction test, pairwise comparisons were performed by Tukey's multiple comparisons test at each time point.
All data were analyzed by using GraphPad Prism software 10 (GraphPad, La Jolla, CA, USA). All p-values are adjusted by multiple compar-
isons. All tests are two-sided with a significance level of 0.05. Statistically significant values are denoted with asterisks with * p < 0.05,
** p < 0.01, *** p <0.001, and **** p < 0.0001, respectively. Only statistically significant comparisons are shown.
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