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PROTAC targeting cyclophilin
A controls virus-induced cytokine storm

Heqiao Li,1,2,3,4 Wenxian Yang,1,2,4 Huizi Li,2,3,4 Xiaoyuan Bai,1,2 He Zhang,1 Wenhui Fan,2 Wenjun Liu,1,2,3,*

and Lei Sun2,3,5,*

SUMMARY

Cytokine storms caused by viruses are associated with elevated cytokine levels
and uncontrolled inflammatory responses that can lead to acute respiratory
distress syndrome. Current antiviral therapies are not sufficient to prevent or
treat these complications. Cyclophilin A (CypA) is a key factor that regulates
the production of multiple cytokines and could be a potential therapeutic target
for cytokine storms. Here, three proteolysis targeting chimeras (PROTACs)
targeting CypA were designed. These PROTACs bind to CypA, enhance its ubiq-
uitination, and promote its degradation in both cell lines and mouse organs.
During influenza B virus (IBV) infection, PROTAC-mediated CypA depletion
reduces P65 phosphorylation and NF-kB-mediated proinflammatory cytokine
production in A549 cells. Moreover, Comp-K targeting CypA suppresses exces-
sive secretion of proinflammatory cytokines in bronchoalveolar lavage fluid,
reduces lung injury, and enhances survival rates of IBV-infected mice. Collec-
tively, we provide PROTACs targeting CypA, which are potential candidates
for the control of cytokine storms.

INTRODUCTION

Cytokine storm is a phenomenon characterized by exaggerated inflammation due to elevated circulating

cytokines that most often occur after virus infection, such as those caused by influenza viruses,1 coronavi-

ruses,2 and herpesviruses.3 For example, the H5N1 influenza A virus (IAV) can trigger cytokine storm,

including but not limited to the upregulation of IL-1b, IL-6, IL-8, TNFa, CCL2 (MCP-1), CCL3 (MIP-1a),

CCL5 (RANTES), and CXCL10 (IP-10).4,5 Influenza B virus (IBV) is more likely to infect children.6,7 The cyto-

kine storm and clinical manifestations caused by IBV infection in children are similar to those caused by

IAV.8 Several studies have found that patients with severe COVID-19 exhibit higher levels of IL-2, IL-6,

IL-7, IL-10, CXCL10, CCL2, TNF-a, macrophage inflammatory protein 1 alpha (MIP-1a), and granulocyte-

colony stimulating factor (G-CSF) than patients with mild and moderate infections. The disproportionate

levels of chemokines and cytokines recruit excessive amounts of macrophages and neutrophils to the

site of infection, culminating in a cytokine storm.9–11 Cytokine storm-induced pneumonia can lead to

high morbidity and mortality.12 Currently, the therapeutic options to control cytokine storms include

steroids, intravenous immunoglobulins, JAK inhibitors, and selective cytokine blockade treatments, such

as anakinra, IL-1 receptor antagonist, and IL-6 receptor antagonist.13–15 However, the various treatments

mentioned above have different side effects and risk profiles. Corticosteroids can lead to fractures,

additional infections, Cushing’s syndrome, and psychiatric disorders, which may eventually lead to side

effects that are more damaging than the original disease.16–18 As for cytokine-targeting therapy, the results

of clinical trials targeting either the IL-1 or IL-6 pathway show no survival benefits in COVID-19 patients19,20

unless combined with corticosteroids.21,22 These results indicate that the inhibition of a single cytokine

pathway may not be sufficient to control cytokine storms. Therefore, targeting key cellular and molecular

determinants of multiple cytokine pathways should be investigated.

Cyclophilin A (CypA), an 18 kD protein encoded by PPIA and ubiquitously expressed in all types of cells.

CypA has peptidyl prolyl cis-trans isomerase activity which can be inhibited by immunosuppressive drug

cyclosporine A (CsA).23 As a multifunctional protein, CypA is mainly involved in protein folding and trans-

port,24 signal transduction, and immunoregulation.25 Several lines of evidence indicate a pivotal role for

CypA in cytokine production. CypA positively regulates IL-6-soluble IL-6R-gp130–JAK-STAT3 signaling
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pathway, increasing downstream iNOS and IL-6 by inhibiting the degradation of gp130.26 CypA promotes

IL-1b maturation and secretion by enhancing K63-linked ubiquitination of pro-IL-1b in the early stages of

LPS-mediated inflammation.27 CypA increases interferon (IFN) and proinflammation cytokines production

by targeting RIG-I, MAVS, and P65, and CypA deficiency leads to reduced inflammatory responses in the

lungs of SeV-infected mice.28,29 Moreover, CypA positively regulates the expression of integrin a5 and

actin rearrangement via the FAK/Akt signaling pathway to facilitate group A Streptococcus adhesion

and invasion, and enhances lung inflammatory infiltration.30 Furthermore, it is well documented that

CypA is secreted in response to oxidative stress and virus infection, and promotes inflammation.31 Extra-

cellular CypA plays an essential role in inflammation under different conditions, promoting leukocyte

redistribution to inflamed tissues and local production of cytokines.32 Evaluated extracellular CypA levels

were observed in the bronchoalveolar lavage fluids of patients with acute respiratory distress syndrome.33

Large amounts of CypA were found in the joint fluid of patients with rheumatoid arthritis and the extracel-

lular CypA enhanced immune cell migration.34 Extracellular CypA induces activation of ERK1/2, JNK, and

p38 MAPK pathways, leading to proinflammatory cytokine expression.35 Together, these findings suggest

that CypA is a key player in multiple cytokine production, suggesting that CypA could be a potential

therapeutic target for cytokine-mediated inflammatory diseases.

Proteolysis targeting chimeras (PROTACs) is a new technology developed in recent years for the degra-

dation of intracellular target proteins based on the ubiquitin-proteasome system. PROTAC can connect

E3 ubiquitin ligase and intracellular target protein into ternary complexes, thus allowing the target pro-

tein to be modified by ubiquitination and finally degraded by proteasome recognition.36 Currently,

PROTAC technology is widely used in the field of drug development, especially for cancer treatment,

such as breast cancer,37 intestinal cancer,38 lymphocytic leukemia,39 and prostate cancer.40 It is also

applied in other fields, such as Huntington’s disease,41 Alzheimer’s disease, and Parkinson’s disease.42

Application of PROTAC in cytokine-mediated inflammatory diseases, however, has not been reported

yet. Given that many functions of CypA are not dependent on its enzymatic activity,43,44 PROTACs

that degrade CypA should control the production of multiple cytokines more effectively than CypA

inhibitors.

In the present study, we design PROTACs to degrade CypA and determine the role of these compounds in

the control of cytokine storm induced by IBV infection. Our data indicate that PROTACs can degrade CypA

both in vitro and in vivo, and PROTACs-mediated CypA depletion reduces inflammatory responses and

lung injury in IBV-infected mice.

RESULTS

Design and identification of PROTACs targeting CypA

Three PROTACs (Comp-K, L, and M) targeting CypA were designed and synthesized based on two CypA

ligands, 2d (CypA-L1) and 3c (CypA-L2)45 and the Hippel-Lindau (VHL) ligand VH032,46 which are conju-

gated with a linker (Figures 1A-1C, Data S1–S6). To investigate the binding characteristics of these com-

pounds to CypA, the molecular docking studies were performed using Autodock Vina 4,47 which gives

deep insight into the binding pattern between these PROTACs and CypA. Crystal structures of CypA

were obtained from the Protein DataBank (PDB ID:3k0m). CypA has two main pockets. Pocket A is hydro-

philic and pocket B is hydrophobic.48 We discovered that the cyclohexane of Comp-K and L are both bind-

ing to the amino acid PHE60 (Comp-K, 5.8 Å), MET61 (Comp-L, 4.7 Å), PHE113 (Comp-K, 5.0 Å; Comp-L,

4.6 Å), LEU122 (Comp-K, 5.4 Å; Comp-L, 4.6 Å), and HIS126 (Comp-K, 4.9 Å; Comp-L 5.5 Å), which together

make up the hydrophobic pocket B, in Alkyl or Pi/Alkyl interaction. In addition, Comp-K also binds to

ASN102 and GLN63 with hydrogen bond, and ALA103 with Alkyl interaction (Figure 1D). Comp-L binds

to ARG55 through donor-acceptor interaction (Figure 1E). Comp-M has a fluorene group, which binds to

PHE60 (5.9 Å), PHE113 (8.3 Å), LEU122 (5.2 Å), and HIS126 (5.9 Å). Comp-M also binds to ASN102 and

ALA103 (Figure 1F). Meanwhile, there are many amino acids that bind to compounds through van der

Waals force, such as PHE53, ALA101, GLN111, ASN71, HIS54, TRP121, and GLN63. Furthermore, surface

plasmon resonance (SPR) was employed to assess the affinity of PROTACs to CypA. CypA was immobilized

on the surface of Biacore Chip CM5. Then, various concentrations of compounds were prepared and in-

jected to pass over the surface. The equilibrium dissociation constant (KD) values for CypA against

Comp-K, L, and M were 11.74mM, 84.6mM, and 47.67mM (Figures 1G-1I), respectively. Collectively, all three

PROTACs designed in this study could bind to CypA.
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Figure 1. Design strategy and identification of PROTACs targeting CypA

(A–C) PROTACs with CypA ligands (red), linkers (black), and E3 ligase ligands (blue) used in this study. A (Comp-K) and B

(Comp-L): CypA-recruiting ligand with a cyclohexane. C (Comp-M): CypA-recruiting ligand with a fluorene.

(D–F) The main binding sites of Comp-K (D), L (E), and M (F) on CypA were described by PyMOL. The structure of

compounds and CypA were imported to PyMOL, and the bond lengths between amino acids and compounds were

measured. Crystal structure of CypA interacting with ligand in the hydrophobic pocket. The pocket is rendered as a white

surface with the compounds visualized in stick representation and colored by atoms (gray carbon atoms, red oxygen

atoms, blue nitrogen atoms, and yellow sulfur atoms). The bonds are colored by interaction (purple Alkyl hydrophobic

bonds, green hydrogen bonds, light green carbon hydrogen bonds).

(G–I) The affinity and binding kinetics of PROTACs for CypA measured by SPR. 2-fold serial dilutions from 3.125 mM

compounds in injected onto the captured CypA protein. Kinetic data from one representative experiment were fit to a 1:1

binding model. The profiles are shown for Comp-K (G), L (H), and M (I) (left). The KD values were calculated using a steady

affinity state model by Biacore evaluation software 3.2 (right). Data are representative of three independent experiments.

The data are presented as the mean G SD. See also Data S1-S6.
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PROTACs promote the degradation of CypA

To investigate the roles of these PROTACs to degrade endogenous CypA, A549 cells were treated with

different concentrations of Comp-K, L, or M for 12 h. The western blot results showed that Comp-K, L,

and M degraded CypA in a concentration-dependent manner, and the half maximal degraded concentra-

tion (DC50) are 44.66 nM, 57.86 nM and 32.9 nM, with the maximum degradation efficiency of over 90% at a

concentration of 200 nM (Figures 2A–2C). Then the time dependence of degradation experiment was

determined. The degradation efficiencies of these three PROTACs were gradually enhanced after 1 or

3 h treatment, with highest level of CypA degradation being observed at 12 h (Figures 2D–2F). In addition,

the cytotoxicity of these PROTACs was evaluated using a CCK-8 assay. Serial dilutions of compound were

Figure 2. PROTACs degrade endogenous CypA in A549 cells

(A–C) Immunoblot analysis of CypA in A549 cells treated with different concentrations of Comp-K (A), L (B), or M (C) for 12 h. As control, DMSOwas treated to

A549 cells for 12 h (top). The relative band intensity was quantified with ImageJ and normalized to b-tubulin (bottom).

(D–F) Immunoblot analysis of CypA in A549 cells treated with 200 nM Comp-K (D), L (E), or M (F) for the indicated time (top). The relative band intensity was

quantified with ImageJ and normalized to b-tubulin (bottom).

(G) Cell viability of A549 cells treated with different doses of Comp-K, L, or M for 12 h. Cell survival was determined by the CCK-8 assay.

(H) Immunoblot analysis of CypA in A549 cells treated with DMSO, CypA-L1, CypA-L2, VH032, or Comp-K for 12 h (left). The relative band intensity was

quantified with ImageJ and normalized to b-tubulin (right). Data are representative of three independent experiments. The data are presented as the

mean G SD. *p < 0.05, **p < 0.01 (unpaired, two-tailed Student’s t test). See also Figures S1 and S2.

ll
OPEN ACCESS

4 iScience 26, 107535, September 15, 2023

iScience
Article



added to A549 cells and incubated for 12 h. Comp-K and Comp-M did not affect the cell viability at con-

centrations 1–100 mM. At 1–10 mM, Comp-L did not affect cell viability, but at 100 mM, Comp-L was toxic and

the cell survival rate decreased to about 30% (Figure 2G). In addition, CypA expression were not decreased

in A549 cells treated with CypA-L1 (CypA ligand in Comp-K and Comp-L), CypA-L2 (CypA ligand in

Comp-M), and VH032 (VHL ligand) (Figure 2H). Collectively, Comp-K, L, and M (200 nM) were able to

effectively degrade CypA had no effect on A549 cell survival.

We then examined the degradation of overexpressed CypA by these PROTACs in 293T/CypA-cells. We

observed that these compounds degraded overexpressed CypA in a concentration-dependent manner

with the highest degradation efficiency at 200 nM (Figures S1A–S1C). In the time-dependent assays,

CypA expression levels were gradually increased in 293T/CypA-cells treated with DMSO, but not in

293T/CypA-cells treated with compounds (Figures S1D–S1F). Moreover, these PROTACs degraded

CypA in THP-1 and Jurkat cells (Figures S2A and S2B). To further investigate the specificity of these

PROTACs, the expression levels of CypA (Figure S2C), CypB (Figure S2D), CypE (Figure S2E), and CypF

(Figure S2F) were detected in A549 cells treated with PROTAC. These compounds did not decrease the

expression levels of CypB, CypE, and CypF, compared to CypA degradation, suggesting that these

PROTACs specifically degraded CypA. Together, the results demonstrate that these three PROTACs

can effectively and specifically degrade CypA.

PROTACs induce proteasomal degradation of CypA by enhancing its K48-linked

ubiquitination

These three PROTACs include VHL ligand, which is supposed to recruit VHL to trigger ubiquitin-mediated

proteasomal degradation of CypA. As expected, PROTACs enhanced the K48-linked ubiquitination of

CypA in 293T cells co-transfected with CypA and K48-Ub (Figure 3A). To investigate whether PROTACs

will recruit more VHL to CypA, immunoprecipitation experiments were performed. Anti-CypA anti-

bodies-binding protein A beads were used to detect the interaction between endogenous CypA and

VHL in 293T cells. PROTACs recruited more VHL to interact with CypA than DMSO (Figure 3B). We then

investigated whether proteasome inhibitors could inhibit the degradation of endogenous CypA via

PROTAC. Results showed that the proteasome inhibitor MG132 blocked PROTACs-mediated CypA

degradation (Figure 3C). These data suggest that PROTACs promote CypA degradation through

recruiting more VHL to CypA via the ubiquitin-proteasome pathway.

We then sought to identify the key ubiquitination sites of CypA for PROTAC-mediated degradation. Our

previous studies have shown that K154 and K155 are the key ubiquitination sites for CypA degradation.26

We found that PROTACs induced the degradation of wildtype CypA and K28R mutants, but no longer

promoted CypA degradation with of K154R or 155R mutant (Figure 3D). This suggests that K154 and

K155 are the key sites for PROTAC-mediated CypA degradation. Similarly, K154R and K155R mutations

led to a decrease in PROTACs-induced CypA ubiquitination, while the K28R mutation did not (Figure 3E).

Given that K154 and K155 are adjacent, it is possible that a single amino acid mutation will affect the

ubiquitination at both sites or confer a confirmational change to the target. Together, PROTACs enhance

the K48-linked ubiquitination of CypA by recruiting more VHL to CypA, which facilitates the proteasomal

degradation of CypA.

PROTAC-mediated CypA degradation reduces IBV-induced inflammatory responses

It is well documented that CypA is a key regulator of multiple cytokine production and may be a promising

therapeutic target for treating cytokine storm. To investigate the effects of PROTAC on CypA-regulated

proinflammatory cytokine production, an IBV infection model was established in A549 cells. Our previous

studies have shown that influenza A virus is able to induce CypA expression.28,30 Immunoblot assays

(Figures 4A–4C) showed that CypA expression was gradually up-regulated by IBV and reached a peak at

12 h post infection, and PROTACs significantly degraded CypA at 12, 24, and/or6 h post infection

(Figures 4A–4C). As the controls of PROTACs, CypA-L1, CypA-L2, and VH032 did not degrade CypA (Fig-

ure 4D). It has been reported that CypA interacts with RIG-I, MAVS, and P65 to promote the expression of

downstream inflammatory cytokines.49,50 As expected, PROTACs inhibited K63-linked RIG-I ubiquitination

(Figure S2G) and promotedMAVS degradation (Figure S2H). We further observed an increase in phosphor-

ylation levels of P65 in A549 (Figures 4E–4G) cells during IBV infection, but noted a significant decrease

when cells were treated with PROTACs. CypA-L1 seemed to have a slight effect, but CypA-L2 and

VH032 have no obvious effect on P65 phosphorylation (Figure 4H). Moreover, mRNA levels of downstream
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IL-1B, TNFA, and CXCL10 were all inhibited by PROTACs at 12 h post infection (Figure 4I). In addition,

PROTACs inhibited P65 phosphorylation and proinflammatory cytokine production in THP-1 cells trig-

gered by IBV or LPS (Figure S3). Interestingly, we observed that CypA-L1 and CypA-L2, especially

Comp-K, decreased IBV nucleoprotein (BNP) expression in A549 cells (Figure 4J), suggesting that CypA

might promote IBV replication. To explain this phenomenon, BNP expression was detected in the wild-

type and CypA-knockdown A549 cells. We found that CypA knockdown reduced the mRNA levels of

BNP (Figure 4K). These data demonstrate that PROTACs targeting CypA significantly reduce IBV-induced

inflammatory responses in vitro.

Comp-K promotes CypA degradation in mice

Considering that Comp-K has the highest affinity and solubility among these three PROTACs, we next

investigated the effect of Comp-K on CypA degradation in mice. Mice were infected intranasally with

IBV, and then intravenously injected with Comp-K on day 1 post-infection. The results of immunoblotting

assays showed that Comp-K can effectively degrade CypA in lung tissues of mice with or without IBV

infection for 3 to 4 days (Figure 5A). Pneumonia is a common consequence of cytokine storms caused by

pathogen infection, such as influenza virus, coronavirus, and respiratory syncytial virus.10 The anti-inflam-

matory effects of PROTACs were then evaluated in IBV-infected mice. Comp-K was used as a

Figure 3. PROTACs enhance proteasomal degradation of CypA by increasing ubiquitination of CypA

(A) Immunoblot analysis of lysates in 293T cells transfected with K48-HA and CypA-Flag plasmids for 18 h and

subsequently treated with different concentrations of PROTACs or DMSO and 10 mM MG132 for 12 h, followed by

immunoprecipitation with anti-Flag beads.

(B) Immunoblot analysis of lysates in 293T cells treated with 200 nM PROTACs or DMSO for 12 h, followed by

immunoprecipitation with anti-CypA-binding protein A beads.

(C) Immunoblot analysis of the lysates in 293T cells treated with or without MG132 (10 mM) and PROTACs (200 nM) or

DMSO for 12 h.

(D) Immunoblot analysis of the CypA in 293T cells transfected with CypA-Myc or mutants (K28R-Myc, K154R-Myc, K155R-

Myc) for 18 h, then treated with 200 nM PROTACs or DMSO for 12 h.

(E) Immunoblot analysis of lysates in 293T cells transfected with K48-HA and CypA-Myc or mutant plasmids (K28R-Myc,

K154R-Myc, K155R-Myc) for 18 h and subsequently treated with 200 nM PROTACs and 10 mMMG132 for 12 h, followed by

immunoprecipitation with anti-Myc beads.

ll
OPEN ACCESS

6 iScience 26, 107535, September 15, 2023

iScience
Article



representative of the PROTACs for anti-inflammatory therapy and oseltamivir (OSE) was used for antiviral

therapy.51 Mice infected with IBV were then treated with OSE, CypA-L1, Comp-K, combination of OSE and

Comp-K, or vehicle (10% DMSO). Intraperitoneal injections of OSE were performed daily and intravenous

injections of Comp-K or CypA-L1 were performed on days 1 and 3 post-infection. Samples of lung tissue,

spleen tissue, and bronchoalveolar lavage fluid were collected on days 2, 4, and 6 post-infection (Figure 5B).

The protein levels of CypA in the lungs and spleens of mice were tested. The results showed that the CypA

Figure 4. PROTACs decrease NF-kB-mediated proinflammatory cytokine production in IBV-infected A549 cells by degrading CypA

(A–C) Immunoblot analysis of the CypA in A549 cells treated with 200 nM Comp-K (A), L (B), or M (C) and IBV (MOI = 1) for 0, 6, 12, and 24 h (top). The CypA

expression levels were quantified with ImageJ and normalized to b-tubulin (bottom).

(D) The immunoblot analysis of CypA in A549 cells treated with 200 nM Comp-K, CypA-L1, CypA-L2, or VH032 and IBV for 0, 12, and 24 h (left). The relative

band intensity was quantified with ImageJ and normalized to b-tubulin (right).

(E–G) The immunoblot analysis of P65 phosphorylation in A549 cells treated with 200 nM Comp-K (E), L (F), or M (G) and IBV for 0, 1, 2, 4, and 8 h.

(H) The immunoblot analysis of P65 phosphorylation in A549 cells treated with 200 nM Comp-K, CypA-L1, CypA-L2, or VH032 and IBV for 0, 3, and 6 h.

(I) qPCR analysis of IL-1b, TNF-a, and CXCL10 mRNA in A549 cells treated with 200 nM Comp-K, L, or M and IBV for 12 h.

(J) qPCR analysis of BNP mRNA levels in A549 cells treated with 200 nM Comp-K, CypA-L1, CypA-L2 or VH032 and IBV for 8 h.

(K)qPCR analysis of BNP mRNA levels in A549/CypA+ and A549/CypA-cells infected with IBV (MOI = 1) at the indicated time points. Data are representative

of three independent experiments. The data are presented as the mean G SD. *p < 0.05, **p < 0.01 (unpaired, two-tailed Student’s t test). See also

Figures S2 and S3.
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levels in mice treated with Comp-K or the combination of OSE and Comp-K were significantly reduced,

compared with those in mice treated with vehicle, OSE, or CypA-L1 (Figures 5C and 5D). Notably, the com-

bination of OSE and Comp-K showed apparent effects on reducing CypA levels compared to Comp-K

monotherapy. Considering the induction effect of IBV on CypA expression (Figures 4A–4C), the most likely

reason is that OSE might reduce CypA expression by inhibiting IBV replication, but this effect was not sig-

nificant and was enhanced when OSE was used in combination with Comp-K. Additionally, the results of

Figure 5. Comp-K effectively degrades CypA in vivo

(A) Immunoblot analysis of CypA in the lungs of mice (n = 5) infected intranasally with IBV (3000 pfu) or PBS for 1 day then

intravenously injected with Comp-K (10 mg/kg) or Vehicle at 1-day post infection. The lung tissue was collected at 0, 1, 2,

3, 4, 5, and 6 days after treated with IBV or PBS. The CypA levels were quantified with ImageJ and normalized to b-tubulin,

the ratio was marked between CypA blot and b-tubulin blot.

(B) Schematic diagram of a therapy experiment of IBV-induced cytokine storm. Mice (n = 5) were infected with IBV (3000

pfu) or PBS, then treated with OSE (10 mg/kg), CypA-L1 (10 mg/kg), Comp-K (10 mg/kg), combination of OSE and

Comp-K, or vehicle (10% DMSO). Intraperitoneal injections of OSE were performed daily and intravenous injections of

CypA-L1 or Comp-K were performed on day 1 and 3 post-infection. The lung tissue, spleen tissue, and bronchoalveolar

lavage fluid samples were collected at days 2, 4, and 6 post-IBV infection.

(C-D) Immunoblot analysis of CypA in the lungs (C) or spleens (D) of mice (n = 5) (left). The CypA expression levels were

quantified with ImageJ and normalized to b-tubulin (right).

Data are representative of three independent experiments. The data are presented as the mean G SD. **p < 0.01

(unpaired, two-tailed Student’s t test). See also Figure S4.
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hematoxylin and eosin staining (Figure S4A) and blood routine analysis (Figure S4B) show that Comp-K is

safe for mice.

Inhibitory effect of Comp-K on cytokine storm in IBV-infected mice

Cytokine storm can lead to acute respiratory distress syndrome and multi-organ failure, as has been found

in influenza virus-infected patients.52 Moreover, in A549 cells, the robust production of type I and III IFNs,

IFN-stimulated genes, and proinflammatory factors can be induced by IBV rather than IAV infection.8,53

Therefore, the 36 major cytokines in bronchoalveolar lavage fluid from mice in Figure 5B was detected

using ProcartaPlex Multiplex Immunoassays. Results showed that at all three time points, the overall cyto-

kine levels in mice treated with Comp-K or OSE and Comp-K combination were significantly lower than

those in mice treated with vehicle, OSE, or CypA-L1 (Figure 6A). Changes in the expression of key inflam-

matory cytokines are shown in Figure 6B. The cytokine levels in mice treated with Comp-K, or the combi-

nation of OSE and Comp-K were significantly reduced, compared with those in mice treated with vehicle,

OSE, or CypA-L1. Downregulation of cytokines on day 2 after infection included chemokines, such as

CXCL1 andCXCL2, as well as interleukins, such as IL-1b and IL-6. On day 4 post-infection, Comp-K inhibited

the production of interferons, such as IFN-a and IFN-g, and interleukins, such as IL-5 and IL-6. On day 6

post-infection, Comp-K inhibited the production of cytokines, such as IL-5, IFN-g, CCL3, and M-CSF.

Furthermore, we quantified the major pro-inflammatory cytokines in bronchoalveolar lavage fluid by

ELISA. Results showed that cytokines IL-1b, IL-6, CCL2, and CXCL10 were reduced to varying degrees in

OSE-, CypA-L1-, Comp-K-, or the combination of OSE and Comp-K-treated mice, among which OSE

and Comp-K combination had the highest inhibition efficiency (Figure 6C). To further investigate the ef-

fects of Comp-K-mediated CypA knockdown on immune cell infiltration, mouse lung sections were sub-

jected to immunofluorescence assays. There were fewer macrophages (Figure S5A) and T lymphocytes

(Figure S5B) were found in the lungs of mice treated with Comp-K, OSE, CypA-L1, or the combination of

OSE and Comp-K compared with those in the lungs of mice treated with vehicle, which is consistent

with the results of lung injury and inflammatory responses. These data clearly demonstrate that Comp-K

attenuates cytokine storm and immune cell infiltration in IBV-infected mice.

Comp-K alleviates lung damage and improves survival rate of IBV-infected mice

Micro-X-ray computed tomography (mCT) is one of the standard tools used to observe the anatomical basis

and pathophysiology of lung injury in live animals.54 To determine the therapeutic effect of Comp-K on viral

pneumonia caused by IBV, the mouse lungs were imaged with Micro-CT. Slight lesions were observed in all

mice on day 2 post-infection. On day 4 post-infection, the area of high-density shadow in the lungs of mice

treated with OSE, CypA-L1, Comp-K, or the combination of OSE and Comp-K was smaller than that of the

vehicle-treated mice. On day 6 post-infection, the lungs of vehicle-treated mice were almost completely

solidified. In contrast, the area of high-density shadow in the lungs of mice treated with OSE, CypA-L1,

or Comp-K was smaller than that in the vehicle-treated mice. Notably, the mildest lung injury was observed

in the lungs of mice treated with the combination of OSE and Comp-K (Figure 7A). The lung injury was then

assessed by hematoxylin and eosin staining and pathological scores. Consist with the results of Micro-CT,

mice treated with OSE or Comp-K showed less inflammatory cells infiltration, lung consolidation, and con-

gested blood vessels. The combination of OSE and Comp-K had the best therapeutic effectiveness (Fig-

ure 7B). In addition, CypA-L1, Comp-K, especially OSE and combination of OSE and Comp-K, decreased

BNP mRNA expression level in lungs from IBV-infected mice (Figure 7C). Meanwhile, the survival rates of

IBV-infected mice treated with combination of OSE and Comp-K, Comp-K, or OSE were 90%, 60%, and

40% respectively, while those treated with CypA-L1 were just 10% and those treated with vehicle were

all dead (Figure 7D). It is indicated that Comp-K treatment effectively enhanced the survival rates of IBV-

infected mice. Collectively, we demonstrate that Comp-K, especially the combination of Comp-K and

OSE, alleviates lung damage and increases survival rates of mice infected by IBV.

DISCUSSION

Cytokine storm can be observed with virus infection. The common therapies include steroids and selective

cytokine blockers. However, inhibiting a single cytokine pathway is usually not sufficient for controlling the

entire cytokine storm. CypA is a key regulator of multiple cytokine production, indicating that it plays

important roles in cytokine-mediated inflammatory diseases, such as viral pneumonia. In the present study,

we constructed PROTACs to recruit E3 ubiquitin ligase to CypA to promote the ubiquitination of CypA and

accelerate its degradation through the proteasome pathway instead of simply inhibiting the enzymatic
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activity of CypA. We discover that PROTACs specifically promote CypA degradation, and Comp-K signif-

icantly decreases the cytokine storm caused by IBV infection both in cell and mouse models. These data

suggest that PROTACs targeting CypA are potential drugs for controlling virus-induced cytokine storms.

Figure 6. Comp-K inhibits cytokine storm in IBV-infected mice

(A-B) ProcartaPlex Multiplex immunoassays of cytokines/chemokines in the bronchoalveolar lavage fluid of mice (n = 5).

Mice were treated with OSE, CypA-L1, Comp-K, combination of OSE and Comp-K, or vehicle as described in Figure 5B

and samples were collected at days 2, 4, and 6 post-IBV infection. (A) Ridge plot of the density distribution of log2 fold

change (LFC). Dotted lines indicate mean LFC. (B) Heatmap of cytokines/chemokines panels altered in different groups at

the indicated time points. Blue indicate LFC = 0 and orange indicate LFC = 1.2.

(C) ELISA analysis of the levels of IL-1b, IL-6, CCL2, and CXCL10 in bronchoalveolar lavage fluid of mice (n = 5) at day 2, 4,

and 6 post IBV infection. Data are representative of three independent experiments. The data are presented as the

mean G SD. *p < 0.05, **p < 0.01 (unpaired, two-tailed Student’s t test). See also Figure S5.
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A known drug to inhibit the enzymatic activity of CypA is CsA, which prevents T cell activation via the for-

mation of a tri-partite complex that includes CypA, CsA, and calcineurin.55 Our previous study showed that

CypA could inhibit IAV56 and CsA inhibits IAV replication through CypA-dependent and -independent

pathways.57 Recent evidence suggests that CsA impairs SARS-CoV-2 infection and dampens the virus-trig-

gered synthesis of cytokines (including IL-6, IL-8, IL1a, and TNF-a) that are involved in cytokine storm in

patients.58 However, CypA inhibitors, such as CsA, CypA-L1, and CypA-L2, are not ideal anti-inflammatory

or antiviral drugs targeting CypA, because many functions of CypA are not dependent on its enzymatic

activity and cannot be inhibited by CypA inhibitors.43,44 Notably, Comp-K not only reduced IBV-induced

cytokine storm, but also inhibited IBV replication in cell and mouse models. Therefore, PROTACs targeting

CypA are ideal drugs for the treatment of IBV-induced pneumonia. How CypA or its PROTAC regulate IBV

replication is an exciting future area of investigation.

PROTACs consist of a ligand for recruiting a target protein of interest and a ligand for an E3 ubiquitin

ligase, joined with an appropriate linker. The best and most widely used ligands are CRBN ligand and

VHL ligand. In this study, we select VHL ligand for E3 ubiquitin ligase and two ligands of CypA. Comp-K

contains the same CypA ligand as Comp-L but has a shorter linker than L, while Comp-M contains another

CypA ligand and has the same linker as Comp-K. Many factors affect the affinity of PROTAC. For example,

PROTAC linkers represent a delicate balance between affinity contributions and steric effects and that sin-

gle atom changes to the linker can drastically shift that balance by a yet unresolved mechanism.59 More-

over, several studies have shown that degradation efficiency is not completely correlated with target affin-

ity. Degradation was observed even with some weak-binding kinases, such as p38a, likely due to positive

cooperativity via the interaction between p38a and VHL in the ternary complex.60 Similarly, a CRBN-recruit-

ing PROTAC with a promiscuous kinase ligand exhibited different target degradation profiles unrelated to

their binding affinities across different cell lines.61 In this study, we found that these three PROTACs have

similar effects on the degradation of CypA, although they have different KD values. Additionally, Comp-K

has the highest solubility relative to Comp-M and L, and Comp-M is more difficult to dissolve at high

concentrations, probably because Comp-M has more hydrophobic groups of ligands. Therefore,

Comp-K has a wide range of potential applications in the treatment of inflammatory disease.

The spread of IBV can be dominant during an influenza season and cause severe inflammatory response

and disease, particularly in children and adolescents.62 Our previous studies show that the robust produc-

tion of type I and III IFNs, IFN-stimulated genes, and proinflammatory factors can be induced by IBV rather

than IAV infection in A549 cells.8,53 The damage to tissues is mainly due to both virus replication and virus-

induced exaggerated immune responses. In many cases, the excessive immune response is even more

harmful than the virus itself. Here, we used IBV-infected cell and mouse models to investigate the effect

of PROTACs on cytokine production and cytokine-mediated inflammatory responses. We provide several

potential PROTAC drugs targeting CypA for immunomodulatory therapy. We find that PROTACs can

degrade CypA and inhibit P65 phosphorylation, leading to reduced multiple pro-inflammatory cytokine

expression triggered by IBV infection, which might be the central mechanism of PROTACs in regulating

inflammatory responses. Moreover, Comp-K, CypA-L1, OSE, or the combination of Comp-K and OSE all

suppressed excessive inflammatory responses, alleviated lung injury, and increased the survival rate, but

the combination of Comp-K and OSE, among which the combination of Comp-K and OSE had the best

therapeutic effect, indicated that there are synergistic effects between Comp-K and OSE.

Figure 7. Comp-K reduces lung damage and increases survival rates of mice infected by IBV

(A) Micro-X-ray computed tomography imaging of the lungs of IBV-infected mice (n = 5). Mice were treated with OSE, CypA-L1, Comp-K, combination of

OSE and Comp-K, or vehicle as described in Figure 5B and examined at days 2, 4, and 6 post-IBV infection. Low density shadow (black) represents normal

lung tissue. Moderate density shadow (gray) represents the inflammatory part or muscle-connective tissue. High density shadow (white) represents bone.

Plain film and tomographic images were shown. Voltage 90 kV, Current 180 mA, FOV 24mm, Scan Technique 4.5 min. The relative inflammation areas of lungs

from five mice per group (moderate density shadow area/whole lung area) was quantified with ImageJ (bottom-left).

(B) Hematoxylin and eosin (H & E) staining of the lung tissue from mice (n = 5). Mice were treated with OSE, CypA-L1, Comp-K, combination of OSE and

Comp-K, or vehicle as described in Figure 5B and samples were collected at days 2, 4, and 6 post-IBV infection. The lung injury (three sections from five mice

per group) was analyzed in a blinded manner (top-right). Scale bars, 200 mm.

(C) qPCR analysis of BNP mRNA level in lungs of mice (n = 5) at days 2, 4, and 6 post IBV infection.

(D) Survival was evaluated in mice (n = 10). Mice were treated with OSE, CypA-L1, Comp-K, combination of OSE and Comp-K, or vehicle as described in

Figure 5B and monitored daily for survival until day 10 after challenged with IBV. Mice that lost more than 25% of their initial body weight were humanely

sacrificed. Data are representative of three independent experiments. The data are presented as the meanG SD. *p < 0.05, **p < 0.01 (unpaired, two-tailed

Student’s t test).
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IL-6 is a non-redundant differentiation factor for Th17 cells and T follicular helper cells.63,64 CCL2 is a key

factor for Th2 cells.65 The addition of MCP-1/CCL2 to naive T cells in the presence of antigen drives their

differentiation in a Th2 direction.66 In addition, CXCL10 is a classical chemokine to induce migration of

T cells.67,68 We observed that PROTAC treatment resulted in decreased IL-6, CCL2, and CXCL10 produc-

tion both in vitro and in vivo, which might affect the immune cell populations and phenotypes in IBV-in-

fected mice.

We demonstrate that PROTACs targeting CypA are potential drugs for the treatment of IBV-induced pneu-

monia. Due to the multiple functions of CypA, we believe that these PROTAC drugs might also play

important roles in treating some autoimmune diseases, such as rheumatoid arthritis69 and systemic lupus

erythematosus,70 and some oncological diseases, such as breast cancer and lung cancer,71 which is inter-

esting and worthy of further study. In addition, since these PROTACs are able to degrade CypA quickly and

effectively, they could be used for instantaneous knockdown of CypA in various cell lines or animals to

explore more functions of CypA.

In conclusion, PROTACs targeting CypA in this study are potential anti-inflammatory drugs for controlling

cytokine storm induced by IBV infection with good specificity and high degradation efficiency. Meanwhile,

Comp-K, especially the combination of Comp-K and OSE, can significantly reduce lung damage and

effectively enhanced the survival rates of IBV-infected mice. Our data provide an additional, promising

option for drug development targeting cytokine storms and instantaneous knockdown of CypA.

Limitations of the study

Three PROTACs have a low affinity for CypA (mM), but degradation of CypA was observed, possibly due to

positive cooperativity via the interaction between CypA and VHL in the ternary complex. Additionally, the

in vivo data presented in the study is based on a mouse model of a single viral infection, which may not fully

recapitulate the complex cytokine storm seen in actual patients.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-CypA In this paper N/A

Mouse monoclonal anti-b-tubulin Abcam Cat#ab6046; RRID: AB_2210370

Mouse monoclonal anti-FLAG M2 Sigma-Aldrich Cat#F3165; RRID: AB_259529

Mouse monoclonal anti-HA Abcam Cat#ab236632; RRID: AB_2864361

Mouse monoclonal anti-c-Myc Santa Cruz Biotechnology Cat#sc-40; RRID: AB_2857941

Rabbit monoclonal anti-p-P65 Cell Signaling Technology Cat#3033S; RRID: AB_331284

Rabbit monoclonal anti-P65 Cell Signaling Technology Cat#8242S; RRID: AB_10859369

Mouse monoclonal anti-GAPDH Abcam Cat#ab8245; RRID: AB_2107448

Rabbit monoclonal anti-CypB Abcam Cat#ab178397; RRID:AB_2924975

Rabbit monoclonal anti-CypE Abcam Cat#ab154865; RRID:AB_2942047

Rabbit polyclonal anti-CypF Abcam Cat#ab126573; RRID:AB_2942048

Rabbit monoclonal anti-VHL Abcam Cat#ab270968; RRID:AB_2942049

Bacterial and virus strains

influenza virus B/Shanghai/PD114/2018 Zheng, et al.72 N/A

Chemicals, peptides, and recombinant proteins

Compound-K In this paper N/A

Compound-L In this paper N/A

Compound-M In this paper N/A

CypA-L1 In this paper N/A

CypA-L1 In this paper N/A

VH032 MedChemExpress Cat# HY-120217

Lipopolysaccharide Sigma-Aldrich Cat#L3024

DMSO Sigma-Aldrich Cat#W387520

ANTI-FLAG M2 affifinity gel Sigma-Aldrich Cat#A2220

MG132 Selleck Chemicals Cat#S2619

Cycloheximide (CHX) Selleck Chemicals Cat#S7418

Anti-c-Myc agarose affifinity gel Sigma-Aldrich Cat#A7470

TRIzol Thermo Fisher Scientifific Cat#15596026

M-MLV reverse transcriptase Promega Cat#M1701

SYBR Premix Ex Taq TaKaRa Cat#RR420L

Protease Inhibitor Cocktail Roche Cat#4693116001

PhosSTOPTM phosphatase inhibitor tablets Roche Cat#4906837001

ProteinA-Sepharose Sigma-Aldrich Cat#P9424

TPCK-treated trypsin Sigma-Aldrich Cat#4370285

Lipofectamine 2000 Thermo Fisher Scientifific Cat#11668-030

Sulfobutylether-b-Cyclodextrin MedChemExpress Cat#HY-17031

Oseltamivir phosphate Sigma-Aldrich Cat# PHR1781

Critical commercial assays

Cell Counting Kit-8 Beyotime Cat# C0038

Mouse IL-1b ELISA kit Sigma-Aldrich Cat#RAB0274

(Continued on next page)
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Lei Sun (sunlei362@im.ac.cn).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse IL-6 ELISA kit Sigma-Aldrich Cat#RAB0308

Mouse CCL2 ELISA kit Sigma-Aldrich Cat# RAB0055

Mouse CXCL10 ELISA kit Sigma-Aldrich Cat# RAB0120

Experimental models: Cell lines

Human: A549 cells ATCC Cat#CCL-185

Human: HEK293T cells ATCC Cat#CR-3216

Human: HEK293T/CypA- cells Liu et al.73 N/A

Human: THP-1 cells ATCC Cat# TIB-202

Human: jurkat cells ATCC Cat#CRL-2899

Canine: MDCK (NBL-2) cells ATCC Cat#CCL-34

Experimental models: Organisms/strains

Mouse: Balb/c This paper N/A

Oligonucleotides

IL-1B CATGGGATAACGAGGCTTATGT CATATGGACCAGACATCACCAA

TNFA CCAGGGACCTCTCTCTAATCA TCAGCTTGAGGGTTTGCTAC

CXCL10 GATTTGCTGCCTTATCTTTCTGAC TTGCAGGAATAATTTCAAGTTTTT

GAPDH TTGTCTCCTGCGACTTCAACAG GGTCTGGGATGGAAATTGTGAG

IL6 GATTCAATGAGGAGACTTGCC TGTTCTGGAGGTACTCTAGGT

BNP GGAACCAGTGGGACAACCAG CCGACATCAGCTTCACTGCT

Recombinant DNA

Plasmid: pCDNA3.0-Flag-CypA Liu et al.28 N/A

Plasmid: pCMV-K48-Ub-HA Liu et al.28 N/A

Plasmid: pCMV-Myc-CypA Liu et al.28 N/A

Plasmid: pCAGGS-Myc-CypA-K28mut Luan et al.26 N/A

Plasmid: pCAGGS-Myc-CypA-K154mut Luan et al.26 N/A

Plasmid: pCAGGS-Myc-CypA-K155mut Luan et al.26 N/A

Plasmid: pCMV-Flag-MAVS Liu et al.28 N/A

Plasmid: pcDNA3.0-Flag-RIG-I Liu et al.28 N/A

Plasmid: pCMV-HA-K63-Ub Liu et al.28 N/A

Software and algorithms

ImageJ NIH software https://imagej.nih.gov/ij/

GraphPad 9.0 OriginLab https://www.graphpad.com/

scientifific software/prism/

AutoDock Tools Molecular Graphics Lab https://vina.scripps.edu/

Pymol Schrödinger https://pymol.org/2/

Other

RPMI 1640 GIBCO Cat# 11875085

Fetal Bovine Serum (FBS) GIBCO Cat#10437-028

Penicillin-streptomycin GIBCO Cat#15140-122

DMEM GIBCO Cat#11995-065
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Materials availability

The plasmids used in this study are available from the lead contact.

The compounds used in this study are available from the lead contact.

Data and code availability

d This paper does not report original code.

d Data reported in this paper will be shared by the lead contact upon request.

d 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

Mice

All animal experiments were reviewed and approved by the Research Ethics Committee of the Chinese

Academy of Sciences and complied with the Beijing Laboratory Animal Welfare and Ethical Guidelines

of the Beijing Administration Committee of Laboratory Animals.

Mice were maintained under specific pathogen-free (SPF) conditions. Seven-week-old female BALB/c mice

were used. All mice were maintained in a barrier facility with free access to food and water.

Cell lines and cell culture

The 293T, A549, THP-1, and Jurkat cells were obtained from ATCC, and shRNA-based knockdown of CypA

in 293T (293T/CypA-) has been described previously.73 Cells were cultured at 37�C in a humidified CO2 (5%)

incubator. The 293T, 293T/CypA-, MDCK, and A549 cells were cultured in Dulbecco’s Modified Eagle

Media (DMEM) high glucose (Gibco) supplemented with 10% FBS (Gibco), 100 U/mL penicillin (Sigma),

and 100 mg streptomycin (Sigma). The THP-1 and Jurkat cells were grown in RPMI 1640 supplemented

with 10% FBS (Gibco), 100 U/ml penicillin (Sigma), and 100 mg streptomycin (Sigma). THP-1 cells were differ-

entiated with 50 ng/mL phorbol-12-myristate-13-acetate (PMA) for 48 h.

Virus strains

The influenza virus B/Shanghai/PD114/2018 (B-SH, Yamagata lineage) was isolated from patients in

Shanghai, China, and was provided by Prof. Dayan Wang of the Chinese Center for Disease Control and

Prevention.72 The virus stock was propagated in the allantoic cavities of 9-day-old specific-pathogen-

free embryonated chicken eggs at 33�C. The virus titer was determined by 10-fold serial titration in

MDCK cells according to plaque assays. The virus was stored at �80�C before use.

IBV infection model

A549 cells and THP-1 cells were infected with IBV (MOI = 1) in DMEM or 1640 containing 0.5 mg/mL TPCK-

treated trypsin for different time. THP-1 cells were stimulated by PMA for 48 h before infection. Cells were

collected at indicated time for the subsequent real-time PCR and Western blot. Seven-week-old female

BALB/c mice (female) were anesthetized with isoflurane by inhalation, then intranasally treated with

3,000 plaques forming unit (pfu) IBV (B-SH) in a volume of 50 mL per mice.

METHOD DETAILS

Molecular docking

AutoDock Vina is an open-source molecular docking program designed by the Scripps Research Institute

for the computation of semiflexible molecular docking. The CypA crystal structure (3k0m) was obtained

through the PDB database (https://www.rcsb.org/). The PDB files of the CypA and PROTACs were im-

ported into AutoDock Tools (ADT, La Jolla, CA, USA) and were prepared before docking by fusing

nonpolar hydrogen atoms, adding partial charges and atom types. After being computed by Autodock

Vina, the lowest energy and best conformation was taken as the final result. The complexes were then

observed and plotted using PyMOL.
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Surface plasmon resonance assay

Evaluation of the binding affinity was performed by using Biacore T200 (Cytiva). Specifically, CypA was

diluted with sodium acetate (pH=4.0, 10mM) to 20 mg/mL and immobilized on the channel two of CM5

chip with the channel one of CM5 as control. Comp-K/L/M were diluted by mobile phase buffer (10 mM

PBS, pH7.4; 137 mM NaCl; 2.7 mM KCl; 0.05% P20) to the indicated concentrations. The compound was

injected into the chip with a flow rate 30 mL/min for 120 s and allowed to dissociate for 120 s with running

buffer as the blank control. The KD values were calculated by Biacore evaluation software 3.2.

Immunoblotting and co-immunoprecipitation

Cells or tissue homogenate were lysed on ice by lysis buffer74 containing PhosSTOP� phosphatase inhib-

itor (Roche). Lysates were centrifuged at 4�C for 10 min. Add loading buffer to the supernatant and boiled

sample for 10 min. Samples were then resolved on SDS-PAGE gel followed by immunoblotting with the

indicated antibodies as described previously.30 For co-immunoprecipitation, the cells lysis was incubated

with Pierce� protein A magnetic beads (Thermo), anti-c-Myc agarose affinity gel (Sigma), or anti-Flag M2

affinity gel (Sigma) for 6 h. After incubation, the beads were washed with washing buffer (300 mM NaCl,

20 mM HEPES, 1 mM EDTA, 1% Triton X-100, and 10% glycerin) for 3-5 times, then the bound proteins

were eluted by boiling for 10 min in SDS protein loading buffer and analyzed by immunoblotting assay.

Cell viability assay

Cell viability was determined by using the WST-8 cell counting kit-8 (CCK8) viability assay (Beyotime,

Jiangsu, China). The A549 cells were cultured in 96-well plates in complete DMEM medium (DMEM me-

dium with 10% FBS, 100 U/ml penicillin and 100 mg streptomycin) and cultured overnight. After being

treated with PROTACs for 12 h, CCK-8 solution (10 mL) was added to each well, and the system was

incubated for 120 min at 37�C. Absorbance at 450 nm was measured using a microplate reader.

RNA extraction, cDNA synthesis, and qPCR analysis

Total RNA was extracted from cells with TRIzol (Invitrogen), according to the manufacturer’s instructions.

cDNA was synthesized from 1 mg of total RNA using an oligo (dT) primer and M-MLV reverse transcriptase

(Promega), according to the manufacturer’s instructions. Relative gene expression was analyzed by qPCR

using SYBR Premix Ex Taq (TaKaRa). The primers are listed in key resources table. The Ct values generated

from an ABI 7500 were analyzed using the 2-DDCT method. The expression of target genes was normalized

to that of GAPDH.

Micro-X-ray computed tomography

At day 2, 4, and 6 post IBV infection, mice were anesthetized with isoflurane by inhalation and then trans-

ferred to Micro-computed tomography imaging system (PE Quantum FX, Perkin-Elmer). The parameters:

Voltage 90 kV, Current 180 mA, FOV 24 mm, Scan Technique 4.5 min.

Histopathology staining

Lung tissues were fixed with 4% paraformaldehyde overnight at room temperature. Paraffin-embedded

lung sections were stained with H & E or Masson’s trichrome. The lung pathology was scored by blinded

experts. Alveolar congestion, alveolar edema, inflammatory cell infiltration and alveolar hemorrhage,

and thickness of the alveolar wall were assessed. The scores of 0 to 4 represent normal lungs, lower than

25%, 25%–50%, 50%–75%, and higher than 75% lung involvement, respectively.

Immunofluorescence histochemistry

Frozen sections of lung tissue were fixed with cold acetone for 10 min and blocked with 5% normal serum in

PBS from the same species. The sections were then incubated overnight at 4�C with anti-F4/80 and anti-

CD3 mAbs (CST), followed by incubation with Alexa Fluor 488-labeled secondary Abs or Alexa Fluor

555-labeled streptavidin (Invitrogen). The sections were then mounted and counterstained using DAPI

(Vector Laboratories) and analyzed using a BX51 fluorescence microscope (Olympus), BIOREVO BZ-9000

fluorescence microscope, BZ-H1C Dynamic Cell Count software (KEYENCE), and a DM-IRE2 confocal

laser-scanning microscope (Leica Microsystems).
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ProcartaPlex multiplex immunoassays and ELISA

Cytokines and chemokines in mice BALF were measured using the mice ProcartaPlex Multiplex Immuno-

assays kit (LAIZEE BIOTECH, EPX360-26092-901) and enzyme linked immunosorbent assay (ELISA,

Sigma-Aldrich), according to the manufacturer’s protocol. BALF was collected from the IBV-infected

mice at days 2, 4, and 6 post-infection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyzes were performed using GraphPad Prism 9 software. Data are presented as the mean

valuesGSD of at least three independent experiments. Comparisons between two groups were performed

using the two-tailed Student’s t-test, with P value < 0.05 being considered significant (* p < 0.05,

** p < 0.01).
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