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SUMMARY
An ideal vaccine against SARS-CoV-2 is expected to elicit broad immunity to prevent viral infection and dis-
ease, with efficient viral clearance in the upper respiratory tract (URT). Here, the N protein and prefusion-full S
protein (SFLmut) are combined with flagellin (KF) and cyclic GMP-AMP (cGAMP) to generate a candidate vac-
cine, and this vaccine elicits stronger systemic and mucosal humoral immunity than vaccines containing
other forms of the S protein. Furthermore, the candidate vaccine administered via intranasal route can
enhance local immune responses in the respiratory tract. Importantly, human ACE2 transgenic mice given
the candidate vaccine are protected against lethal SARS-CoV-2 challenge, with superior protection in the
URT compared with that in mice immunized with an inactivated vaccine. In summary, the developed vaccine
can elicit a multifaceted immune response and induce robust viral clearance in the URT, which makes it a po-
tential vaccine for preventing disease and infection of SARS-CoV-2.
INTRODUCTION

Since the emergence of severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2), this virus has spreadworldwide, causing

the ongoing coronavirus disease 2019 (COVID-19) pandemic,

which has resulted in over two million deaths (https://covid.cdc.

gov/covid-data-tracker/#global-counts-rates). Developing a vac-

cine that can not only prevent COVID-19 but also stop the

transmission of SARS-CoV-2, especially with the ability to clear

the virus in the upper respiratory tract (URT), is the major target

of vaccine developers. Numerous vaccines are being developed

to control this disease, with development at different stages

ranging from preclinical studies and phase I–III trials to launch in

the marketplace for emergency use (Krammer, 2020; Polack

et al., 2020; Ramasamy et al., 2021). Given the knowledge on

SARS-CoV-2 infection and the associated pathogenic mecha-

nism, as well as safety considerations, major efforts in SARS-

CoV-2 vaccine development are devoted to investigating protein

subunit vaccine candidates containing viral components such as

the SARS-CoV-2 spike (S) protein and its derivatives, S1 protein,

receptor-binding domain (RBD), and nucleocapsid (N) protein.
C
This is an open access article under the CC BY-N
Most of these vaccines are virus based or mRNA based and

employ the S protein, which is considered the critical antigen

for inducing protective host immunity (Lurie et al., 2020; Walls

et al., 2020; Yang et al., 2020).

The full-length SARS-CoV-2 S (SCoV-2) protein contains 1,273

aa and consists of the S1 and S2 subunits. In the S1 subunit,

there is an RBD, which is considered the primary target of

neutralizing antibodies (NAbs) (Barnes et al., 2020; Huang

et al., 2020; Yang et al., 2020). The highly glycosylated SCoV-2

protein forms homotrimeric spikes on the virion and mediates

SARS-CoV-2 receptor binding through angiotensin-converting

enzyme 2 (ACE2) to promote virus entry into host cells (Letko

et al., 2020). As the virus enters through the host cell membrane,

the S protein undergoes structural changes. This process in-

volves the binding of the S1 subunit of the virus to the host cell

receptor, triggering the occurrence of trimer instability, which

in turn causes the S1 subunit to dissociate from the S2 subunit

and the S2 subunit to form a highly stable fused structure. To

bind to host cell receptors, the RBD of S1 undergoes a hinge-

like fusion conformational movement to transiently hide or

expose the key sites in the RBD. These two states are referred
ell Reports 37, 110112, December 14, 2021 ª 2021 The Authors. 1
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to as the ‘‘down’’ and ‘‘up’’ conformations, where ‘‘down’’ corre-

sponds to the receptor-inaccessible state and ‘‘up’’ corresponds

to the receptor-accessible state; the ‘‘up’’ state is considered

relatively unstable (Fan et al., 2020). Thus, a SCoV-2 construct

that remains in the ‘‘up’’ state could be a promising candidate

component for vaccination aimed at eliciting NAbs (Henderson

et al., 2020; Secchi et al., 2020).

Although the majority of vaccines in development are

focused on the S protein, the SARS-CoV-2 N protein has

also been proposed as a promising vaccine component

(Dutta et al., 2020). Studies have shown that the N protein

of SARS-CoV-2 can elicit strong humoral and cellular immu-

nity (Ferretti et al., 2020; He et al., 2021; Ni et al., 2020).

Notably, a recent study by Dangi et al. (2021) found that a

spike-based vaccine does not provide acute protection to

the central nervous system; however, only when co-adminis-

tered with a spike-based vaccine and a nucleocapsid-based

vaccine, protection against distal viral dissemination to the

nervous system was observed. Moreover, the emergence of

more transmissible SARS-CoV-2 variants including B.1.351

(Beta) and B.1.617.2 (Delta) with mutations in the spike pro-

tein are potentially capable of evading vaccination-induced

NAbs and result in a growing number of breakthrough infec-

tions (Bian et al., 2021; Karim, 2021; Prévost and Finzi, 2021;

Wang et al., 2021b). In contrast, the N protein is more

conserved than the S protein, and this characteristic is likely

to induce an immune response against SARS-CoVs in future

outbreaks, which makes the N protein an important vaccine

target (Oliveira et al., 2020). Therefore, including the N

protein in a SARS-CoV-2 vaccine can not only increase

immunogenicity and protective efficacy but also ensure a po-

tential variant-proof vaccine for use in the future, which is

exactly the multiantigen strategy in the current study based

on.

Some SARS-CoV-2 vaccines are currently being used in the

clinic, and multiple vaccines are in clinical trials (Krammer,

2020; Polack et al., 2020; Ramasamy et al., 2021); these vac-

cines can elicit strong humoral and/or cellular immune re-

sponses against the virus, but their activity against infection, in

terms of stopping virus transmission and reducing the entire

population’s overall exposure to the virus, is not completely

satisfactory (Gao et al., 2020; van Doremalen et al., 2020; Yu

et al., 2020). In contrast to systemic responses, efficient mucosal

immunity, including immunity mediated by secretory immuno-

globulin A (IgA) and tissue-resident memory T (TRM) cells, can

prevent and terminate viral infections of the URT in the early

phase, and this phenomenon can effectively prevent lower respi-

ratory tract viral infections and further prevent the spread of dis-

ease. However, inducing effective specific IgA and T cell re-

sponses in the mucosa requires the use of appropriate

adjuvants. Here, we investigated the combination of flagellin

(KF) plus cyclic GMP-AMP (cGAMP) as a combined adjuvant

for SARS-CoV-2 mucosal peptide vaccines. Flagellin, a principal

component of bacterial flagella, affects both innate and adaptive

immune responses via the TLR5 signaling pathway (Honko and

Mizel, 2005). Many studies have shown that flagellin is a potent

mucosal adjuvant that enhances the B cell transition to IgA-

secreting cells and promotes specific mucosal T cell responses
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(Flores-Langarica et al., 2012; Mizel and Bates, 2010). cGAMP,

the major ligand of stimulator of interferon genes (STINGa), can

activate the TANK-binding kinase 1 (TBK-1)-IRF-3 axis and

thus induce the expression of type I interferons (IFN-I) (Burdette

et al., 2011; Burdette and Vance, 2013). cGAMP has been re-

ported to function as a mucosal adjuvant against respiratory

pathogen infection, including infection with influenza, anthrax,

Streptococcus pneumoniae, Klebsiella pneumoniae, and Myco-

bacterium tuberculosis (Blaauboer et al., 2015; Karaolis et al.,

2007; Luo et al., 2019; Martin et al., 2017). Although previous re-

ports have indicated the potential of flagellin and cGAMP to

function as separate adjuvants for mucosal vaccines and studies

have shown that cGAMP can synergize with TLR agonists to pro-

mote immune responses (Temizoz et al., 2018), no studies have

investigated whether the combination of these two reagents can

strengthen mucosal adjuvant effects.

In this study, we first tested the synergistic adjuvant effects of

nonpathogenic Escherichia coli-derived flagellin (KF) and

cGAMP in vivo and in vitro by using bone marrow-derived den-

dritic cells (BMDCs) and the model antigen ovalbumin (OVA).

Subsequently, we evaluated the optimal forms of the S protein

for use as an antigen. Finally, we prepared a multiantigen-based

SARS-CoV-2 vaccine formulated with this combined adjuvant

and then compared its immunogenicity and protective efficacy

with those of a reference inactivated vaccine in mouse models.

We aimed to search for a candidate vaccine that has the poten-

tial to elicit humoral, cellular, and mucosal immunity to prevent

viral infection and disease and to promote efficient viral clear-

ance from the URT.

RESULTS

KF and cGAMP synergistically promoted maturation of
BMDCs and enhanced mucosal immune responses
To assess the activation of CD11c+ BMDCs by KF, cGAMP, or

KF plus cGAMP, flow cytometry was used to measure the cell-

surface expression of major histocompatibility complex mole-

cule class II (MHC II) and the costimulatory molecules CD86,

CD80, and CD40. Significant upregulation of MHC II expression

was observed on BMDCs cultured with KF plus cGAMP

compared to BMDCs cultured with the individual adjuvant com-

ponents (Figures 1A and 1B). Moreover, the expression of the

costimulatory molecules CD86, CD80, and CD40 in the KF plus

cGAMP group was also significantly higher than that in the single

component groups (Figures 1A and 1B). Additionally, the levels

of interferon-b (IFN-b), IP-10, tumor necrosis factor-a (TNF-a),

and interleukin-6 (IL-6) were measured in the supernatants of

BMDC cultures. Compared with the individual components, KF

plus cGAMP promoted BMDC secretion of IP-10, TNF-a, and

IL-6 (Figure S1A). The presence of IFN-b in the culture superna-

tant was below the limits of detection when BMDCs were stimu-

lated with either PBS or KF, but it was detectable when BMDCs

were stimulated with cGAMP or KF plus cGAMP, and there were

no differences between these two groups (Figure S1A). Taken

together, these results indicated that the combination of KF

and cGAMP was able to significantly promote the expression

of surfacemarkers that are involved in BMDCmaturation and an-

tigen presentation and enhance the secretion of cytokines from



Figure 1. KF and cGAMP synergistically promoted the maturation of BMDCs and enhanced mucosal immune responses

(A and B) BMDCs were stimulated with KF (4 mg/mL), cGAMP (4 mg/mL), or KF (4 mg/mL) plus cGAMP (4 mg/mL) in vitro for 24 h. The cells were treated with

lipopolysaccharide (LPS, 1 mg/mL) or sterile PBS as positive and negative controls, respectively. BMDCs were harvested and analyzed via flow cytometry to

determine the surface expression of MHC II, CD86, CD80, or CD40. The data are expressed as the mean ± the SEM of four independent experiments.

(C) Mice were intranasally administered OVA alone or adjuvanted with KF, cGAMP, or KF plus cGAMP three times at 2-week intervals and euthanized on day 14

after the last immunization. PBS-immunized mice served as negative controls. Serumwas collected for the determination of IgG, IgG1, and IgG2a responses (n =

6 mice per group).

(D) Nasal washes (NW) were collected for the detection of OVA-specific IgA antibodies (n = 6 mice per group).

(E) Lung and spleen tissues were harvested for the detection of OVA-specific IgA-secreting cells by ELISpot assay (n = 6 mice per group).

(F) Lung tissues were assayed by ELISpot to assess specific IFN-g and IL-4 production. Data are expressed as the mean ± the SEM (n = 6 mice per group). The

dotted line indicates the limit of detection (LOD), and values that fell below the detection limit are represented by the limit of detection value for statistical analysis.

‘‘ND’’ indicates that no individuals in this group had detectable levels. Significance was determined via one-way ANOVA with a Tukey multiple comparison test.

*p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance. See also Figure S1.
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dendritic cells, which possibly play a better role in immune

regulation.

To further evaluate whether the promotion of BMDC function

by the combined adjuvant could translate to enhanced adjuvant

effects in vivo, micewere intranasally immunizedwith OVA coad-
ministered with KF, cGAMP, or KF plus cGAMP on days 0, 14,

and 28. The immunoglobulin levels in the sera on day 14 after

the last immunization indicated that KF, cGAMP, or KF plus

cGAMP induced significantly higher anti-OVA IgG antibodies

production than OVA alone (Figure 1C). KF predominantly
Cell Reports 37, 110112, December 14, 2021 3
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induced the production of IgG1 in a Th2-type response, and

cGAMP, alone or in combination with KF, induced the production

of both IgG1 and IgG2a in a more balanced Th1-Th2-type

response (Figure 1C). In addition, we measured the anti-OVA

IgA antibodies in bronchoalveolar lavage fluid (BALF) and nasal

wash (NW). Specifically, animals that received OVA adjuvanted

with KF plus cGAMP had higher levels of OVA-specific IgA anti-

bodies in their NW compared to animals that received OVA alone

or OVA admixed with a single adjuvant (Figure 1D). Interestingly,

low levels of anti-OVA IgA antibodies were only observed in the

BALF of animals given OVA adjuvanted with KF plus cGAMP,

and mice receiving OVA alone or OVA supplemented with indi-

vidual adjuvants failed to produce detectable anti-OVA IgA levels

in the BALF (Figure S1B). Notably, consistent with these anti-

OVA IgA antibody responses, the numbers of splenic and pulmo-

nary IgA-secreting cells were significantly increased in animals

given theOVA adjuvant with KF plus cGAMP (Figure 1E). Further-

more, we measured the presence of IFN-g+ and IL-4+ spleno-

cytes and pneumonocytes using an ELISpot assay. The results

indicated that cGAMP significantly increased the numbers of

OVA-specific IFN-g- and IL-4-secreting T cells in splenocytes

(Figure S1C). However, the combination of KF and cGAMPmark-

edly increased the numbers of IFN-g- and IL-4-secreting T cells

in lung tissues (Figure 1F). Together, the data suggest that KF

plus cGAMP may be a more potent enhancer of mucosal im-

mune responses.

SFLmut induces potent NAbs and mucosal immunity
compared with other forms of the S protein
To determine the optimal S protein-associated antigens able to

induce NAbs against SARS-CoV-2, we evaluated experimental

vaccines harboring the N protein with different S protein-associ-

ated antigens and the two adjuvants: (1) RBD, (2) S1 subunit (S1),

(3) full-length S protein (SFL), and (4) the prefusion S-protein

structure generated by mutating eight amino acid sites (SFLmut)

(Hsieh et al., 2020); all of the S protein-associated antigens con-

tained the RBD. Two weeks after the third immunization, the S

protein-specific IgG and IgA levels in mouse serum, BALF, and

NW were determined (Figure 2A). In the serum, the titers of IgG

specific for the purified S protein and whole virus in the SFL

and SFLmut, groups were higher than those in the RBD and S1

groups, but differences were not found between the SFL and

SFLmut, groups (Figures 2B and 2C). The SFLmut group exhibited

higher anti-RBD IgG titers than the S1 and SFL groups but did

not exhibit a difference from the RBD group (Figure 2B). More-

over, NAbs were induced only in the SFLmut group and in 50%

of the mice in the RBD group (Figure 2D). These results suggest

that the conformation of SFLmut may preserve relevant B cell epi-

topes, which are likely hidden in the S1 subunit and SFL, and

exposure of these epitopes could be crucial for production of

NAbs.

We also assessed the antibody responses in theNWandBALF

of mice. NW samples from SFL and SFLmut mice, but not those

from S1 and RBD mice, showed high levels of anti-S protein

IgA antibodies (Figure 2E). High RBD-specific IgA titers in both

the NW and the BALF were measured in SFLmut mice and were

significantly higher than those in all the other groups (Figures

2E and 2F). Unexpectedly, there were low S-specific IgA titers
4 Cell Reports 37, 110112, December 14, 2021
in the BALF of all mice (Figure 2F); however, the RBD-specific

IgA titers in the BALF of SFLmut mice were higher than those of

the mice in other groups. All these data indicated that mice

immunized with SFLmut showed more potent mucosal and sys-

temic humoral immunity than those immunized with the other

experimental vaccines. Therefore, we selected SFLmut as the

ideal antigen of candidate vaccine to further explore the cellular

and mucosal immunity and its protective efficacy.

Intranasal administration of the candidate vaccine
drives strong systemic and mucosal immune responses
To further determine whether KF plus cGAMP induces systemic

and local mucosal immune responses to the SARS-CoV-2 pep-

tide vaccine, mice were given SFLmut and N proteins supple-

mented with or without the combined adjuvant via the intranasal

route (i.n.) three times at 2-week intervals. These groups were

compared to a reference vaccine that is known to be protective:

an inactivated whole-virus vaccine administered intraperitone-

ally (i.p.) in mice two times at 4-week intervals in preclinical ex-

periments. Additionally, to determine whether the effects of the

combined adjuvant were dependent on the immunization route,

mice were immunized with SFLmut and N proteins combined with

KF and cGAMP via the i.p. route. Mice in the i.n. group were

administered PBS as a placebo (Figure 3A).

Specific anti-S, anti-RBD, and anti-N IgG antibodies were

detected, and the antigen-only group showed minimal IgG

antibody levels (Figures 3B and 3C). The serum anti-S and

anti-RBD IgG antibody levels were similar between the mice

immunized with N+SFLmut
+KF+cGAMP (i.n.) and those immu-

nized with N+SFLmut
+KF+cGAMP (i.p.) (Figure 3B), but i.p. im-

munization resulted in a significant increase in anti-N protein

IgG titers (Figure 3C). However, no significant differences

were observed between the N+SFLmut
+KF+cGAMP (i.n.) and

the inactivated vaccine (Figures 3B and 3C). In addition, we

measured the presence of IgA antibodies in the BALF and

NW, and antigen-specific IgA antibodies were not detectable

in the N+SFLmut-only group or in the group immunized via the

i.p. route. The N+SFLmut
+KF+cGAMP (i.n.) group exhibited a

high response with specific anti-S and anti-RBD IgA titers in

the BALF and NW, suggesting the potential for improved IgA

antibodies production with the combined adjuvant (Figure S2).

Antigen-specific T cell responses in splenocytes and lung tis-

sues were then assessed via ELISpot assay. Low overall

numbers of IFN-g- and IL-4-secreting T cells were observed

in both the spleen and lung tissues of the antigen-only group

(Figures 3D and 3E). In contrast, N+SFLmut
+KF+cGAMP admin-

istered via the i.n. or i.p. route induced magnified T cell re-

sponses in splenocytes (Figure 3D); however, i.n. immunization

resulted in a significant increase in T cell responses in lung

tissues (Figure 3E). Similarly, we observed robust cellular im-

mune responses in the splenocytes from mice given the

N+SFLmut
+KF+cGAMP via the i.n. route and the inactivated vac-

cine via the i.p. route; however, pneumonocyte T cell responses

were stronger in the N+SFLmut
+KF+cGAMP i.n. group than the

inactivated vaccine group (Figures 3D and 3E). Together, these

results indicated that N+SFLmut
+KF+cGAMP administered via

the i.n. route could be an appropriate candidate mucosal vac-

cine for SARS-CoV-2.



Figure 2. Induction of antibody responses by experimental vaccines

(A) Diagram of C57BL/6 mouse immunization. Six- to 8-week-old C57BL/6 mice were immunized with three doses of experimental vaccines (the N protein and

one of the following S protein-associated antigens: (1) the RBD (RBD), (2) the S1 subunit (S1), (3) the full-length S protein (SFL), or (4) the prefusion S protein

structure generated bymutating eight amino acid sites (SFLmut)) via the intranasal route at 14-day intervals. Twoweeks after the third immunization, themicewere

sacrificed, and antibody responses in the serum, nasal wash (NW), and bronchoalveolar lavage fluid (BALF) were evaluated.

(B and C) Humoral immune responses in the serum were evaluated using S protein-, RBD-, N protein-, or inactivated SARS-CoV-2- based IgG ELISA on day 14

after the third immunization (n = 6 mice per group).

(D) Neutralizing antibodies (NAbs) in the serum were evaluated by a SARS-CoV-2 neutralization assay in a BSL-3 laboratory (n = 6 mice per group).

(E) Mucosal immune responses in the NWwere evaluated using S protein- or RBD protein-based IgA ELISA on day 14 after the third immunization (n = 6mice per

group).

(F) Mucosal immune responses in the BALF were evaluated using S protein- or RBD-based IgA ELISA on day 14 after the third immunization (n = 6 mice per

group). Data are expressed as the mean ± the SEM. The dotted line indicates the limit of detection (LOD), and values that fell below the detection limit are

represented by the limit of detection value for statistical analysis. Significance was determined via one-way ANOVA with a Tukey multiple comparison test. *p <

0.05, **p < 0.01, ***p < 0.001.
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To further assess whether the candidate vaccine could sup-

port local inductive responses, we harvested NALT from the an-

imals at the time of euthanasia and performed flow-cytometric

analysis. Compared with the inactivate vaccine and placebo

groups, the candidate vaccine group showed robust increases

in the frequencies of CD8+ T cells and IgA+ B cells (Figure 3F).

Moreover, the TRM cell population, both the numbers of CD4+

TRM cells and CD8+ TRM cells in the lungs (the TRM cells gating

strategy is shown in Figure S3), which were identified based on
the CD44+CD62L–CD69+ phenotype, were significantly higher

in the candidate vaccine group than in the inactivated vaccine

group and placebo group (Figure 3G).

Intranasal immunization with the candidate vaccine
upregulates mRNAs related to immune responses in
C57BL/6 mice
The nasal mucosal and NALT were collected from C57BL/6

mice at 14 days after the last immunization to analyze the
Cell Reports 37, 110112, December 14, 2021 5



Figure 3. Intranasal administration of the candidate vaccine drives strong systemic and mucosal immune responses

C57BL/6 mice were given the SFLmut and N proteins supplemented with or without combined adjuvant via the intranasal route (i.n.) or immunized with the SFLmut

and N proteins combined with KF and cGAMP via the i.p. route three times at 2-week intervals. These groupswere compared to a group that received a reference

inactivated vaccine via the intraperitoneal (i.p.) route twice at 4-week intervals. These mice were euthanized 14 days after the last immunization for sample

collection.

(A) Vaccination scheme.

(B) Specific anti-S and anti-RBD IgG titers in serum (n = 6 mice per group).

(C) Specific anti-N IgG titers in serum (n = 6 mice per group).

(D) Splenocytes were assayed for IFN-g and IL-4 cells production after re-stimulation with N and S protein by ELISpot assay (n = 4 mice per group).

(E) Lung tissues were assayed for IFN-g and IL-4 cells production after re-stimulation with N and S protein by ELISpot assay (n = 4 mice per group).

(F andG) Nasal-associated lymphoid tissue (NALT) was collected from animals immunizedwith the candidate vaccine via the i.n. route, the inactivated vaccine via

the i.p. route, and PBS via the i.n. route, and flow-cytometric analysis was performed. In addition, four mice in these three groups were intravenously (i.v.) injected

with an anti-CD45 antibody 8 min prior to euthanasia. The lungs were collected, and lung mononuclear cells were stained with antibodies specific for CD3, CD4,

(legend continued on next page)
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transcriptomic profile. On nasal mucosal RNA-sequencing (RNA-

seq) analysis, 192 differentially expressed genes (DEGs) (p %

0.05, fold change >2.0) (142 upregulated and 50 downregulated)

were exclusively found after intranasal immunization with the

candidate vaccine compared with placebo vaccination. In

contrast, only 1 DEG (p % 0.05, fold change >2.0) was identified

when comparing the inactivated vaccine with the placebo (Fig-

ure 4A). To obtain more insight into the DEGs, functional annota-

tion of GO-BP terms was performed with Metascape. Analysis of

the 192 DEGs between the candidate vaccine- and placebo-

vaccinated mice showed that 27 GO-BP terms were enriched,

and the top 20 enrichedGO terms are shown in Figure 4B. The en-

riched terms were mainly involved in the immune response, and

we found that significant DEGs were involved in the responses

to interferon (IFN), T cell activation, cell chemotaxis, and antigen

processing and presentation of exogenous peptide antigen in

mice immunized with the candidate vaccine. In addition, 22 and

13 genes were upregulated, and no genes were downregulated

in the responses to interferon-gamma and interferon-beta GO-

BP terms, respectively, in the candidate vaccine group compared

with the placebo group (Figures 4C and 4D).Moreover, many spe-

cific cell chemotaxis (17 genes upregulated and one gene down-

regulated) terms changed (Figure 4E), which might be involved in

the mucosal immune response to the candidate vaccine.

On NALT RNA-seq analysis, comparing the candidate vaccine-

immunized mice with the placebo-immunized mice, 470 genes

were differentially expressed (p % 0.05, fold change >2.0), with

322 upregulated and 148 downregulated. The top 20 enriched

GO terms of the 64 GO-BP terms identified are shown in Fig-

ure S4A. Similar to the terms for the nasal mucosa, the dominant

GO-BP terms were involved in immunity, but the major GO-BP

terms included leukocyte proliferation, positive regulation of cyto-

kine production, cell chemotaxis, and B cell proliferation. To

further analyze the DEGs related to the GO-BP terms B cell prolif-

eration (GO: 0042100) and cell chemotaxis (GO: 0060326), the

specific DEGs were displayed in a heatmap (Figures S4B and

S4C). The DEGs involved in the GO-BP term B cell proliferation

(GO: 0042100) were all upregulated (Figure S4B). Elevated

expression of mRNAs related to cell chemotaxis (GO: 0060326)

in the NALT, particularly Spp1, Serpine1, and IL12a, was also

observed in the nasal mucosa (Figure S4C). Taken together, our

transcriptomic data further indicated that the candidate vaccine

administered via intranasal immunization upregulatedmRNA tran-

scripts related to immune responses in the nasal mucosa and

NALT, which might lead to enhanced local immune protection.

Candidate vaccine protects hACE2 Tg mice from lethal
SARS-CoV-2 challenge
6- to 8-week-old hACE2 Tg mice were immunized with three

doses of the candidate vaccine or PBS via the intranasal route
CD44, CD62L, andCD69 for flow-cytometric analysis. The results are expressed a

(CD3+CD4–CD44+CD62L–CD45–CD69+). (F) NALT was assayed to determine the

mice per group). (G) CD4+ TRM and CD8+ TRM cells in the lungs. Representative

lungs are shown in Figure S3 (n = 4 mice per group). Data are expressed as the me

that fell below the detection limit are represented by the limit of detection valu

detectable levels. Significance was determined via one-way ANOVAwith a Tukey

See also Figures S2 and S3.
at 14-day intervals three times or primed via the intraperitoneal

(i.p.) route with 100 U of inactivated SARS-CoV-2 vaccine and

then boosted at 28 days with the same dose of the inactivated

vaccine (Figure 5A). Serum samples were collected 7 days after

the last immunization. Immunization with the candidate vaccine

or inactivated vaccine but not immunization with the placebo

control induced high levels of S-, RBD, and N- specific IgG anti-

bodies (Figure 5B) and NAbs in the serum (Figure 5C). The candi-

date vaccine, not the inactivated vaccine, also induced high

levels of S- and RBD-specific IgA antibodies in the serum (Fig-

ure 5D). At 10 days after the last vaccination, all mice were chal-

lenged intranasally with 103 PFU of wild-type SARS-CoV-2, and

all candidate vaccine- and inactivated vaccine-immunized mice

survived this lethal challenge and lost little weight (Figures 5E

and 5F). In contrast, the mice in the placebo group rapidly lost

body weight beginning at 3 days post-infection (dpi), and these

mice were humanely euthanized at 4 dpi (n = 4) or 5 dpi (n = 6)

based on IMBCAMS-defined endpoints (Figures 5E and 5F). All

these results indicate that the candidate vaccine can completely

protect mice against lethal SARS-CoV-2 challenge as well as the

inactivated vaccine.

Intranasal immunization with the candidate vaccine
prevents SARS-CoV-2 infection in the upper respiratory
tract and tissues of hACE2 Tg mice
We first collected NW and throat swab samples from hACE2 Tg

mice to evaluate dynamic viral load characteristics after SARS-

CoV-2 challenge. Mice in the placebo group showed high copy

numbers of viral RNA (106.07/100 mL) in the NW at 1 dpi, and

the copy numbers remained at the same high levels until 4–5

dpi when the mice were humanly euthanized based on ethical

endpoints (Figure 5A). As expected, inactivated vaccine-immu-

nized animals treated via the intraperitoneal route also showed

high copy numbers (105.49/100 mL) in the NW at 1 dpi, and the

levels remained high until 4 dpi (105.45/100 mL), at which point a

rapid decline was observed until the copy numbers were

102.54/100 mL at 7 dpi (Figure 6A). In contrast, candidate vac-

cine-immunized mice treated intranasally showed very low viral

RNA copy numbers, which were close to the limit of detection

in the NW from 1 dpi to 4 dpi. Interestingly, the viral load

increased slightly (103.67100 mL) at 5 dpi and then decreased

rapidly to the detection limit at 7 dpi (Figure 6A). Viral RNA was

detected in the throat swabs of the placebo group (103.76/

100 mL) at 1 dpi, and the viral load continuously increased until

the mice were humanly euthanized at 4–5 dpi (Figure 6B). For

all vaccine-immunized mice, the dynamics of the viral load in

throat swabs showed changes similar to those of the viral load

in the NW (Figure 6B).

At 2, 5, and 7 dpi, the mouse brain, nasal turbinate, and lungs

were monitored for viral replication. In placebo-immunizedmice,
sCD4+ TRMcells (CD3+CD4+CD44+CD62L–CD45–CD69+) andCD8+ TRMcells

levels CD3+CD8+ T cells and CD3–CD19+IgA+ B cells by flow cytometry (n = 4

flow cytometry gating strategies for CD4+ TRM cells and CD8+ TRM cells in the

an ± the SEM. The dotted line indicates the limit of detection (LOD), and values

e for statistical analysis. ‘‘ND’’ indicates that no individuals in this group had

multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance.
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Figure 4. mRNA expression profiles in mouse nasal mucosal samples collected on day 14 after the last immunization

(A) A Venn diagram of RNA-seq data was used to illustrate the differentially expressed genes (DEGs) in the nasal mucosa among mice immunized with the

candidate vaccine (n = 6 mice), inactivated vaccine (n = 6 mice), or placebo (n = 6 mice).

(B) Gene-enrichment analyses of the 470 DEGs. GO terms are labeled with the name and ID and were sorted by the –log10 (P) value.

(C) Heatmap of the 22 DEGs in the response to interferon-gamma term (GO: 0034341) among the three groups (n = 6 mice per group).

(D) Heatmap of the 13 DEGs in the cellular response to interferon-beta term (GO: 0035458) among the three groups (n = 6 mice per group).

(E) Heatmap of the 18 DEGs in the cell chemotaxis term (GO: 0060326) among the three groups (n = 6 mice per group). High-expression values are colored red,

and low-expression values are colored blue. See also Figure S4.
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the viral RNA copy number in the nasal turbinate increased from

1.383 105 copies/mg at 2 dpi to 1.743 106 copies/mg at 4/5 dpi

(four mice were humanly euthanized at 4 dpi due to the IM-

BCAMS-defined endpoints, and the others were humanely

euthanized at 5 dpi) (Figure 6C). Moreover, infectious virus was

detected in the nasal turbinate, with the levels ranging from

1.35 3 102 CCID50/mL at 2 dpi to 7.92 3 103 CCID50/mL at 4

or 5 dpi (Figure 6C). In contrast, although low RNA copy numbers
8 Cell Reports 37, 110112, December 14, 2021
were detected in nasal turbinate, lung, and brain tissues, no in-

fectious virus was detected in any of these tissues in the candi-

date vaccine group at the indicated times (Figures 6C–6E). Unex-

pectedly, 6.31 3 10 PFU/mL virus was detected in the nasal

turbinate of one inactivated vaccine-immunized mouse (n = 4)

at 2 dpi, but virus was not detected in the lungs or brain tissues

(Figures 6C–6E). Live virus was not detected in any tissues in in-

activated vaccine-immunized mice at 5 or 7 dpi (Figures 6C–6E).



Figure 5. Immunogenicity and protective efficacy of the candidate vaccine

(A) Diagram of human ACE2 transgenic (hACE2 Tg) mouse immunization and challenge. Six- to 8-week-old hACE2 Tg mice were immunized with three doses of

the candidate vaccine or placebo (control) via the intranasal route at 14-day intervals or primed via the intraperitoneal route with 100 U of inactivated SARS-CoV-2

vaccine and then boosted at 28 days with the same dose of the inactivated vaccine. Seven days after the last immunization, the mice were bled, and S-, RBD-,

and N-specific IgG antibodies, S- and RBD- IgA antibodies, and NAbs in the serum were evaluated. On day 10 after the last immunization, mice were challenged

intranasally with 103 PFU of SARS-CoV-2. The challenged mice were monitored for mortality and weight loss for 7 days after infection.

(B–D) The antibody responses in the serum of vaccinated mice at 7 days after the last immunization were evaluated. An ELISA method was used to measure

SARS-CoV-2 S-, RBD-, and N- specific IgG antibodies (B), NAbs (C), and IgA levels (D). n = 4 mice per group.

(E) Survival: placebo-immunized mice were humanely euthanized at 4 dpi (n = 4) and 5 dpi (n = 6) due to IMBCAMS-defined endpoints (n = 6–14 mice per group

per time point).

(F) Weight loss (n = 6–14 mice per group per time point). Data are expressed as the mean ± the SEM. The dotted line indicates the limit of detection (LOD), and

values that fell below the detection limit are represented by the limit of detection value for statistical analysis.

Significance was determined via one-way ANOVA with a Tukey multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. Asterisks in (F) indicate statistical

significance compared with weight of before infection by the unpaired two-sided Student’s t test (**p < 0.01).
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Next, we assessed the histopathologic effects of the candi-

date vaccine on tissues. The lungs of mice treated with the pla-

cebo and challenged with SARS-CoV-2 exhibited evidence of

viral pneumonia characterized by lung interstitium thickening,

congested capillaries in the alveolar walls, and markedly

increased macrophages at 2 dpi (Figure 6F). Mice in the placebo

group at 4 dpi (n = 4) or 5 dpi (n = 6) displayed extensive capillary

dilatation, congestion of the alveolar wall, and increased inflam-
matory cell infiltration, with most of the inflammatory cells being

lymphocytes; these changes were indicative of severe disease.

In contrast, both candidate vaccine-immunized mice and inacti-

vated vaccine-immunized mice showed less evidence of viral

pneumonia (Figure 6F). These findings were consistent with the

absence of infectious virus in vaccinated animals. Immunohisto-

chemical (IHC) staining evaluating the SARS-CoV-2 N protein re-

vealed that the lungs of placebo-vaccinated mice were densely
Cell Reports 37, 110112, December 14, 2021 9



Figure 6. Intranasal-immunized candidate vaccine offers superior protection at URT against challenge with SARS-CoV-2

(A–D) Nasal wash (A) and throat swab (B) samples were collected for 7 days in the vaccinated groups and until animals succumbed to infection in the placebo

group (by 5 dpi) (n = 4–10 mice per group per time point). RNA was extracted, and viral RNAwas assessed as copies per 100 mL. Four animals were euthanized at

2, 5, and 7 dpi in the vaccinated group. For the placebo group, four animals were euthanized at 2 dpi, four animals were euthanized based on humane endpoints at

4 dpi, and six animals were humanly euthanized at 5 dpi. Tissue samples were collected, and viral RNA was assessed as copies per mg. Viral RNA and infectious

virus loads in nasal turbinates (C), lungs (D), and brains were determined (n = 4–10 mice per group per time point).

(F) Images showing H&E staining and IHC staining for the SARS-CoV-2 N protein following infection with 103 PFU/mouse. The images shown are from 2 and 5

dpi for all groups. Scale bar, 50 or 20 mm (insets). Each image is representative of a group of 4 mice for 2 dpi and 4 or 6 mice for 5 dpi. The dotted line

indicates the limit of detection (LOD), and values below the detection limit are represented by the value of the detection limit for statistical analysis. Data are

expressed as the mean ± the SEM. The dotted line indicates the limit of detection (LOD), and values that fell below the detection limit are represented by the

limit of detection value for statistical analysis. Significance was determined via one-way ANOVA with a Tukey multiple comparison test. *p < 0.05, **p < 0.01,

***p < 0.001. See also Figure S5.
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Figure 7. Neutralization of SARS-CoV-2 pseudovirus in sera and detection of N- and S-specific T cell responses against the B.1351 and

B.1.617.2 variants

SARS-CoV-2 wild-type (WT), B.1.351 variant, or B.1.617 variant pseudoviruses were incubated with different serum sample dilutions for 1 h at 37�C before the

mixtures were added to ACE2-overexpressing 293T cells. Transduction efficiency was quantified by measuring virus-encoded luciferase activity in cell lysates

48 h after transduction and used to calculate the serum dilution factor that resulted in a 50% reduction in pseudovirus particles that were associated with different

degrees of S protein-mediated cell entry.

(A and B) The 50% pseudovirus neutralization (pVNT50) in serum from mice immunized with the candidate vaccine (A) and mice immunized with the inactivated

vaccine (B) against the B.1.351 and B.1.617.2 variants compared with that against the wild-type (WT) virus (n = 4 mice per group).

(legend continued on next page)
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distributed with N-expressing cells, but this phenomenon was

not seen in all the vaccine-immunized mice (Figure 6F). Collec-

tively, these data indicated that both the candidate vaccine

and the inactivated vaccine could markedly reduce lesions and

SARS-CoV-2 infection in the lungs of challenged hACE2 Tg

mice. In addition, we also evaluated the SARS-CoV-2 N protein

in nasal tissues via IHC staining. Both placebo-immunized mice

and inactivated vaccine-immunized mice showed higher levels

of N-expressing cells, which was in line with the higher copy

numbers of viral RNA in the NW, than candidate vaccine-immu-

nized mice (Figure S5).

NAbs have reduced activity against B.1.351 and
B.1.617.2 variants, but specific T cell responses are still
comparable
We assessed the serum levels of candidate vaccine- and inacti-

vated vaccine-elicited NAbs against the B.1.351 and B.1.617.2

variants compared with the wild-type (WT) pseudovirus. All the

serum samples efficiently inhibited entry of the WT pseudovirus.

However, the neutralization ability of sera from candidate vac-

cine- and inactivated vaccine-immunized mice against B.1.351

was reduced by more than 39- and 20-fold compared to the

neutralization ability against WT, respectively (Figures 7A and

7B). The neutralization of B.1.617.2 particles was also reduced,

with a 3-fold reduction in both the candidate vaccine and inacti-

vated vaccine groups (Figures 7A and 7B).

Next, we assessed T cell responses to both B.1.351 and

B.1.617.2 using commercially available proteins that specifically

included the mutated regions and compared these responses

with those elicited with the corresponding vaccine control pro-

teins. Both N- and S-specific T cell responses were detected

in the splenocytes of the candidate vaccine group and the inac-

tivated vaccine group, and in both groups no differences were

observed between IFN-g T cell responses to theWTN/S proteins

and the B.1.351 N/S proteins or between the responses to the

WT N/S proteins and the B.1.617.2 N/S proteins (Figures 7C

and 7D). In the lung tissues, we also did not observe any signif-

icant differences in the candidate vaccine group, but minimal

T cell responses were observed in the inactivated vaccine group

(Figures 7E and 7F). Together, these data indicated that the

NAbs elicited by both vaccines showed greatly reduced cross-

neutralization against the B.1.351 and B.1.617.2 variants

compared to the homologous virus, but the T cell responses

against the N and S mutations of the B.1.351 and B.1.617.2 var-

iants were not different.

DISCUSSION

SARS-CoV-2 exhibits more rapid transmission than other coro-

naviruses (Chan et al., 2020), and more transmissible variants

with the potential of breakthrough infections are emerging, lead-

ing to the urgent need for a prophylactic vaccine to prevent dis-
(C–F) Antigen-specific activation of T cells by the N and S proteins of the B.1.351 a

(C) and S-specific (D) activation of T cells in splenocytes from mice immunized w

immunization. N-specific (E) and S-specific (F) activation of T cells in lung tissues

14 days after the third immunization (n = 4 mice per group). Significance was dete

**p < 0.01, ***p < 0.001, ns, no significance.
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ease and infection and confer broad immunity toward drift vari-

ants. To date, several vaccines, such as mRNA vaccines,

adenoviral vector vaccines, and inactivated vaccines, have

been authorized for emergency use based on their good induc-

tion of humoral and/or cellular immunity; however, the mucosal

humoral immunity and robust local T cell responses needed for

viral clearance in the URT have not been exhibited (Corbett

et al., 2020; Gao et al., 2020; van Doremalen et al., 2020). There-

fore, mucosal vaccines are an ideal strategy for clearing the input

nasal virus and preventing virus transmission. Here, based on

the concept that combined activation of multiple PRRs (pattern

recognition receptors) can exert synergistic effects and induce

strong adaptive immune responses (Kasturi et al., 2011; Mount

et al., 2013; Trinchieri and Sher, 2007; Yildiz et al., 2015), we

combined two classes of adjuvants, KF and cGAMP, that acti-

vate the TLR-dependent and TLR-independent DNA recognition

pathways, respectively; we attempted to employ a combined

adjuvant approach to develop an improved mucosal adjuvant.

We showed that intranasal administration of a candidate vaccine

comprising the N protein and SFLmut protein supplemented with

this rationally designed combined adjuvant could induce high

levels of functional immunity in mice, protect mice expressing

hACE2 from lethal SARS-CoV-2 challenge, and result in more

effective viral clearance from the URT compared with an inacti-

vated vaccine.

Full-length S-protein and fragments of S-protein, such as S1

or RBDhave been shown a great potential to be effective vaccine

candidates against SARS-CoV-2 in many studies (Jangra et al.,

2021; Routhu et al., 2021). However, in the current study, we

further demonstrated that the effective immunity induced by

the candidate vaccine is dependent on antigen components,

especially depending on the state of the S protein. In the serum,

although all the experimental vaccines containing different S

proteins including RBD, S1, SFL, or SFLmut could induce anti-

bodies against the S protein and RBD, NAbs against SARS-

CoV-2 were induced only in the mice in the SFLmut group. In

the NW and BALF, IgA antibodies against the S protein and

RBD were induced, with higher antibody levels in the SFLmut

group than in all the other groups. Indeed, a study on rhesus ma-

caques evaluated DNA vaccine protection against SARS-CoV-2

and found that the protection elicited with the full-length S pro-

tein was better than that achieved with smaller fragments (S1

and the RBD) (Yu et al., 2020). Additionally, several studies

have indicated that nonmutated SFL does not induce ideal hu-

moral and mucosal immune responses, which may be due to

the ‘‘down’’ state being the predominant state of nonmutated

SFL and therefore limiting the RBD-directed response (Cai

et al., 2020; Fan et al., 2020; Turo�nová et al., 2020). Thus, re-

searchers generated the SFLmut protein from the full-length S

protein with several amino acid mutations to confer protease

resistance, stabilize the construct in a prefusion conformation,

and increase immunogenicity, thermostability, and protein yield
nd B.1.617.2 variants compared with the homologousWT proteins. N-specific

ith the candidate vaccine or the inactivated vaccine at 14 days after the third

from mice immunized with the candidate vaccine or the inactivated vaccine at

rmined via one-way ANOVA with a Tukey multiple comparison test. *p < 0.05,
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(Hsieh et al., 2020;Wrapp et al., 2020). For example, theNovavax

vaccine NVX-CoV2373 is generated with 682-QQAQ-685 muta-

tions and two proline substitutions (K986P and V987P), which

have achieved good efficacy in a clinical trial (Bangaru et al.,

2020; Keech et al., 2020). In comparison, the SFLmut protein

used in this study was generated with eight mutations (R683A,

R685A, F817P, A892P, A899P, A942P, K986P, and V987P),

which mainly increase thermostability and protein yield and

may strengthen immunogenicity (Hsieh et al., 2020).

Except NAbs, there is growing evidence that IgA plays an

important role in natural and optimal vaccine-induced immunity

to SARS-CoV-2 (Fourati et al., 2020; Sterlin et al., 2021; Zeng

et al., 2021). Sterlin et al. (2021) has shown that serum IgA is a

potent and early SARS-CoV-2-neutralizing antibody that domi-

nates early SARS-CoV-2-specific humoral responses. Encour-

agingly, the titer of IgA in the NW has been demonstrated to limit

virus transmission and reduce the risk of hospitalization in SARS-

CoV-2-infected individuals (Butler et al., 2021; Sterlin et al.,

2021). In our study, we found that N and SFLmut proteins formu-

lated with the combined adjuvant and administered via the i.n.

route could elicit robust S- and RBD-specific IgA responses

and weak N-specific IgA responses in the respiratory tract.

Furthermore, significant local IgA+ B cell responses were

observed in the NALT ofmice immunizedwith the candidate vac-

cine after the last immunization. The RNA-seq results also indi-

cated that the levels of many genes associated with B cell prolif-

eration were increased in the NALT. Previous studies have

demonstrated that upon intranasal antigen exposure, the major

antibody isotype produced by B cells in the NALT is IgA (Heritage

et al., 1997; Wu et al., 1996). Research on influenza confirmed

that IgA molecules in NW can directly mediate local anti-influ-

enza immunity, which indicated the importance of IgA in protec-

tion against virus infection in URT (Renegar and Small, 1991).

Since mucosal IgA plays a crucial role in the immune defense

of mucosal surfaces, which are the first point of entry of respira-

tory pathogens, by neutralizing viruses or impeding their attach-

ment to epithelial cells, we inferred that robust IgA production eli-

cited by the candidate vaccine played a significant role in the

rapid viral clearance of the URT.

Although IgA plays a crucial role in mucosal immunity against

viruses, T lymphocytes and some immune factors, such as cy-

tokines in the respiratory tract, also play an irreplaceable role in

the immune defense of mucosa and virus clearance. Candidate

vaccine intranasal-immunized mice showed significant local

CD8+ T cell responses in the NALT after the last immunization,

which was also demonstrated by the transcriptomic profiling of

several chemokines involved in T cell activation. For example,

the expression of the Spp1 and CCL19 genes, which are

involved in the recruitment and induction of T cells and the gen-

eration of memory CD8+ T cells (Mazzali et al., 2002; Morimoto

et al., 2011; Yan et al., 2019), was markedly increased in the

NALT in mice immunized with the candidate vaccine. More-

over, mice immunized with the candidate vaccine showed

high levels of CD4+ TRM cells and CD8+ TRM cells, which

play important roles in viral clearance (Rosato et al., 2017;

Turner et al., 2014). Notably, an important cell chemotaxis

molecule, CD74, was highly expressed in the nasal mucosa of

mice immunized with the candidate vaccine. There is ample ev-
idence showing that CD74 can significantly regulate T and B

cell development, DC motility, and thymic selection (Leth-

Larsen et al., 2009) and is beneficial to mucosal immune re-

sponses. A recent study indicated that CD74 is involved in

blocking the cathepsin-mediated cleavage of SARS-CoV-2 gly-

coproteins, thereby preventing viral fusion (Bruchez et al.,

2020). Additionally, we found enhanced expression of genes

in response to IFN-b and IFN-g in the mucosa of the candidate

vaccine group. Evidence shows that interferon levels, including

type I and type II interferon levels, increased after CoVs infec-

tion, which could induce a host defense mechanism against vi-

rus because of its strong capacity to inhibit the replication of

CoVs (Hoagland et al., 2021; Kindler et al., 2016; Singh et al.,

2021).

The emergence of SARS-CoV-2 variants, especially B.1.351

in South Africa and B.1.617.2 in India, has caused great

concern that these variants may evade the NAbs produced

in response to infection or vaccination (Arora et al., 2021;

Wang et al., 2021a). In the current study, we evaluated the

ability of the candidate vaccine to cross-neutralize the

B.1.351 and B.1.617.2 variants, and the results were consis-

tent with recent research of lower levels of NAbs against

B.1.351 and B.1.617.2 variants (Wall et al., 2021). In addition,

we performed an ELISpot assay of N- and S-specific T cell re-

sponses from mice immunized with the candidate vaccine and

inactivated vaccine. We found that T cell activation in spleno-

cytes induced by both the candidate vaccine and inactivated

vaccine showed no significant difference against the homolo-

gous virus and the B.1.351 and B.1.617.2 variants. T cell acti-

vation in lung tissues was also observed in mice immunized

with the candidate vaccine and showed no significant differ-

ence in response to the B.1.351 and B.1.617.2 variants

compared with the response to the homologous virus. Howev-

er, we did not find an obvious T cell response to any of the

strains in the lung tissues of mice immunized with the inacti-

vated vaccine. A recent study by Geers et al. (2021) also

demonstrated that SARS-CoV-2 variants may partially escape

humoral immune responses but not T cell responses. Studies

on influenza virus infection suggest that respiratory T cells

elicit cross-protection against influenza virus variants (van

de Ven et al., 2020). Thus, we deduced that cross T cell re-

sponses, especially the local T cell responses, induced by

candidate vaccines might protect against SARS-CoV-2 vari-

ants infection to some extent, although further in vivo chal-

lenge studies are required in the future.

In conclusion, the candidate vaccine containing the SARS-

CoV-2 SFLmut and N proteins with a combination of the adju-

vants KF and cGAMP elicited strong systemic and mucosal im-

mune responses and protected hACE2 Tg mice from lethal

SARS-CoV-2 challenge. The robust viral clearance in the URT

induced via intranasal immunization with the candidate vaccine

might make this vaccine an ideal vaccine for protection against

both disease and infection. Further evaluation in nonhuman pri-

mates and clinical trials should be performed. We also identified

a mucosal adjuvant combination comprising an agonist of

STING and a ligand for TLR5, which can be further developed

for use as a combination mucosal adjuvant for other coronavi-

ruses and respiratory viruses.
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Limitations of this study
In this study, the developed mucosal vaccine, comprising N and

SFLmut protein adjuvanted with KF and cGAMP, showed robust

viral clearance in the URT, which might make it a potential vac-

cine for preventing infection and transmission of SARS-CoV-2.

We acknowledge that the efficacy of preventing transmission

will required to be explored further with the more extensive

animal models, such as hamsters and non-human primates.

Moreover, while we interpreted that the IgA antibodies, T lym-

phocytes, and some immune factors eliciting by candidate vac-

cine may contribute to robust viral clearance in the respiratory

tract, we don’t know in what extent these immune responses

directly contribute to vaccine efficacy. The specific protective

mechanisms of those effects inducing by candidate vaccine still

need more studies. In addition, although we observed cross-

reactive T cell responses against B.1.351 and B.1.617.2 variants

in vitro, whether cross-protection eliciting by a candidate vac-

cine exists needs to be determined with more in vivo studies.
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Reagent or resource Source Identifier

Antibodies

CD11c-BV510 Biolegend Cat# 117338; RRID: AB_2562016

CD80-BV605 Biolegend Cat# 104729; RRID: AB_11126141

CD86-PE-Cy7 Invitrogen Cat# 25-0862-82; RRID: AB_2573371

CD40-BV421 BD Bioscience Cat# 562846; RRID: AB_2734767

MHC Class II (I-A/I-E)-PE Invitrogen Cat# 12-5321-82; AB_465928

CD3-AF700 Biolegend Cat# 100216; RRID: AB_493697

CD4-FITC Biolegend Cat# 100406; RRID: AB_312691

CD8-BV510 Biolegend Cat# 100752; RRID: AB_2563057

CD19-FITC Biolegend Cat# 152404; RRID: AB_2629813

CD44-BV421 Biolegend Cat# 103040; RRID: AB_2616903

CD45-PE Invitrogen Cat# 12-0451-82; RRID: AB_465668

CD62L-APC Biolegend Cat# 104412; RRID: AB_313099

CD69-PE-Cy7 Invitrogen Cat# 25-0691-82; RRID: AB_469637

IgA-BV421 BD Bioscience Cat# 743292; RRID: AB_2741405

Fc block CD16/CD32 BD Bioscience Cat# 553141; RRID: AB_394656

Goat anti-mouse IgG (HRP) Jacksom ImmunoResearch Cat# 115-035-003; RRID: AB_10015289

Goat pAb to mouse IgG1 (HRP) abcam Cat# ab97240; RRID: AB_10695944

Goat pAb to mouse IgG2a (HRP) abcam Cat# ab97245; RRID: AB_10680049

Goat pAb to mouse IgA (HRP) abcam Cat# ab97235; RRID: AB_10681186

Goat anti-mouse IgA (Biot) Southern Biotech Cat# 1040-80; RRID: AB_2794374

SARS-CoV-2 nucleocapsid antibody GeneTeX Cat# GTX635679; RRID: AB_2888553

Goat pAb to Rb IgG (HRP) abcam Cat# ab205718; RRID: AB_2819160

Bacterial and virus strains

SARS-CoV-2-KMS1/2020 (Che et al., 2020) https://pubmed.ncbi.nlm.nih.gov/

33165503/

SARS-CoV-2 (wild-type) Spike pseudovirus SinoBiological Cat# PSV001

SARS-CoV-2 (B.1.351) Spike pseudovirus SinoBiological Cat# PSV008

SARS-CoV-2 (B.1.617.2) Spike

pseudovirus

SinoBiological Cat# PSV011

Chemicals, peptides, and recombinant proteins

2030-cGAMP VacciGrade Invivogen Cat# vac-nacga23

SARS-CoV-2 RBD protein SinoBiological Cat# 40592-V08H

SARS-CoV-2 S1 protein SinoBiological Cat# 40591-V08H

SARS-CoV-2 full length spike protein,

S1+S2 ECD-his, SFL

SinoBiological Cat# 40589-V08B1

SARS-CoV-2 full length spike protein,

S1+S2 (mutants) ECD-his, SFLmut

SinoBiological Cat# 40589-V08H4

SARS-CoV-2 N protein SinoBiological Cat# 40592-V08H

B.1.351 variant full length S protein SinoBiological Cat# 40589-V08B7

B.1.351 variant N protein SinoBiological Cat# 40588-V07E9

B.1.617.2 variant full length S protein SinoBiological Cat# 40589-V08B16

B.1.617.2 variant N protein SinoBiological Cat# 40588-V07E29

EndoFit Ovalbumin (OVA) Invivogen Cat# vac-pova-100

(Continued on next page)
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Reagent or resource Source Identifier

Fetal Bovine Serum Corning Cat# 35-081-CV

Bovine Serum Albumin Solarbio Cat# 9048-46-8

Recombinant Murine GM-CSF Peprotech Cat #315-03

3,5,30,50-tetramethylbenzidine (TMB) Solarbio Cat# PR1200

Peroxidase-conjugated streptavidin Jacksom ImmunoResearch Cat# 016-030-084; RRID: AB_2337238

Collagenase D Sigma Cat# 110888866001

DNase I Sigma Cat# 11284932001

7-AAD BD Bioscience Cat# 559925; RRID: AB_2869266

BD Cytofix/Cytoperm BD Bioscience Cat# 554722; RRID: AB_2869010

Perm/Wash Buffer BD Bioscience Cat# 554723; RRID: AB_2869011

AEC Substrate BD Bioscience Cat# 551951; RRID: AB_2868954

Trizol Thermo Fisher Cat # 15596026

10% neutral buffered formalin Sigma Cat# Z2902

Ficoll-Paque PREMIUM GE Cat# 17544602

PERCOLL GE Cat# 17089102

Critical commercial assays

Mouse IFN-g Elispot Kit R&D systems Cat# EL485

Mouse IL-4 Elispot Kit R&D systems Cat# EL404

RNeasy mini Kit QIAGEN Cat# 74104

One Step PrimScript RT-PCR Kit TaKaRa Cat# RR064A

Firefly-Glo Luciferase Reporter Assay Kit Dalian Meilun Biotechnology Co.Ltd. Cat# MA0519

Mouse IL-6 Elisa Kit Novus Biologicals Cat# VAL604

Mouse TNF-a Elisa Kit Novus Biologicals Cat# VAL609

Mouse IFN-b Elisa Kit Novus Biologicals Cat# VAL612

Mouse IP-10 Elisa Kit abcam Cat# ab260067

Deposited data

RNA-seq data NCBI SRA PRJNA780080

Experimental models: Cell lines

Vero cells World Health Organization (WHO) N/A

ACE2 overexpressed 293T cells Prof. WeiJin Huang (National Institutes for

Food and Drug Control)

N/A

Experimental models: Organisms/strains

C57BL/6 wild type mice Beijing Charles River Laboratory N/A

Transgenic hACE2 mice (C57BL/6) Shanghai Model Organisms Center, Inc. Cat# NM-HU-200218

Oligonucleotides

E protein-Probe: 50-
ACACTAGCCATCCTTACTGCGCTTCG-30)

This paper N/A

Primer of E protein gene Forward: (50-
ACAGGTACGTTAATAGTTAATAGCGT-30)

This paper N/A

Primer of E protein gene Forward: (50-
ATATTGCAGCAGTACGCACACA-30)

This paper N/A

Software and algorithms

Prism 8.0 GraphPad https://www.graphpad.com/

scientific-software/prism/

Microsoft Excel Microsoft https://www.microsoft.com/en-ww/

microsoft-365/excel

BioSpot analyzer Cellular Technology Limited N/A

Flowjo v10 TreeStar https://www.flowjo.com/

(Continued on next page)
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Reagent or resource Source Identifier

Metascape web tool (Zhou et al., 2019a) https://metascape.org/gp/index.html#/

main/step1

Adobe Illustrator Adobe Illustrator https://www.adobe.com/

RRID:SCR_010279

Adobe Photoshop Adobe Photoshop https://www.adobe.com RRID:

SCR_014199

Other

96-well plates Corning Cat# 9018

96-well plates Corning Cat# 3590

96-well Filtration plates Millipore Cat# MSIPS4510

96-well opaque plates JingAn biological science and Technology

Co., Ltd.

Cat# J09601

Dulbecco’s Modified Eagle Medium

(DMEM)

GIBCO 11965-092

Phosphate buffer saline (PBS) GIBCO 14190-144

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mingbo

Sun (smb@imbcams.com.cn)

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agree-

ment (MTA).

Data and code availability

d The RNA-seq datasets generated during this study are available at the NCBI SRA (PRJNA780080). Additional supplemental

items are available from Mendeley Data at: https://dx.doi.org/10.17632/9926fkjgs6.1.

d This paper does not generate original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Viruses and cells
The SARS-CoV-2 strain SARS-CoV-2-KMS1/2020 (GenBank accession number: MT226610.1), which was isolated from a human

clinical sample collected at Yunnan Hospital of Infectious Diseases, was propagated in Vero cells obtained from the World Health

Organization (WHO). Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and an

antibiotic–antimycotic solution was used for cell culture. All experimental procedures involving SARS-CoV-2 were conducted in a

BSL-3 laboratory. ACE2 overexpressed 293T cells lines were obtained from Professor WeiJin Huang from the Institute for Biological

Product Control, National Institutes for Food and Drug Control, Beijing, China, and incubated in DMEM at 37�C and 5% CO2.

Mice and ethics statements
Specific pathogen-free (SPF) 6- to 8-week-oldmale and female C57BL/6mice were purchased fromBeijing Charles River Laboratory

(Beijing, China). SPF 6- to 8-week-old male and female hACE2 Tg mice (half male and half female) which expressed ACE2 and were

generated on the C57BL/6 background, were obtained from Shanghai Model Organisms Center, Inc. All mice used in this study were

treated in accordance with the Guide for the Care and Use of Laboratory Animals of the People’s Republic of China. All protocols

were reviewed and approved by the Committee on the Ethics of the Institute of Medical Biology, Chinese Academy of Medical Sci-

ences (IMBCAMS; Assurance numbers: DWSP202008022 and DWSP202011005). Animals were bred and maintained under SPF

conditions at IMBCAMS at a constant temperature (20–24�C) and humidity (45%–65%) with lighting on a fixed light/dark cycle

(12-h/12-h). Animals were humanely euthanized after reaching a humane endpoint. All animal studies involving SARS-CoV-2 were

performed in the biosafety level 3 (BSL-3) laboratory.
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METHOD DETAILS

Isolation and stimulation of dendritic cells
Bone marrow-dendritic cells (BMDCs) were isolated from mouse bone marrow cells as previously described. Briefly, bone marrow

cells were isolated and cultured in RPMI 1640 medium containing 20 ng/mL recombinant GM-CSF (Peprotech), 100 U/mL penicillin,

100 mg/mL streptomycin, and 10% FBS. Petri dishes containing 23 106 cells in 10mLwere incubated at 37�C in 5%CO2. At day 3 of

incubation, a further 10 mL of fresh complete medium with GM-CSF was added, and 10 mL of medium was replaced with fresh sup-

plemented medium containing GM-CSF on days 6. Immature BMDCs were collected on day 7 for further experiments. The BMDCs

were treated with KF (4 mg/mL), cGAMP (4 mg/mL) alone, or combination of SF (4 mg/mL) and cGAMP (4 mg/mL) in vitro for 24 h. Cells

were treated with lipopolysaccharide (LPS, 1 mg/mL) or sterile PBS as positive and negative controls, respectively. Cytokines (IP-10,

TNF-a, IFN-b, and IL-6) levels in the supernatant were quantified by ELISA. The stimulated BMDCs were stained with the specific

antibodies and analyzed by using FlowJo software.

Vaccine formulations
The antigens used in experimental vaccines, including the N protein (N), full-length SARS-CoV-2 S protein (SFL), SFLmut, S1 subunit

(S1), and RBD, were obtained from Sino Biological Inc (China). The adjuvant cGAMP was purchased from InvivoGen (San Diego,

USA). A nonpathogenic E. coli-derived flagellin (KF) plasmid was a generous gift from Dr. Yan Huimin (Wuhan Institute of Virology,

Chinese Academy of Sciences). The construction of pET28a carrying KF and the associate KF expression were described in a pre-

vious study (Sun et al., 2012). The different SARS-CoV-2 antigens mentioned above were used at a dose of 8 mg/mouse for vacci-

nation. cGAMP and KF (4 mg/mouse) were used as adjuvants.

A reference inactivated SARS CoV-2 vaccine was prepared by the IMBCAMS as described in a previous study (Che et al., 2020).

Briefly, the SARS-CoV-2 strain KMS-1 (GenBank accession number: MT226610.1) was cultured in Vero cells. The virus was inacti-

vated with formaldehyde at a dilution of 1:4000 for 48 h. It was further purified through column chromatography and concentration.

Then, beta-propiolactone was added for further inactivation, followed by a second purification via the same protocol mentioned

above. The inactivated vaccine was prepared with 100 enzyme-linked immunosorbent assay (ELISA) units (EU), absorbed with

0.25 mg Al(OH)3 adjuvant and suspended in 0.2 mL of PBS for each dose.

Mouse experiments
For the initial adjuvant evaluation experiment, 6-8 weeks old C57BL/6 mice were intranasally immunized on days 0, 14 and 28 with

ovalbumin protein (OVA, 20 mg per dose) alone or OVA protein admixed with KF (4 mg per dose), cGAMP (4 mg per dose), or KF (4 mg

per dose) plus cGAMP (4 mg per dose) in a total volume of 30 mL. Control mice were administered phosphate buffered saline (PBS).

Mice were euthanized at day 14 after last immunization.

For screening the optimal antigen, 6- to 8-week-old C57BL/6 mice were intranasally immunized with 30 ml of different experimental

vaccines or PBS three times with two-week intervals after anaesthetization with isoflurane (Figure 2A). Briefly, four groups were intra-

nasally immunized with the N protein (8 mg/dose) and different forms of the S protein (RBD, S1, SFL, or SFLmut; 8 mg/mouse) formu-

lated with KF (4 mg/dose) and cGAMP (4 mg/dose). One group of mice was immunized with PBS to establish a control group. Two

weeks after the final immunization, blood was collected and left on ice for 30 min; serum was then collected by centrifugation at

3000 3 g for 10 min at 4�C. Nasal wash (NW) was collected in 200 mL of PBS. Bronchoalveolar lavage fluid (BALF) was collected

in 1 mL of PBS. All samples were stored at �80�C until used.

For evaluating the immunogenicity of candidate vaccine, 6- to 8-week-old C57BL/6 mice mice were given with SFLmut and N pro-

tein supplemented with or without combined adjuvant via intranasal route (IN) three times with two-week intervals. These groups

were compared to a reference vaccine which is knew to be protective: an inactivated vaccine using whole virus administered intra-

peritoneally (IP) twice with four-week intervals. Additionally, to determine if the effects of combined adjuvant was dependent by im-

munization route, thus mice were immunized with IP delivered SFLmut and N protein combined with KF and cGAMP. And mice IN

administered PBS as placebo group (Figure 3A). Control mice were administered PBS. Mice were euthanized at day 14 after last

immunization.

For evaluation of candidate vaccine protective-efficacy, 6- to 8-week-old hACE2 Tg mice were randomly allocated into three

groups. Themice in the candidate vaccine group and the placebo group were intranasally vaccinated with 30 ml of candidate vaccine

or 30 ml of PBS, respectively, three times at two-week intervals, while the mice in the reference inactivated vaccine group were intra-

peritoneally (IP) immunized with 200 mL of inactivated vaccine twice at 4-week intervals as a vaccine control (Figure 5A). All mice were

anaesthetized with isoflurane before vaccination. After immunization, all hACE2 Tg mice were challenged with the wild-type SARS-

CoV-2 strain KMS-1 (GenBank accession number: MT226610.1) in the BSL-3 laboratory. Mice were anaesthetized with isoflurane

and intranasally inoculated with 103 plaque-forming units (PFU) of SARS-CoV-2. The nasal washes (NW) and throat swab were

collected daily, and the body weight and survival of each mouse were also monitored daily. Animals in each group were euthanized

at day 2, 5, and 7 post infection (dpi) to collect tissues.Whenmice were unable to eat or stand or had lost more than 20%of their body

weight, euthanasia was performed.
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Enzyme linked immunosorbent assay
ELISA plates were coated overnight at 4�C. The coating buffer was aspirated, and the wells were blocked with 200 mL of 1X PBS +

0.05% Tween-20 + 3% BSA (PBST-3% BSA) for 2 h at 37�C. Samples were diluted in PBST-1% BSA in a separate 96-well polypro-

pylene plate. The plates were washed four times with PBST, followed by the addition of 50 mL of serum dilutions (PBST-1%BSA) and

incubation for 1 h at 37�C. Following washing, 50 mL of anti-mouse IgG, IgG1, IgG2a and/or IgA-horseradish peroxidase conjugates

was added to each well. After 1 h of incubation at 37�C, the plates were again washed four times with PBST, and 100 mL of 3,5,3050-
tetramethylbenzidine TMB was added. Following a 10- to 20-min incubation, reactions were stopped with 50 mL of 2 M sulfuric acid.

The absorbance of plates at 450 nm was read. Endpoint titers were determined as the dilution that exhibited an optical density

exceeding R 2.1 times the background level (secondary antibody alone). Cytokines from the supernatants of BMDC cultures Elisa

assays was performed according to the manufacturer’s instructions.

SARS-CoV-2 neutralization assay
The neutralizing activity of serum from vaccinated mice against wild-type SARS-CoV-2 in vitro was evaluated with Vero cells. Heat-

inactivated serum was serially diluted 2-fold in 96-well plates, and 50 mL of live SARS-CoV-2 (100 cell culture infectious dose 50%

(CCID50)/well) was added to 50 mL of each serum dilution and incubated for 2 h at 37�C/5% CO2 in a humidified incubator. Subse-

quently, the mixture was transferred to Vero cells in a 96-well plate, and the samples were evaluated in duplicate. After incubation for

5 days at 37�C/5%CO2, the cytopathic effects (CPEs) were recorded to determine the NAb titer. The geometric mean titers (GMTs) of

NAbs were measured. Antibody titers R 4 was considered positive.

Enzyme-linked immunospot assay
T cell detection by IFN-g and IL-4 ELISpot assayswas performed according to themanufacturer’s instructions. Briefly, precoated 96-

well plates were seeded with 5 mg/ml specific stimulants and 4 3 105 mouse splenocytes or pneumonocytes in a total volume of

100 mL and incubated. Following a 24-h incubation at 37�C/5%CO2, the cells were removed, and an anti-IFN-g or anti-IL-4 detection

antibody was added, followed by addition of streptavidin-ALP. For specific IgA-secreting cells detection, MultiScreen filter 96-well

plates were pre-coated with 5 mg/well of specific protein overnight at 4�C. After rinsing with PBS, plates were blocked for 30 min at

room temperature with culture medium. Single cell suspensions of splenocytes or pneumonocytes were added to the coated plates

and incubated at 37�C/5% CO2 for 24 h. After washing with PBS, plates were incubated with biotinylated anti-IgA followed by incu-

bation with streptavidin conjugated horseradish peroxidase, each for 1 h at room temperature. After additional washes with PBS,

AEC substrate solution was added for spot development. The reaction was stopped by rinsing with water. Spots were developed

using BCIP/NBT and analyzed by a Cellular Technology Limited (CTL) ELISpot reader.

Detection of lung tissue-resident cells
To discriminate circulating cells from lung-resident cells, we employed a well-described approach in which mice were intravenously

(i.v.) administered an anti-mouse CD45 PE-conjugated antibody 10 min before euthanasia, and then the lungs were harvested (An-

derson et al., 2014). Circulating cells were exposed to the antibody and labeled as CD45+, whereas lung-localized cells remained

CD45-.

Flow cytometry
Single cell suspensions were obtained from BMDCs or tissues. Nasal-associated lymphoid tissues (NALTs) and lungs were minced

and digestedwith collagenase D (1mg/ml; Roche) andDNase I (20 U/ml; Roche) for 45min at 37�Con a shaker. Next, the NALTswere

passed through a 70-mm cell strainer to obtain single-cell suspensions. For cell preparation from the lungs, tissues were passed

through a 70-mmcell strainer, washed twice in complete RPMI 1640medium, mixed with 40%Percoll and loaded onto a 70%Percoll

layer for isolation of mononuclear cells according to the manufacturer’s instructions. Cells were incubated with anti-CD16/CD32 Fc

block. Then, the cells were incubated with 7-AAD (BD Bioscience), followed by surface staining with fluorochrome-conjugated anti-

mouse antibodies for the following markers. For intracellular cytokine staining, cells were first stained with 7-AAD and an antibody

specific for a surface marker. After washing twice, the cells were fixed and permeabilized with Cytofix/Cytoperm and then stained

intracellular marker. All samples were acquired on a flow cytometer (Beckman), and data were analyzed with FlowJo software

(TreeStar).

RNA-seq
The nasal mucosa and/or NALT were collected on day 14 after the last immunization and homogenized with TRIzol reagent, and total

RNA was extracted with chloroform/isopropanol, followed by purification using the RNeasy Mini Kit (QIAGEN). The raw reads gener-

ated for the nasal mucosa or NALT were filtered by SOAPnuke software (Cock et al., 2010), which proceeded by removing adaptor-

polluted reads, reads with unknown sequences ‘‘N’’ accounting for more than 5% of the reads, and low-quality reads defined using

parameters such as average base content per read and GC distribution in the read. The clean reads were mapped on the reference

Mus-musculus_GRCm38.p6 using hierarchical indexing for spliced alignment of transcripts (HISAT) software v2.1.0 (Kim et al.,

2015). The sequencing data generated during this study are available at the NCBI SRA archive (PRJNA780080). Differentially ex-

pressed genes (DEGs) were filtered with DESeq2 (Love et al., 2014) using the thresholds of a false discovery rate (FDR) of 5%
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and an absolute fold change of 2 to determine the final lists. Heatmap illustrator (heml) software was applied to generate heatmaps.

Enrichment analysis of the functions of the DEGs was conducted using the Metascape web tool (Zhou et al., 2019a) (https://

metascape.org/gp/index.html#/main/step1). Gene sets were derived from the Gene Ontology (GO) Biological Process (GO-BP)

ontology.

Measurement of viral burden
Viral RNA in nasal, pharyngeal, and peripheral blood samples was extracted using TRIzol reagent (Tiangen, China) following vortex-

ing. Total viral RNA in tissues was extracted bymechanical homogenization with iron beads. RNAwas eluted in 30 mL of elution buffer

and used as a template for qRT-PCR. Two SARS-CoV-2 RNA standards were generated for transcription by E protein regions tran-

scribed in vitro (E protein-F: 50-ACAGGTACGTTAATAGTTAATAGCGT-30; E protein-R: 50-ATATTGCAGCAGTACGCACACA-30; E
protein-P: 50-ACACTAGCCATCCTTACTGCGCTTCG-30). Two microliters of RNA were used to quantify viral RNA copies with the

One Step PrimeScriptTM RT-PCR Kit (Takara, China) according to the manufacturer’s instructions. The amplification procedures

were set up on a Bio-Rad instrument as follows: 42�C for 5 min and 95�C for 10 s followed by 39 cycles consisting of 95�C for 5

s, 60�C for 30 s, and a default melting curve step. A standard curve was generated using 10-fold dilutions of SARS-CoV-2 RNA stan-

dard produced by in vitro transcription. Assay sensitivity was 50 copies/100 ml. Viral loads were calculated as the genome copies of

SARS-CoV-2 in 1 mL swab elutes/NW or in 1 mg of tissue.

Virus titration
Quantitation of live infectious virus by a CCID50 assay was performed for nasal turbinate, lung, and brain tissues. Briefly, Vero cells in

a 96-well plate (23 104 cells/well, duplicate) were inoculated with 10-fold serial dilutions of supernatants from organ homogenates.

The mixtures were performed in duplicate, and the plate was incubated for 5 days at 37�C in a humidified 5% CO2 incubator. The

CPEs were recorded to determine the organ homogenate virus titers. Viral titers were calculated as CCID50/mL.

Histopathology and immunohistochemistry
For histopathologic analysis, tissues (brain, nasal turbinate and lung) from necropsied mice were fixed in 10% formalin, embedded in

paraffin, and sectioned at 3-5 mm. The sections were stained with hematoxylin and eosin (H&E). For immunohistochemistry, the

SARS-CoV-2 N protein was detected using themonoclonal antibody HL344 (GeneTex, China). Sections were incubated with the rab-

bit antibody specific for the N antigen of SARS-CoV-2 for 1 h after heat-induced epitope retrieval. Antibody labeling was visualized by

development with DAB. Digital images were captured and evaluated with a histological section scanner (Aperio Digital Pathology,

Leica).

Pseudovirus neutralization assay
For pVNT experiments, serial 3-fold diluted serum, starting at 1:30, were incubated with S protein bearing pseudotype particles for 1

hour at 37�C, before the mixtures were inoculated onto ACE2 overexpressed 293T cells. In all cases, particles incubated only with

medium served as control. The supernatant was then removed, and luciferase substrate was added to each well, followed by incu-

bation for 5min in darkness at room temperature. Luciferase activity was thenmeasured using Thermo scientific Varioskan Flash. The

50% pseudovirus neutralization (pVNT50) of the serum samples, which indicates the plasma dilution that causes a 50% reduction of

entry efficiency, were determined by luciferase activity 48 h after exposure to the virus-serummixture with four-parameter non-linear

regression inhibitor curve in GraphPad Prism 8.0.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as the means ± the SEM and were analyzed with GraphPad Prism 8.0 software. An unpaired two-sided Stu-

dent’s t test was utilized to determine statistical significance between two groups. One-way ANOVA with Tukey’s post hoc test was

employed to assess differences among multiple groups. *p < 0.05, **p < 0.01, ***p < 0.001. The details on the statistical test and the

error bars are specified in the figure legends.
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