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Glycosylated Delta-receptor-binding domain
mucosal vaccine elicits broadly neutralizing antibodies
with protection against SARS-CoV-2 challenge

Xiaoqing Guan,1,4 Abhishek K. Verma,2,4 Gang Wang,1 Juan Shi,1 Stanley Perlman,2,3,* and Lanying Du1,5,*

SUMMARY

Mucosal COVID-19 vaccines are needed to block SARS-CoV-2 infection at the mucosal site. Intranasal de-
livery of a glycosylated Delta variant receptor-binding domain (Delta-RBD) mucosal vaccine elicited
potent and balanced systemic antibody titers comparable to those induced by the intramuscular injection
of the same vaccine or Omicron-S subunit vaccine, as well as high mucosal IgA antibody responses. It eli-
cited broadly neutralizing antibodies against the original SARS-CoV-2 strain, Delta and Omicron BA1/BA2
variants, completely protecting transgenic mice from lethal challenge with a Delta variant, including com-
plete absence ofweight loss.Of note, intramuscular primingwith theOmicron-S protein followed by intra-
nasal boosting with the Delta-RBD protein improved the vaccine’s ability to generate broad-spectrum
neutralizing antibodies against recent BA5 and XBBOmicron variants. Overall, this vaccine has the poten-
tial to prevent the SARS-CoV-2 infection of the respiratory mucosa, while the i.m. priming and i.n. boost-
ing vaccination strategy may offer protection against known and emerging SARS-CoV-2 variants.

INTRODUCTION

The global Coronavirus Disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), has

led to extensive economic damage and devastating loss of human life. Although SARS-CoV-2 has a much lower mortality rate than SARS-CoV

and Middle East respiratory syndrome (MERS)-CoV, which caused the 2002 epidemic and 2012 outbreaks, respectively, it has much broader

and long-lasting consequences.1–5 As of September 06, 2023, SARS-CoV-2 has infected at least 770 million people and caused over 6.95

million deaths.6

The SARS-CoV-2 genome encodes four structural proteins, namely the spike (S), envelope, nucleocapsid, andmembrane proteins, among

which the surface S protein plays a critical role in viral infection.7 The S protein of SARS-CoV-2 is composed of the S1 and S2 subunits. Viral

infection is initiated by binding of the receptor-binding domain (RBD) in the S1 subunit to its cellular receptor, angiotensin-converting enzyme

2 (ACE2).8 Thus, the S protein, and specifically its RBD fragment, are important targets for the development of effective COVID-19 vac-

cines.9,10 Multiple SARS-CoV-2 variants have been characterized to date, including Alpha, Beta, Gamma, Delta, and Omicron (as well as

its subvariants).11,12 Although the available COVID-19 vaccines targeting the S protein and/or its RBD exhibit high potency against the earlier

SARS-CoV-2 strains and variants, they fail to induce broad-spectrum neutralizing antibodies and therefore high levels of protection against

the currently dominant SARS-CoV-2 Omicron variants.13–15

OnMay 05, 2023, theWorld HealthOrganization (WHO) declared that COVID-19was no longer a Public Health Emergency of International

Concern.16,17 Additionally, the United States COVID-19 public health emergency came to an end on May 11, 2023, thereby concluding the

3-year COVID-19 pandemic.18 However, the challenge of preventing deaths from the high transmissible and mutation-prone SARS-CoV-2

remains.19 Therefore, the development of effective vaccines to prevent infection with current and future SARS-CoV-2 variants with pandemic

potential is still a priority.

The immunoglobulin (Ig)G Fc fragment has been used as a vehicle for the effective intranasal delivery of vaccines to mucosal surfaces, and

subsequent induction of mucosal and systemic immune responses against respiratory viral pathogens such as MERS-CoV, respiratory syncy-

tial virus, and influenza virus.20–22 Because SARS-CoV-2 is a respiratory viral pathogen, the mucosal or intranasal (i.n.) delivery of COVID-19

vaccines (i.e., via the IgG Fc fragment) is expected to elicit both local and systemic immune responses with superior levels of protection

than the intramuscular (i.m.) delivery of the vaccines.23,24
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Wepreviously showed that the glycosylation of amino acid residues 519 and 521within the RBDof the original SARS-CoV-2 strainmasked a

non-neutralizing epitope containing residue 519, and induced significantly higher systemic neutralizing antibody responses than the non-gly-

cosylated form of the RBD; this led to superior protection against infection with the original SARS-CoV-2 strain.25 In the present study, we

designed a mucosal COVID-19 vaccine by fusing a glycosylated Delta variant RBD to the Fc fragment of human IgG, and evaluated its ability

to elicit systemic and mucosal immune responses, as well as protect K18-human (h)ACE2 transgenic model mice against lethal SARS-CoV-2

challenge. In addition, we determined how different routes of administration affected the broadly neutralizing activity and protective efficacy

of the glycosylated Delta-RBD mucosal vaccine and a trimeric S protein of SARS-CoV-2 Omicron variant (Omicron-S)-based vaccine. Finally,

we assessed whether the neutralizing activity and protection of our mucosal vaccine could be further improved by priming with Omicron-S

subunit vaccine.

RESULTS

Intranasal delivery of glycosylated Delta-receptor-binding domain with or without Omicron-S (i.m.) priming induced potent

and balanced systemic antibody responses

To evaluate the ability of the glycosylated Delta-RBD mucosal subunit vaccine to induce systemic immune responses, K18-hACE2 (C57BL/6

(B6) background) mice were i.n. immunized with glycosylated Delta-RBD (Delta-RBD-i.n.) conjugated to the mucosal adjuvant polyinosinic-

polycytidylic acid (Poly(I:C)) (Figure 1). Control mice were immunized with 1) Delta-RBD via i.m. (Delta-RBD-i.m.), 2) Omicron-S via i.m. (Om-

icron-S-i.m.), 3) Omicron-S via i.n. (Omicron-S-i.n.), or 4) Omicron-S via i.m. priming and then Delta-RBD via i.n. boosting (Omicron-S-i.m. +

Delta-RBD-i.n.). Phosphate-buffered saline (PBS) was used as the vehicle in all vaccination experiments. Previously optimized Alum and MPL

combinations or Poly(I:C) were used as adjuvants for i.m. and i.n. immunizations, respectively.11,21,26 Thesemicewere boosted two times using

the same or different immunogens, and their sera were collected 10 days after the last immunization to detect SARS-CoV-2-specific IgG and

IgG subtype antibodies (Figure 1A).

We found that Delta-RBD-i.n. induced potent IgG (Fab or full-length) antibody responses against the Delta-RBD protein, which were

comparable to those induced by Delta-RBD-i.m. or Omicron-S-i.m., and Omicron-S-i.m. + Delta-RBD-i.n. priming-boosting, but

significantly higher than that elicited by Omicron-S-i.n. alone (Figures 2A and 2B). Immunization with Delta-RBD-i.n. also elicited

cross-reactive IgG (Fab or full-length) antibodies against the Omicron-S protein, with the antibody titer being similar to that elicited

by Delta-RBD-i.m.; however, the antibody titer following Delta-RBD-i.n. vaccination was significantly lower than that induced by immu-

nization with Omicron-S-i.m. or i.n. (Figures 2C and 2D). Of note, the anti-Omicron-S IgG antibody titer induced by i.n. immunization

with Delta-RBD after Omicron-S-i.m. priming was significantly higher than that elicited by vaccination with Delta-RBD-i.n. alone

Figure 1. Mouse immunization procedures and viral challenge schedules

(A) Eight groups of K18-hACE2 (B6) background) mice were immunized with the Delta-RBD protein, Omicron-S protein, or PBS control via intramuscular (i.m.),

i.m.-intranasal (i.n.), or i.n. route for three doses at a 3-week interval. Aluminum (Alum) plus monophosphoryl lipid A (MPL) and Poly(I:C) adjuvants were used for

i.m. and i.n. routes, respectively. Sera collected from the last immunization were tested for specific IgG antibodies (Abs), subtype Abs, and neutralizing Abs

against SARS-CoV-2 original strain and multiple variants. Immunized mice were then challenged with the SARS-CoV-2 Delta variant, and evaluated for

protective efficacy via the investigation of survival and weight changes.

(B) Eight groups of B6 mice were immunized as described above, and detected for mucosal IgA Abs from collected bronchoalveolar lavage (BAL) fluid.
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(Figure 2C). Immunization with Delta-RBD-i.n. also elicited a potent IgG1 subtype antibody response, with strong reactivity against

Delta-RBD and cross-reactivity against Omicron-RBD; moreover, these antibodies were present at a similar trend to those of the IgG

(full-length) antibodies targeting both proteins, but much higher levels than those of the IgG (Fab) antibodies (Figures 2A–2F). In addi-

tion, the Delta-RBD-i.n. vaccination induced IgG2c subtype antibodies, which potently recognized Delta-RBD protein and cross-reacted

with Omicron-S protein (Figures 2G and 2H). By contrast to the i.m. immunization route, the i.n. delivery of Delta-RBD or Omicron-S

induced similar levels of IgG1 and IgG2c antibodies (corresponding to low IgG1/IgG2c ratios) targeting both Delta-RBD and

Omicron-S proteins (Figures 2I and 2J). These data indicate that mucosal immunization with the Delta-RBD vaccine alone was sufficient

to induce strong and balanced systemic antibody responses.

Intranasal delivery of glycosylated Delta-receptor-binding domain, particularly Omicron-S (i.m.) priming and glycosylated

Delta-receptor-binding domain (i.n.) boost, induced broadly anti-SARS-CoV-2 neutralizing antibodies

Next, the neutralizing and cross-neutralizing abilities of the glycosylated Delta-RBDmucosal vaccine against the pseudotyped original strain

(wild-type) of SARS-CoV-2 and its multiple variants were tested using mouse sera collected from the aforementioned immunization experi-

ments (Figure 1A). Immunization with Delta-RBD-i.n., with or withoutOmicron-S-i.m. priming, elicited effective neutralizing antibodies against

infection with the wild-type and Delta variant pseudoviruses (Figures 3A and 3B). These neutralizing antibody titers were comparable to those

induced by i.m. immunization with Delta-RBD or Omicron-S, but were significantly higher, or higher, than those induced by i.n. immunization

with Omicron-S. Delta-RBD-i.n. vaccination also induced cross-neutralizing antibodies against the Omicron BA1 and BA2 pseudoviruses

(Figures 3C and 3D). Moreover, Delta-RBD-i.n. boosting after Omicron-S-i.m. priming further increased neutralizing antibody titers against

Omicron BA2, while also inducing an effective neutralizing antibody response against the Omicron BA5 and XBB pseudoviruses

(Figures 3D–3F). Overall, these data indicate that i.n. immunized with Delta-RBD alone induced broadly neutralizing antibodies against

Figure 2. Intranasally immunized Delta-RBD protein with or without Omicron-S priming induced systemic IgG and subtype antibodies

Sera were collected from immunized K18-hACE2 mice 10 days after the last immunization, and tested by ELISA for specific IgG (Fab or full-length) and subtype

antibodies (Abs).

(A and B) Fab (A) or full-length (B) IgG Abs specific to the Delta-RBD protein.

(C and D) Fab (C) or full-length (D) IgG Abs specific to the Omicron-S protein.

(E and F) IgG1 (full-length) Abs specific to the Delta-RBD (E) or Omicron-S (F) protein.

(G and H) IgG2c (full-length) Abs specific to the Delta-RBD (G) or Omicron-S (H) protein.

(I and J) IgG/IgG2c ratios calculated based on the Abs specific to the Delta-RBD (I) or Omicron-S (J) protein.

The ELISA plates were coated with the respective protein, and the antibody titer was determined based on the detectable endpoint serum dilution. The data are

shown asmeanG standard deviation of the mean (s.e.m.) of fivemice in each group. Delta-RBD-i.m. or Delta-RBD-i.n. indicates Delta-RBD protein intramuscular

or intranasal immunization. Omicron-S-i.m. or Omicron-S-i.n. indicates Omicron-S protein intramuscular or intranasal immunization. S-i.m. + RBD-i.n. indicates

i.m. priming with the Omicron-S protein followed by i.n. boosting with the Delta-RBD protein. Controls, PBS with relevant adjuvants injected via i.m., i.m. + i.n., or

i.n. route. * (p < 0.05), ** (p < 0.01), and *** (p < 0.001) designate significant differences among different groups. The experiments were repeated twice, and similar

data were acquired.
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the original strain of SARS-CoV-2, as well as the Delta and Omicron (BA1 and BA2) variants, whereas i.m. priming with Omicron-S followed by

Delta-RBD-i.n. boosting elicited potent neutralizing antibodies against all SARS-CoV-2 strains tested.

Intranasal delivery of glycosylated Delta-receptor-binding domain or Omicron-S protein induced strong mucosal IgA

antibody responses

To evaluate the ability of glycosylated Delta-RBD to induce amucosal immune response, B6 mice were i.n. immunized with this protein or the

respective controls. Bronchoalveolar lavage (BAL) fluid was collected from each mouse 1 month after the last immunization (the time point

used for the SARS-CoV-2 challenge, as described later in discussion) for specific secretory IgA antibody detection (Figure 1B). The delivery of

Delta-RBD-i.n. alone elicited high levels of IgA antibodies specific to Delta-RBD, which showed weaker or background levels of cross-reac-

tivity with Omicron-S (Figures 4A and 4B). Interestingly, the i.n. delivery of Omicron-S alone also induced adequate levels of anti-Omicron-S

IgA antibodies (Figure 4B). By contrast, i.m. immunization with Delta-RBD or Omicron-S protein only elicited background levels of IgA anti-

bodies specific to both proteins, which were similar to those induced in the control mice receiving PBS and adjuvant (Figures 4A and 4B).

These results reveal that Delta-RBD and Omicron-S via the i.n., but not the i.m., route elicit potent mucosal anti-SARS-CoV-2 antibody

responses.

Intranasal delivery of glycosylated Delta-receptor-binding domain completely protected mice from lethal Delta variant

challenge without obvious weight loss

To evaluate the protective efficacy of the glycosylated Delta-RBD mucosal vaccine, immunized K18-hACE2 mice were challenged with the

SARS-CoV-2Delta variant 1month after their last immunization. Mouseweight changes and overall survival were investigated for 14 days after

Figure 3. Intranasally immunized Delta-RBD protein with or without Omicron-S priming induced broadly anti-SARS-CoV-2 neutralizing antibodies

Sera from immunized K18-hACE2 mice 10 days after the last immunization were tested for neutralizing antibodies (Abs) against pseudotyped SARS-CoV-2 wild-

type strain and variants.

(A) Neutralizing Abs against pseudotyped original SARS-CoV-2 wild-type strain.

(B) Neutralizing Abs against pseudotyped SARS-CoV-2 Delta variant.

(C) Neutralizing Abs against pseudotyped SARS-CoV-2 Omicron BA1 subvariant.

(D) Neutralizing Abs against pseudotyped SARS-CoV-2 Omicron BA2 subvariant.

(E) Neutralizing Abs against pseudotyped SARS-CoV-2 Omicron BA5 subvariant.

(F) Neutralizing Abs against pseudotyped SARS-CoV-2 Omicron XBB subvariant.

The pseudovirus neutralization assay was performed in 293T cells expressing SARS-CoV-2 receptor, human ACE2 (hACE2/293T), and 50% neutralizing Ab titer

was reported as NT50 against respective pseudovirus infection. The data are shown asmeanG s.e.m. of fivemice in each group. Delta-RBD-i.m. or Delta-RBD-i.n.

indicates Delta-RBD protein intramuscular or intranasal immunization. Omicron-S-i.m. or Omicron-S-i.n. indicates Omicron-S protein intramuscular or intranasal

immunization. S-i.m. + RBD-i.n. indicates i.m. priming with the Omicron-S protein followed by i.n. boosting with the Delta-RBD protein. Controls, PBS with

relevant adjuvants injected via i.m., i.m. + i.n., or i.n. route. * (p < 0.05), ** (p < 0.01), and *** (p < 0.001) designate significant differences among different

groups. The experiments were repeated twice, and similar data were acquired.
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challenge (Figure 1A). The mice receiving Delta-RBD-i.n., with or without Omicron-S-i.m. priming, and those i.m. immunized with Delta-RBD

or Omicron-S all survived the viral challenge (Figures 5A–5D); however, only 80% of themice i.n. immunizedwith Omicron-S survived the chal-

lenge (Figure 5E). Of note, mice receiving Delta-RBD via the i.m. route experienced weight loss in the first few days post-challenge andmain-

tained the similar weight during the experimental period; by contrast, the mice i.n. immunized with Delta-RBD did not experience obvious

weight loss, which showed significantly increased overall weight as compared to the mice receiving Delta-RBD-i.m. or the mice priming with

Omicron-S-i.m. and boosting with Delta-RBD-i.n. (Figures 5F and 5G). The mice receiving Omicron-S protein via the i.m. route, and

particularly those receiving Omicron-S via the i.n. route, lost significantly more weight than the mice receiving Delta-RBD-i.n. (with or without

Omicron-S-i.m. priming), especially on days 2–8 post-challenge (Figures 5H–5J). These data indicate that the i.n. delivery of glycosylated

Delta-RBD (with or without Omicron-S-i.m. priming) protected immunized mice from Delta variant infection and prevented SARS-CoV-2-

induced weight loss.

DISCUSSION

Currently, several COVID-19 vaccines have been approved for human use andmore have been developedpreclinically.27–29 Althoughmany of

the first-generation vaccines induce strong systemic immune responses and protection against the original SARS-CoV-2 strain and early var-

iants, their ability to protect against recent variants is markedly reduced.30,31 SARS-CoV-2 is a mucosal pathogen, which initiates infection in

the upper respiratory tract mucosae, before reaching the lower respiratory tract and lungs. Thus, there is a need for mucosal vaccines to block

viral transmission at the mucosal site.32,33 Accordingly, next-generation COVID-19 vaccines should be developed to prevent viral infection

and transmission via the respiratory route and elicit broad-spectrum neutralizing antibodies targeting multiple SARS-CoV-2 variants.23

Most of the currently developed mucosal COVID-19 vaccines are based on an adenovirus (Ad) vector delivery system.34–36 For instance,

chimpanzee Ad (ChAd)-vectored trivalent mucosal COVID-19 vaccines expressing SARS-CoV-2 S1, nucleocapsid, and RNA-dependent RNA

polymerase proteins induced local and systemic antibodies and protectedmice against the original SARS-CoV-2 strain and the Alpha/B.1.1.7

and Beta/B.1.351 variants.34 Moreover, a human Ad5-vectored S-expressing vaccine delivered via i.n. route protected hamsters against se-

vere SARS-CoV-2 infection and transmission.36 Meanwhile, the i.n. injection of a ChAd-vectored SARS-CoV-2-S vaccine elicited systemic and

mucosal IgA antibodies, protecting the upper and lower respiratory tracts against SARS-CoV-2 infection.35 Finally, while a systemic S-mRNA

vaccine alone elicited weak mucosal immune responses, its combination with a mucosal Ad-S vaccine resulted in the production of potent

neutralizing antibodies against the original SARS-CoV-2 strain and the Omicron BA.1.1 subvariant.37

Wepreviously demonstrated that the systemic injection of a glycosylated SARS-CoV-2 wild-type RBD increased neutralizing antibody titers

against the original RBD and its multiple variant forms, which offered more protection against SARS-CoV-2 infection than the wild-type RBD

without glycosylation.25 Because the Delta variant induces higher levels of severe COVID-19 and death than the wild-type SARS-CoV-2 strain

and the other known variants,38–40 we decided to focus on it in the present study.

Here, we developed a mucosal COVID-19 subunit vaccine by fusing the glycosylated RBD of the Delta variant to the Fc of human IgG and

evaluated its ability to inducemucosal immunity in the presence or absence of anOmicron-S protein.We found that i.n. immunization with the

glycosylated Delta-RBD vaccine alone elicited effective IgG and IgG subtype antibody responses. As expected, the antibody titers targeting

the Fab of IgG were lower than those targeting the full-length IgG. These antibodies were comparable to those induced by the i.m.

Figure 4. Intranasally immunized Delta-RBD or Omicron-S protein induced potent mucosal IgA antibody responses

Immunized B6 mice were collected for bronchoalveolar lavage (BAL) fluid one month after the last immunization, and tested by ELISA for SARS-CoV-2-specific

IgA antibodies.

(A) IgA antibodies specific to the Delta-RBD protein.

(B) IgA antibodies specific to the Omicron-S protein.

The ELISA plates were coated with the respective protein, and the IgA antibody responses were reported asOD450 values. The data are shown asmeanG s.e.m.

of fivemice in each group. Delta-RBD-i.m. or Delta-RBD-i.n. indicates Delta-RBD protein intramuscular or intranasal immunization. Omicron-S-i.m. or Omicron-S-

i.n. indicates Omicron-S protein intramuscular or intranasal immunization. S-i.m. + RBD-i.n. indicates i.m. priming with the Omicron-S protein followed by i.n.

boosting with the Delta-RBD protein. Controls, PBS with relevant adjuvants injected via i.m., i.m. + i.n., or i.n. route. The experiments were repeated twice,

and similar data were acquired.
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immunization with this vaccine, but more balanced systemic antibodies (with lower IgG1/IgG2c ratio). Compared to other vaccination groups,

such as Omicron-S-i.m. priming followed by Delta-RBD-i.n. boosting, Delta-RBD-i.n. alone elicited a similar level of Delta-RBD-specific IgG

and subtype antibody responses, as well as neutralizing antibodies against the Delta variant, but a more potent Delta-RBD-specific mucosal

IgA antibody response in the BAL fluid of model mice, leading to the complete protection of immunized animals against lethal challenge with

the Delta variant without obvious weight loss. This phenomenon partially explains the significance of mucosal vaccination in protection

against SARS-CoV-2 infection. Moreover, the Delta-RBD-i.n. mucosal vaccine alone also induced effective neutralizing antibodies against

the original SARS-CoV-2 strain and early Omicron subvariants (e.g., BA1 and BA2), and its ability to elicit potent and broadly neutralizing an-

tibodies against recent Omicron dominant subvariants (e.g., BA5 and XBB) was significantly increased by priming with Omicron-S.

To conclude, we designed amucosal COVID-19 vaccine that elicited strongmucosal immune responses and broadly neutralizing antibody

responses against multiple SARS-CoV-2 variants in mice, while offering complete protection against SARS-CoV-2-induced weight loss and

death. In addition, we developed an effective immunization strategy for improving the potency of broadly neutralizing antibodies, which con-

sisted of i.m. priming with an Omicron-S subunit vaccine followed by i.n. boosting with the Delta-RBD vaccine. Our findings collectively imply

that the Delta-RBD-i.n. mucosal vaccine can effectively prevent SARS-CoV-2 transmission at the respiratory mucosa, which can be further

improved by Omicron-S priming to protect against the infection of known and emerging SARS-CoV-2 variants with pandemic potential.

Limitations of the study

This study mainly focused on the protective efficacy of the glycosylated Delta-RBD mucosal vaccine against the SARS-CoV-2 Delta variant.

Future studies will be performed to evaluate the protection of this vaccine alone or its combination with Omicron-S or other candidate vac-

cines against current Omicron dominant subvariant or other SARS-CoV-2 variants with pandemic potential.

STAR+METHODS

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

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

Figure 5. Intranasally immunized Delta-RBD protein with or without Omicron-S priming protected mice from challenge with the SARS-CoV-2 Delta

variant

One month after the last immunization of the respective vaccines or PBS control plus adjuvant(s), K18-hACE2 mice were challenged with a SARS-CoV-2 Delta

variant (104 PFU/mouse), and mouse survival and weight changes were investigated for 14 days post-challenge.

(A–E) Survival of challenged mice immunized with Delta-RBD-i.m. (A), Omicron-S-i.m. (B), S-i.m. + RBD-i.n. (C), Delta-RBD-i.n. (D), or Omicron-S-i.n. (E).

(F–J) Comparison of weight changes of challenged mice immunized with Delta-RBD-i.n. or Delta-RBD-i.m. (F), Delta-RBD-i.n. or S-i.m. + RBD-i.n. (G), Delta-RBD-

i.n. or Omicron-S-i.n. (H), Delta-RBD-i.n. or Omicron-S-i.m. (I), and S-i.m. + RBD-i.n. or Omicron-S-i.n. (J), respectively.

The data (in F–J) are shown as mean +s.e.m. of five mice in each group. Delta-RBD-i.m. or Delta-RBD-i.n. indicates Delta-RBD protein intramuscular or intranasal

immunization. Omicron-S-i.m. or Omicron-S-i.n. indicates Omicron-S protein intramuscular or intranasal immunization. S-i.m. + RBD-i.n. indicates i.m. priming

with the Omicron-S protein followed by i.n. boosting with the Delta-RBD protein. Controls, PBS with relevant adjuvants injected via i.m., i.m. + i.n., or i.n. route. *

(p < 0.05) and *** (p < 0.001) designate significant differences among Delta-RBD-i.n. and other groups.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Requests for additional information, resources, or reagents should be directed to the lead contact (ldu3@gsu.edu).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse IgA antibody-HRP Invitrogen Cat# 62-6720

Anti-mouse IgG (Fab) antibody-HRP Sigma Cat# A9917; RRID: AB_258476

Anti-mouse-IgG (H+L) antibody-HRP Invitrogen Cat# 31430

Anti-Mouse IgG1 antibody-HRP Invitrogen Cat# PA1-74421

Anti-Mouse IgG2c antibody-HRP Invitrogen Cat# PA1-29288

Experimental models: Cell lines

hACE2/293T Laboratory stock N/A

HEK293F Thermo Fisher Scientific Cat# K900001

HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063

Chemicals, peptides, and recombinant proteins

Fat-free milk Bio-Rad Cat# 1706404

Polyetherimide (PEI) Sigma Cat# 919012

Recombinant DNA

pLenti-CMV-luciferase Addgene Cat# 17477

PS-PAX2 Addgene Cat# 12260

Software and algorithms

Gen5 BioTek Instruments N/A

GraphPad Prism 9 Graphpad Software N/A

Bacterial and virus strains

Live SARS-CoV-2 Delta variant GISAID Accession No: EPI_ISL_2331496

Pseudotyped SARS-CoV-2 original strain GenBank Accession No: QHR63250.2

Pseudotyped SARS-CoV-2 BA1 subvariant GISAID Accession No: EPI_ISL_6795835

Pseudotyped SARS-CoV-2 BA2 subvariant GISAID Accession No: EPI_ISL_12030355

Pseudotyped SARS-CoV-2 BA5 subvariant GISAID Accession No: EPI_ISL_12043290

Pseudotyped SARS-CoV-2 XBB subvariant GISAID Accession No: EPI_ISL_15341139

Other

Aluminum adjuvant InvivoGen Cat# vac-alu-250

Fetal bovine serum (FBS) R&D Systems Cat# S11550

Luciferase Assay System Promega Cat# E1501

Monophosphoryl lipid A adjuvant InvivoGen Cat# vac-mplas

Ni-NTA Superflow Qiagen Cat# 1018401

nProtein A Sepharose 4 Fast Flow GE Healthcare Cat# 17-5280-02

Gibco� Penicillin and Streptomycin Thermo Fisher Scientific Cat# 15140122

Poly(I:C) adjuvant InvivoGen Cat# tlrl-picw
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Materials availability

� Special constructs and materials related to this study are available from the lead contact with a signed Material Transfer Agreement.

Data and code availability

� All data relevant to the study are included in this paper.
� No code was used in this study.
� Any additional information required for reanalyzing the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HEK293F, 293T, and 293T expressing human ACE2 receptor (hACE2/293T) cells were cultured at 37�C in the presence of 5% CO2. The 293F

cells were cultured in ESF serum-free medium (CSF) (Expression Systems). The 293T and hACE2/293T cells were cultured in Dulbecco’s Modi-

fied Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) (R&D Systems) and 1% Gibco� Penicillin-Streptomycin (Thermo Fisher

Scientific).

Viruses

The following SARS-CoV-2 pseudoviruses were used, and they were generated from relevant recombinant plasmids. Specifically, a recombi-

nant wild-type (WT)-S-DNAplasmid encoding full-length S protein of the original SARS-CoV-2 strain (GenBank: QHR63250.2) was constructed

by inserting the S gene sequence into pcDNA3.1/V5-His-TOPO vector (Thermo Fisher Scientific). The S-DNA plasmids of Delta variant and

Omicron subvariants, including BA1 (GISAID: EPI_ISL_6795835), BA2 (GISAID: EPI_ISL_12030355), BA5 (GISAID: EPI_ISL_12043290), and XBB

(GISAID: EPI_ISL_15341139), were constructed to contain the respective mutations at the RBD using the multi-site-directed mutagenesis kit.

Live SARS-CoV-2 Delta variant (hCoV-19/USA/MD-HP05647/2021; GISAID: EPI_ISL_2331496) was used in this study.

Mice

Male and femaleC57BL/6 (B6)mice and female K18-hACE2 transgenicmice (6-8-week-old) were used for the immunization studies. Theywere

randomly assigned to different vaccination groups. The animal protocols were approved by the Institutional Animal Care and Use Commit-

tees (IACUC) of Georgia State University and University of Iowa. All mouse experiments were performed according to our approved protocols

and the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health.

METHOD DETAILS

Preparation of recombinant protein vaccines

The glycosylated Delta-RBD DNA construct containing a C-terminal Fc tag of human IgG1 was prepared by mutation of residues L452R and

T478K of the original RBD sequence (with glycosylation of residues 519 and 521 of the S protein) of SARS-CoV-2 strain (GenBank:QHR63250.2)

using amulti-site-directedmutagenesis kit (Agilent Technologies), and insertion into amammalian cell expression vector.11,41 TheOmicron-S

DNA construct contained the codon-optimized S sequence of B.1.1.529 variant (GISAID: EPI_ISL_6795835) of SARS-CoV-2 and HexaPro se-

quences, as well as a C-terminal foldon motif and a His6 tag, which was then inserted into the above vector.11 The amino acid residues were

mutated to include substitutions at S371F, T376A, D405N, R408S, L452R, and F486V. The sequence-confirmed recombinant DNA plasmids

were transfected into HEK293F cells, and related proteins were purified from culture supernatants using nProtein A Sepharose 4 Fast Flow (for

Delta-RBD) (GE Healthcare) and Ni-NTA Superflow (for Omicron-S) (Qiagen), respectively.

Enzyme-linked immunoassay

Enzyme-linked immunoassay (ELISA) was used to test specific IgG and IgA antibodies induced in immunized mouse sera and lung BAL

fluid, respectively.21,42 Specifically, ELISA plates were coated with the Delta-RBD or Omicron-S proteins (1 mg/ml) at 4�C overnight, and

blocked with the PBST-blocking buffer (2% non-fat milk in PBS containing 0.05% Tween-20) at 37�C for 2 h. The plates were washed with

PBST buffer for five times, and then sequentially incubated with mouse sera at serial dilutions or lung BAL fluid collection, and horse-

radish peroxidase (HRP)-conjugated anti-mouse IgG (Fab-specific, 1:60,000, Sigma; or whole antibody, 1:10,000, Invitrogen), anti-

mouse-IgG1 (1:8,000, Invitrogen), anti-mouse-IgG2c (1:10,000, Invitrogen), or anti-mouse IgA (1:3,000, Invitrogen) antibody at 37�C
for 1 h. After further washes, the plates were incubated with TMB (3,3’,5,5’-Tetramethylbenzidine) substrate (Sigma), followed by

stop of the reaction by H2SO4 (1 N). Absorbance at 450 nm (A450 value) was measured using Cytation 7 Microplate Multi-Mode Reader

(BioTek Instruments).

SARS-CoV-2 pseudovirus generation and neutralization assay

These experiments were performed as described below.43,44 The sequence-confirmed recombinant plasmids listed in the virus section were

used for generation of pseudoviruses. Each of the above plasmids was respectively co-transfected with PS-PAX2 and pLenti-CMV-luciferase
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plasmids into 293T cells (ATCC) using the Polyetherimide (PEI) transfection method, followed by collection of pseudovirus-containing super-

natants 72 h post-transfection. For pseudovirus neutralization assay, each pseudovirus was respectively incubated with serially dilutedmouse

sera at 37�C for 1 h, followed by addition of the virus-serum mixture to 293T cells expressing hACE2 (hACE2/293T) (Lab stock) pre-seeded in

96-well plates. After addition of fresh medium 24 h later, the cells were continually cultured for up to 72 h, and lysed using cell lysis buffer,

followed by incubation with luciferase substrate (Promega). Relative luciferase activity was then measured using Cytation 7 Microplate

Multi-Mode Reader. 50% neutralizing antibody titer (NT50) of each serum sample was calculated accordingly.45

Immunization procedures and sample collection

Two separate immunizations were performed to evaluate immune responses, neutralizing antibodies, and protective efficacy induced by the

vaccines (Figure 1).25 First, K18-hACE2 mice (B6 background) were immunized with the following proteins (10 mg protein/mouse) or controls:

intramuscularly (i.m.) with 1) Delta-RBD or 2) Omicron-S for three doses at 3 weeks, 3) i.m. with Omicron-S for the 1st dose and intranasally (i.n.)

with Delta-RBD for two boosts at 3 weeks, and i.n. with 4) Delta-RBD or 5) Omicron-S for three doses at 3 weeks. PBS injected via i.m., i.m. +

i.n., and i.n. routes, respectively, was included as controls. Aluminum (500 mg/mouse) and monophosphoryl lipid A (MPL, 10 mg/mouse) ad-

juvants (InvivoGen) were used for proteins via the i.m. route (100 ml/mouse), and Poly(I:C) (10 mg/mouse) adjuvant (InvivoGen) was used for

proteins via the i.n. route (20 ml/mouse). The use of the above adjuvants for the i.m. and i.n. routes were based on our previously optimized

protocols.11,21 Sera were collected 10 days after the last immunization for detection of specific IgG, IgG1, IgG2c, and neutralizing antibodies

as described above. Immunizedmicewere challengedwith the SARS-CoV-2Delta variant four weeks after the last immunization for evaluation

of protective efficacy. Second, B6 mice were immunized with each protein or control as described above. Four weeks after the last immuni-

zation, BAL fluid was collected from mouse lungs for evaluation of specific IgA antibody response as described above.

Challenge of mice with SARS-CoV-2 Delta variant

The challenge experiments were performed as described below.11,25 Four weeks after the last immunization, K18-hACE2 mice were i.n. chal-

lenged with a Delta variant of SARS-CoV-2 (104 plaque-forming unit (PFU)/mouse, 50 ml/mouse), and investigated for body weight changes

and survival for 14 days post-infection. Mice that were moribund or lost 30% weight were humanely euthanized by cervical dislocation under

anesthesia.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance amongdifferent groups was determined using statistical software (GraphPad Prism 9). Statistical differences of IgG and

IgG subtype antibody responses, as well as neutralizing antibody titers, among different groups were calculated using Tukey’s multiple com-

parison test. Statistical differences of weight changes among different groups after viral challenge were compared using unpaired two-tailed

student t test. *, **, and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively.
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