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Abstract

Emergence of SARS-CoV-2 variants of concern (VOCs), including the highly transmissible 

Omicron and Delta strains, has posed constant challenges to the current COVID-19 vaccines 

that principally target the viral spike protein (S). Here, we report a nucleoside-modified messenger 

RNA (mRNA) vaccine that expresses the more conserved viral nucleoprotein (mRNA-N) and 

show that mRNA-N vaccination alone can induce modest control of SARS-CoV-2. Critically, 

combining mRNA-N with the clinically proven S-expressing mRNA vaccine (mRNA-S+N) 

induced robust protection against both Delta and Omicron variants. In the hamster models of 

SARS-CoV-2 VOC challenge, we demonstrated that, compared to mRNA-S alone, combination 

mRNA-S+N vaccination not only induced more robust control of the Delta and Omicron variants 

in the lungs but also provided enhanced protection in the upper respiratory tract. In vivo CD8+ 

T cell depletion suggested a potential role for CD8+ T cells in protection conferred by mRNA-

S+N vaccination. Antigen-specific immune analyses indicated that N-specific immunity, as well 

as augmented S-specific immunity, was associated with enhanced protection elicited by the 

combination mRNA vaccination. Our findings suggest that combined mRNA-S+N vaccination 

is an effective approach for promoting broad protection against SARS-CoV-2 variants.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), has spread rapidly and led to a major pandemic since its 

detection in December 2019 (1, 2). A number of vaccines based on various platforms have 

been developed in response to the COVID-19 pandemic (3), among which two mRNA 

vaccines and the adenovirus type 26–vectored vaccine showed high efficacy in late-stage 

clinical trials and have been licensed or received emergency use authorization in the 

United States and many other regions of the world (3). Although the rapid development 

of these first-generation vaccines provides hope for ending the COVID-19 pandemic, 

the emergence of variants of concern (VOCs), including the highly transmissible Delta 

and Omicron strains, has posed constant challenges to vaccine-induced immunity (4–11). 

Multiple spike (S) protein variants have been identified with reduced sensitivity to vaccine-

induced neutralization (6–8). Clinical studies also indicate that current COVID-19 vaccines 

show decreased efficacy against the Delta (12) and Omicron (13) variants.

Current COVID-19 vaccines principally target the viral S protein or its receptor binding 

domain, with the major goal of eliciting a potent neutralizing antibody response (3). We 

hypothesize that a vaccine approach targeting a more conserved viral protein, in addition 
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to S, would provide broader protection against VOCs. Among the SARS-CoV-2 viral 

proteins, the nucleoprotein (N) is a major structural protein involved in viral assembly 

and genome packaging (14). Bioinformatic analysis showed that, compared to S, the N 

protein is more conserved between SARS-CoV-1 and SARS-CoV-2 (90 and 76% amino 

acid sequence identity for N and S, respectively) and across different coronaviruses (15–17). 

Immunologically, N is an immunodominant protein and triggers a strong T cell response that 

has been shown to correlate with viral control in SARS-CoV-2 infection (18, 19). Immune 

analysis of SARS-CoV-1–infected individuals showed that N-specific memory T cells 

remained detectable 17 years after the 2002 to 2003 SARS outbreak and manifested robust 

cross-reactivity with the N protein of SARS-CoV-2 (20), indicating that N-specific T cell 

immunity is long-lasting and may provide broader protection against various coronaviruses 

(21). Thus, the N protein is considered a promising immunogen for incorporation in SARS-

CoV-2 vaccine designs (22, 23) to generate a more robust and broadly protective vaccine 

platform in the face of future viral mutations.

In this study, we generated a nucleoside-modified (m1Ψ) mRNA vaccine that encodes 

the full-length N protein of SARS-CoV-2 (Wuhan-Hu-1 strain) and formulated it in lipid 

nanoparticles (LNPs). We showed that mRNA-N was highly immunogenic and induced 

robust N-specific T cell responses and binding antibodies. In mouse and hamster challenge 

models, we demonstrated that mRNA-N alone induced modest protection against SARS-

CoV-2. Furthermore, we combined mRNA-N with the clinically proven S mRNA vaccine 

(mRNA-S) (24, 25) and tested its protective efficacy against SARS-CoV-2 Delta and 

Omicron variants. Our data showed that combination mRNA vaccination induced more 

robust control of the Delta and Omicron variants in the lungs and also provided additional 

control of both variants in the upper respiratory tract. Our study suggests potential broad 

utility of our mRNA vaccine approach against current and emerging SARS-CoV-2 VOCs.

RESULTS

mRNA-N vaccine is immunogenic and induces robust antibody and T cell response in mice

The coronavirus N protein is an important viral antigen that induces durable and broadly 

reactive T cells. We generated a methyl-pseudouridine–modified (m1Ψ) mRNA that encodes 

full-length N protein (QHD43423.2) of the ancestral, or wild-type, SARS-CoV-2 strain 

(Wuhan-Hu-1; fig. S1A). Synthesis, purification, and LNP formation of the mRNA-N 

vaccine were conducted as previously described (26–28). Western blot analysis confirmed 

the expression of the N protein in 293T cells after mRNA-N-LNP treatment (fig. S1B).

The immunogenicity of mRNA-N was evaluated in BALB/c mice (Fig. 1A). Two groups 

of mice (n = 7 per group) were vaccinated with phosphate-buffered saline (PBS; mock) or 

mRNA-N (1 μg), a dose selected on the basis of previous studies testing similar mRNA-LNP 

in mice (29). Vaccination was given intra-muscularly at week 0 (prime) and week 3 (boost). 

Three weeks after prime vaccination (on the day of the booster), serum samples were 

collected for analysis of antibody responses; two weeks after the booster (week 5), mice 

were euthanized and subjected to immunological analyses (Fig. 1A). First, T cell responses 

were examined in splenocytes by flow cytometry. On the basis of CD44 expression, a 

marker used for T cell activation and memory (30, 31), we observed that, compared to the 
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mock controls, mRNA-N induced strong CD4+ and CD8+ T cell activation in the spleen 

(Fig. 1B). The N-specific T cell response was measured by intracellular cytokine staining 

(ICS) after stimulation of splenocytes with a 15-amino acid peptide pool that spans the entire 

N protein (QHD43423.2). Representative flow cytometry plots for cytokine expression in 

T cells are shown in Fig. 1C and fig. S2A. Compared to the mock controls, mRNA-N 

induced high N-specific CD4+ and CD8+ T cell responses (P < 0.001 for all three cytokines; 

Fig. 1, D and E). N-specific T cells appeared to predominantly express tumor necrosis 

factor–α (TNF-α; median, 1.60% for CD4+ T cells and 0.77% for CD8+ T cells), followed 

by interferon-γ (IFN-γ) and interleukin-2 (IL-2; Fig. 1, D and E). The mRNA-N vaccine–

induced T cell response was also evaluated by an IFN-γ enzyme-linked immunosorbent spot 

(ELISPOT) assay (fig. S2B). Compared to mock controls, the vaccine elicited high numbers 

of N-specific T cells in the spleen [median spot-forming cells (SFC)/106 splenocytes for 

mock versus mRNA-N: 6 versus 638; P < 0.01; Fig. 1F].

We next examined antibodies in the mouse serum samples after prime and booster 

immunization. Compared to the mock controls, prime immunization induced strong N-

specific–binding immunoglobulin G (IgG) responses (Fig. 1G, left), which were further 

enhanced by the booster (Fig. 1G, right). To determine antibody end point titers (EPTs), 

serum samples were serially diluted, and N-specific–binding IgG was examined by enzyme-

linked immunosorbent assay (ELISA) (fig. S2C). The analysis showed that median IgG 

EPTs after prime and booster vaccinations were 24,300 and 656,100, respectively (Fig. 

1H). Last, serum neutralizing activity was determined by the plaque reduction neutralization 

test (PRNT). As expected, on the basis of the lack of exposure to the S protein that 

mediates viral entry, no neutralizing activity was detected in any of the vaccinated animals 

(Fig. 1I). Together, these data suggest that the mRNA-N vaccine is highly immunogenic 

and intramuscular immunization induces a robust N-specific T cell immunity and binding 

antibody response.

mRNA-N vaccination alone induces modest control of SARS-CoV-2 infection in mice and 
hamsters

It remained unclear whether immunization with the N-expressing vaccine alone would 

induce immune-mediated control of SARS-CoV-2 infection. We evaluated effectiveness of 

mRNA-N in animal models. First, two groups of BALB/c mice (n = 8 per group) were 

vaccinated with either PBS (mock) or mRNA-N vaccine at week 0 (prime) and week 3 

(boost), followed by intranasal challenge with a mouse-adapted SARS-CoV-2 strain [MA-

SARS-CoV-2; 2 × 104 plaque-forming units (pfu)] (32) at week 5 (Fig. 2A). Two days post 

infection (DPI), viral loads in the lungs were quantified for viral RNA and infectious titers. 

Compared to the mock-immunized controls, intramuscular immunization with mRNA-N 

induced a modest but significant reduction in viral RNA copies (P < 0.001; Fig. 2B) and 

viral titers (P < 0.001; Fig. 2C). We also evaluated the vaccine’s protective effect in mice 

after intranasal immunization using the same vaccination schedule and challenge dose as 

in the intramuscular route. In contrast to intramuscular vaccination, intranasal vaccination 

did not induce notable viral control in the lungs (fig. S3, A and B). Consistent with the 

lack of protection, no antibody response (binding IgG) was induced in serum samples after 
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mRNA-N intranasal immunization (fig. S3C). Thus, intramuscular immunization was used 

in all subsequent experiments.

Next, we evaluated the vaccine against the SARS-CoV-2 Delta variant in hamsters, which 

are susceptible to wild-type SARS-CoV-2 strains. Three cohorts were investigated (Fig. 2D). 

The first two (n = 12 per group) were intramuscularly vaccinated with PBS (mock) or 

the mRNA-N vaccine (2 μg) at weeks 0 and 3, followed by intranasal challenge with the 

SARS-CoV-2 Delta strain (2 × 104 pfu). A higher vaccine dose (2 μg) was selected on the 

basis of previous studies evaluating similar mRNA-LNP COVID-19 vaccines in hamsters 

(33, 34). For each group, on 2 DPI (n = 6) and 4 DPI (n = 6), viral RNA copies and 

infectious titers in the lungs were assayed, along with viral RNA copies in nasal washes. 

In addition, a third group (n = 6) that received the mRNA-N vaccine but underwent in 

vivo CD8+ T cell depletion was included (Fig. 2D). These hamsters received two doses of 

CD8-depletion antibody (35, 36) at 6 and 3 days before challenge, and viral RNA copies in 

the lungs were analyzed on 2 DPI (n = 6). The data showed that on 2 DPI, compared to the 

mock control, mRNA-N induced a statistically significant but modest impact on viral RNA 

copies and infectious titers (P < 0.01; Fig. 2, E and F). On 4 DPI, compared to the mock 

controls, a more profound effect was observed for the vaccine in reducing viral RNA copies 

(3-fold reduction; P < 0.05; Fig. 2E) and infectious titers (173-fold reduction; P < 0.01; Fig. 

2F).

Hamster body weights were monitored on the day of challenge through 4 DPI. Infection 

with Delta led to considerable weight loss in the mock-vaccinated group (greater than 5% on 

4 DPI); mRNA-N–vaccinated hamsters exhibited reduced weight loss at 4 DPI as compared 

to mock-vaccinated hamsters (P < 0.05; Fig. 2G). These data indicated modest protection 

conferred by mRNA-N vaccine against SARS-CoV-2 Delta challenge. In addition, we 

compared viral RNA copies in the lungs of hamsters that received mRNA-N vaccine with 

or without CD8+ T cell depletion (Fig. 2H). CD8+ T cell depletion largely abrogated the 

effect of the vaccine on viral control (Fig. 2H), indicating a potential role for CD8+ T cells 

in mRNA-N–induced protection against SARS-CoV-2 Delta challenge. Last, compared to 

the mock controls, mRNA-N vaccination did not reduce viral loads in the nasal washes 

(fig. S3D). These results indicate that mRNA-N alone has minimal impact in the upper 

respiratory tract, likely because of the vaccine’s inability to induce neutralizing antibodies.

Combination mRNA vaccination induces robust protection against challenge with MA-
SARS-CoV-2 in mice and the SARS-CoV-2 Delta variant in hamsters

After demonstrating that mRNA-N alone was immunogenic and elicited modest efficacy 

against SARS-CoV-2, we next explored whether a bivalent vaccine consisting of both 

mRNA-N and the S-expressing mRNA vaccine (mRNA-S) would induce more robust 

protection against variants. Thus, in addition to mRNA-N, we also generated an m1Ψ-

modified mRNA vaccine that expresses the prefusion-stabilized SARS-CoV-2 S protein with 

two proline mutations (named “mRNA-S-2P”; Wuhan-Hu-1), similar to Pfizer/BioNTech’s 

BNT162b (37) and Moderna’s mRNA-1273 (38) vaccines. First, we tested these vaccines 

in BALB/c mice. Three groups of mice (n = 8 per group) were immunized with either PBS 

(mock), mRNA-S (1 μg), or the combination mRNA-S/mRNA-N vaccine (mRNA-S+N; 1 
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μg of each mRNA) at weeks 0 and 3, followed by intranasal challenge with the MA-SARS-

CoV-2 strain (2 × 104 pfu) at week 5; on 2 DPI, viral titers and RNA copies in the lungs 

were measured (Fig. 3A). Compared to mock vaccination, both mRNA-S alone and the 

combined mRNA-S+N induced complete viral control with no detectable infectious virus 

in the lungs (Fig. 3B). However, quantification of viral RNA by the more-sensitive reverse 

transcription polymerase chain reaction (RT-PCR) approach revealed a significant difference 

between mRNA-S and mRNA-S+N (P < 0.001; Fig. 3C). Compared to the mock control, 

mRNA-S alone remained highly effective in reducing viral RNA copies in the lungs (seven 

of eight with weakly detectable RNA and one of eight with no detect- able RNA); however, 

mRNA-S+N induced complete protection against viral RNA in the lungs in all eight mice 

tested (Fig. 3C).

Second, we tested these vaccines against the Delta variant in hamsters. Three groups (n = 

12 per group) were vaccinated with PBS (mock), mRNA-S (2 μg), or mRNA-S+N (2 μg for 

each) at weeks 0 and 3, followed by intranasal challenge at week 5. On 2 (n = 6) and 4 DPI 

(n = 6), hamsters were analyzed for vaccine-induced protection on the basis of viral loads, 

lung histopathologic lesions, and body weight loss (Fig. 3D). On 2 DPI, compared to mock 

vaccinations, mRNA-S alone induced substantial control of infectious virus in the lungs (two 

of six with detectable titers), whereas mRNA-S+N induced complete viral control with no 

detectable titers in any of the six hamsters (Fig. 3E). On 4 DPI, both mRNA-S and mRNA-

S+N vaccinations completely controlled virus in the lungs (Fig. 3E). Analysis of viral RNA 

revealed a more profound difference between mRNA-S and mRNA-S+N. Compared to 

mock vaccination, mRNA-S alone reduced lung viral RNA copies by 57-fold (P < 0.01; Fig. 

3F). Critically, relative to mRNA-S, mRNA-S+N induced a more robust viral control on 2 

DPI and reduced viral RNA copies by an additional 12-fold (P < 0.05 for mRNA-S versus 

mRNA-S+N; Fig. 3F). Compared to mock vaccination, mRNA-S+N induced a 770-fold 

reduction in median viral RNA copies (Fig. 3F). A similar result was observed on 4 DPI 

(Fig. 3F). Consistent with the viral load data, lung histopathological analysis showed that on 

2 DPI, Delta challenge caused evident changes in the mock-immunized hamsters, including 

bronchiolitis and interstitial pneumonia (Fig. 3G). Hamsters vaccinated with mRNA-S or 

mRNA-S+N were all protected from these lesions and demonstrated normal bronchial, 

bronchiolar, and alveolar architecture (Fig. 3G). The data indicate that mRNA-S vaccine 

itself is effective against disease caused by SARS-CoV-2 Delta, consistent with clinical 

findings (39) and further show that mRNA-S+N was highly protective in both models.

Viral RNA copies in nasal washes were examined on 2 and 4 DPI. Unlike the robust viral 

control provided by mRNA-S in the lungs, mRNA-S was less effective in reducing viral 

RNA copies in the nasal washes on both 2 (mock versus mRNA-S, threefold reduction) 

and 4 DPI (fivefold reduction) (Fig. 3H). These data suggest that mRNA-S induces 

strong protection against disease but reduced protection against infection and upper airway 

shedding by the Delta variant (12). Compared to mRNA-S alone, mRNA-S+N induced 

more robust viral control in the nasal washes on 2 DPI (mock versus mRNA-S+N, 11-fold 

reduction; P < 0.01) and 4 DPI (98-fold reduction, P < 0.05; Fig. 3H). Together, these data 

support that combination mRNA-S+N vaccination induces stronger and faster control of 

SARS-CoV-2 Delta infection in both lungs and the upper respiratory tract as compared 
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to mRNA-S alone, indicating that this vaccine approach may also reduce the risk of 

transmission.

Body weights analysis showed that challenge with the Delta variant caused progressive 

weight loss in the mock-vaccinated hamsters, declining by greater than 5% on 4 DPI (Fig. 

3I), which is comparable with that caused by the wild-type SARS-CoV-2 (40). Compared 

to mock vaccination, mRNA-S alone or the bivalent mRNA-S+N protected hamsters from 

weight loss on 3 and 4 DPI (Fig. 3I). Last, compared to mRNA-S alone, mRNA-S+N 

resulted in significantly reduced weight loss at 2 DPI (P < 0.05; Fig. 3I).

Combination mRNA vaccination induces robust protection against the SARS-CoV-2 
Omicron variant in hamsters

We next investigated the efficacy of mRNA-S+N vaccination against the SARS-CoV-2 

Omicron variant (BA.1). First, four groups of hamsters (n = 10) were vaccinated with empty 

LNP (mock), mRNA-S (2 μg), mRNA-S (4 μg), or mRNA-S+N (2 μg for each mRNA) at 

weeks 0 and 3 (Fig. 4A). The mRNA-S (4 μg) dose group was included as another control 

to determine whether enhanced protection by mRNA-S+N was due to the higher total dose 

of mRNA or LNP. Two weeks after the booster (week 5), all hamsters were intra- nasally 

challenged with the SARS-CoV-2 Omicron strain (2 × 104 pfu). On 2 (n = 5) and 4 DPI 

(n = 5), protection was analyzed on the basis of viral loads, histopathologic changes in 

the lungs, and body weight changes (Fig. 4A). On 2 DPI, compared to the empty LNP 

control, mRNA-S (2 μg) induced only modest control of the Omicron variant in the lungs 

based on viral RNA copies (12-fold reduction) and infectious titers (3-fold reduction) (Fig. 

4, B and C). Compared to 2 μg of mRNA-S, vaccination with 4 μg of mRNA-S induced 

comparable viral control on both 2 and 4 DPI, based on viral RNA copies (Fig. 4, B and 

D) and infectious titers (Fig. 4, C and E). These data indicate that a higher mRNA-S dose 

did not provide markedly stronger protection against the Omicron. Critically, compared to 

mRNA-S alone (either 2 or 4 μg), combination mRNA-S+N induced more robust control of 

Omicron based on viral RNA copies (Fig. 4, B and D) and infectious titers (Fig. 4, C and E). 

On 2 DPI, mRNA-S+N induced complete viral control with no detectable viral RNA in four 

of five hamsters (Fig. 4B). Viral titers yielded comparable results: There was no detectable 

infectious virus in four of five hamsters in the mRNA-S+N group, whereas four of five 

hamsters in the mRNA-S (4 μg) group had detectable virus (Fig. 4C). A similar result was 

observed on 4 DPI. Relative to mRNA-S alone, mRNA-S+N vaccination further reduced 

median viral RNA copies by 100-fold (Fig. 4D). Last, pooled analysis of viral titers for 2 

and 4 DPI lung samples revealed a significant difference between mRNA-S and mRNA-S+N 

groups (P < 0.01; Fig. 4F).

Histopathological analysis showed no changes in the lungs in any hamsters on 2 DPI, 

including the mock-vaccinated controls (fig. S4). However, considerable changes, including 

bronchitis and interstitial pneumonia, became evident on 4 DPI (Fig. 4G). Compared to the 

mock-vaccinated controls, hamsters vaccinated with mRNA-S alone, either at the 2 or 4 μg 

dose, still developed lesions, including interstitial pneumonia and peribronchitis; critically, 

mRNA-S+N vaccination fully protected hamsters from all lesions with normal bronchial, 
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bronchiolar, and alveolar architecture (Fig. 4G). This finding is consistent with the strong 

protection indicated by the above viral load data.

Analysis of viral RNA in the nasal washes indicated that mRNA-S vaccination (2 or 4 

μg) had limited effects on SARS-CoV-2 Omicron shedding in the upper respiratory tract 

and only weakly reduced viral copies compared to the LNP controls (Fig. 4H). This likely 

indicates a strong immune escape of Omicron from mRNA-S–induced neutralization (9–11, 

41). This weak protective effect in the nasal washes was further diminished by 4 DPI (fig. 

S5). However, on 2 DPI, compared to mRNA-S alone, mRNA-S+N vaccination induced 

a significant reduction in viral RNA copies in the nasal washes (3.3-fold reduction; P < 

0.01; Fig. 4H), indicating that mRNA-S+N vaccination also provides additional control of 

Omicron in the upper respiratory tract.

Body weight analysis highlighted differences between Delta and Omicron infections in the 

hamsters (using the same challenge doses). Infection with the Delta variant produced a 

progressive decline in body weights (Fig. 3I), whereas hamsters infected with Omicron 

maintained a steady increase in weights through 4 DPI (Fig. 4I), consistent with reports 

that Omicron infection is more attenuated in animal models (42–44). Compared to mRNA-S 

alone (2 and 4 μg), mRNA-S+N vaccination led to a significant increase in weights (P 
< 0.05 for 3 and 4 DPI; Fig. 4I). Body weight increases for the mRNA-S+N–vaccinated 

hamsters were comparable to those of uninfected hamsters reported previously (about 6% 

increase by 4 DPI) (40). This indicates that mRNA-S+N vaccination protects hamsters from 

Omicron-induced morbidity, consistent with its robust protection against viral loads and 

pathologic effects in the lungs.

To explore the potential involvement of CD8+ T cells in mRNA-S+N–induced protection, 

we included another group of hamsters (n = 10) that received the same mRNA-S+N vaccine 

at weeks 0 and 3. Six and 3 days before the Omicron challenge, hamsters were injected 

(intraperitoneally) with two doses of antibody for in vivo CD8+ T cell depletion (Fig. 4A) 

(35, 36). CD8+ T cell depletion efficiency was confirmed by flow cytometry (fig. S6). 

Compared to mRNA-S+N vaccination without depletion, CD8+ T cell depletion resulted 

in a modest but significant increase in viral copies in the lungs on 2 DPI (P < 0.05; Fig. 

4J). Pooled analysis of 2 and 4 DPI samples indicated a significant effect of CD8+ T cell 

depletion on viral RNA copies in the lungs (P < 0.01; Fig. 4K). Body weight analysis 

showed that, compared to mRNA-S+N or LNP-vaccinated hamsters, CD8+ T cell–depleted 

hamsters had reduced body weight gain on both 2 and 4 DPI (Fig. 4L), also indicating 

the potential involvement of CD8+ T cells in immune protection against Omicron by mRNA-

S+N vaccination.

Combination mRNA vaccination elicits robust N- and S-specific T cell and humoral 
immunity

To better understand antigen-specific immune responses induced by vaccination, a mouse 

immunogenicity experiment was conducted, where three groups of BALB/c mice (n = 7 

per group) were vaccinated with PBS (mock), mRNA-S alone, or mRNA-S+N at weeks 0 

and 3 using a similar experimental design to that described in Fig. 1A. Mouse splenocytes 

collected at week 5 were stimulated with S or N peptide pools, and ICS was performed 
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to identify S- and N-specific T cells (Fig. 5, A to D). The data showed that combination 

mRNA-S+N vaccination elicited robust S-specific (Fig. 5, A and B) and N-specific (Fig. 5, 

C and D) CD4+ and CD8+ T cell responses. Among the cytokines examined, TNF-α was 

highly expressed by both S- and N-specific T cells, followed by IFN-γ and IL-2 (Fig. 5, A 

to D). Compared to mRNA-S alone, the mRNA-S+N vaccination appeared to augment the 

S-specific CD8+ T cell response (P < 0.001 for IFN-γ+ and P < 0.01 for TNF-α+) (Fig. 5B). 

Induction of S- and N-specific T cells by mRNA-S+N vaccination compared to mRNA-S 

alone was also confirmed by IFN-γ ELISPOT (Fig. 5E and fig. S7).

Serum binding IgG to S or N was measured by ELISA, and the data revealed similar 

patterns (Fig. 5, F and G). The mRNA-S alone induced robust binding IgG targeted to S 

(Fig. 5F), but not to N (Fig. 5G), after prime vaccination, which was markedly enhanced by 

the booster vaccination (Fig. 5F). Compared to mRNA-S alone, combination mRNA-S+N 

elicited strong binding IgG specific to both S and N proteins after prime vaccination, both of 

which were also enhanced by the booster vaccination (Fig. 5, F and G).

We next evaluated vaccine-induced serum neutralizing activities. In the hamster study 

described earlier (Fig. 3D), serum samples were collected after booster vaccination (week 

5) and before viral challenge. Their neutralizing activities against wild-type SARS-CoV-2 

(WA1/2020) and the Delta variant were measured by PRNT (45). Serum from the mRNA-

S–vaccinated hamsters manifested strong neutralizing activity against the wild-type virus 

[wild-type half maximal PRNT values (PRNT50), 2667] but markedly reduced neutralizing 

activity against the Delta variant (Delta PRNT50, 440; a 5.1-fold reduction; Fig. 5H). 

Compared to mRNA-S alone, combination mRNA-S+N elicited stronger serum neutralizing 

activity against both the wild-type virus (P < 0.001) and the Delta variant (P < 0.0001; 

Fig. 5H). These data are consistent with the augmented S-specific CD8+ T cell response 

(Fig. 5B) induced by combination mRNA-S+N compared to mRNA-S alone. Together, 

the immune analyses suggest that combination mRNA-S+N vaccination not only induces 

N-specific immunity but also elicits stronger S-specific CD8+ T cell response and serum 

neutralizing antibody activities when compared to mRNA-S alone. These responses may 

collectively contribute to the enhanced protection against the SARS-CoV-2 Delta and 

Omicron variants.

DISCUSSION

Here, we report a nucleoside-modified mRNA vaccine that expresses the SARS-CoV-2 

N (mRNA-N) and its immunogenicity and efficacy when used alone or in combination 

with the S-expressing mRNA vaccine (mRNA-S). We demonstrated that mRNA-N is 

highly immunogenic and, by itself, induced modest control of SARS-CoV-2 infection. 

The combination mRNA-S+N vaccination induces more robust control of the SARS-CoV-2 

Delta and Omicron variants in the lungs than mRNA-S alone and also provides additional 

protection against both variants that results in reduced viral load in the upper respiratory 

tract. In vivo cell depletion suggested potential involvement of CD8+ T cells in mRNA-S+N 

vaccine–induced protection. Antigen-specific immune analysis indicated that induction of 

N-specific immunity, together with the augmented S-specific immunity, is associated with 
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the enhanced protection by the bivalent mRNA vaccination. Our study thus suggests an 

mRNA vaccine approach for improved control of SARS-CoV-2 VOCs.

The emergence of SARS-CoV-2 VOCs has posed challenges to the current S-targeting 

vaccines (4–8), and next-generation vaccine strategies may benefit from multivalency (46). 

Several studies have tested multivalent SARS-CoV-2 candidate vaccines that include the N 

protein, including adenoviral (23, 47) and modified vaccinia Ankara (48, 49) vectors. These 

studies did not compare efficacy with the current, clinically proven S-targeting vaccines. 

In addition, most of these vaccine approaches were only tested against earlier circulating 

VOCs, and their efficacy against the predominant Omicron remains unclear.

We generated an mRNA-LNP vaccine that encodes the N protein alone and demonstrated 

that mRNA-N is immunogenic and elicits strong T cell and binding antibody responses 

without neutralizing activity. Our vaccine thus provides an opportunity to explore whether 

the immune response to the N protein could confer protection against SARS-CoV-2 VOCs 

independent of neutralizing antibodies. The data indeed show that mRNA-N induces modest 

protection against MA-SARS-CoV-2 and Delta strains. Critically, our study also shows 

that combined S and N immunization using the mRNA-LNP platform elicits markedly 

more robust protection against both Delta and Omicron VOCs. Given that the mRNA-LNP 

platform has been clinically proven with a good safety profile in large human populations, 

our approach could be rapidly adapted to clinical testing against emerging and reemerging 

VOCs.

To develop vaccines against VOCs, utilization of VOC-specific S immunogens represents 

another potential strategy (50) and has been tested in animal models (51). It was shown 

that an Omicron S-specific mRNA booster offered no improved protection against Omicron 

challenge when compared to boosting with the ancestral S mRNA vaccine (51), indicating 

that this VOC-targeted booster strategy is likely challenging. In addition, in the face of 

constantly mutating S proteins, design and selection of VOC-specific sequences are too slow 

to be ideal. In our study, both mRNA-N and mRNA-S were designed on the basis of the 

ancestral SARS-CoV-2 sequence (Wuhan-Hu-1). Despite the use of this early sequence, our 

data showed that the inclusion of mRNA-N along with mRNA-S for immunization elicited 

robust protection against both Delta and Omicron. The current study did not compare the 

combination mRNA approach with a third-dose ancestral S mRNA booster, which will be 

investigated in the future to further validate our approach.

Other than neutralizing antibodies, the importance of T cell immunity in protection against 

ancestral and VOC strains has been recognized (52). CD8+ T cell depletion in convalescent 

nonhuman primates (NHPs) led to partially abrogated protection against SARS-CoV-2 

rechallenge (53). Multiple studies have also shown that ancestral SARS-CoV-2 S–specific T 

cells induced by prior infection or vaccination cross-recognize the Omicron S protein (54, 

55). Consistent with these findings, our study provides multiple lines of evidence suggesting 

the involvement of T cells in mRNA-S+N vaccine–induced protection against variants: (i) 

mRNA-N alone induced modest protection against both MA-SARS-CoV-2 and Delta strains 

in the absence of neutralizing antibodies and (ii) in vivo CD8+ T cell depletion supported a 

role for CD8+ T cells in viral control and protection against body weight loss after Omicron 
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challenge. Although our data support the involvement of CD8+ T cells in mRNA-S+N 

vaccination, the relative contributions of N-or S-specific T cells in this process are unclear 

and need to be explored. In addition, because validated antibodies for hamster T cells are 

limited, the in vivo CD8 depletion experiment should be validated in other animal models 

(such as NHPs), where well-characterized antibodies are more readily available. Further 

testing of our vaccine approach in NHPs would also provide additional opportunities to 

evaluate its safety and efficacy in models that are more closely related to humans.

Viral loads in the upper respiratory tract and induction of mucosal immunity are key factors 

affecting SARS-CoV-2 transmission and breakthrough infections in vaccinated people. In 

our hamster models of VOC challenge, whereas the combined mRNA-S+N vaccine induced 

robust viral control in the lungs, its additive antiviral effect appeared to be less profound 

in the upper respiratory tract. Mechanisms of upper airway protection remain unclear 

but may be associated with respiratory mucosal immunity induced by vaccination. Most 

first-generation COVID-19 vaccines, including mRNA-LNP vaccines, were designed for 

intramuscular delivery and induced strong systemic immune responses. Whether systemic 

COVID-19 vaccination effectively induces respiratory immunity is less well defined (46). 

A recent study indicated that, although intramuscular mRNA-S immunization elicited 

strong circulating antibody and T cell responses, respiratory neutralizing antibodies in the 

vaccinated individuals appeared to be weaker than those of COVID-19 convalescent patients 

(56). Animal studies demonstrated that a mucosal booster with a viral vector after the 

mRNA-S prime augmented neutralizing antibodies in the respiratory system (56). Thus, 

heterologous approaches involving different vaccine platforms (such as mRNA and viral 

vectors) and a combination of different immunization routes (such as intramuscular and 

intranasal or oral) are worthy of further investigation to improve airway infection and 

transmission protection against VOCs.

Another interesting finding of our study is that, compared to mRNA-S alone, combination 

mRNA-S+N vaccination led to augmented S-specific immunity. This was unexpected 

because the mRNA-S doses in the two vaccines were identical. A study evaluating various 

doses of mRNA-1273 vaccine in hamsters showed comparable neutralizing antibodies 

induced by 1- and 5-μg doses (34). These results argue against the additional LNP in 

the vaccine being responsible for the augmented S-specific immunity by the combined 

mRNA S+N vaccine. Explanations of this finding are not yet clear. One hypothesis is that 

cross-priming effects occur between N and S antigens after vaccination or that mRNA-N 

coimmunization may induce an immune environment that favors the generation of S-specific 

immunity. A better understanding of mechanisms for S- and N-specific immunity regulation 

after combined mRNA-S+N vaccination is needed. For example, a detailed dissection 

of early events after vaccination, such as protein expression, antigen presentation, and 

stimulation of the innate and inflammatory response, would help address the question.

Our study has several limitations. First, vaccine efficacy was only examined in animal 

models at 2 weeks after booster immunization. Thus, the durability of protection against 

SARS-CoV-2 VOCs is uncertain. Analysis of the durability of the immune response induced 

by mRNA-S+N as compared to mRNA-S alone and evaluation of vaccine efficacy against 
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VOCs at longer intervals after booster immunization would help address this critical 

question. Second, our study evaluated vaccine efficacy in immunologically naïve animals.

Given that large segments of the human population have been vaccinated with the first-

generation vaccines or infected with SARS-CoV-2, it is important to also assess our 

combined vaccine approach as boosters in animal models or humans with preexisting 

immunity. Last, our data show that mRNA-N alone elicits a strong antibody response. 

Although we measured binding and neutralization activities of these antibodies, other 

effector functions of antibodies elicited by vaccination are not clear and warrant further 

investigation. Despite these limitations, our study presents a proof of concept that a vaccine 

approach targeting both the highly variable S and the more conserved N can induce stronger 

and broader protection against SARS-CoV-2 VOCs. This approach may have broad utility 

against future emerging VOCs and thus should be further developed.

MATERIALS AND METHODS

Study design

We designed and generated an mRNA-LNP vaccine that encodes the ancestral SARS-CoV-2 

viral N (mRNA-N). The objective of this study was to evaluate the immunogenicity and 

efficacy of the mRNA-N vaccine alone or in combination with the clinically proven mRNA-

S vaccine against SARS-CoV-2 VOCs. Expression of target viral protein by the vaccine 

was confirmed in 293T cells before testing in animal experiments. In vitro assays (PCR and 

ELISA) included duplicates or were repeated at least twice in the laboratory. The vaccines 

were evaluated in two animal models (mice and hamsters) for protection against three 

SARS-CoV-2 strains (MA-SARS-CoV-2, Delta, and Omicron). The animal study protocols 

were approved by the Institutional Animal Care and Use Committee at the University 

of Texas Medical Branch (UTMB; protocol numbers, 1703020A and 2009087). Animal 

experiments were performed in accordance with the recommendations in the Guide for the 

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

each animal study (n ≥ 5 per group) was not calculated by power analysis. Instead, it was 

determined on the basis of previous virus challenge experiments in our laboratories and 

those reported in the literature. Animals were randomly assigned to each group, and the 

study design was not blinded to researchers and animal facility staff.

mRNA synthesis and LNP formulation

Antigens encoded by the mRNA vaccines were derived from the ancestral SARS-CoV-2 

Wuhan-Hu-1 strain (GenBank MN908947.3). Nucleoside-modified mRNAs expressing 

SARS-CoV-2 full-length N (mRNA-N) or prefusion-stabilized S protein with two proline 

mutations (mRNA-S-2P) were synthesized by in vitro transcription using T7 RNA 

polymerase (MegaScript, Thermo Fisher Scientific) on linearized plasmid templates, as 

previously reported (26). Uridine triphosphate was replaced with one-methylpseudouridine 

(m1Ψ)-5′-triphosphate (TriLink, catalog no. N-1081) for producing nucleoside-modified 

mRNAs. Polyadenylated tails were added to the end of modified mRNAs for optimized 

protein expression. In vitro transcribed mRNAs were capped using ScriptCap m7G capping 

system and ScriptCap 2′-O-methyltransferase kit (ScriptCap, CellScript) (26), followed by 
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purification using the cellulose purification method as previously described (27). Purified 

mRNAs were analyzed by agarose gel electrophoresis and were kept frozen at −20°C. 

The mRNAs were formulated into LNPs using an ethanolic lipid mixture of ionizable 

cationic lipid and an aqueous buffer system, as previously reported (28, 57). Formulated 

mRNA-LNPs were prepared according to RNA concentrations (1 μg/μl) and were stored at 

−80°C for animal immunizations.

Confirmation of protein expression by mRNA-N

293T cells [American Type Culture Collection (ATCC), CRL-3216] in six-well plates were 

directly transfected with 2 μg of mRNA-N-LNP or not transfected (as a cell-only control). 

Eighteen hours after transfection, cells were lysed in radioimmunoprecipitation assay 

buffer (Thermo Fisher Scientific) for Western blot analysis. Cell lysates were centrifuged, 

followed by collection of supernatants for quantification of total protein concentration using 

Microplate bicinchoninic acid protein assay kit (Pierce, Thermo Fisher Scientific). Equal 

amounts of protein were separated by SDS–polyacrylamide gel electrophoresis using 4 to 

15% SDS polyacrylamide gels (Bio-Rad). Proteins were transferred onto a nitrocellulose 

membrane (Bio-Rad). The membrane was blocked in tris-buffered saline (TBS) containing 

0.05% Tween-20 (TBST; Thermo Fisher Scientific) and 5% (w/v) nonfat dried milk (Bio-

Rad) for 1 hour at room temperature, followed by incubation with anti–SARS-CoV-2 

nucleocapsid mouse monoclonal antibody (MA5–29981, Thermo Fisher Scientific; 1:1000) 

overnight at 4°C. After washing in TBST (three times for 5 min), the membrane was 

incubated for 1 hour with horseradish peroxidase (HRP)–linked anti-mouse IgG (1:5000; 

7076S, Cell Signaling). The membrane was washed, and proteins were visualized using the 

enhanced chemiluminescence Western blotting substrate (Thermo Fisher Scientific).

Mouse immunization and SARS-CoV-2 challenge

Vaccine immunogenicity and efficacy were evaluated in 6-week-old female BALB/c mice 

(the Jackson Laboratory; strain no. 000651). For immunogenicity, four groups of mice 

(seven per group) were immunized intramuscularly with either PBS (mock control), mRNA-

S (1 μg), mRNA-N (1 μg), or combined mRNA-S+N (1 μg for each) at week 0 (prime) 

and week 3 (boost), respectively. The vaccine or control PBS was administered at 50 μl 

per injection. Blood and serum samples were collected 3 weeks after prime vaccination 

(before booster vaccination) to measure vaccine-induced antibody response. All mice were 

euthanized 2 weeks after booster vaccination (week 5). Blood and serum and spleen samples 

were collected for analyses of vaccine-induced humoral and cellular immune responses.

For challenge studies, another four groups of BALB/c mice (eight per group) received the 

same mock control or vaccines as indicated above. Vaccine doses and immunization timeline 

were identical to the above immunogenicity study. Two weeks after booster vaccination 

(week 5), all mice were transferred to animal biosafety level 3 (ABSL-3) facility and were 

intranasally challenged with an MA-SARS-CoV-2 CMA4 strain (2 × 104 pfu), as previously 

reported (32, 58). Two days after viral challenge, all mice were euthanized and equivalent 

portions of the lung tissues were collected for quantification of SARS-CoV-2 viral loads.
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Hamster immunization and SARS-CoV-2 Delta or Omicron challenge

Vaccine-induced protection against Delta or Omicron strain was evaluated in hamsters. 

For Delta challenge, four groups of 4- to 5-week-old male golden Syrian hamsters 

(12 per group), strain HsdHan: AURA (Envigo, catalog no. 8901M), were vaccinated 

intramuscularly with either PBS (mock control), mRNA-S (2 μg), mRNA-N (2 μg), or 

combined mRNA-S+N (2 μg for each) at weeks 0 and 3, respectively. For Omicron variant 

challenge, five groups of 4- to 5-week-old male golden Syrian hamsters (10 per group) were 

intramuscularly vaccinated with empty LNP (mock control) mRNA-S (2 μg), mRNA-S (4 

μg), mRNA-S+N (2 μg for each), or mRNA-S+N (2 μg for each) with CD8+ T cell depletion. 

For the mRNA-S+N CD8+ T cell–depleted group, 6 days (day −6) and 3 days (day −3) 

before viral challenge, hamsters were intraperitoneally injected with 175 μg of anti-rat CD8β 
antibody (16–0080-38; eBio341; functional grade; Thermo Fisher Scientific) for in vivo 

CD8+ T cell depletion as reported previously (35, 36). CD8+ T cell depletion in hamster was 

confirmed by splenocyte immune staining [anti–CD8β-phycoerythrin (PE); 12–0080-82; 

eBio341; Thermo Fisher Scientific] and flow cytometric analysis (fig. S6). The vaccine or 

mock control was administered at 100 μl per injection. Serum samples were collected from 

all hamsters before viral challenge to measure vaccine-induced neutralizing antibodies. Two 

weeks after booster vaccination (week 5), hamsters were transferred to the ABSL-3 facility 

and intranasally challenged with the SARS-CoV-2 Delta (2 × 104 pfu) or Omicron strain 

(2 × 104 pfu; World Reference Center for Emerging Viruses and Arboviruses). On 2 DPI, 

six hamsters challenged with Delta or five challenged with Omicron were euthanized. Nasal 

wash samples and equivalent portions of the lung tissues were collected for various analyses 

of vaccine-induced protection. On 4 DPI, the same procedures were repeated for the half of 

hamsters in each group (six for Delta and five for Omicron). Hamster body weights were 

monitored daily to evaluate vaccine-induced protection from body weight loss.

Binding IgG by ELISA

Vaccine-induced, N- and S-specific binding IgG in serum samples was measured by ELISA. 

Plates (Greiner Bio-One) were coated with recombinant S (1 μg/ml; 40589-V08B1, Sino 

Biological) or N protein (40588-V08B, Sino Biological) overnight at 4°C. Plates were 

washed three times (5 min each time) and then blocked with blocking buffer [8% fetal 

bovine serum (FBS) in Dulbecco’s PBS (DPBS)] for 1.5 hour at 37°C, followed by 

washing and incubation at 37°C for 1 hour with serially diluted serum samples (initial 

dilution, 1:100; 1:3 serial dilution) in blocking buffer at 50 μl per well. Plates were washed 

again and incubated with HRP-conjugated anti-mouse IgG secondary antibody (405306; 

BioLegend; 1:3000) for 1 hour at 37°C. After final wash, plates were developed using TMB 

1-Component Peroxidase Substrate (Thermo Fisher Scientific), followed by termination of 

reaction using the TMB stop solution (Thermo Fisher Scientific). Plates were read at 450 nm 

wavelength within 15 min by using a Microplate Reader (BioTek). Binding IgG EPTs for 

each sample were calculated.

Neutralizing assay

Serum neutralizing activity was examined by a standard PRNT, as previously reported (59, 

60). The assays were performed with Vero E6 cells (ATCC, CRL-1586) using the SARS-
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CoV-2 wild-type or Delta strains. Briefly, serum samples were heat-inactivated and twofold 

serially diluted (initial dilution, 1:10), followed by incubation with 100 pfu of wild-type 

SARS-CoV-2 (USA-WA1/2020) or the Delta strain for 1 hour at 37°C. The serum-virus 

mixtures were placed onto Vero E6 cell monolayer in six-well plates for incubation for 1 

hour at 37°C, followed by addition of 2-ml overlay consisting of minimum essential medium 

(MEM) with 1.6% agarose, 2% FBS, and 1% penicillin-streptomycin to the cell monolayer. 

Cells were then incubated for 48 hours at 37°C, followed by staining with 0.03% liquid 

neutral red for 3 to 6 hours. Plaque numbers were counted, and PRNT50 were calculated. 

Each serum sample was tested in duplicates.

ICS and flow cytometry

Mouse splenocytes were washed with fluorescence-activated cell sorting (FACS) buffer (1% 

FBS and 0.5 M EDTA in PBS) and resuspended in complete RPMI 1640 with 10 mM 

Hepes supplemented with 10% FBS, 2-mercaptoethanol, sodium pyruvate, non-essential 

amino acids, penicillin-streptomycin, and L-glutamine. Cells were stimulated with S peptide 

pool (1 μg/ml; JPT, PM-WCPV-S; Swiss-Prot ID, P0DTC2) or N peptide pool (Miltenyi, 

130–126-698; Protein QHD43423.2) in the presence of anti-CD28 (1 μg/ml; Invitrogen, 14–

0281-86) for costimulation for 6 hours. In the last 4 hours of incubation, protein transport 

inhibitor brefeldin-A was added. Cells stimulated with phorbol 12-myristate 13-acetate 

and ionomycin or dimethyl sulfoxide only were included as positive control and negative 

control, respectively. After stimulation, cells were first stained for surface markers, including 

CD4-peridinin-chlorophyll-protein–Cy5.5 (BioLegend, 100540; clone, RM4–5; 0.2 mg/ml), 

CD8-brillaint violet (BV)711 (BioLegend, 100759; clone, 53–6.7; 0.2 mg/ml), and CD44-

BV510 (BioLegend, 103044; clone, IM7; 0.2 mg/ml). The surface staining was performed 

on ice for 30 min. After washing with PBS, cells were resuspended with Zombie-dye 

(BioLegend) for viability staining and incubated at room temperature for 15 min. After 

surface and viability staining, cells were fixed with fixation buffer (BioLegend, 420801) and 

permeabilized with perm/wash buffer (BioLegend, 421002), followed by ICS with IFN-γ–

BV605 (BioLegend, 505840; clone, XMG1.2; 0.2 mg/ml), TNF-α–PE-Cy7 (BioLegend, 

506324; clone, MP6-XT22; 0.2 mg/ml), and IL-2–allophycocyanin (Tonbo Biosciences, 20–

7021; clone, JES6–5H4; 0.2 mg/ml) on ice for 30 min. Cells were then washed with perm/

wash buffer and were processed with a multiparametric flow cytometer FACS LSRFortessa 

(BD Biosciences). Data were analyzed using FlowJo (TreeStar).

IFN-γ ELISPOT

ELISPOT was performed according to the manufacturer’s instructions (Cellular Technology 

Ltd.; MU IFN-γ). Plates were coated with anti–IFN-γ capture antibody (Cellular 

Technology Ltd.) at 4°C overnight. Splenocytes (0.25 × 106) were stimulated in duplicates 

with SARS-CoV-2 S-peptide (2 μg/ml; Miltenyi Biotec, 130–126-701) or N-peptide pools 

(2 μg/ml; Miltenyi Biotec, 130–126-699) for 24 hours at 37°C. Splenocytes stimulated with 

anti-CD3 (1 μg/ml; Thermo Fisher Scientific, 16–0031-82) or medium alone were used 

as positive and negative control, respectively. This was followed by incubation with biotin-

conjugated anti–IFN-γ (Cellular Technology Ltd.) for 2 hours at room temperature and 

then alkaline phosphatase–conjugated streptavidin for 30 min. The plates were washed and 
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scanned using an ImmunoSpot 4.0 analyzer, and the spots were counted with ImmunoSpot 

software (Cellular Technology Ltd.) to determine SFC per 106 splenocytes.

RNA extraction and RT-PCR quantification of viral RNA copies

RNA was extracted from the lung tissues (mice and hamsters) and nasal washes (hamsters) 

using the TRIzol LS Reagent (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Concentration and purity of the extracted RNAs were determined using the 

multimode plate reader (BioTek). To quantify SARS-CoV-2 viral RNA copies, one-step 

RT-PCR was performed using the iTaq Universal SYBR Green One-Step Kit (Bio-Rad) 

and the CFX Connect Real-Time PCR Detection System (Bio-Rad). Primer sets for 

the SARS-CoV-2 E gene (forward, 5′-GGAAGAGACAGGTACGTTAATA-3′; reverse, 5′-

AGCAGTACGCACACAATCGAA-3′) were used. PCR reactions (20 μl) contained primers 

(10 μM), RNA sample (2 μl), iTaq universal SYBR Green reaction mix (2×; 10 μl), iScript 

reverse transcriptase (0.25 μl), and molecular grade water. PCR cycling conditions were as 

follows: 95°C for 3 min, 45 cycles of 95°C for 5 s, and 60°C for 30 s. For each RT-PCR, 

a standard curve was included using an RNA standard (in vitro transcribed, 3839 base 

pairs containing genomic nucleotide positions 26,044 to 29,883 of SARS-CoV-2 genome) to 

quantify the absolute copies of viral RNA in the lung tissue or nasal wash.

Plaque assay

Homogenized lung tissues were serially diluted in Dulbecco’s modified Eagle’s medium 

(DMEM; Gibco) with 1% antibiotic-antimycotic (Gibco) and allowed to infect a confluent 

monolayer of Vero E6 cells (ATCC; CRL-1586) in a 96-well plate for 45 min at 

37°C with 5% CO2. After infection, cells were overlaid with a solution of 85% MEM 

(Gibco) and 15% DMEM supplemented with 1% antibiotic-antimycotic and 0.85% methyl 

cellulose (Sigma-Aldrich). After 24 to 36 hours, the monolayers were fixed with formalin 

(Thermo Fisher Scientific) for at least 24 hours. Monolayers were washed with DPBS 

(Sigma) and incubated in permeabilization buffer consisting of DPBS supplemented with 

0.1% bovine serum albumin (Sigma-Aldrich) and 0.1% saponin (Sigma-Aldrich) for 30 

min at room temperature. Permeabilization buffer was removed, and monolayers were 

incubated overnight at 4°C with rabbit polyclonal antibody against SARS-CoV N protein 

(a gift from S. Makino, Department of Microbiology and Immunology, UTMB) diluted 

in permeabilization buffer (1:3000). Excess antibody was washed away with DPBS, and 

monolayers were incubated for 1 hour at room temperature with HRP-conjugated goat anti-

rabbit IgG (Cell Signaling Technology, 7040) diluted in permeabilization buffer (1:2000). 

Excess antibody was washed away with DPBS, and foci were stained using KPL TrueBlue 

Peroxidase Substrate (SeraCare). Once foci were visible under a light microscope, excess 

substrate was removed, and the monolayers were washed with water. Wells were imaged 

using the Cytation7 Imagining Reader (BioTek). Foci were counted manually, and results 

were shown as focus-forming units (FFU).

Lung histopathology

Lungs were harvested from hamsters, fixed in 10% neutral-buffered formalin, and embedded 

in paraffin. Thin (5 μm) paraffin-embedded sections were placed on glass slides, and paraffin 

was then removed from the samples using three changes of xylene for 2 min each. Samples 
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were hydrated, followed by staining for 3 min in hematoxylin solution. The slides were then 

washed under running tap water at room temperature for at least 5 min, followed by staining 

with an eosin Y solution for 2 min. Slides were then subjected to dehydration again and 

cleared with three changes of xylene for 2 min per change. Last, a drop of mounting medium 

was added to attach the coverslip. The slides were read by a pathologist in a blinded manner.

Statistical analysis

Raw, individual-level data are presented in data file S1. Statistical analysis was performed 

using the GraphPad Prism 8.0 software. Nonparametric tests were used throughout this 

paper for statistical analysis. Data were presented as median and interquartile ranges (IQRs). 

Comparison among groups was performed by using either Mann-Whitney test (two groups) 

or Kruskal-Wallis test (more than two groups). Two-tailed P values were denoted, and P 
values <0.05 were considered as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

We thank P. A. Valdes at UTMB for assistance in preparing histopathological images and the flow cytometry and 
cell sorting core (FCCS) at UTMB for assistance in data analysis.

Funding:

The research was supported by a UTMB Institute for Human Infections and Immunity COVID-19 grant (to H.H.), 
the Sealy and Smith Foundation, and NIH grant R24AI120942 (to S.C.W.). H.H. was supported by NIH grants 
AI157852 and AI147903. Y. Liang and L.S. were supported by NIH grants AI132674 and AI56536. P.-Y.S. was 
supported by NIH grants HHSN272201600013C, AI134907, AI145617, and UL1TR001439 and awards from the 
Sealy & Smith Foundation, the Kleberg Foundation, the John S. Dunn Foundation, the Amon G. Carter Foundation, 
the Gilson Longenbaugh Foundation, and the Summerfield Robert Foundation. Jie Sun was supported by NIH 
grants AI147394, AI112844, and AI154598. T.W. was supported by NIH grants AI127744 and AI140569. R.L.H. 
was supported by a UTMB Sealy Institute for Vaccine Sciences Fellowship and the McLaughlin Fellowship.

REFERENCES AND NOTES

1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, Lu R, Niu P, Zhan 
F, Ma X, Wang D, Xu W, Wu G, Gao GF, Tan W; China Novel Coronavirus Investigating and 
Research Team, A novel coronavirus from patients with pneumonia in China, 2019. N. Engl. J. 
Med. 382, 727–733 (2020). [PubMed: 31978945] 

2. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si HR, Zhu Y, Li B, Huang CL, Chen 
HD, Chen J, Luo Y, Guo H, Jiang RD, Liu MQ, Chen Y, Shen XR, Wang X, Zheng XS, Zhao K, 
Chen QJ, Deng F, Liu LL, Yan B, Zhan FX, Wang YY, Xiao GF, Shi ZL, A pneumonia outbreak 
associated with a new coronavirus of probable bat origin. Nature 579, 270–273 (2020). [PubMed: 
32015507] 

3. Tregoning JS, Flight KE, Higham SL, Wang Z, Pierce BF, Progress of the COVID-19 vaccine effort: 
Viruses, vaccines and variants versus efficacy, effectiveness and escape. Nat. Rev. Immunol. 21, 
626–636 (2021). [PubMed: 34373623] 

4. Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L, Padayachee SD, Dheda K, 
Barnabas SL, Bhorat QE, Briner C, Kwatra G, Ahmed K, Aley P, Bhikha S, Bhiman JN, Bhorat 
AE, du Plessis J, Esmail A, Groenewald M, Horne E, Hwa SH, Jose A, Lambe T, Laubscher M, 
Malahleha M, Masenya M, Masilela M, McKenzie S, Molapo K, Moultrie A, Oelofse S, Patel 
F, Pillay S, Rhead S, Rodel H, Rossouw L, Taoushanis C, Tegally H, Thombrayil A, van Eck S, 

Hajnik et al. Page 17

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wibmer CK, Durham NM, Kelly EJ, Villafana TL, Gilbert S, Pollard AJ, de Oliveira T, Moore PL, 
Sigal A, Izu A; NGS-SA Group; Wits-VIDA COVID Group, Efficacy of the ChAdOx1 nCoV-19 
Covid-19 vaccine against the B.1.351 variant. N. Engl. J. Med. 384, 1885–1898 (2021). [PubMed: 
33725432] 

5. Moore JP, Offit PA, SARS-CoV-2 vaccines and the growing threat of viral variants. JAMA 325, 
821–822 (2021). [PubMed: 33507218] 

6. Dejnirattisai W, Zhou D, Supasa P, Liu C, Mentzer AJ, Ginn HM, Zhao Y, Duyvesteyn HME, 
Tuekprakhon A, Nutalai R, Wang B, Lopez-Camacho C, Slon-Campos J, Walter TS, Skelly D, 
Clemens SAC, Naveca FG, Nascimento V, Nascimento F, Fernandes da Costa C, Resende PC, 
Pauvolid-Correa A, Siqueira MM, Dold C, Levin R, Dong T, Pollard AJ, Knight JC, Crook D, 
Lambe T, Clutterbuck E, Bibi S, Flaxman A, Bittaye M, Belij-Rammerstorfer S, Gilbert SC, Carroll 
MW, Klenerman P, Barnes E, Dunachie SJ, Paterson NG, Williams MA, Hall DR, Hulswit RJG, 
Bowden TA, Fry EE, Mongkolsapaya J, Ren J, Stuart DI, Screaton GR, Antibody evasion by the P.1 
strain of SARS-CoV-2. Cell 184, 2939–2954.e9 (2021). [PubMed: 33852911] 

7. Zhou D, Dejnirattisai W, Supasa P, Liu C, Mentzer AJ, Ginn HM, Zhao Y, Duyvesteyn HME, 
Tuekprakhon A, Nutalai R, Wang B, Paesen GC, Lopez-Camacho C, Slon-Campos J, Hallis B, 
Coombes N, Bewley K, Charlton S, Walter TS, Skelly D, Lumley SF, Dold C, Levin R, Dong 
T, Pollard AJ, Knight JC, Crook D, Lambe T, Clutterbuck E, Bibi S, Flaxman A, Bittaye M, 
Belij-Rammerstorfer S, Gilbert S, James W, Carroll MW, Klenerman P, Barnes E, Dunachie SJ, 
Fry EE, Mongkolsapaya J, Ren J, Stuart DI, Screaton GR, Evidence of escape of SARS-CoV-2 
variant B.1.351 from natural and vaccine-induced sera. Cell 184, 2348–2361.e6 (2021). [PubMed: 
33730597] 

8. Garcia-Beltran WF, Lam EC, St Denis K, Nitido AD, Garcia ZH, Hauser BM, Feldman J, Pavlovic 
MN, Gregory DJ, Poznansky MC, Sigal A, Schmidt AG, Iafrate AJ, Naranbhai V, Balazs AB, 
Multiple SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity. Cell 
184, 2372–2383.e9 (2021). [PubMed: 33743213] 

9. Cao Y, Wang J, Jian F, Xiao T, Song W, Yisimayi A, Huang W, Li Q, Wang P, An R, Wang J, Wang 
Y, Niu X, Yang S, Liang H, Sun H, Li T, Yu Y, Cui Q, Liu S, Yang X, Du S, Zhang Z, Hao X, Shao 
F, Jin R, Wang X, Xiao J, Wang Y, Xie XS, Omicron escapes the majority of existing SARS-CoV-2 
neutralizing antibodies. Nature 602, 657–663 (2022). [PubMed: 35016194] 

10. Planas D, Saunders N, Maes P, Guivel-Benhassine F, Planchais C, Buchrieser J, Bolland WH, 
Porrot F, Staropoli I, Lemoine F, Pere H, Veyer D, Puech J, Rodary J, Baele G, Dellicour S, 
Raymenants J, Gorissen S, Geenen C, Vanmechelen B, Wawina-Bokalanga T, Marti-Carreras J, 
Cuypers L, Seve A, Hocqueloux L, Prazuck T, Rey FA, Simon-Loriere E, Bruel T, Mouquet H, 
Andre E, Schwartz O, Considerable escape of SARS-CoV-2 Omicron to antibody neutralization. 
Nature 602, 671–675 (2022). [PubMed: 35016199] 

11. Liu L, Iketani S, Guo Y, Chan JF, Wang M, Liu L, Luo Y, Chu H, Huang Y, Nair MS, Yu J, Chik 
KK, Yuen TT, Yoon C; To KK, Chen H, Yin MT, Sobieszczyk ME, Huang Y, Wang HH, Sheng Z, 
Yuen KY, Ho DD, Striking antibody evasion manifested by the Omicron variant of SARS-CoV-2. 
Nature 602, 676–681 (2022). [PubMed: 35016198] 

12. Tang P, Hasan MR, Chemaitelly H, Yassine HM, Benslimane FM, Al Khatib HA, AlMukdad 
S, Coyle P, Ayoub HH, Al Kanaani Z, Al Kuwari E, Jeremijenko A, Kaleeckal AH, Latif AN, 
Shaik RM, Abdul Rahim HF, Nasrallah GK, Al Kuwari MG, Al Romaihi HE, Butt AA, Al-Thani 
MH, Al Khal A, Bertollini R, Abu-Raddad LJ, BNT162b2 and mRNA-1273 COVID-19 vaccine 
effectiveness against the SARS-CoV-2 Delta variant in Qatar. Nat. Med. 27, 2136–2143 (2021). 
[PubMed: 34728831] 

13. Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, Gower C, Kall M, Groves N, 
O’Connell A-M, Simons D, Blomquist PB, Zaidi A, Nash S, Aziz NIBA, Thelwall S, Dabrera G, 
Myers R, Amirthalingam G, Gharbia S, Barrett JC, Elson R, Ladhani SN, Ferguson N, Zambon 
M, Campbell CNJ, Brown K, Hopkins S, Chand M, Ramsay M, Bernal JL, Covid-19 vaccine 
effectiveness against the omicron (B.1.1.529) variant. N. Engl. J. Med. 386, 1532–1546 (2022). 
[PubMed: 35249272] 

14. Bai Z, Cao Y, Liu W, Li J, The SARS-CoV-2 nucleocapsid protein and its role in viral structure, 
biological functions, and a potential target for drug or vaccine mitigation. Viruses 13, 1115 (2021). 
[PubMed: 34200602] 

Hajnik et al. Page 18

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. Grifoni A, Sidney J, Zhang Y, Scheuermann RH, Peters B, Sette A, A sequence homology and 
bioinformatic approach can predict candidate targets for immune responses to SARS-CoV-2. Cell 
Host Microbe 27, 671–680.e2 (2020). [PubMed: 32183941] 

16. Yoshimoto FK, The proteins of severe acute respiratory syndrome coronavirus-2 (SARS CoV-2 or 
n-COV19), the cause of COVID-19. Protein J. 39, 198–216 (2020). [PubMed: 32447571] 

17. Wu A, Peng Y, Huang B, Ding X, Wang X, Niu P, Meng J, Zhu Z, Zhang Z, Wang J, Sheng 
J, Quan L, Xia Z, Tan W, Cheng G, Jiang T, Genome composition and divergence of the novel 
coronavirus (2019-nCoV) originating in China. Cell Host Microbe 27, 325–328 (2020). [PubMed: 
32035028] 

18. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, Rawlings SA,utherland 
A, Premkumar L, Jadi RS, Marrama D, de Silva AM, Frazier A, Carlin AF, Greenbaum JA, 
Peters B, Krammer F, Smith DM, Crotty S, Sette A, Targets of T cell responses to SARS-CoV-2 
coronavirus in humans with COVID-19 disease and unexposed individuals. Cell 181, 1489–
1501.e15 (2020). [PubMed: 32473127] 

19. Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, Dejnirattisai W, Rostron T, Supasa P, Liu 
C, Lopez-Camacho C, Slon-Campos J, Zhao Y, Stuart DI, Paesen GC, Grimes JM, Antson AA, 
Bayfield OW, Hawkins D, Ker DS, Wang B, Turtle L, Subramaniam K, Thomson P, Zhang P, 
Dold C, Ratcliff J, Simmonds P, de Silva T, Sopp P, Wellington D, Rajapaksa U, Chen YL, Salio 
M, Napolitani G, Paes W, Borrow P, Kessler BM, Fry JW, Schwabe NF, Semple MG, Baillie 
JK, Moore SC, Openshaw PJM, Ansari MA, Dunachie S, Barnes E, Frater J, Kerr G, Goulder P, 
Lockett T, Levin R, Zhang Y, Jing R, Ho LP; Oxford Immunology Network Covid-19 Response 
T cell Consortium; ISARIC4C Investigators, Cornall RJ, Conlon CP, Klenerman P, Screaton GR, 
Mongkolsapaya J, McMichael A, Knight JC, Ogg G, Dong T, Broad and strong memory CD4+ 
and CD8+ T cells induced by SARS-CoV-2 in UK convalescent individuals following COVID-19. 
Nat. Immunol. 21, 1336–1345 (2020). [PubMed: 32887977] 

20. Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, Chng MHY, Lin M, Tan N, 
Linster M, Chia WN, Chen MI, Wang LF, Ooi EE, Kalimuddin S, Tambyah PA, Low JG, Tan 
YJ, Bertoletti A, SARS-CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and 
uninfected controls. Nature 584, 457–462 (2020). [PubMed: 32668444] 

21. Lineburg KE, Grant EJ, Swaminathan S, Chatzileontiadou DSM, Szeto C, Sloane H, Panikkar 
A, Raju J, Crooks P, Rehan S, Nguyen AT, Lekieffre L, Neller MA, Tong ZWM, Jayasinghe 
D, Chew KY, Lobos CA, Halim H, Burrows JM, Riboldi-Tunnicliffe A, Chen W, D’Orsogna 
L, Khanna R, Short KR, Smith C, Gras S, CD8+ T cells specific for an immunodominant 
SARS-CoV-2 nucleocapsid epitope cross-react with selective seasonal coronaviruses. Immunity 
54, 1055–1065.e1055 (2021). [PubMed: 33945786] 

22. Chiuppesi F, Salazar MD, Contreras H, Nguyen VH, Martinez J, Park Y, Nguyen J, Kha 
M, Iniguez A, Zhou Q, Kaltcheva T, Levytskyy R, Ebelt ND, Kang TH, Wu X, Rogers TF, 
Manuel ER, Shostak Y, Diamond DJ, Wussow F, Development of a multi-antigenic SARS-CoV-2 
vaccine candidate using a synthetic poxvirus platform. Nat. Commun. 11, 6121 (2020). [PubMed: 
33257686] 

23. Dangi T, Class J, Palacio N, Richner JM, Penaloza MacMaster P, Combining spike- and 
nucleocapsid-based vaccines improves distal control of SARS-CoV-2. Cell Rep. 36, 109664 
(2021). [PubMed: 34450033] 

24. Vogel AB, Kanevsky I, Che Y, Swanson KA, Muik A, Vormehr M, Kranz LM, Walzer KC, Hein 
S, Guler A, Loschko J, Maddur MS, Ota-Setlik A, Tompkins K, Cole J, Lui BG, Ziegenhals T, 
Plaschke A, Eisel D, Dany SC, Fesser S, Erbar S, Bates F, Schneider D, Jesionek B, Sanger B, 
Wallisch AK, Feuchter Y, Junginger H, Krumm SA, Heinen AP, Adams-Quack P, Schlereth J, 
Schille S, Kroner C, de la Caridad Guimil Garcia R, Hiller T, Fischer L, Sellers RS, Choudhary S, 
Gonzalez O, Vascotto F, Gutman MR, Fontenot JA, Hall-Ursone S, Brasky K, Griffor MC, Han S, 
Su AAH, Lees JA, Nedoma NL, Mashalidis EH, Sahasrabudhe PV, Tan CY, Pavliakova D, Singh 
G, Fontes-Garfias C, Pride M, Scully IL, Ciolino T, Obregon J, Gazi M, Carrion R Jr., Alfson 
KJ, Kalina WV, Kaushal D, Shi PY, Klamp T, Rosenbaum C, Kuhn AN, Tureci O, Dormitzer PR, 
Jansen KU, Sahin U, BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature 592, 
283–289 (2021). [PubMed: 33524990] 

25. Corbett KS, Flynn B, Foulds KE, Francica JR, Boyoglu-Barnum S, Werner AP, Flach B, O’Connell 
S, Bock KW, Minai M, Nagata BM, Andersen H, Martinez DR, Noe AT, Douek N, Donaldson 

Hajnik et al. Page 19

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MM, Nji NN, Alvarado GS, Edwards DK, Flebbe DR, Lamb E, Doria-Rose NA, Lin BC, Louder 
MK, O’Dell S, Schmidt SD, Phung E, Chang LA, Yap C, Todd JM, Pessaint L, Van Ry A, Browne 
S, Greenhouse J, Putman-Taylor T, Strasbaugh A, Campbell TA, Cook A, Dodson A, Steingrebe 
K, Shi W, Zhang Y, Abiona OM, Wang L, Pegu A, Yang ES, Leung K, Zhou T, Teng IT, Widge A, 
Gordon I, Novik L, Gillespie RA, Loomis RJ, Moliva JI, Stewart-Jones G, Himansu S, Kong WP, 
Nason MC, Morabito KM, Ruckwardt TJ, Ledgerwood JE, Gaudinski MR, Kwong PD, Mascola 
JR, Carfi A, Lewis MG, Baric RS, McDermott A, Moore IN, Sullivan NJ, Roederer M, Seder RA, 
Graham BS, Evaluation of the mRNA-1273 vaccine against SARS-CoV-2 in nonhuman primates. 
N. Engl. J. Med. 383, 1544–1555 (2020). [PubMed: 32722908] 

26. Pardi N, Muramatsu H, Weissman D, Karikó K, In vitro transcription of long RNA containing 
modified nucleosides. Methods Mol. Biol. 969, 29–42 (2013). [PubMed: 23296925] 

27. Baiersdorfer M, Boros G, Muramatsu H, Mahiny A, Vlatkovic I, Sahin U, Kariko K, A facile 
method for the removal of dsRNA contaminant from in vitro-transcribed mRNA. Mol. Ther. 
Nucleic Acids 15, 26–35 (2019). [PubMed: 30933724] 

28. Maier MA, Jayaraman M, Matsuda S, Liu J, Barros S, Querbes W, Tam YK, Ansell SM, Kumar 
V, Qin J, Zhang X, Wang Q, Panesar S, Hutabarat R, Carioto M, Hettinger J, Kandasamy P, Butler 
D, Rajeev KG, Pang B, Charisse K, Fitzgerald K, Mui BL, Du X, Cullis P, Madden TD, Hope MJ, 
Manoharan M, Akinc A, Biodegradable lipids enabling rapidly eliminated lipid nanoparticles for 
systemic delivery of RNAi therapeutics. Mol. Ther. 21, 1570–1578 (2013). [PubMed: 23799535] 

29. Corbett KS, Edwards DK, Leist SR, Abiona OM, Boyoglu-Barnum S, Gillespie RA, Himansu 
S, Schafer A, Ziwawo CT, DiPiazza AT, Dinnon KH, Elbashir SM, Shaw CA, Woods A, Fritch 
EJ, Martinez DR, Bock KW, Minai M, Nagata BM, Hutchinson GB, Wu k., Henry C, Bahl 
K, Garcia-Dominguez D, Ma L, Renzi I, Kong WP, Schmidt SD, Wang L, Zhang Y, Phung E, 
Chang LA, Loomis RJ, Altaras NE, Narayanan E, Metkar K, Presnyak V, Liu C, Louder MK, 
Shi W, Leung K, Yang ES, West A, Gully KL, Stevens LJ, Wang N, Wrapp D, Doria-Rose NA, 
Stewart-Jones G, Bennett H, Alvarado GS, Nason MC, Ruckwardt TJ, McLellan JS, Denison MR, 
Chappell JD, Moore IN, Morabito KM, Mascola JR, Baric RS, Carfi A, Graham BS, SARS-CoV-2 
mRNA vaccine design enabled by prototype pathogen preparedness. Nature 586, 567–571 (2020). 
[PubMed: 32756549] 

30. Ponta H, Sherman L, Herrlich PA, CD44: From adhesion molecules to signalling regulators. Nat. 
Rev. Mol. Cell Biol. 4, 33–45 (2003). [PubMed: 12511867] 

31. Baaten BJ, Li CR, Bradley LM, Multifaceted regulation of T cells by CD44. Commun. Integr. Biol. 
3, 508–512 (2010). [PubMed: 21331226] 

32. Ku Z, Xie X, Davidson E, Ye X, Su H, Menachery VD, Li Y, Yuan Z, Zhang X, Muruato 
AE, Escuer AGI, Tyrell B, Doolan K, Doranz BJ, Wrapp D, Bates PF, McLellan JS, Weiss SR, 
Zhang N, Shi P-Y, An Z, Molecular determinants and mechanism for antibody cocktail preventing 
SARS-CoV-2 escape. Nat. Commun. 12, 469 (2021). [PubMed: 33473140] 

33. Imai M, Iwatsuki-Horimoto K, Hatta M, Loeber S, Halfmann PJ, Nakajima N, Watanabe T, Ujie 
M, Takahashi K, Ito M, Yamada S, Fan S, Chiba S, Kuroda M, Guan L, Takada K, Armbrust 
T, Balogh A, Furusawa Y, Okuda M, Ueki H, Yasuhara A, Sakai-Tagawa Y, Lopes TJS, Kiso 
M, Yamayoshi S, Kinoshita N, Ohmagari N, Hattori SI, Takeda M, Mitsuya H, Krammer F, 
Suzuki T, Kawaoka Y, Syrian hamsters as a small animal model for SARS-CoV-2 infection and 
countermeasure development. Proc. Natl. Acad. Sci. U.S.A. 117, 16587–16595 (2020). [PubMed: 
32571934] 

34. Meyer M, Wang Y, Edwards D, Smith GR, Rubenstein AB, Ramanathan P, Mire CE, Pietzsch C, 
Chen X, Ge Y, Cheng WS, Henry C, Woods A, Ma L, Stewart-Jones GB, Bock KW, Minai 
M, Nagata BM, Periasamy S, Shi PY, Graham BS, Moore IN, Ramos I, Troyanskaya OG, 
Zaslavsky E, Carfi A, Sealfon SC, Bukreyev A, Attenuated activation of pulmonary immune cells 
in mRNA-1273-vaccinated hamsters after SARS-CoV-2 infection. J. Clin. Invest. 131, e148036 
(2021).

35. Hammerbeck CD, Hooper JW, T cells are not required for pathogenesis in the Syrian hamster 
model of hantavirus pulmonary syndrome. J. Virol. 85, 9929–9944 (2011). [PubMed: 21775442] 

36. Prescott J, Safronetz D, Haddock E, Robertson S, Scott D, Feldmann H, The adaptive immune 
response does not influence hantavirus disease or persistence in the Syrian hamster. Immunology 
140, 168–178 (2013). [PubMed: 23600567] 

Hajnik et al. Page 20

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, Perez JL, Perez Marc G, 
Moreira ED, Zerbini C, Bailey R, Swanson KA, Roychoudhury S, Koury K, Li P, Kalina WV, 
Cooper D, Frenck RW Jr., Hammitt LL, Tureci O, Nell H, Schaefer A, Unal S, Tresnan DB, 
Mather S, Dormitzer PR, Sahin U, Jansen KU, Gruber WC; Group CCT, Safety and efficacy of 
the BNT162b2 mRNA Covid-19 vaccine. N. Engl. J. Med. 383, 2603–2615 (2020). [PubMed: 
33301246] 

38. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, Diemert D, Spector SA, Rouphael 
N, Creech CB, McGettigan J, Khetan S, Segall N, Solis J, Brosz A, Fierro C, Schwartz H, Neuzil 
K, Corey L, Gilbert P, Janes H, Follmann D, Marovich M, Mascola J, Polakowski L, Ledgerwood 
J, Graham BS, Bennett H, Pajon R, Knightly C, Leav B, Deng W, Zhou H, Han S, Ivarsson 
M, Miller J, Zaks T; COVE Study Group, Efficacy and safety of the mRNA-1273 SARS-CoV-2 
vaccine. N. Engl. J. Med 384, 403–416 (2021). [PubMed: 33378609] 

39. Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, Stowe J, Tessier 
E, Groves N, Dabrera G, Myers R, Campbell CNJ, Amirthalingam G, Edmunds M, Zambon M, 
Brown KE, Hopkins S, Chand M, Ramsay M, Effectiveness of Covid-19 vaccines against the 
B.1.617.2 (Delta) variant. N. Engl. J. Med. 385, 585–594 (2021). [PubMed: 34289274] 

40. Plante JA, Liu Y, Liu J, Xia H, Johnson BA, Lokugamage KG, Zhang X, Muruato AE, Zou J, 
Fontes-Garfias CR, Mirchandani D, Scharton D, Bilello JP, Ku Z, An Z, Kalveram B, Freiberg 
AN, Menachery VD, Xie X, Plante KS, Weaver SC, Shi PY, Spike mutation D614G alters 
SARS-CoV-2 fitness. Nature 592, 116–121 (2021). [PubMed: 33106671] 

41. Cele S, Jackson L, Khoury DS, Khan K, Moyo-Gwete T, Tegally H, San JE, Cromer D, Scheepers 
C, Amoako DG, Karim F, Bernstein M, Lustig G, Archary D, Smith M, Ganga Y, Jule Z, 
Reedoy K, Hwa SH, Giandhari J, Blackburn JM, Gosnell BI, Karim SSA, Hanekom W; NGS-SA; 
COMMIT-KZN Team, von Gottberg A, Bhiman JN, Lessells RJ, Moosa MS, Davenport MP, de 
Oliveira T, Moore PL, Sigal A, Omicron extensively but incompletely escapes Pfizer BNT162b2 
neutralization. Nature 602, 654–656 (2022). [PubMed: 35016196] 

42. Halfmann PJ, Iida S, Iwatsuki-Horimoto K, Maemura T, Kiso M, Scheaffer SM, Darling TL, Joshi 
A, Loeber S, Singh G, Foster SL, Ying B, Case JB, Chong Z, Whitener B, Moliva J, Floyd K, 
Ujie M, Nakajima N, Ito M, Wright R, Uraki R, Warang P, Gagne M, Li R, Sakai-Tagawa Y, 
Liu Y, Larson D, Osorio JE, Hernandez-Ortiz JP, Henry AR, Ciuoderis K, Florek KR, Patel M, 
Odle A, Wong LR, Bateman AC, Wang Z, Edara VV, Chong Z, Franks J, Jeevan T, Fabrizio T, 
DeBeauchamp J, Kercher L, Seiler P, Gonzalez-Reiche AS, Sordillo EM, Chang LA, van Bakel H, 
Simon V; Consortium Mount Sinai Pathogen Surveillance (PSP) study group, Douek DC, Sullivan 
NJ, Thackray LB, Ueki H, Yamayoshi S, Imai M, Perlman S, Webby RJ, Seder RA, Suthar MS, 
Garcia-Sastre A, Schotsaert M, Suzuki T, Boon ACM, Diamond MS, Kawaoka Y, SARS-CoV-2 
Omicron virus causes attenuated disease in mice and hamsters. Nature 603, 687–692 (2022). 
[PubMed: 35062015] 

43. Shuai H, Chan JF, Hu B, Chai Y, Yuen TT, Yin F, Huang X, Yoon C, Hu JC, Liu H, Shi J, Liu 
Y, Zhu T, Zhang J, Hou Y, Wang Y, Lu L, Cai JP, Zhang AJ, Zhou J, Yuan S, Brindley MA, 
Zhang BZ, Huang JD, To KK, Yuen KY, Chu H, Attenuated replication and pathogenicity of 
SARS-CoV-2 B.1.1.529 omicron. Nature 603, 693–699 (2022). [PubMed: 35062016] 

44. Suzuki R, Yamasoba D, Kimura I, Wang L, Kishimoto M, Ito J, Morioka Y, Nao N, Nasser 
H, Uriu K, Kosugi Y, Tsuda M, Orba Y, Sasaki M, Shimizu R, Kawabata R, Yoshimatsu K, 
Asakura H, Nagashima M, Sadamasu K, Yoshimura K; Genotype to Phenotype Japan (G2P-Japan) 
Consortium, Sawa H, Ikeda T, Irie T, Matsuno K, Tanaka S, Fukuhara T, Sato K, Attenuated 
fusogenicity and pathogenicity of SARS-CoV-2 Omicron variant. Nature 603, 700–705 (2022). 
[PubMed: 35104835] 

45. Liu J, Liu Y, Xia H, Zou J, Weaver SC, Swanson KA, Cai H, Cutler M, Cooper D, Muik A, Jansen 
KU, Sahin U, Xie X, Dormitzer PR, Shi P-Y, BNT162b2-elicited neutralization of B.1.617 and 
other SARS-CoV-2 variants. Nature 596, 273–275 (2021). [PubMed: 34111888] 

46. Jeyanathan M, Afkhami S, Smaill F, Miller MS, Lichty BD, Xing Z, Immunological considerations 
for COVID-19 vaccine strategies. Nat. Rev. Immunol. 20, 615–632 (2020). [PubMed: 32887954] 

47. Afkhami S, D’Agostino MR, Zhang A, Stacey HD, Marzok A, Kang A, Singh R, Bavananthasivam 
J, Ye G, Luo X, Wang F, Ang JC, Zganiacz A, Sankar U, Kazhdan N, Koenig JFE, Phelps A, 
Gameiro SF, Tang S, Jordana M, Wan Y, Mossman KL, Jeyanathan M, Gillgrass A, Medina 
MFC, Smaill F, Lichty BD, Miller MS, Xing Z, Respiratory mucosal delivery of next-generation 

Hajnik et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



COVID-19 vaccine provides robust protection against both ancestral and variant strains of SARS-
CoV-2. Cell 185, 896–915.e19 (2022). [PubMed: 35180381] 

48. Chiuppesi F, Nguyen VH, Park Y, Contreras H, Karpinski V, Faircloth K, Nguyen J, Kha M, 
Johnson D, Martinez J, Iniguez A, Zhou Q, Kaltcheva T, Frankel P, Kar S, Sharma A, Andersen H, 
Lewis MG, Shostak Y, Wussow F, Diamond DJ, Synthetic multiantigen MVA vaccine COH04S1 
protects against SARS-CoV-2 in Syrian hamsters and non-human primates. NPJ Vaccines 7, 7 
(2022). [PubMed: 35064109] 

49. Routhu NK, Gangadhara S, Lai L, Davis Gardner ME, Floyd K, Shiferaw A, Bartsch YC, 
Fischinger S, Khoury G, Rahman SA, Stampfer SD, Schaefer A, Jean SM, Wallace C, Stammen 
RL, Wood J, Cohen J, Nagy T, Parsons MS, Gralinski L, Kozlowski PA, Alter G, Suthar MS, 
Amara RR, A modified vaccinia Ankara vaccine expressing spike and nucleocapsid protects rhesus 
macaques against SARS-CoV-2 delta infection. Sci. Immunol. 7, eabo0226 (2022). [PubMed: 
35357886] 

50. Gupta RK, Will SARS-CoV-2 variants of concern affect the promise of vaccines? Nat. Rev. 
Immunol. 21, 340–341 (2021).’ [PubMed: 33927376] 

51. Gagne M, Moliva JI, Foulds KE, Andrew SF, Flynn BJ, Werner AP, Wagner DA, Teng IT, Lin 
BC, Moore C, Jean-Baptiste N, Carroll R, Foster SL, Patel M, Ellis M, Edara VV, Maldonado NV, 
Minai M, McCormick L, Honeycutt CC, Nagata BM, Bock KW, Dulan CNM, Cordon J, Flebbe 
DR, Todd JM, McCarthy E, Pessaint L, Van Ry A, Narvaez B, Valentin D, Cook A, Dodson A, 
Steingrebe K, Nurmukhambetova ST, Godbole S, Henry AR, Laboune F, Roberts-Torres J, Lorang 
CG, Amin S, Trost J, Naisan M, Basappa M, Willis J, Wang L, Shi W, Doria-Rose NA, Zhang Y, 
Yang ES, Leung K, O’Dell S, Schmidt SD, Olia AS, Liu C, Harris DR, Chuang GY, Stewart-Jones 
G, Renzi I, Lai YT, Malinowski A, Wu K, Mascola JR, Carfi A, Kwong PD, Edwards DK, Lewis 
MG, Andersen H, Corbett KS, Nason MC, McDermott AB, Suthar MS, Moore IN, Roederer 
M, Sullivan NJ, Douek DC, Seder RA, mRNA-1273 or mRNA-Omicron boost in vaccinated 
macaques elicits similar B cell expansion, neutralizing responses, and protection from Omicron. 
Cell 185, 1556–1571.e18 (2022). [PubMed: 35447072] 

52. Moss P, The T cell immune response against SARS-CoV-2. Nat. Immunol. 23, 186–193 (2022). 
[PubMed: 35105982] 

53. McMahan K, Yu J, Mercado NB, Loos C, Tostanoski LH, Chandrashekar A, Liu J, Peter L, 
Atyeo C, Zhu A, Bondzie EA, Dagotto G, Gebre MS, Jacob-Dolan C, Li Z, Nampanya F, Patel 
S, Pessaint L, Van Ry A, Blade K, Yalley-Ogunro J, Cabus M, Brown R, Cook A, Teow E, 
Andersen H, Lewis MG, Lauffenburger DA, Alter G, Barouch DH, Correlates of protection against 
SARS-CoV-2 in rhesus macaques. Nature 590, 630–634 (2021). [PubMed: 33276369] 

54. Gao Y, Cai C, Grifoni A, Muller TR, Niessl J, Olofsson A, Humbert M, Hansson L, Osterborg 
A, Bergman P, Chen P, Olsson A, Sandberg JK, Weiskopf D, Price DA, Ljunggren HG, Karlsson 
AC, Sette A, Aleman S, Buggert M, Ancestral SARS-CoV-2-specific T cells cross-recognize the 
Omicron variant. Nat. Med. 28, 472–476 (2022). [PubMed: 35042228] 

55. Liu J, Chandrashekar A, Sellers D, Barrett J, Jacob-Dolan C, Lifton M, McMahan K, Sciacca 
M, VanWyk H, Wu C, Yu J, Collier AY, Barouch DH, Vaccines elicit highly conserved cellular 
immunity to SARS-CoV-2 Omicron. Nature 603, 493–496 (2022). [PubMed: 35102312] 

56. Tang J, Zeng C, Cox TM, Li C, Son YM, Cheon IS, Wu Y, Behl S, Taylor JJ, Chakraborty R, 
Johnson AJ, Schiavo DN, Utz JP, Reisenauer JS, Midthun DE, Mullon JJ, Edell ES, Alameh 
MG, Borish L, Teague WG, Kaplan MH, Weissman D, Kern R, Hu H, Vassallo R, Liu S-L, 
Sun J, Respiratory mucosal immunity against SARS-CoV-2 following mRNA vaccination. Sci. 
Immunol., eadd4853 (2022).

57. Jayaraman M, Ansell SM, Mui BL, Tam YK, Chen J, Du X, Butler D, Eltepu L, Matsuda S, 
Narayanannair JK, Rajeev KG, Hafez IM, Akinc A, Maier MA, Tracy MA, Cullis PR, Madden 
TD, Manoharan M, Hope MJ, Maximizing the potency of siRNA lipid nanoparticles for hepatic 
gene silencing in vivo. Angew. Chem. Int. Ed. Engl. 51, 8529–8533 (2012). [PubMed: 22782619] 

58. Muruato A, Vu MN, Johnson BA, Davis-Gardner ME, Vanderheiden A, Lokugamage K, 
Schindewolf C, Crocquet-Valdes PA, Langsjoen RM, Plante JA, Plante KS, Weaver SC, Debbink 
K, Routh AL, Walker D, Suthar MS, Shi PY, Xie X, Menachery VD, Mouse-adapted SARS-CoV-2 
protects animals from lethal SARS-CoV challenge. PLOS Biol. 19, e3001284 (2021).

Hajnik et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



59. Xie X, Liu Y, Liu J, Zhang X, Zou J, Fontes-Garfias CR, Xia H, Swanson KA, Cutler M, Cooper 
D, Menachery VD, Weaver SC, Dormitzer PR, Shi PY, Neutralization of SARS-CoV-2 spike 69/70 
deletion, E484K and N501Y variants by BNT162b2 vaccine-elicited sera. Nat. Med. 27, 620–621 
(2021). [PubMed: 33558724] 

60. Muruato AE, Fontes-Garfias CR, Ren P, Garcia-Blanco MA, Menachery VD, Xie X, Shi PY, A 
high-throughput neutralizing antibody assay for COVID-19 diagnosis and vaccine evaluation. Nat. 
Commun. 11, 4059 (2020). [PubMed: 32792628] 

Hajnik et al. Page 23

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. mRNA-N vaccination is immunogenic in mice.
(A) Experimental design and timeline. Two groups of BALB/c mice (n = 7) were 

intramuscularly vaccinated with PBS (Mock) or mRNA-N vaccine (1 μg) at weeks 0 and 

3. At week 3 before booster vaccination, blood and serum samples were collected for 

analysis of antibody response. Two weeks after booster vaccination (week 5), mice were 

euthanized and subjected to immune analysis. (B) Analysis of total CD4+ and CD8+ T 

cell activation in the mouse spleen at week 5 after immunization. Expression of CD44 on 

CD4+ and CD8+ T cells was examined by flow cytometry and shown as percent CD44+ of 

parental population. (C) Vaccine-specific T cells in mouse spleen were measured by ICS. 

Splenocytes were stimulated with a SARS-CoV-2 N peptide pool (QHD43423.2), followed 
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by immune staining and flow cytometric analysis. Representative flow cytometry plots for 

cytokine expression in T cells are shown. (D) Shown is the comparison of percent cytokine-

positive, N-specific CD4+ T cells in the spleen between mock and vaccine groups. (E) 

Shown is the comparison of percent cytokine-positive, N-specific CD8+ T cells in the spleen 

between mock and vaccine groups. (F) N-specific T cells in the spleen were measured by 

IFN-γ ELISPOT. Data were shown as SFC per 106 splenocytes. (G) ELISA measurements 

are shown for serum N-specific–binding IgG after prime (week 3) or booster (week 5) 

vaccination. Optical density (OD450) values for individual serum samples after prime or 

booster vaccination at indicated serum dilution (1:2700 for prime; 1:72900 for booster) are 

shown. (H) Comparison of N-specific IgG end point titers (EPT) between mock and vaccine 

groups after prime and booster vaccination is shown. (I) Serum neutralizing activity was 

measured by plaque reduction neutralization test (PRNT) using wild-type SARS-CoV-2. 

PRNT50 for individual serum samples of the mock and vaccine groups are shown. Dashed 

line in (I) indicates the limit of detection. NC, negative control; PC, positive control. Data 

are presented as median and IQR. Mann-Whitney (F to H) or Kruskal-Wallis (B to E) test 

was used for statistical analysis. **P < 0.01 and ***P < 0.001.
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Fig. 2. mRNA-N vaccination induced protection against SARS-CoV-2 challenge in mice and 
hamsters.
(A) Mouse experimental design and timeline. Two groups of BALB/c mice (n = 8) were 

intramuscularly vaccinated with PBS (mock) or mRNA-N vaccine (1 μg) at weeks 0 and 

3. Two weeks after booster vaccination (week 5), mice were intranasally challenged with 

mouse-adapted (MA) SARS-CoV-2 (2 × 104 pfu). Two days post infection (DPI), viral 

loads in the lungs were analyzed to evaluate vaccine-induced protection. (B) Comparison of 

viral RNA copies in the mouse lungs between mock and vaccine groups are shown. Viral 
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RNA copies were quantified by RT-PCR and expressed as log10 copies per milligram of 

lung tissue. (C) Comparison of viral titers in the mouse lungs between mock and vaccine 

group are shown. Viral titers were quantified by plaque assay and expressed as log10 FFU 

per gram of lung tissue. (D) Hamster experimental design and timeline. Three groups of 

hamsters were investigated. The first two groups (n = 12 per group) were intramuscularly 

vaccinated with mock or mRNA-N (2 μg) at weeks 0 and 3, followed by SARS-CoV-2 Delta 

challenge at week 5 and viral load analysis on 2 (n = 6) and 4 (n = 6) DPI. The third group 

(n = 6) received the same mRNA-N vaccine and subsequent viral challenge, except that 

these hamsters were intraperitoneally injected with two doses of antibodies for CD8+ T cell 

depletion at 6 and 3 days before viral challenge. Viral loads were analyzed on 2 DPI (n = 

6).(E) Comparison of viral RNA copies in hamster lungs (log10 viral copies per milligram) 

between mock and vaccine group are shown for samples collected on 2 and 4 DPI. (F) 

Comparisons of viral titers in the hamster lungs (log10 FFU per gram) between mock and 

vaccine group are shown for samples collected on 2 and 4 DPI. (G) Comparison of hamster 

body weight loss is shown for the mock and vaccine group from days 0 to 4 DPI. (H) A 

comparison of viral RNA copies in the lung of hamsters (log10 viral copies per milligram) 

among the three groups is shown for samples collected on 2 DPI. The dashed line in (F) 

indicates the limit of detection. Data are presented as median and IQR where appropriate. 

Mann-Whitney (B, C, and G) or Kruskal-Wallis (E, F, and H) test was used for statistical 

analysis. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 3. Combination mRNA-S+N vaccination confers improved protection against challenge with 
the SARS-CoV-2 Delta variant compared to mRNA-S vaccination alone.
(A) Mouse experimental design and timeline. Three groups of mice (n = 8 per group) were 

vaccinated intramuscularly with mock, mRNA-S (1 μg), or mRNA-S+N (1 μg for each) at 

weeks 0 and 3, followed by intranasal challenge with MA-SARS-CoV-2 (2 × 104 pfu). On 

2 DPI, viral RNA copies and titers in the lungs were quantified. (B) A comparison of viral 

titers between different groups is shown for mouse lungs collected on 2 DPI (log10 FFU 

per gram). (C) Shown is a comparison of viral RNA copies in the mouse lungs (log10 viral 

copies per milligram) between different groups at 2 DPI. (D) Hamster experimental design 

and timeline. Three groups of hamsters (n = 12 per group) were vaccinated intramuscularly 
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with mock, mRNA-S (2 μg), or mRNA-S+N (2 μg for each) at weeks 0 and 3, followed 

by intranasal challenge with SARS-CoV-2 Delta strain (2 × 104 pfu) at week 5. On 2 (n = 

6) and 4 DPI (n = 6), lung tissues were harvested for analysis of viral RNA copies, viral 

titers, and pathology; nasal washes were collected for analysis of viral RNA copies; hamster 

body weights were also monitored. (E) Shown is a comparison of viral titers (log10 FFU per 

gram) in the hamster lungs between different groups on 2 and 4 DPI. (F) A comparison of 

viral RNA copies in the hamster lungs (log10 viral copies per milligram) is shown between 

different groups using samples collected at 2 and 4 DPI. (G) Hamster lung histopathology 

is shown. Postchallenge lung tissues (2 DPI) were fixed, and 5-μm sections were cut from 

hamsters and stained with hematoxylin and eosin. Left, lung of mock-immunized hamsters 

demonstrates bronchi with bronchiolitis (arrows) and adjacent marked interstitial pneumonia 

(arrowheads); middle and right, lungs of hamsters immunized with mRNA-S (middle) or 

mRNA-S+N (right) demonstrate normal bronchial (stars), bronchiolar (arrows), and alveolar 

architecture. Scale bars, 1 mm. (H) A comparison of viral RNA copies in the nasal washes 

(log10 viral copies per milligram) is shown between the indicated groups on 2 and 4 DPI. 

(I) A comparison of hamster body weight changes is shown between different groups from 

0 to 4 DPI. * on 2 DPI denotes difference of mRNA-S+N from mRNA-S or mock; ** 

on 4 DPI denote differences of mRNA-S+N or mRNA-S from mock, respectively. Dashed 

lines in (B, C, E, and F) show the assay limit of detection. The numbers at the bottom of 

(B, C, and E) indicate the proportion of animals with a result above the limit of detection. 

Data are presented as median and IQR where appropriate. Mann-Whitney (B and C) or 

Kruskal-Wallis (E, F, H, and I) test was used for statistical analysis. *P < 0.05, **P < 0.01, 

and ***P < 0.001.
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Fig. 4. Combination mRNA-S+N vaccination confers protection against the Omicron variant in 
hamsters.
(A) Hamster experimental design and timeline. Four groups of hamsters (n = 10 per group) 

were vaccinated intramuscularly with mock (empty LNP), mRNA-S (2 μg), mRNA-S (2 μg), 

or mRNA-S+N (2 μg for each) at weeks 0 and 3, followed by intranasal challenge with 

SARS-CoV-2 Omicron strain (2 × 104 pfu) at week 5. On 2 (n = 6) and 4 DPI (n = 6), 

lung tissues were harvested for analysis of viral RNA copies, viral titers, and pathology; 

nasal washes were collected for analysis of viral RNA copies; hamster body weights 

were monitored. In addition, a fifth group (n = 10) that was vaccinated with the same 
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mRNA-S+N but received two doses of anti-CD8β–depleting antibody (intraperitoneally) 

before viral challenge (days −6 and −3) was included. (B to E) Viral RNA copies (log10 

viral copies per milligram) (B and D) and viral titers (log10 FFU per gram) (C and E) 

were measured in the hamster lungs collected from the indicated groups at 2 DPI (B and 

C) and 4 DPI (D and E). (F) Pooled analysis of viral titers is shown for the hamster 

lung samples collected at 2 and 4 DPI. Log10 FFU per gram was compared between the 

different groups. (G) Hamster lung histopathology is shown using samples collected at 4 

DPI. Mock, lung demonstrates bronchi with bronchiolitis (arrows) and adjacent marked 

interstitial pneumonia (arrowheads); mRNA-S (2 μg), lung demonstrates peribronchiolitis 

(arrow), perivasculitis (asterisk), and multifocal interstitial pneumonia (arrowhead); mRNA-

S (4 μg), lung demonstrates marked interstitial pneumonia (arrowheads); mRNA-S+N, lung 

demonstrates normal bronchial, bronchiolar (arrows), and alveolar architecture. Scale bars, 

1 mm. (H) A comparison of viral RNA copies in the nasal washes (log10 viral copies 

per milligram) between different groups on 2 and 4 DPI is shown. (I) A comparison of 

hamster body weight changes among the indicated groups is shown. * denotes difference 

between mRNA-S+N and mRNA-S (4 μg). (J) Shown is a comparison of viral RNA 

copies in the hamster lungs (log10 viral copies per milligram) on 2 DPI between mock, 

mRNA-S+N (S+N), and mRNA-S+N/CD8+ T cell depletion (S+N/CD8 Dep) groups. (K) 

Pooled analysis is shown for viral RNA copies in the hamster lungs for 2 and 4 DPI samples 

together. (L) Shown is a comparison of hamster body weight changes between the indicated 

groups. In (L), * and ** denote comparison of mRNA-S+N with mRNA-S+N/CD8 Dep. 

Dashed lines show limit of detection. The numbers at the bottom of (B to F) indicate the 

proportion of animals with a result above the limit of detection. Data are presented as 

median and IQR where appropriate. Kruskal-Wallis test was used for statistical analysis. *P 
< 0.05 and **P < 0.01.
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Fig. 5. Combination mRNA-S+N vaccination induces antigen-specific immune responses in mice 
and hamsters.
Immunogenicity experimental design and timeline: Three groups of BALB/c mice (n = 7 

per group) were vaccinated intramuscularly with mock, mRNA-S (1 μg), or combination 

mRNA-S+N (1 μg for each) at weeks 0 and 3. Blood and serum samples were collected 

at week 3 (before booster) to measure antibody responses. Two weeks after booster 

(week 5), vaccine-induced T cell and antibody responses were measured. (A and B) 

ICS measurements of S-specific CD4+ and CD8+ T cells in the mouse spleen (week 

Hajnik et al. Page 32

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5) are shown. Percent of individual cytokine-positive CD4+ (A) or CD8+ (B) T cells 

were compared between the mock and vaccine groups. (C and D) ICS measurements of 

N-specific CD4+ and CD8+ T cells in the mouse spleen (week 5) are shown. Percent of 

individual cytokine-positive CD4+ (C) or CD8+ (D) T cells were compared between the 

mock and vaccine groups. (E) IFN-γ ELISPOT measurements of antigen- specific T cells in 

spleen (week 5) are shown. Data were shown as SFC per 106 splenocytes. (F and G) ELISA 

measurement of serum S-specific (F) or N-specific (G) binding IgG are shown for samples 

collected after prime (week 3) or booster (week 5) vaccination in mice. Antibody EPTs were 

determined on the basis of serum serial dilutions and compared between different groups. 

(H) Serum samples were collected from the hamsters in Fig. 3D (n = 12) after booster 

vaccination (week 5) but before viral challenge. Samples were used to measure neutralizing 

activity by PRNT. PRNT50 neutralization titers for individual serum samples were compared 

among different groups and between the wild-type virus and the Delta variants. Dashed lines 

(F, G, and H) show limit of detection for each assay. Data are presented as median and IQR 

where appropriate. Kruskal-Wallis test was used for statistical analysis. *P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001.
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