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Abstract 26 

To control the coronavirus disease 2019 (COVID-19) pandemic, there is a need to 27 

develop vaccines to prevent infection with severe acute respiratory syndrome coronavirus 28 

2 (SARS-CoV-2) variants. One candidate is a nasal vaccine capable of inducing secretory 29 

IgA antibodies in the mucosa of the upper respiratory tract, the initial site of infection. 30 

However, regarding the development of COVID-19 vaccines, there is concern about the 31 

potential risk of inducing lung eosinophilic immunopathology as a vaccine-associated 32 

enhanced respiratory disease as a result of the T helper 2 (Th2)-dominant adaptive 33 

immune response. In this study, we investigated the protective effect against virus 34 

infection induced by intranasal vaccination of recombinant trimeric spike protein derived 35 

from SARS-CoV-2 adjuvanted with CpG oligonucleotides, ODN2006, in mouse model. 36 

The intranasal vaccine combined with ODN2006 successfully induced not only systemic 37 

spike-specific IgG antibodies, but also secretory IgA antibodies in the nasal mucosa. 38 

Secretory IgA antibodies showed high protective ability against SARS-CoV-2 variants 39 

(Alpha, Beta and Gamma variants) compared to IgG antibodies in the serum. The nasal 40 

vaccine of this formulation induced a high number of IFN-γ-secreting cells in the 41 
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draining cervical lymph nodes and a lower spike-specific IgG1/IgG2a ratio compared to 42 

that of subcutaneous vaccination with alum as a typical Th2 adjuvant. These features are 43 

consistent with the induction of the Th1 adaptive immune response. In addition, mice 44 

intranasally vaccinated with ODN2006 showed less lung eosinophilic immunopathology 45 

after viral challenge than mice subcutaneously vaccinated with alum adjuvant. Our 46 

findings indicate that intranasal vaccine adjuvanted with ODN2006 could be a candidate 47 

that can prevent the infection of antigenically different variant viruses, reducing the risk 48 

of vaccine-associated enhanced respiratory disease. 49 

 50 

Keywords: intranasal vaccination, secretory IgA antibody, COVID-19, SARS-CoV-2, 51 

lung eosinophilic immunopathology 52 
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1. Introduction 54 

The coronavirus disease 2019 (COVID-19) caused by severe acute respiratory 55 

syndrome coronavirus 2 (SARS-CoV-2) has spread worldwide since December 2019 and 56 

is presently a major public health concern [1, 2]. Vaccines could be the most promising 57 

approach to protect us from the threat of this infectious disease. In fact, several new 58 

vaccines have already been in use, showing high vaccine effectiveness [3-6]. Typical 59 

examples include the mRNA vaccines [3, 4] and the viral vector vaccines [5, 6]. 60 

Particularly in the UK, it is noteworthy that mRNA vaccine, BNT162b2 61 

(Pfizer-BioNTech), was approved for practical use on December 2, 2020, less than a year 62 

after the epidemic began [7]. The advantage of the mRNA vaccine is that if the 63 

formulation of the vaccine has already been determined, a new vaccine can be launched 64 

for practical use in the shortest time, as long as the nucleic acid information of the target 65 

antigen is available. However, the long-term adverse events associated with the new 66 

modality of vaccines approved for emergency use are currently unknown; therefore, this 67 

issue should be adequately evaluated in the future. On the other hand, although the 68 

development of inactivated virus vaccines and subunit vaccines as conventional vaccine 69 
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formulations has been promoted, the development tends to be delayed because of time 70 

taken to prepare the antigen. Unlike vaccines of new modality, these conventional 71 

vaccines may have the advantage of being less burdensome to the vaccinees because 72 

reactogenicity can be assumed to some extent. 73 

Currently, most vaccines are administered intramuscularly or subcutaneously, 74 

resulting in the induction of systemic antigen-specific IgG antibodies. In studies on nasal 75 

influenza vaccines, we have already shown that a systemic antibody response is effective 76 

for reducing mortality and morbidity associated with influenza but insufficient to prevent 77 

infection, and that mucosal secretory IgA antibodies induced by intranasal vaccination 78 

are highly protective against not only the vaccine-homologous virus but also 79 

antigenically different viruses from the vaccine antigen [8-13]. The World Health 80 

Organization (WHO) has recommended the development of a COVID-19 vaccine to 81 

prevent infection with SARS-CoV-2 variants [14], therefore the study of vaccines 82 

inducing mucosal immunity should be accelerated. In fact, 11 candidate intranasal 83 

vaccines against SARS-CoV-2 have already been in clinical trials as of May 13, 2022 [15, 84 

16]. 85 
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However, there may be a risk of lung eosinophilic immunopathology caused by viral 86 

infection among COVID-19 vaccinators, a phenomenon known as vaccine-associated 87 

enhanced respiratory disease (VAERD) [17-23]. This phenomenon was first observed in 88 

the 1960s in a clinical trial of formalin-inactivated respiratory syncytial virus (FI-RSV) 89 

and measles vaccines. Two children died of severe pneumonia with eosinophilic 90 

infiltration due to natural infection after vaccination in the clinical trial of the FI-RSV 91 

vaccine [24]; thus, VAERD cannot be ignored in vaccine studies. Histological analysis of 92 

postmortem lung sections revealed immune complex formation and complement 93 

activation in the smaller airways. Similar eosinophilic immunopathology was observed in 94 

a mouse experiment with SARS-CoV and Middle East respiratory syndrome 95 

(MERS)-CoV vaccines. Some studies have suggested that lung eosinophilic 96 

immunopathology is due to the induction of T helper 2 (Th2)-shifted immune responses 97 

with high levels of antibody responses and insufficient neutralizing ability [21-23]. 98 

Although several studies on nasal COVID-19 vaccines in mouse models have already 99 

been reported, these studies did not analyze vaccine-induced eosinophilic 100 

immunopathology [25, 26]. Using a mouse model, we recently revealed that the 101 
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immunopathology of pneumonia with eosinophilic infiltration was induced by the 102 

infection with SARS-CoV-2 among mice immunized with recombinant spike (S) protein 103 

of the virus combined with alum adjuvant [23]. Thus, the U.S. Food and Drug 104 

Administration (FDA) recommended that the balance of T-cell responses should be 105 

properly assessed to avoid the risk of VAERD for vaccine candidates to be practically 106 

used in the future[27]. 107 

In this study, we used a mouse model to evaluate both the protective effect and 108 

neutralizing antibodies induced by intranasal administration of recombinant trimeric 109 

spike protein derived from SARS-CoV-2 combined with synthetic oligodeoxynucleotides 110 

containing the CpG motif, ODN2006 [28]. In addition, T-cell responses and the risk of 111 

VAERD were examined after viral challenge in immunized mice. Our data showed that 112 

intranasal administration of recombinant spike protein with ODN2006, rather than 113 

subcutaneous administration in the presence of alum adjuvant, induced neutralizing 114 

antibodies with well-balanced T-cell responses, resulting in the protection against 115 

homologous or heterologous virus infection without lung eosinophilic immunopathology. 116 

 117 
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2. Materials and Methods 118 

2.1. Purification of recombinant SARS-CoV-2 Spike protein 119 

Recombinant trimeric ectodomain of SARS-CoV-2 S protein with two proline 120 

mutations (rtS-ecto2P) as a vaccine antigen was produced using a Drosophila expression 121 

system (Thermo Fisher Scientific, Grand Island, NY). The protein sequence was 122 

modified to remove the furin cleavage site (RRAR to GSAG), and two stabilizing 123 

mutations were introduced (K986P and V987P; wild-type numbering) [29, 30]. Protein 124 

expression and purification were performed as previously described [31]. Recombinant 125 

trimeric ectodomain of S protein with six proline mutations (rtS-ecto6P) for 126 

enzyme-linked immunosorbent assay (ELISA) was produced using Expi293F cells 127 

(Thermo Fisher Scientific). In addition to the mutation at the furin cleavage site, six 128 

stabilizing mutations were introduced (F817P, A892P, A899P, A942P, K986P, and 129 

V987P; wild-type numbering) [32]. 130 

 131 

2.2. Immunization and sampling 132 

Female BALB/c mice (20-24 weeks old) (Japan SLC Inc., Hamamatsu, Shizuoka, 133 
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Japan) were maintained in specific pathogen-free facilities. The mice were either 134 

intranasally or subcutaneously vaccinated with 3 µg rtS-ecto2P three times at 2-week 135 

intervals. Intranasal vaccination was performed by instillation of 6 µL of vaccine solution 136 

with or without 10 µg of ODN2006 into each nostril (total, 12 µL/mouse). Subcutaneous 137 

vaccination was performed by inoculation with 100 µL of vaccine solution containing 10 138 

µg of ODN2006 (InvivoGen, San Diego, CA) or 1 mg of Imject Alum adjuvant (Thermo 139 

Fisher Scientific) in the dorsal part of the cervical region. ODN2006 and Imject Alum 140 

were used as adjuvants to induce Th1- and Th2-dominant immune responses, respectively. 141 

For the time-course evaluation of the antibody response, partial blood sampling from the 142 

orbit was performed at 2-week intervals from the final vaccination. Serum, nasal and lung 143 

wash, and cervical lymph nodes were collected from mice for the evaluation of antibody 144 

and cellular immune responses, respectively, one week after the final vaccination. 145 

All immunizations and partial blood sampling were performed under anesthesia. All 146 

animal experiments were performed in accordance with the Guide for Animal 147 

Experiments Performed at the National Institute of Infectious Diseases (NIID) and were 148 

approved by the Animal Care and Use Committee of NIID. 149 
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 150 

2.3 Virus challenge and sampling 151 

To evaluate effectiveness of protection against virus infection, vaccinated mice were 152 

inoculated intranasally with the mouse adapted SARS-CoV-2 strain, QHmusX (GenBank 153 

Accession No.: LC605054) [23], into the lungs (40 LD50 per mouse) and nasal cavity (6 154 

LD50 per mouse) 2 weeks after the final immunization. To protect against SARS-CoV-2 155 

variants—Alpha variant QHN001 (lineage B.1.1.7, GISAID: EPI_ISL_804007), Beta 156 

variant TY8-612 (lineage B.1.351, GISAID: EPI_ISL_1123289), and Gamma variant 157 

TY7-501 (lineage P.1, GISAID: EPI_ISL_833366)—were intranasally challenged with 158 

3.5×105 TCID50 into the lungs and nasal cavity. Intranasal challenge into the upper and 159 

lower respiratory tracts was performed by instillation of 30 µL and 4 µL (2 µL in each 160 

nostril), respectively. To determine the viral titer in the nasal mucosa and lungs, nasal and 161 

lung washes were collected 3 days after virus challenge, and the lungs were collected for 162 

the evaluation of eosinophilic immunopathology at 6 days post-infection. In addition, 163 

body weight was monitored for 10 days after the virus challenge. The humane endpoint 164 

was defined as the appearance of clinical diagnostic signs of respiratory stress, including 165 
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respiratory distress and > 25% weight loss. The SARS-CoV-2 challenge was performed 166 

in a biosafety level 3 facility according to the Guidelines for Animal Experiments 167 

performed at NIID. 168 

 169 

2.4. Estimation of SARS-CoV-2 S-specific antibody responses 170 

SARS-CoV-2 S-specific antibodies were estimated using ELISA. Half-area 171 

flat-bottomed microtiter plates (Corning Inc., NY) were coated with 50 ng/well 172 

rtS-ecto6P, followed by blocking with PBS containing 5% skim milk and 0.05% Tween 173 

20. Serial dilutions of serum samples from vaccinated mice were added to each well of 174 

microtiter plates. IgG antibodies were detected using biotin-conjugated goat anti-mouse 175 

IgG antibody (Jackson Immunoresearch, West Grove, PA), followed by alkaline 176 

phosphatase-conjugated streptavidin (Invitrogen, CA, USA). The enzymatic reaction was 177 

initiated by the addition of the substrate p-nitrophenylphosphate (Sigma-Aldrich, 178 

Burlington, MA). The absorbance at 405 nm was measured using an iMark microplate 179 

reader (Bio-Rad, Hercules, CA). All procedures were performed at room temperature. 180 

The S-specific IgG antibody titer was defined as the reciprocal of the highest dilution of 181 
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the test sample, giving a higher absorbance than the cut-off value obtained as 2-fold mean 182 

absorbance of serial dilutions of control naive mouse serum set in each plate. 183 

Quantification of S-specific IgG1 or IgG2a antibodies in the serum and IgA 184 

antibodies in nasal or lung washes was performed as previously described [23]. Chimeric 185 

human-mouse monoclonal IgG1, IgG2a, and IgA antibodies bearing variable regions of 186 

the S-specific human monoclonal antibody S309 [33] were used as standard antibodies 187 

for quantification. Horseradish peroxidase (HRP)-conjugated polyclonal anti-mouse 188 

IgG1 antibody (Bethyl Laboratories, Montgomery, TX), anti-mouse IgG2a antibody 189 

(Bethyl Laboratories), or polyclonal anti-mouse IgA antibody (Bethyl Laboratories) were 190 

used as detection antibodies. The enzymatic reaction was obtained by adding ABTS 191 

substrate (Roche, Basel, Switzerland), and the absorbance of 405 nm was measured. 192 

 193 

2.5. SARS-CoV-2 neutralization assay 194 

The neutralization assay was performed as previously described [23, 34]. Briefly, 195 

50uL of QHmusX (100TCID50) and 50uL of heat-inactivated serum serially diluted by 196 

two-fold were mixed and incubated in 96-well microtiter plates for 1h at 37�, followed 197 
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by the addition of 100 µL of VeroE6-TMPRSS2 cells (JCRB1819, Japanese Collection of 198 

Research Bioresources Cell Bank) [35, 36]. After five days of cultivation, samples were 199 

examined for viral cytopathic effects (CPEs). Neutralizing antibody titers were 200 

determined as the reciprocal of the highest dilution rate at which no CPEs were observed. 201 

The neutralization assay was performed in a biosafety level 3 laboratory at the NIID, 202 

Japan. 203 

 204 

2.6. Enzyme-linked immunospot assay 205 

Cells secreting interferon (IFN)-γ, interleukin (IL)-4, or IL-5 were determined using 206 

a mouse enzyme-linked immunospot (ELISpot) assay kit (Mabtech, Cincinnati, OH) 207 

according to the manufacturer’s instructions. Briefly, in plates pre-coated with 208 

anti-mouse IFN-γ, IL-4, or IL-5 antibodies, 3 × 105 cells harvested from the spleen or 209 

cervical lymph nodes were incubated for 16 h in the presence of a peptide pool derived 210 

from the S protein of SARS-CoV-2 (a mixture of PepTivator SARS-CoV-2 Prot_S, S1, 211 

and S+; Miltenyi Biotec, Bergisch Gladbach, Germany). After washing the cells with 212 

PBS, biotin-conjugated anti-IFN-γ, IL-4, or IL-5 detection antibodies were added and 213 
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incubated at RT for 2 h, followed by incubation with ALP-conjugated streptavidin at RT 214 

for 1 h. The enzymatic reaction was initiated by addition of BCIP/NBT. Each experiment 215 

was performed in duplicate. Spots formed by cytokine-secreting cells were counted and 216 

analyzed using ELISpot reader S6 Universal with ImmunoSpot 7.0 software (Cellular 217 

Technology, Ltd., Shaker Heights, OH). 218 

 219 

2.7. Flow cytometric analysis 220 

T follicular helper (Tfh) cells, germinal center B (GCB) cells, and eosinophils were 221 

evaluated by flow cytometry. Single cell suspensions were obtained from the cervical 222 

lymph nodes, spleen and lungs of immunized mice. One million cells were stained with 223 

FVD506 (Thermo Fisher Scientific) for dead cell removal and blocked with anti-mouse 224 

CD16/CD32 monoclonal antibody (BD Pharmingen, San Jose, CA). Cell surface markers 225 

of Tfh cells were defined as CD4+ CD8- PD-1+ CXCR5+ among TER119- Ly-6G/Ly-6C- 226 

CD11b- CD19- populations, and those of GCB cells were defined as CD19+ GL7+ CD95+ 227 

cells among TER119- Ly-6G/Ly-6C- CD11b- CD3- populations [37]. Eosinophils are 228 

defined as CD45+ CD11b+ CD11c- Ly6G+ Siglec-F- cells [38]. The antibodies used in 229 
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flow cytometric analysis are summarized in Supplementary Table 1. Samples were 230 

analyzed with CantoII (BD Biosciences), and data were analyzed using FlowJo software 231 

version 10.8.0 (Tree Star Inc., Ashland, OR). 232 

 233 

2.8. Quantification of SARS-CoV-2 subgenomic RNA 234 

Total RNA was extracted from 125 µL of nasal or lung wash using ISOGEN-LS 235 

(Nippon gene, Toyko, Japan) and purified using a Maxwell RSC 48 Instrument (Promega, 236 

Madison, WI) with a Maxwell RSC miRNA Plasma and Serum Kit (Promega). 237 

Quantification of subgenomic RNA was performed by real-time reverse transcription 238 

PCR (RT-PCR) using a QuantiTect Probe RT-PCR Kit (QIAGEN, Hilden, Germany) with 239 

primers and probes as previously described [39]. Real-time RT-PCR was performed using 240 

Mx3005P (Stratagene, La Jolla, CA, USA). 241 

 242 

2.9. Immunohistochemistry 243 

The lungs collected from mice were fixed in phosphate buffer containing 10% formalin. 244 

The fixed lungs were embedded in paraffin and sectioned. Eosinophils were identified 245 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.24.493348doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.24.493348
http://creativecommons.org/licenses/by-nc/4.0/


using Astra Blue/Vital New Red staining (C.E.M. Stain Kit, Diagnostic Biosystems, 246 

Pleasanton, CA). The lung tissue sections were observed for eosinophil infiltration in the 247 

peribronchiolar areas using an optical microscope. 248 

 249 

2.10. Statistical analysis 250 

Data analysis and visualization were performed using GraphPad Prism 7.0 software 251 

(GraphPad Software Inc., San Diego, CA). For statistical analysis, the Kruskal-Wallis test 252 

with Dunn’s multiple comparison test was used for comparisons between groups. 253 

Comparison of body weight and survival was performed using Dunnett’s multiple 254 

comparisons test following the mixed-effects model or log-rank (Mantel-Cox) test, 255 

respectively. Statistical significance was set at P < 0.05. 256 

 257 

3. Results 258 

3.1. Intranasal vaccines induced S-specific antibodies in nasal mucosa and lung as 259 

well as serum 260 

To evaluate the S-specific antibody responses, serum, nasal and lung wash 261 
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specimens were collected from mice that received three doses of either intranasal or 262 

subcutaneous vaccines (Fig. 1A). Intranasal vaccination was performed with or without 263 

ODN2006 as a mucosal adjuvant and subcutaneous vaccination was performed with 264 

ODN2006 or alum adjuvant. Naïve mice were used as negative controls. Serum 265 

S-specific IgG antibody titers and neutralization titers were determined using ELISA and 266 

microneutralization assays, respectively. The concentration of S-specific IgA antibodies 267 

in the nasal or lung wash samples was quantified using ELISA. Intranasal administration 268 

without mucosal adjuvant induced low levels of serum S-specific IgG antibodies. In 269 

contrast, intranasal vaccination adjuvanted with ODN2006 successfully induced 270 

S-specific IgG antibodies in serum at a level similar to that induced by subcutaneous 271 

vaccination in the presence of ODN2006 or alum adjuvant (Fig. 1B). The results for the 272 

neutralizing antibody titer were similar to those of the S-specific IgG antibody titer (Fig. 273 

1C). Although intranasal vaccination in the absence of mucosal adjuvant failed to induce 274 

local antibody responses, nasal and lung S-specific IgA antibodies were detected among 275 

intranasally immunized mice in the presence of ODN2006 (Fig. 1D and 1E). No secretory 276 

IgA antibodies were detected in samples from subcutaneously vaccinated mice. 277 
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These results indicated that intranasal vaccination with ODN2006 as a mucosal 278 

adjuvant induced not only secretory IgA antibodies in the nasal mucosa and lungs but also 279 

systemic IgG antibodies at the same level as those obtained from subcutaneous 280 

vaccination with ODN2006 or alum adjuvant. 281 

 282 

3.2. Intranasal vaccine adjuvanted with ODN2006 effectively protect mice from 283 

SARS-CoV-2 infection 284 

To evaluate the protection against viral challenge, intranasal inoculation of the 285 

mouse-adapted SARS-CoV-2 strain, QHmusX, was performed on mice vaccinated under 286 

the same conditions as described above (Fig. 2A). Nasal and lung wash samples were 287 

collected at three days post-infection (dpi), and the amount of subgenomic RNA (sgRNA) 288 

derived from SARS-CoV-2 in these samples was evaluated by real-time RT-PCR to 289 

assess the protection of mice against infection. The number of sgRNA copies in the nasal 290 

wash was significantly reduced in mice with S-specific IgA in the nasal mucosa induced 291 

by intranasal vaccination adjuvanted with ODN2006 (Fig. 1D and 2B). No significant 292 

decrease in sgRNA in the nasal mucosa was observed in mice that received subcutaneous 293 
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vaccine or mice intranasally vaccinated with antigen only. A significant decrease in 294 

sgRNA copies in the lung wash was observed in mice vaccinated intranasally or 295 

subcutaneously in the presence of ODN2006 or alum, respectively, which showed high 296 

neutralizing antibody titers in serum (Fig. 1C and 2C). Simultaneously, the mice were 297 

monitored for body weight and survival for 10 days after the challenge (Fig. 2D and 2E). 298 

Naïve mice and those intranasally vaccinated with antigen only died by 6 dpi. Among 299 

mice that received subcutaneous vaccine with ODN2006 or alum, although few mice died, 300 

others recovered from the apparent decrease in body weight post challenge and survived 301 

until 10 dpi; in contrast, all mice intranasally vaccinated with ODN2006 survived without 302 

remarkable body weight change during the observation period. 303 

In addition, protection against viral challenge with SARS-CoV-2 variants (Alpha, 304 

Beta and Gamma variants) was assessed (Fig. 3A). Significant reductions in nasal sgRNA 305 

derived from each variant virus were achieved in mice intranasally vaccinated in the 306 

presence of ODN2006 when compared to naïve mice (Fig. 3B-3D). In the lungs, sgRNA 307 

of Alpha and Gamma variants significantly decreased by both intranasal and 308 

subcutaneous vaccination with antigen together with ODN2006, while that of Beta 309 
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variant presented a significant decrease only by intranasal but not subcutaneous 310 

vaccination (Fig. 3E-3G). 311 

These findings indicate that IgA antibodies in the nasal mucosa and lung induced by 312 

intranasal, but not subcutaneous, vaccination combined with ODN2006 were 313 

cross-protective against SARS-CoV-2 variants. 314 

 315 

3.3. Formation of germinal center and maintenance of antibody responses by 316 

intranasal vaccination 317 

The induction of memory B cells and long-lasting humoral immune responses 318 

derived from long-lived plasma cells is important for successful vaccine-evoking 319 

protective antibody responses [40]. The formation of a germinal center is required for the 320 

affinity maturation of antibodies and determination of the B cell life span [37]. Hence, 321 

vaccination-induced changes in the percentage of Tfh cells and GCB cells were evaluated 322 

in lymphocytes from draining cervical lymph nodes using flow cytometry. The 323 

proportions of both Tfh and GCB cells in cervical lymph nodes were definitely increased 324 

by intranasal vaccination with antigen plus ODN2006 (Fig. 4A and 4B). In addition, 325 
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systemic S-specific IgG antibody responses were evaluated in serum samples collected 326 

for 20 weeks at 2-week intervals after the initial vaccination (Fig. 4C). The highest 327 

responses were achieved two weeks after the final vaccination, and mice that received 328 

subcutaneous vaccine adjuvanted with alum or ODN2006 showed the highest S-specific 329 

IgG antibodies, followed by mice intranasally vaccinated in the presence of ODN2006. 330 

Although systemic S-specific IgG antibodies slightly declined over time during the 331 

observation period, IgG antibodies were well held in mice subcutaneously vaccinated 332 

with alum compared to mice that received intranasal or subcutaneous vaccination with 333 

ODN2006 (Fig. 4D). At 20 weeks after the initial vaccination, S-specific nasal IgA 334 

antibodies were detected in five out of six mice with intranasal vaccination combined 335 

with ODN2006 but not in mice with other vaccinations (Fig. 4E). 336 

Overall, these results suggest that intranasal vaccination with ODN2006 induced the 337 

formation of GCs in the draining lymph nodes and the maintenance of local secretory IgA 338 

antibody responses in the nasal mucosa, despite a slight decline in systemic IgG 339 

responses. 340 

 341 
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3.4. Induction of Th1 response by using ODN2006 as an adjuvant 342 

Lung eosinophilic immunopathology as a phenomenon of VAERD was observed in 343 

a clinical trial of FI-RSV and measles vaccine, and in a mouse model of SARS- or 344 

MERS-CoV vaccine. This phenomenon is suspected to be dependent on the Th2 345 

dominant immune response of vaccine candidates [21-23]. Therefore, the Th response 346 

induced by intranasal vaccination with recombinant S protein in the presence of 347 

ODN2006 should be carefully examined. In mice, Th1 cells produce IFN-γ resulting in 348 

IgG2a induction, in contrast, Th2 cells produce IL-4 and IL-5 inducing IgG1 responses 349 

[41]. 350 

Cells isolated from the spleen and cervical lymph nodes one week after the final 351 

immunization were evaluated for cytokine production under stimulation of the peptide 352 

pool of S protein by ELISpot assay (Fig. 5A). Significant induction of IFN-γ-secreting 353 

cells was observed in the splenocytes of mice subcutaneously vaccinated with ODN2006 354 

(Fig. 5B). In contrast, a significant induction of IL-4-secreting cells was observed in 355 

splenocytes obtained from mice subcutaneously vaccinated with alum adjuvant, and a 356 

similar tendency was observed in IL-5-secreting cells (Fig. 5C and 5D). In the case of 357 
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splenocytes, each cytokine-secreting cell significantly increased in mice that received 358 

subcutaneous vaccination with ODN2006 or alum but not in those intranasally vaccinated. 359 

Therefore, cytokine-secreting cells were evaluated using cells isolated from the draining 360 

cervical lymph nodes of intranasally vaccinated or naive mice. Intranasal vaccination in 361 

the presence of ODN2006 significantly increased the number of IFN-γ-secreting cells, 362 

while IL-4 and IL-5 secreting cells decreased compared to intranasal vaccines with only 363 

antigen (Fig. 5E). In contrast, intranasal vaccination with antigen in the absence of 364 

mucosal adjuvant significantly induced IL-4 and IL-5 secreting cells, but not 365 

IFN-γ-secreting cells, in draining lymph nodes (Fig 5F and 5G). 366 

The dominant T cell response was estimated using an S-specific IgG antibody 367 

subclass (Fig. 5H and 5I). Large amounts of S-specific IgG1 antibodies were obtained in 368 

mice subcutaneously vaccinated with alum adjuvant compared to mice immunized in the 369 

presence of ODN2006; however, S-specific IgG2a antibodies in mice intranasally or 370 

subcutaneously vaccinated in the presence of ODN2006 were higher than those obtained 371 

in mice vaccinated with alum. When the S-specific IgG1/IgG2a ratio was calculated, the 372 

IgG1/IgG2a ratio after vaccination with ODN2006 was significantly lower than that after 373 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.24.493348doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.24.493348
http://creativecommons.org/licenses/by-nc/4.0/


vaccination with alum (Fig. 5J). 374 

These results, obtained from the estimation of cytokine-secreting cells and 375 

IgG1/IgG2a ratio, suggested that ODN2006, used as an adjuvant, induced Th1 dominant 376 

immune responses regardless of the administration route. 377 

 378 

3.5. Lung eosinophilic immunopathology is reduced by vaccines that induce a 379 

remarkable Th1 response 380 

The correlation between vaccine-induced Th2 dominant immune responses and lung 381 

eosinophilic immunopathology was evaluated in a lethal challenge model in mice (Fig. 382 

6A). S-specific IgG1/IgG2a ratios were calculated by ELISA in sera obtained one week 383 

prior to challenge, and eosinophilic infiltration into the lungs was examined at 6 dpi by 384 

histopathological and flow cytometric analyses. As shown in Fig. 6B, histological 385 

analysis revealed that mice immunized in the presence of ODN2006, regardless of the 386 

route of vaccination, showed small lesions with infiltration of inflammatory cells, 387 

including neutrophils and mononuclear cells around the blood vessels and bronchi, but 388 

little eosinophil infiltration. In contrast, eosinophilic infiltration around the bronchi and 389 
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blood vessels was observed in mice intranasally vaccinated with only antigen or 390 

subcutaneously vaccinated with alum. Similar results were obtained in the flow 391 

cytometric analysis. Although there were no significant differences in the percentages of 392 

eosinophils induced among the different vaccines, these values correlated well with the 393 

S-specific IgG1/IgG2a ratios (r = 0.779, p = 0.0015) (Fig. 6C and 6D). 394 

Our results showed that Th2 dominant immune response, suspected by large values 395 

of IgG1/IgG2a, caused lung eosinophilic immunopathology. In contrast, in immunization 396 

combined with ODN2006, Th1 shifted immune responses correlating with low values of 397 

IgG1/IgG2a ratio alleviated the risk of eosinophilic infiltration. 398 

 399 

4. Discussion 400 

In the current study, we revealed that intranasal vaccination with S protein together 401 

with ODN2006, a toll-like receptor 9 agonist [28], could induce cross-protective 402 

secretory IgA antibodies against SARS-CoV-2 variants in the nasal mucosa, which is the 403 

initial site of infection. Furthermore, we demonstrated that this vaccine could reduce the 404 

potential risk of lung eosinophilic immunopathology in the case of post-vaccination 405 
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infection. 406 

In our previous studies on intranasal influenza vaccine, it has been revealed that 407 

intranasal vaccination induces not only IgG antibodies in the serum but also 408 

cross-protective secretory IgA antibodies on the surface of mucosal epithelial cells in the 409 

upper respiratory tract [8-13]. Here, we evaluated serum and mucosal antibody responses 410 

and protective effects induced in mice by intranasal vaccination with recombinant 411 

SARS-CoV-2 S protein. Only mice immunized intranasally with antigen combined with 412 

ODN2006 induced mucosal IgA as well as systemic IgG antibody responses 413 

accompanied by a significant reduction in viral load in both the upper respiratory tract 414 

and lungs. All individuals receiving this vaccine survived a lethal challenge with the 415 

mouse adapted SARS-CoV-2 strain without significant weight loss. In addition, the 416 

cross-protective ability by nasal vaccine was evaluated against SARS-CoV-2 Alpha, Beta 417 

or Gamma variant. Results of neutralization assays using human sera collected from 418 

mRNA vaccinees or individuals who suffered from breakthrough infections suggest that 419 

the antigenicity of the Beta variant differs from those of the Alpha and Gamma variants. 420 

[42-44]. When SARS-CoV-2 variants were challenged into the lungs, infections of Alpha 421 
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or Gamma variants were suppressed in mice intranasally or subcutaneously vaccinated, 422 

whereas infection with the Beta variant could not be prevented by either vaccination. On 423 

the other hand, all variants challenged into the nasal cavity were significantly prevented 424 

in mice possessing mucosal secretory IgA antibody induced by intranasal vaccination, but 425 

not in those subcutaneously vaccinated. These results indicate that, compared to systemic 426 

IgG antibodies which are primarily responsible for protection against infection in the 427 

lungs [11], secretory IgA antibodies that can be induced by intransal vaccination possess 428 

higher cross-protective activity against SARS-CoV-2 variantviruses with different 429 

antigenicities. Thus, a nasal vaccine that could induce highly cross-protective secretory 430 

IgA antibodies in the nasal mucosa, which is the gateway to respiratory infection, would 431 

be a more effective, reasonable vaccine candidate. It has been shown that the Omicron 432 

variant, which is currently prevalent around the world, could replicate more effectively in 433 

the bronchi than in the lungs, compared with other variants and the ancestor [45-48]. 434 

Therefore, there is high chance that a nasal vaccine which could induce cross-protective 435 

IgA antibodies in the upper respiratory tract would be effective against the Omicron 436 

variant as well. 437 
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When considering the COVID-19 vaccine, there is a concern about the potential risk 438 

of lung eosinophilic immunopathology in post-vaccination infections as VAERD. The 439 

FDA recommends addressing the potential risk of VAERD in animal models [27]. Since it 440 

has been considered that a Th2-dominant response increases the risk of VAERD, we 441 

investigated the T-cell response induced by intranasal vaccination combined with 442 

ODN2006 in detail. While IL-4- or IL-5-secreting cells were highly observed in spleen 443 

collected from mice subcutaneously vaccinated with alum as a typical Th2 adjuvant, 444 

individuals who received subcutaneous vaccination with ODN2006 showed high 445 

amounts of IFN-γ-secreting cells. Although nasal vaccination had no significant impact 446 

on spleen cells compared to subcutaneous vaccination, IFN-γ-secreting cells were 447 

significantly detected in draining cervical lymph nodes of intranasally vaccinated 448 

individuals with ODN2006. It was suggested that ELISpot assay using spleen cells might 449 

be unsuitable for the evaluation of T cell responses induced by intranasal vaccines. In 450 

contrast, the IgG1/IgG2a ratios determined from the quantification of S-specific IgG1 451 

and IgG2 subclasses in serum were likely able to assess T cell responses reflecting 452 

neutralizing antibody titers, because the tendency to show similar levels of the 453 
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IgG1/IgG2a ratio among mice subcutaneously or intranasally vaccinated with ODN2006 454 

was consistent with that of neutralizing antibody titers. Interestingly, eosinophil 455 

infiltration into the lung correlated well with the serum IgG1/IgG2a ratio in our mouse 456 

model. At this time, although the threshold for eosinophil infiltration that causes 457 

eosinophilic pneumonia is unknown, analyzing immunization-induced IgG subclasses 458 

could be an indicator for estimating whether there is a potential risk of VAERD. Although 459 

several substances have been reported as potential mucosal adjuvants (e.g., cholera toxin 460 

B subunit and synthetic double-stranded RNA), the potential risk of lung eosinophilic 461 

immunopathology should be adequately investigated when designing a COVID-19 462 

vaccine [8, 13]. 463 

In addition, the induction of B-cell memory and long-lived plasma cells by 464 

vaccination is noteworthy, since germinal center formation is essential not only for the 465 

production of high-affinity antibodies, but also for the determination of the B cell life 466 

span.. The induction of Tfh and GCB cells by vaccination is essential to address this issue 467 

[47, 49, 50]. In the current study, intranasal vaccination in the presence of ODN2006 468 

successfully induced Tfh and GCB cells, long-lasting IgG antibodies in the serum, and 469 
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IgA antibodies in the nasal mucosa up to 16 weeks after the final vaccination. 470 

Considering the emergence of new SARS-CoV-2 variants, nasal vaccines inducing a 471 

secretory IgA antibody with high cross-protective ability on the mucosal epithelium of 472 

the upper respiratory tract, which is the site of infection, could be highly useful, avoiding 473 

repeated vaccinations using newly manufactured antigens. In conclusion, our study 474 

showed that an intranasal COVID-19 vaccine of recombinant spike protein combined 475 

with an adjuvant inducing a Th1-shifted response would be a safe and effective vaccine 476 

not only for preparing cross-protective secretory IgA antibodies, but also to reduce the 477 

potential risk of VAERD, that is, lung eosinophilic immunopathology. 478 

  479 
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Figure legends 697 

 698 

Fig. 1. The induction of S-specific antibodies in serum, nasal mucosa and lungs of 699 

mice vaccinated intranasally. 700 

(A) Each of six mice were vaccinated three times at 2-week intervals. One week after the 701 

final vaccination, serum, nasal wash (NW) and lung wash (LW) were collected for the 702 

evaluation of antibody responses. (B, C) SARS-CoV-2 S-specific IgG titers and 703 

neutralizing antibody titers in sera were measured by ELISA and microneutralization 704 

assay, respectively. Graphs shown as the geometric mean titers ± the geometric standard 705 

deviation (SD). The dashed line indicates the detection limit of measurement. (D, E) The 706 

concentration of S-specific IgA antibodies in NW and LW was estimated by ELISA. Data 707 

shown as the means ± SD. Each dotted line indicates the detection limit of measurement. 708 

The p-values were calculated by Kruskal-Wallis test followed by Dunn’s multiple 709 

comparison test (*P < 0.05, **P < 0.01). in: intranasally, sc: subcutaneously. 710 

 711 

Fig. 2. Intranasal vaccination adjuvanted with ODN2006 protected mice from the 712 
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lethal challenge with SARS-CoV-2. 713 

(A) Each of 12 mice were vaccinated three times at 2-week intervals. Two weeks after the 714 

final vaccination, mice were intranasally challenged with mouse adopted SARS-CoV-2 715 

strain, QHmusX, into both lungs and nasal cavity (40 and 6 LD50 per mouse, respectively). 716 

NW and LW were collected from each of six mice for the evaluation of antibody 717 

responses at 3 dpi. Body weight and survival of six mice were monitored 10 days after 718 

viral challenge. (B, C) Copy numbers of SARS-CoV-2 subgenomic RNA (sgRNA) in 719 

NW and LW were evaluated by real-time RT-PCR. Data shown as the geometric mean ± 720 

the geometric SD. The p-values were calculated by Kruskal-Wallis test followed by 721 

Dunn’s multiple comparison test (*P < 0.05, *** P < 0.001). (D, E) Body weight changes 722 

and survival rates during 10 days of observation after challenge with QHmusX. Data 723 

shown as the means ± SD. The p-values of body weight and survival were compared with 724 

mice intranasally vaccinated with ODN2006 by mixed-model analysis followed by 725 

Dunnett’s multiple comparisons test and log-rank (Mantel-Cox) test (**P < 0.01). 726 

 727 

Fig. 3. Secretory IgA antibodies were protective against SARS-CoV-2 variants. 728 
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(A) Mice were vaccinated three times at 2-week intervals. Two weeks after the final 729 

vaccination, each of six mice were intranasally challenged with 3.5×105 TCID50 of Alpha 730 

(B, E), Beta (C, F) or Gamma (D, G) variant into both lungs and nasal cavity. At 3 dpi, 731 

NW and LW were collected. Copy numbers of sgRNA in NW (B-D) and LW (E-G) were 732 

evaluated by real-time RT-PCR. Data shown as the geometric mean ± the geometric SD. 733 

The p-values were calculated by Kruskal-Wallis test followed by Dunn’s multiple 734 

comparison test (*P < 0.05, *** P < 0.001). 735 

 736 

Fig. 4. Germinal center formation and long-lasting antibody responses. 737 

(A, B) The frequency of Tfh cells (CXCR5+ PD-1+) among CD4+ cells and GCB cells 738 

(GL7+ CD95+) among CD19+ B cells was evaluated by flow cytometry in cervical lymph 739 

nodes collected from mice one week after third vaccination. Results were shown as the 740 

mean ± SD. (C) To evaluate time-course of antibody responses induced by three doses of 741 

vaccination, serum samples were collected every two weeks. After 20 weeks from the 742 

initial vaccination, serum and NW samples were collected (six mice per group). (D) The 743 

changes of optical density (405 nm) of S-specific IgG antibodies were shown as the mean 744 
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± SEM. (E) S-specific IgA concentration in NW collected at 20 weeks after the initial 745 

vaccination was evaluated by ELISA. Results were shown as the mean ± SD. Each dotted 746 

line indicates the detection limit of measurement. The p-values were calculated by 747 

Kruskal-Wallis test followed by Dunn’s multiple comparison test (*P < 0.05, **P < 0.01, 748 

***P < 0.001). 749 

 750 

Fig. 5. Induction of significant Th1 response by using ODN2006 as an adjuvant.  751 

(A) Spleen and cervical lymph nodes were collected from individuals shown in 752 

Figure.1(A). Single cell suspensions obtained from each tissue was cultured under the 753 

stimulation of peptide pool of SARS-CoV-2 S protein. Spleen (B-D) or cervical lymph 754 

node cells (E-G) were counted on the production of IFN-r (B, E), IL-4 (C, F) and IL-5 (D, 755 

G) by ELISpot assay. Data shown as the means ± SD. (H, I) SARS-CoV-2 S-specific 756 

IgG1 and IgG2a antibodies were quantified by ELISA, and (J) IgG1/IgG2a ratio was 757 

calculated. Data shown as the geometric means ± geometric SD. The p-values were 758 

calculated by Kruskal-Wallis test followed by Dunn’s multiple comparison test (*P < 0.05, 759 

**P < 0.01, ***P < 0.001). 760 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.24.493348doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.24.493348
http://creativecommons.org/licenses/by-nc/4.0/


 761 

Fig. 6. Eosinophilic infiltration into the lungs was suppressed in mice vaccinated 762 

with ODN2006 inducing a remarkable Th1 response. 763 

(A) Each of six mice were vaccinated three times at 2-week intervals. Two weeks after the 764 

final vaccination, mice were intranasally challenged with mouse adopted SARS-CoV-2 765 

strain, QHmusX, into both lungs and nasal cavity (40 LD50 and 6 LD50 per mouse, 766 

respectively). At 6 dpi, infiltration of eosinophils was evaluated by histopathological or 767 

flow cytometric analysis, on lungs collected from surviving 1~2 or 2~4 mice in each 768 

group, respectively. (B) Histopathological findings of mouse lungs by eosinophil staining 769 

using the combined eosinophil-mast cell staining (C.E.M.) kit. Green arrow heads point 770 

to eosinophils. The images in the lower panels are enlargements of area boxed in the 771 

upper images. The scale bar is 200 µm for low magnification and 20 µm for high 772 

magnification. (C) The percentage of eosinophils (CD11b+ CD11c- Siglec-F+ Ly-6G-) 773 

among CD45+ cells was analyzed by flow cytometry. Results were shown as the mean ± 774 

SD. The p-values were calculated by Kruskal-Wallis test followed by Dunn’s multiple 775 

comparison test. (D) Correlation between S-specific IgG1/IgG2a ratio and the frequency 776 
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of eosinophils in lung cells was analyzed by Spearman correlation. S-specific 777 

IgG1/IgG2a ratio was evaluated using serum samples collected seven days before the 778 

virus challenge. 779 
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