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Abstract 30 

The current fight against COVID-19 is compounded by the Variants of Concern (VoCs), which can 31 

diminish the effectiveness of vaccines and potentially increase viral transmission and severity of disease. 32 

MVC-COV1901 is a protein subunit vaccine based on the prefusion SARS-CoV-2 spike protein (S-2P) and is 33 

adjuvanted with CpG 1018 and aluminum hydroxide. In this study, we used the Delta variant to challenge 34 

hamsters inoculated with S-2P from the Wuhan wildtype and the Beta variant in two-dose or three-dose 35 

regimens. Two doses of wildtype S-2P followed by the third dose of Beta variant was shown to induce the 36 

highest neutralizing antibody titer against live SARS-CoV-2 of the wildtype and all current VoCs, as well as 37 

improved neutralization against Omicron variant pseudovirus compared to three doses of wildtype S-P. All 38 

regimens of vaccination were able to protect hamsters from SARS-CoV-2 Delta variant challenge and resulted 39 

in reduced lung live virus titer and pathology. Three doses of vaccination also significantly reduced lung viral 40 

RNA titer, regardless of whether the wildtype or Beta variant S-2P was used as the third dose. Based on the 41 

immunogenicity and viral challenge data, two doses of wildtype S-2P followed by the third dose of Beta 42 

variant S-2P induced potent antibody immune responses against the VoCs.  43 

 44 

Introduction 45 

As of 2022, the COVID-19 pandemic shows no sign of abating despite the fact that over five billion doses 46 

of vaccines have been administered worldwide. The emergence of variants has undoubtedly played an 47 

important role in facilitating the global spread of COVID-19 as recent global dominance of Delta variant 48 

followed by Omicron variant have shown [1]. The WHO currently lists five VoCs: Alpha (B.1.1.7), Beta 49 

(B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529), and two Variants of Interest (VoIs): 50 

Lambda (C.37) and Mu (B.1.621) [2]. In addition to increased transmission, the VoCs are known to reduce the 51 

in vitro neutralizing capability of currently available vaccines through mutations on the spike protein, 52 

especially in the receptor binding domain (RBD), and the most recent VoC Omicron has shown to be highly 53 

refractory to neutralization by convalescent and vaccine-induced antibodies [3-6]. These in vitro data have 54 

been shown to have a tangible impact on public health with reports of diminished vaccine efficacy, 55 
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particularly among those infected with the Beta, Delta, and Omicron variants [5-10]. Instead of developing 56 

variant-based vaccine or a universal SARS-COV-2 vaccine, administration of booster vaccination has shown 57 

to be effective against the VoCs [11-14]  58 

Medigen’s MVC-COV1901 is a subunit vaccine based on a stabilized prefusion S-2P protein adjuvanted 59 

with CpG 1018 and aluminum hydroxide [15]. This vaccine has been shown to be safe and highly 60 

immunogenic in both hamster challenge studies and clinical trials [16-18], and has been approved for 61 

emergency use in Taiwan. The vaccine is given intramuscularly as two doses separated by four weeks [19]. 62 

We have previously shown that two doses induce neutralizing antibodies against SARS-CoV-2 variants with a 63 

tendency of higher immunogenicity at higher dose levels [20]. We have also found that a third dose of this 64 

vaccine administered to rats increased neutralizing antibody titers against the Beta variant compared to just 65 

two doses [20]. The current study expands on our previous findings to investigate the immunogenicity of third 66 

dose booster against current VoCs.  67 

 68 

 69 

Methods 70 

Animals and ethical statements 71 

Female golden Syrian hamsters aged 8-10 weeks at study initiation were obtained from the National 72 

Laboratory Animal Center (Taipei, Taiwan). Animal immunizations were conducted in the Testing Facility for 73 

Biological Safety, TFBS Bioscience Inc., Taiwan. At three weeks following the final immunization, the 74 

animals were transferred to Academia Sinica, Taiwan, for SARS-CoV-2 challenge. All procedures in this 75 

study involving animals were conducted in a manner to avoid or minimize discomfort, distress, or pain to the 76 

animals and were carried out in compliance with the ARRIVE guidelines (https://arriveguidelines.org/). All 77 

animal work in the current study was reviewed and approved by the Institutional Animal Care and Use 78 

Committee (IACUC) with animal study protocol approval number TFBS2020-019 and Academia Sinica 79 

(approval number: 20-06-1483).  80 

 81 
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Immunization and challenge of hamsters  82 

The study design is outlined in Figure 1. The hamsters were split into the following six groups with n = 83 

10 for each group (Table 1): 84 

 85 

Table 1. Hamster group and S-2P dosing 86 

 Source of S-2P protein 

Groups First immunization Second immunization Third immunization 

A:W + W Wildtype (1 μg) Wildtype (1 μg) - 

B: B + B Beta variant (1 μg) Beta variant (1 μg) - 

C: (W + B) + (W + B) Wildtype (0.5μg) and Beta 

variant (0.5μg) bivalent  

Wildtype (0.5μg) and Beta 

variant (0.5μg) bivalent  

- 

D: W + W + W Wildtype (1 μg) Wildtype (1 μg) Wildtype (1 μg) 

E: W + W + B Wildtype (1 μg) Wildtype (1 μg) Beta variant (1 μg) 

F: Adjuvant control CpG 1018 (150 μg) and 

aluminum hydroxide (75 μg) 

CpG 1018 (150 μg) and 

aluminum hydroxide (75 μg) 

CpG 1018 (150 μg) and 

aluminum hydroxide (75 μg) 

Vaccination was administered to hamsters via intramuscular injection in quadriceps femoris muscle of 87 

left and right legs (50 μL each leg for a total of 100 μL per dose). Hamsters in group A were vaccinated on 88 

days 22 and 43 with 1 μg of S-2P protein derived from the wildtype. Hamsters in group B were vaccinated on 89 

days 22 and 43 with 1 μg of S-2P protein derived from Beta variant. Hamsters in group C were vaccinated on 90 

days 22 and 43 with a mixture of the wildtype (0.5 μg) and Beta variant (0.5 μg) of S-2P protein (bivalent 91 

vaccine). Hamsters in group D were vaccinated on days 1, 22, and 43 with 1 μg of S-2P protein derived from 92 

the wildtype. Hamsters in group E were vaccinated on days 1 and 22 with 1 μg of wildtype S-2P protein, and 93 

on day 43 with 1 μg of S-2P protein derived from the Beta variant. Hamsters in group F served as an adjuvant 94 

control and were vaccinated with only 150 μg of CpG 1018 and 75 μg of aluminum hydroxide (alum) on days 95 

1, 22 and 43. All immunization with S-2P were adjuvanted with 150 μg of CpG 1018 and 75 μg of alum. 96 
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Serum samples were collected five weeks after the final immunization and immunogenicity was determined 97 

by neutralization assay with SARS-CoV-2 virus and the variants. Approximately three weeks after the serum 98 

sampling (53 days after the final immunization), hamsters were challenged with the SARS-CoV-2 Delta 99 

variant (TCDC#1144) and then sacrificed at 3 d.p.i. (n = 5 per group) or 6 d.p.i. (n = 5 per group) for analyses 100 

of lung viral loads, lung TCID50. Body weight of individual hamsters were tracked daily up to the time of 101 

sacrifice. Necropsy were performed with lungs of euthanized hamster and histopathology sectioning, staining, 102 

and scoring were done as described previously [13]. The left lung of hamsters was isolated and fixed in 4% 103 

paraformaldehyde for one week. After fixation the lung was trimmed, processed, embedded, sectioned, and 104 

stained with Hematoxylin and Eosin (H&E), followed by microscopic examination. The lung section was 105 

evaluated with a lung histopathological scoring system in which a micrograph of a section was divided into 106 

nine equal squares and a score was assigned from 0 (normal) to 5 (most severe histopathology) for each of the 107 

nine squares and the average of scores from the squares was calculated to represent the score of the animal 108 

[13]. 109 

 110 

Live SARS�CoV�2 and pseudovirus neutralization assay 111 

SARS-CoV-2 virus strains including Wuhan wildtype (hCoV�19/Taiwan/4/2020, GISAD 112 

EPI_ISL_411927), Alpha (B.1.1.7, hCoV�19/Taiwan/792, GISAD EPI_ISL_1381386), Beta (B.1.351, 113 

hCoV�19/Taiwan/1013), Gamma (P.1, hCoV�19/Taiwan/906), and Delta (B.1.617.2, 114 

hCoV�19/Taiwan/1144) variants were used in live virus neutralization assay as described previously [17]. 115 

Briefly, two-fold serial dilutions of serum samples were mixed with equal volume of 100 TCID50/50 μL of 116 

virus and incubated at 37 °C for one hour. The mixture was added to the cell plates containing the Vero E6 117 

cells and incubated at 37 °C, for four to five days. The neutralising titre (NT50) was defined as the reciprocal 118 

of the highest dilution capable of inhibiting 50% of the cytopathic effect (CPE). 119 

Pseudovirus with lentivirus pseudotyped with S proteins of the wildtype, Alpha, Beta, Delta, and 120 

Omicron variants were conducted as previously described [12]. Two-fold serial dilution of serum samples 121 

were mixed with equal volume of pseudovirus (1000 transduction unit) and incubated before adding to the 122 
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plates with HEK293-hAce2 cells. The amount of pseudovirus entering the cells was expressed relative 123 

luciferase units (RLU). Fifty percent inhibition dilution titers (ID50) were calculated with uninfected cells as 124 

100% neutralization and cells transduced with virus as 0% neutralization. A list of mutations in the spike 125 

sequences used in the construction of pseudoviruses is included below. 126 

Table 2. List of mutations for spike sequences used in construction of variant pseudoviruses. 127 

Sequences were chosen from the most commonly found mutation in circulation according to Coronavirus3D 128 

at the time of construction (https://coronavirus3d.org/). 129 

 130 

WHO 

designation 

PANGO 

lineage 

Mutations 

Alpha B.1.1.7 L18F, del69, del144, N501Y, D614G, P681H 

Beta B.1.351 L18F, del242, K417N, E484K, N501Y, D614G, 701V 

Delta B.1.617.2 T95I, L452R, T478K, D614G, P681R 

Omicron B.1.1.529 A67V, del69-70, T95I, G142D, del143-145, del211, L212I, 

ins214EPE, G339D, S371L, S373P, S375F, S477N, T478K, 

E484A. Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, 

H655Y, N679K, P681H, D796Y, N856K, Q954H, N969K, L981F 

 131 

 132 

Viral RNA quantification and cell culture infectious assay (TCID50) 133 

Quantification of lung viral load by real-time PCR and TCID50 assay were performed as previously 134 

reported [13]. Briefly, RNA from lung tissue was extracted using RNeasy Mini Kit (QIAGEN Germany). 135 

RNA sample was reverse transcribed using the Superscript III one-step RT-PCR system with Platinum Taq 136 

Polymerase (Thermo Fisher Scientific, USA) and a set of primers targeting the SARS-CoV-2 envelope (E) 137 

gene was used to amplify by TaqMan real-time RT-PCR.  138 

TCID50 was determined from homogenized tissue of middle, inferior, and post-caval lung lobes of 139 

hamsters. Ten-fold serial dilutions of sample were added onto Vero E6 cell in quadruplicate and incubated for 140 

4 days at 37°C. Cells were fixed with 4% formaldehyde and stained with 0.5% crystal violet for visualization. 141 

 142 

Statistical analysis 143 
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The comparisons between neutralizing antibody titers were performed using Kruskall-Wallis test with 144 

corrected Dunn’s multiple comparisons test, two-way ANOVA with Dunnett multiple comparison test, and 145 

unpaired Mann-Whitney U test. Correlation between SARS-CoV-2 viral genome copy numbers and NT50 146 

titers against the Delta variant was estimated with Spearman’s rank coefficient and simple linear regression. 147 

Statistical analysis was conducted with Prism 6.01 (GraphPad). . * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 148 

**** = p < 0.0001 149 

 150 

Results 151 

Induction of neutralizing antibodies against VoCs in hamsters immunized with two doses of S-2P 152 

derived from original MVC-COV1901, Beta variant, or a bivalent combination of both.  153 

We have previously shown that there was approximately a 7-fold reduction in the neutralizing antibody 154 

titer against the Beta variant in the sera of individuals who received two doses of MVC-COV1901 during a 155 

phase I trial [20]. We subsequently developed a Beta variant version of S-2P produced by a stable CHO cell 156 

clone and adjuvanted with 750 μg of CpG 1018 and 375 μg of aluminum hydroxide. We have previously 157 

established that two doses using one-fifth the amount of either low dose or high dose of MVC-COV1901 were 158 

sufficient to protect hamsters from SARS-CoV-2 infection [16]. Since the Delta variant has become prevalent 159 

worldwide, we investigated the protective effect of MVC-COV1901 derived from Wuhan wildtype (W), its 160 

Beta variant version (B) of S-2P, and the wildtype/Beta S-2P bivalent vaccine in hamsters challenged with the 161 

Delta variant. We first examined the neutralizing antibody titers from hamsters immunized with two doses of 162 

1 μg wildtype S-2P adjuvanted with 150 μg CpG 1018 and 75 μg aluminum hydroxide (Group A shown as W 163 

+ W). As shown in Figure 2, at five weeks after the second injection, Group A hamsters showed a reciprocal 164 

50% neutralizing antibody titer (NT50) GMT of 2201, 581, 166, 193, and 742 against the wildtype, Alpha, 165 

Beta, Gamma, and Delta variants, respectively. Compared to the neutralizing titer against the wildtype, those 166 

against the Alpha, Beta, Gamma, and Delta variants showed a 3.79-, 13.30-, 11.39-, and 2.97-fold reduction, 167 

respectively. This demonstrated that two doses of S-2P derived from wildtype was relatively effective against 168 
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the Alpha and Delta variants. However, the effectiveness was significantly reduced against the Beta and 169 

Gamma variants. 170 

At the same time, we examined the neutralizing antibody titers from hamsters immunized with two doses 171 

of 1 μg of the Beta variant version of S-2P combined with 150 μg CpG 1018 and 75 μg aluminum hydroxide - 172 

Group B (B + B). Figure 2 shows that two doses of the adjuvanted Beta variant S-2P induced a satisfactory 173 

NT50 GMT of 681 and 417 against the wildtype and Beta variant, respectively. However, the neutralizing 174 

titers of this regimen was less than desirable against the Alpha, Gamma, and Delta variants that were 181, 219 175 

and 182, respectively. 176 

We also explored the neutralizing antibody responses of bivalent vaccine (wildtype + Beta variant) in 177 

Group C hamsters [shown as (W + B) + (W + B)]. The bivalent vaccine induced a similar degree of 178 

neutralizing antibody titers against the wildtype, Alpha, and Delta variants to that of the W+W group. This 179 

combination fared better against the Beta and Gamma variants than that of the W+W group; however, 180 

neutralization titer against these variants in several individual hamsters were less than 200.  181 

 182 

Induction of neutralizing antibodies against VoCs in hamsters immunized with two doses of 183 

MVC-COV19 combined with a third dose of MVC-COV1901 or its Beta variant version of S-2P.  184 

We previously found that neutralizing antibody titers against the Beta variant increased substantially in 185 

rats that had received three rather than two doses of MVC-COV1901 [20]. We therefore immunized hamsters 186 

with a third dose of one-fifth amount of MVC-COV1901, referred to as Group D (W + W + W), and 187 

examined the antibody responses against VoCs. As shown in Figure 2, five weeks after the third dose in 188 

Group D hamsters, NT50 GMTs were 4302, 1217, 281, 377, and 1368 against the wildtype, Alpha, Beta, 189 

Gamma, and Delta variants, respectively. The neutralizing titers against the Alpha, Beta, Gamma, and Delta 190 

variants had a 3.54-, 15.30-, 11.41- and 3.14-fold decrease, respectively, compared to that of the wildtype. 191 

Compared to Group A hamsters (which only received two doses), the neutralizing antibody titers in Group D 192 

hamsters against VoCs increased substantially with the additional third dose. The third dose not only 193 
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increased the neutralizing antibody titers against the Delta variant but also boosted neutralizing antibody titers 194 

against the Beta and Gamma variants compared to the W+W group. 195 

We also explored the possibility of using the Beta variant version of S-2P adjuvanted with CpG 1018 196 

and aluminum hydroxide as the third dose in Group E (W + W + B). As shown in Figure 2, at five weeks after 197 

the third injection of Group E hamsters, NT50 GMTs were 6643, 1889, 1034, 1306, and 3595 against the 198 

wildtype, Alpha, Beta, Gamma, and Delta variants, respectively. Compared to the neutralizing titer against the 199 

wildtype, that against the Alpha, Beta, Gamma, and Delta variants had a 3.52-, 6.42-, 5.09- and 1.85-fold 200 

reduction, respectively. Two doses of wildtype S-2P combined with CpG and aluminum hydroxide followed 201 

by third dose of the adjuvanted Beta variant S-2P induced the best neutralization effect against the wildtype 202 

and all of the VoCs tested when compared to the other groups, especially against the Delta variant. The dosing 203 

regimens in Groups A to E resulted in a 1.9-3.8-fold lower NT50 GMT against the Delta variant than against 204 

the wildtype; however, the NT50 titers against the wildtype were different in each group. Unexpectedly, the 205 

Beta variant of S-2P appears to be the most suitable candidate for the third dose booster.  206 

Pseudovirus neutralization assays were performed with lentivrus pseudo-typed with spike protein from 207 

the wildtype, Alpha, Beta, and Delta variants. Similar to the results of live neutralization assay, the highest 208 

levels of neutralizing antibody titers against the wildtype and variants were all found in the group receiving 209 

two doses of wildtype S-2P followed by one dose of the Beta variant S-2P (Group E - Figure 3). All groups 210 

immunized with S-2P produced high levels of neutralizing antibody against pseudoviruses of wildtype, Alpha, 211 

and Beta variants (Groups A to E). However, only hamsters receiving two doses of wildtype S-2P followed by 212 

one dose of Beta variant S-2P (Group E) produced high levels of neutralizing antibody against Beta and Delta 213 

andvariant pseudoviruses. In contrast, hamsters receiving two doses of S-2P (Groups A to C) had lower 214 

neutralizing antibody levels against the Beta and Delta variant pseudoviruses, whereas Group B produced the 215 

lowest level of antibodies against the Delta variant pseudovirus (Figure 3). The results of pseudovirus 216 

neutralization assays were similar to the live virus neutralization assays in that the administration of two doses 217 

of wildtype S-2P followed by one dose of Beta variant S-2P provided the broadest spectrum of immunity 218 

against wild-type SARS-CoV-2 and VoCs. After the serum samples have been tested against Alpha, Beta, and 219 
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Delta variant pseudoviruses, the remaining samples from Groups D and E were tested against the Omicron 220 

variant pseudovirus. In Figure 4, although the neutralization titers against Omicron were reduced dramatically 221 

in both groups, Group E (6.8-fold) showed less reduction than that of Group D (17.8-fold). Boosting with the 222 

Beta variant S-2P was able to increase ID50 GMT against Omicron by 3.8 times and 1.5 times against the 223 

wildtype (Figure 4). Taken together, two doses of wildtype S-2P followed by a booster dose of Beta variant 224 

S-2P could increase immunity against VoCs, including the Omicron variant, compared to three doses of 225 

wildtype S-2P. 226 

Protection from the Delta variant challenge in hamsters immunized with two doses of MVC-COV1901 227 

or combined with a third dose of MVC-COV1901 or its Beta variant version of S-2P. 228 

Eight weeks after completion of the last immunization, hamsters were challenged with 104 PFU of the 229 

Delta variant and body weights were monitored up to six days post infection (d.p.i.). All the vaccinated groups 230 

showed no significant weight loss six days after virus challenge in contrast to the adjuvant control group that 231 

showed a steady decline in weight during this period (Figure 5). The protection in all vaccinated hamster 232 

groups was significant (p < 0.0001) at 6 d.p.i. as compared to the weight loss seen in the adjuvant control 233 

group.  234 

Lung viral load was measured by viral RNA and 50% tissue culture infectious dose (TCID50) assays. 235 

Figure 6A shows that at 3 d.p.i., lung viral RNA in Groups A to E hamsters were lower than in that of the 236 

adjuvant control group, but only in Group E was the lung viral RNA significantly lower than that in the 237 

adjuvant control group (p < 0.01), while by 6 d.p.i., the viral RNA in all groups were significantly (p < 0.05) 238 

lower than that of the control. In contrast, the viral titers in all of the vaccinated hamsters measured by TCID50 239 

were significantly lower (p < 0.05) than that of the adjuvant control group at 3 d.p.i. (Figure 6B). Note that the 240 

lung viral load in hamsters, both viral RNA and especially viral titer as measured by TCID50, dropped 241 

considerably at 6 d.p.i. in the adjuvant-only control group likely due to hamsters’ natural immune response 242 

against the virus (Figure 6B). We also found a strong negative correlation (Spearman rs = -0.8227) between 243 

NT50 titer against the Delta variant from serum sampled five weeks after the final immunization and the 244 

number of viral genome at 3 d.p.i. (Figure S1). To examine the lung histopathology of the hamsters, lung 245 
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necropsy sections were analyzed, and pathology scoring was tabulated at 3 d.p.i. or 6 d.p.i. (Figures 7, S2). 246 

There were no differences at 3 d.p.i. between control and experimental groups; however, at 6 d.p.i., the 247 

adjuvant control group had significantly (p < 0.01) increased lung pathology including extensive and severe 248 

immune cell infiltration, hemorrhage, and diffuse alveolar damage, compared to groups receiving three doses 249 

of S-2P (Groups D and E). 250 

 251 

Discussion 252 

We have previously shown that vaccination with both low and high dose of S-2P were effective against 253 

live SARS-CoV-2 virus challenge [16]. In the current study we extended our concept to examine the effect of 254 

a variant-based booster vaccinations followed by challenge with the Delta variant. Since Delta has emerged as 255 

the globally dominant variant at the time of hamster challenge before the appearance of the Omicron variant, 256 

we have chosen it as our model virus for challenge infection [21]. The results of the immunogenicity studies 257 

showed that immunization with either two doses of wildtype S-2P or two doses of the Beta variant S-2P 258 

induced lower level of antibody response against several of the VoCs tested. Wildtype S-2P fared poorly 259 

against the Beta and Gamma variants, whereas Beta variant S-2P induced higher neutralizing titers against 260 

only the Beta variant (Figure 2). A bivalent mixture of both wildtype and Beta variant S-2Ps showed results 261 

similar to immunization with two doses of wildtype S-2P, but with slightly increased immunogenicity against 262 

the Beta and Gamma variants. Three doses of wildtype S-2P was able to boost the titers against both Beta and 263 

Gamma more than the bivalent vaccine and also increased the neutralization titers against the Alpha and Delta 264 

variants as well. Unexpectedly, our study showed that the use of Beta variant S-2P as a third dose booster 265 

induced the highest and broadest spectrum of neutralizing titers against all variants as well as the wildtype. 266 

The recent surge of cases in fully vaccinated individuals due to the Omicron variant has warranted the use of 267 

boosters to address the waning immunity after vaccination and resistance of Omicron variant against 268 

antibody-mediated immunity [1, 8-10, 22]. Two doses of currently available vaccines performed poorly 269 

against the Omicron variant with many samples unable to neutralize the variant, but addition of a booster dose 270 

was able to improve the titer levels [9-10]. In this study we report that two doses of wildtype S-2P followed by 271 
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a dose of Beta variant S-2P significantly increased neutralizing antibody titer against the Omicron variant 272 

pseudovirus compared to three doses of wildtype S-2P (Figure 4). Once the live Omicron variant virus is 273 

available, we intend to conduct a more throughout study on immunogenicity against the Omicron variant in 274 

hamsters. 275 

All five regimens of vaccination protected hamsters from weight loss induced by infection with the Delta 276 

variant (Figure 5). Notably, while group B had a relatively poor antibody response against the Delta variant, 277 

this group did not experience any weight loss or increase in lung pathology (Figures 2, 5, and 7). In addition, 278 

the viral titers for the Delta variant in Group B were significantly lower than those of the adjuvant control, 279 

suggesting that the amount of anti-Delta antibodies and/or T cell immune responses induced by two doses of 280 

the Beta variant S-2P could have reduced viral replication in the lungs and protected the hamsters from weight 281 

loss and lung pathology (Figures 5 and 7). Since neutralizing antibodies induced by vaccines are polyclonal, 282 

they could also be cross-reactive with shared epitopes between different variants. Polyclonal antibodies 283 

induced by SARS-CoV-2 spike mRNA vaccine were profiled and were found to consist of a mixture of 284 

antibodies targeting the N-terminal domain (NTD) and the RBD, and they differ in their binding and 285 

neutralizing abilities [23, 24]. The re-stimulation of immunity may explain the low viral RNA titer in hamsters 286 

immunized in our study with either of the three-dose regimens. Further, the TCID50 live virus titers in all 287 

groups were very low and almost undetectable in most instances (Figure 6). This may be due to the sensitivity 288 

of the TCID50 assay itself, or the viral RNA assay may be detecting fragments of viral RNA from dead viruses 289 

as opposed to live replicating viruses. In future studies, subgenomic RNA detection should also be used to 290 

detect replicating viruses to corroborate the TCID50 results. The establishment of correlates of protection using 291 

the relationship between NT50 titer and viral RNA in a given hamster challenge model will help facilitate the 292 

expedited evaluation of vaccine combinations in future studies. Comparing neutralization titers against 293 

different viruses is complicated, as the assays used are inherently dissimilar. Nevertheless, our 294 

immunogenicity results demonstrated a clear correlation between neutralization titers and lung viral clearance 295 

in the hamsters (Figure S1). 296 
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Here we may propose a mechanism of which the administration of a different version of antigen as a 297 

booster dose would offer increased immunogenicity as compared to boosting with identical antigen. As 298 

illustrated in Figure S3, the spike protein is composed of S1 (head) and S2 (stem) domains. S1 contains the 299 

highly variable receptor binding motif (RBM) and is strain specific and immunodominant; while S2 is 300 

immunorecessive due to shielding by S1 but contain epitopes which are conserved across coronaviruses [25]. 301 

Other conserved regions in S1 such as the residues conserved in the RBD and N-terminus domain could also 302 

be targeted by broadly neutralizing antibodies [26]. The first two doses of wildtype S-2P would induce 303 

variant-specific antibodies to the S1 domain and broadly reactive antibodies against the S2 and other 304 

conserved domains. A third dose of wildtype S-2P would further induce more anti-wildtype S1 antibodies due 305 

to clonal expansion of anti-S1 memory B cells. Whereas a third dose consisting of Beta variant S-2P would 306 

allow the B cell response to select for antibodies that are reactive against epitopes common to the wildtype 307 

and Beta variant in the S2 and other conserved regions resulting in production of high affinity broadly 308 

neutralizing antibodies due to antibody affinity maturation. This immune refocusing has been studies in 309 

influenza hemagglutinin (HA) in which the glycosylation sites on the HA head has been removed to “unmask” 310 

the HA stem and to allow refocusing of B cell response to produce broadly neutralizing antibodies [27]. 311 

Further studies, e.g., profiling epitope-specific antibodies elicited by our vaccine, need to be done in order to 312 

support the potential mechanism we proposed here.    313 

One limitation of this study is that we have not tested the vaccine’s protection in vivo with other VoCs 314 

besides the Delta variant; the vaccine efficacy against other VoCs is inferred from the neutralizing antibody 315 

titers. The natural course of infection among the hamsters includes a convalescent state, so the model does not 316 

allow for evaluating mortality or severe disease as endpoints. The lung histopathology scoring system we used 317 

in our animal model did not allow to distinguish different levels of lung damage caused by different degree of 318 

viral replication in the lung. T-cell functions were also not evaluated in the hamsters in this study, limiting our 319 

ability to assess the role of cellular immunity in providing protection.  Two recent studies investigated the 320 

effects of a booster dose of ChAdOx1 and mRNA-1273 [13, 28]. Administration of a third dose using the Beta 321 

variant version of mRNA-1273 (mRNA-1273.351) following two doses of mRNA-1273 increased 322 
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immunogenicity against the Beta variant more than did three doses of mRNA-1273. The administration of 323 

either mRNA-1273 or mRNA1273-351 as third dose exponentially boosted immunogenicity against Beta, 324 

Gamma, and Delta variants tested compared to two doses of mRNA1273 [13]. Concerning similar studies 325 

with ChAdOx1 vaccine, the third dose boosted neutralization titers against the Beta and Delta variants as well 326 

as gamma-interferon levels [28]. These findings are similar to our results that showed a third dose of 327 

vaccination could boost an immune response against the virus as well as its variants. Our study also showed 328 

that a 3rd booster dose with homologous but especially with a heterologous Beta variant S-2P, increased 329 

immunogenicity against all the VoCs tested. Extrapolation from the unexpected and surprising hamster results 330 

to humans need to be supported by clinical evidence, for which the preparation is in progress. More recent 331 

data also support the use of boosting with vaccines such as mRNA1273, BNT162b2, and NVX-CoV2373 to 332 

generate anti-Omicron neutralizing response where two doses of vaccinations failed to neutralize the Omicron 333 

variant [6, 10, 29]. Findings from this study provide evidence to support the further evaluation of both the 334 

original and a Beta variant S-2P vaccine as a booster dose for individuals fully vaccinated with 335 

MVC-COV1901 as well as other approved vaccines. 336 
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 441 

 442 

 443 

Figures 444 

 445 

Figure 1. Study design of the hamster challenge study.  446 

Hamsters (N=10 per group) were immunized twice (groups A, B, and C) or three times (groups D, E, and 447 

F) at three weeks apart and serum samples were taken for immunogenicity assays five weeks after the final 448 

immunization. Eight weeks after the final immunization, hamsters were challenged with 104 PFU of 449 

SARS-CoV-2 Delta variant. The animals were euthanized on the third or sixth day after infection for necropsy 450 

and tissue sampling to determine viral load. Body weight of individual hamster were tracked daily up to the 451 

time of sacrifice. 452 

 453 

 454 
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Figure 2. Neutralizing antibody titers with live SARS-CoV-2 neutralization assay in hamsters five 455 

weeks after the final immunization. Hamsters were immunized as in Figure 1. Five weeks after the final 456 

immunization (second immunization for groups A, B, and C; third immunization for groups D, E, and F), 457 

serum samples were taken for neutralization assays against live SARS-CoV-2 Wuhan wildtype strain and 458 

Alpha, Beta, Gamma, and Delta variants. The results were A: Grouped according to vaccine regimen; B: 459 

Grouped according to variants. Bars indicate NT50 GMT with individual values displayed as symbols and 460 

error bars showing the 95% confidence intervals. Average fold reduction in GMT of variants against the 461 

wildtype strain were calculated and shown above brackets above the corresponding bars. W: Wildtype S-2P; 462 

B: Beta variant S-2P; W + B: bivalent mixture of widltype and Beta variant S-2Ps. Dotted line indicate the 463 

starting dilution (200) and all values below 200 are tabulated as 100. Statistical significance was calculated 464 

with Kruskal-Wallis test with corrected Dunn’s multiple comparisons test. * = p < 0.05, ** = p < 0.01, *** = 465 

p < 0.001, **** = p < 0.0001 466 

 467 

Figure 3. Neutralizing antibody titers with pseudovirus neutralization assay in hamsters five weeks 468 

after the final immunization. Hamsters were immunized and serum samples taken as in Figure 2. The 469 

samples were tested against lentivirus pseudotyped with the spike proteins of SARS-CoV-2 wildtype, Alpha, 470 

Beta, Delta, and Omicron variants. The results were A: Grouped according to vaccine regimen; B: Grouped 471 

according to variants. Bars indicate ID50 GMT with individual values displayed as symbols and error bars 472 

showing the 95% confidence intervals. Average fold reduction in GMT of variants against the wildtype strain 473 

were calculated and shown above brackets above the corresponding bars. Dotted line indicate the starting 474 

dilution (200) and all values below 200 are tabulated as 100. Statistical significance was calculated with 475 

Kruskal-Wallis with corrected Dunn’s multiple comparisons test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 476 

**** = p < 0.0001 477 

 478 

Figure 4. Neutralizing antibody titers with wildtype and Omicron variant pseudovirus 479 

neutralization assay. The serum samples from two hamsters were pooled together to form a sample size of n 480 

= 5 for each group. The pooled samples were tested against wildtype and Omicron variant pseudovirus 481 

neutralization assay. Horizontal bars indicate the ID50 GMT with individual ID50 values displayed as symbols 482 

and error bars showing the 95% confidence intervals. Fold difference in GMT comparisons were shown above 483 

brackets above the corresponding bars. Dotted line indicate the starting dilution (100) and the final dilution 484 

(12800) for the assay. Statistical significance was calculated with Mann-Whitney U test. * = p < 0.05, ** = p 485 

< 0.01, *** = p < 0.001, **** = p < 0.0001 486 

 487 

Figure 5. Change in body weight in hamsters after infection with SARS-CoV-2 Delta variant. 488 

Hamsters were challenged with SARS-CoV-2 Delta variant eight weeks after the final immunization. The 489 

body weights of individual hamsters were tracked daily up to the time of euthanizing at six days post infection. 490 

(n = 5/group). Results are shown as percent of weight relative to the day of challenge (day 0). Statistical 491 
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significance was calculated with two-way ANOVA with Dunnett multiple comparison test with adjuvant only 492 

as a control. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 493 

 494 

 495 

Figure 6. Viral load in hamsters three or six days post infection with SARS-CoV-2 Delta variant. 496 

The hamsters were euthanized at three or six days (n = 5/group) after infection and lung tissue samples 497 

were collected for viral load determination by “A” quantitative PCR of viral genome RNA, and “B” TCID50 498 

assay for virus titer. Results are presented as geometric mean values with error bars representing 95% 499 

confidence intervals. Dotted line indicate limit of detection (200) and all bellows value the limit detection are 500 

tabulated as 200. Statistical significance was calculated with Kruskal-Wallis corrected Dunn’s multiple 501 

comparisons test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 502 

 503 

Figure 7. Lung histopathology scoring in hamsters at 3 or 6 days post infection with SARS-CoV-2 504 

Delta variant.  The hamsters were challenged with SARS-CoV-2 Delta variant and euthanized at three or six 505 

days after infection as in Figure 5. Lung sections were prepared and stained and histopathology scores were 506 

calculated. Results are presented as mean with error bars representing standard deviation. Statistical 507 

significance was calculated with Kruskal-Wallis corrected Dunn’s multiple comparisons test. * = p < 0.05, ** 508 

= p < 0.01, *** = p < 0.001, **** = p < 0.0001 509 

 510 

 511 

Figure S1. Correlation between SARS-CoV-2 viral genome copy numbers and NT50 titers against 512 

the Delta variant. Values of viral genome copy numbers 3 days post infection and NT50 titers against the 513 

Delta variant five days after the final immunization were tabulated (n = 29). Spearman’s rank correlation 514 

coefficient and linear regression were calculated with dotted bands and shaded area representing the 95% 515 

confidence bands of the linear regression line. 516 

 517 

Figure S2. Representative histopathology sections in individual infected hamsters in the each of the 518 

vaccine groups at 3 d.p.i. or 6 d.p.i. 519 

 520 

Figure S3. Proposed mechanism for immune refocusing. 521 

 522 

 523 
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