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32 ABSTRACT

33 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the agent responsible for the 

34 ongoing global pandemic. With over 500 million cases and more than 6 million deaths reported globally, 

35 the need for access to effective vaccines is clear. An ideal SARS-CoV-2 vaccine will prevent pathology in 

36 the lungs and prevent virus replication in the upper respiratory tract, thus reducing transmission. Here, we 

37 assessed the efficacy of an adjuvanted SARS-CoV-2 S1 subunit vaccine, called COVAC-1, in an African 

38 green monkey (AGM) model. AGMs immunized and boosted with COVAC-1 were protected from SARS-

39 CoV-2 challenge compared to unvaccinated controls based on reduced pathology and reduced viral RNA 
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40 levels and infectious virus in the respiratory tract. Both neutralizing antibodies and antibodies capable of 

41 mediating antibody-dependent cell-mediated cytotoxicity (ADCC) were observed in vaccinated animals 

42 prior to the challenge. COVAC-1 induced effective protection, including in the upper respiratory tract, thus 

43 supporting further development and utility for determining the mechanism that confers this protection.  

44
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49 AUTHOR SUMMARY

50 Vaccines that can prevent the onward transmission of SARS-CoV-2 and prevent disease are highly 

51 desirable. Whether this can be accomplished without mucosal immunization by a parenterally administered 

52 subunit vaccine is not well established. Here we demonstrate that following two vaccinations, a protein 

53 subunit vaccine containing the S1 portion of the SARS-CoV-2 spike glycoprotein and the novel adjuvant 

54 TriAdj significantly reduces the amount of virus in the lungs and also mediates rapid clearance of the virus 

55 from the upper respiratory tract. Further support of the effectiveness of COVAC-1 was the observation of 

56 reduced pathology in the lungs and viral RNA being largely absent from tissues, blood, and rectal swabs. 

57 Thus COVAC-1 appears promising at mediating protection in both the upper and lower respiratory tract 

58 and may be capable of reducing subsequent transmission of SARS-CoV-2. Further investigation into the 

59 mechanism of protection in the upper respiratory tract and the initial immune response that supports this 

60 would be warranted. 

61

62 INTRODUCTION

63 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the pathogen responsible for 

64 Coronavirus disease 2019 (COVID-19), has caused over 500 million cases and over 6 million deaths 
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65 globally (WHO dashboard) as of May 2022. With the rising case numbers internationally and the inequality 

66 of vaccine accessibility throughout the world, the need to develop more effective vaccines is ongoing, 

67 particularly vaccines that can reduce transmission. Several vaccines have successfully passed phase 3 

68 clinical trials and/or have gained regulatory approval and have been proven to elicit effective protection 

69 against SARS-CoV-2, with more candidates going through the developmental pipeline [1-4]. However, 

70 even with multiple vaccines approved, worldwide vaccine coverage remains too low. Furthermore, 

71 continued development of new vaccines is needed given the emergence of new variants of concern (VOC) 

72 that limit the efficacy of current vaccines, as well as hurdles demonstrated in development, clinical trials, 

73 production, and distribution. 

74 The majority of vaccines against SARS-CoV-2, both approved and in development, include the 

75 spike (S) glycoprotein [5-8]. The trimeric S glycoprotein is made up of two subunits, S1 and S2. S is 

76 essential for mediating binding, fusion, and uptake of virions into mammalian cells, as well as being the 

77 target of neutralizing antibodies [9]. Of the various vaccine platforms, including nucleic acid, viral-

78 vectored, inactivated, and protein subunit, recombinant protein subunit vaccines have some advantages over 

79 other vaccine platforms, including greater safety while reducing cost and handling restrictions [10]. 

80 Although subunit vaccines typically induce weaker neutralizing antibodies, studies on recombinant subunit 

81 vaccines that include the receptor binding domain (RBD) have shown higher neutralizing antibodies with 

82 no antibody-dependent enhancement (ADE) effects, suggesting both a safe and effective vaccine platform 

83 [11-13]. Furthermore, adjuvants may augment and prolong the immune output without corresponding 

84 increases in deleterious effects [14].

85 We aimed to determine whether an S1-containing subunit protein vaccine and a combination 

86 adjuvant platform developed at the Vaccine and Infectious Disease Organization (VIDO) elicits effective 

87 immunogenicity and protection against SARS-CoV-2 in African green monkeys (AGMs) [15-17]. The 

88 vaccine candidate, COVAC-1, contains a codon optimized, mammalian-produced S1 segment of the SARS-

89 CoV-2 spike glycoprotein and an adjuvant, TriAdj. TriAdj is comprised of the toll-like receptor (TLR) 

90 agonist poly I-C, poly[di(sodium carboxylatoethylphenoxy)phosphazene] (PCEP), and the synthetic 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.16.496375doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.16.496375
http://creativecommons.org/licenses/by/4.0/


4

91 cationic peptide IDR-100. This combination adjuvant has been used in numerous animal species with no 

92 adverse reactions for vaccines with both viral and bacterial antigens, including one for human respiratory 

93 syncytial virus [18]. TriAdj has also been shown to induce a balanced or Th1-biased immune response that 

94 provides long-lasting immunity in various animal models, including mice, hamsters, cotton rats, sheep, 

95 alpacas and pigs [18-22]. This combination adjuvant has also frequently outperformed existing commercial 

96 adjuvants [23].  

97 RESULTS

98 Clinical parameters are comparable between vaccinated and control animals

99 Six AGMs (Animal numbers 1478, 1512, 1540, 1572, 1775, and 1820) were vaccinated with 

100 COVAC-1, a mammalian-produced HIS-tagged SARS-CoV-2 S1 protein formulated with TriAdj adjuvant 

101 56 days before challenge, followed by a homologous boost 28 days before challenge. Six control animals 

102 (1164, 1250, 1342, 1687, 1774, and 1776) received PBS and were used as comparators following the same 

103 timeline as the vaccine group. All twelve AGMs were challenged with a total of 1.54E+04 TCID50 of SARS-

104 CoV-2 (Canada/ON-VIDO-01/2020) by a combination of intratracheal (i.t), intranasal (i.n), oral and 

105 intraocular (i.o) routes similar to that described by Blair et al. [24]. Longitudinal oral, rectal, and nasal 

106 sampling was performed along with blood and bronchoalveolar lavage (BAL) collections to assess viral 

107 load and shedding (Figure 1A). No animals had overt signs of clinical disease such as fever (Figure 1B), 

108 weight loss (Figure 1C), or changes in behaviour or appetite. However, there were trends towards increased 

109 pCO2 and bicarbonate following infection, especially in the control animals. This coincided with an increase 

110 in respiratory rate noted particularly in the control group at 3dpi with no substantial changes in oxygen 

111 saturation (Figure 2A-E). 

112 White blood cell (WBC) count, red blood cell (RBC) count, lymphocytes, platelets, monocytes, 

113 and neutrophils were all within the normal range prior to infection (Figure 3A-F). During the peak of 

114 infection (3dpi), counts of WBC, platelets and neutrophils decreased in both the COVAC-1 vaccinated 

115 animals and the control animals. These counts started to recover again by the end of the study (7dpi) (Figure 

116 3A, B, F). Average alkaline phosphatase (ALP) and albumin (ALB), typically cited as markers for liver 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.16.496375doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.16.496375
http://creativecommons.org/licenses/by/4.0/


5

117 function, decreased slightly during infection. At the same time, aminotransferase (ALT), an enzyme 

118 signifying hepatocellular injury, was elevated in both the vaccinated and control groups (Figure 4A, C, E), 

119 but was decreasing towards normal in COVAC-1 vaccinated animals by 7dpi. Blood urea nitrogen (BUN) 

120 and creatinine (CRE) levels, measures of kidney function, were found to be within the normal range (Figure 

121 4B, D). Total protein (TP) levels, a combined measurement of liver and kidney function, decreased from 

122 baseline at 7dpi for both vaccinated and control AGMs (Figure 4F). Thoracic radiographs and EKGs taken 

123 on days 0, 1, 3, 5, and 7 post-infection showed no changes over baseline measurements (data not shown). 

124

125 COVAC-1 reduces the quantity and duration of viral RNA and infectious virus 

126 Viral loads and infectious virus were quantified from oral, rectal, and nasal swabs collected on days 

127 0, 1, 3, 5 and 7 post-infection by RT-qPCR and TCID50 assay (Figure 5). On day 1 post-challenge, both 

128 vaccinated and unvaccinated animals had equivalent levels of viral RNA, of approximately 104 genome 

129 equivalence (GEQ)/mL, in nasal swabs. Given the relatively high challenge dose, this was not unexpected. 

130 On subsequent days the level of viral RNA remained relatively constant in control animals. In contrast, 

131 vaccinated animals began to show substantially lower levels of viral RNA, with a 2.57 log reduction on day 

132 3 (p=0.0025), a 2.80 log reduction on day 5 (p=0.016), and no detectable viral RNA by day 7 (Figure 5A). 

133 Infectious virus recovered from nasal swabs was inconsistent; however, only 1/6 vaccinated NHPs (1572) 

134 had recoverable infectious virus on 3dpi, with no detectable infectious virus on 5 or 7dpi, while 3/6 control 

135 NHPs had positive TCID50 results at 3dpi, with 1/6 still having recoverable virus at 7dpi (Figure 5B). Mean 

136 viral RNA levels in rectal swabs increased from 1 to 3dpi in unvaccinated animals to approximately 103 

137 GEQ/mL and remained at that level until 7dpi. In contrast, only a single vaccinated animal, 1572, had 

138 positive rectal swabs on 1 and 3dpi, with all other vaccinated animals consistently being below the level of 

139 detection (Figure 5C). Infectious virus in rectal swabs was only recovered from a single, unvaccinated 

140 animal on day 7 (Figure 5D).  

141 BAL fluid was also tested for the presence of viral RNA and infectious virus at 0, 3, and 7dpi. All 

142 control animals had high levels of viral RNA at 3dpi that were maintained until 7dpi. At 3dpi, the BAL 
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143 samples from 5/6 control animals were positive for infectious virus, with 2 control animals still having 

144 detectable infectious virus on 7dpi (Figure 5E-F). In contrast, COVAC-1 vaccinated animals showed a 

145 significant reduction in mean viral RNA levels at 3dpi (p=0.00081) and 7dpi (p=0.000015), where only a 

146 single animal (1820) was found positive (Figure 5E). No infectious virus was recovered from the BAL of 

147 vaccinated animals at any time point, while 6/6 of unvaccinated animals were positive on 3dpi (p=0.0022), 

148 and 2/6 were still positive at 7dpi (Figure 5F). Very low levels of viral RNA were detected in the blood of 

149 3/6 and 2/6 unvaccinated animals at 3 and 7 dpi, respectively (Figure 5H). Viral RNA was not detected in 

150 the blood of any of the vaccinated animals (Figure 5I). 

151 Following euthanasia, collected tissues were evaluated for both viral RNA and infectious virus. Of 

152 the vaccinated group, only a single tissue sample collected from the trachea of animal 1512 was positive 

153 for viral RNA, with a low level of 1.83e+02 genome copies/mg (Figure 5G). All other tissues collected 

154 from vaccinated animals were negative. In contrast, all animals in the unvaccinated controls group had 

155 significantly higher levels of viral RNA in the sampled tissues, which included the right upper lung (RUL) 

156 (p=0.0152), right middle lung (RML) (p=0.0152), right lower lung (RLL) (p=0.0022) as well as nasal 

157 turbinate, trachea (p=0.0801), tonsil, heart and kidney, with five of six animals (1687, 1776, 1774, 1342, 

158 and 1512) having at least one sample positive for infectious virus as measured by TCID50 (Figure 5H).

159

160 COVAC-1 prevents gross and histological pathological changes 

161 Lung sections and heart, trachea, kidney, nasal turbinate, and tonsils were collected at 7dpi during 

162 necropsy. Gross pathology of the lungs of control animals consistently showed patchy areas of congestion, 

163 edema, and diffuse consolidation with areas of discoloration (Figure 6G). Alternatively, the control lungs 

164 were red in appearance and failed to collapse, indicative of inflammation. Comparable lung lesions were 

165 essentially absent in the vaccinated animals, where lungs appeared pink and readily collapsed (Figure 6H). 

166 No apparent changes were noted in other organs during gross pathology investigations. 

167 Inflammation, type II pneumocyte hyperplasia and hemorrhage in the lungs were the most 

168 prominent features in animals infected with SARS-CoV-2. Histology was evaluated by additive pathology 
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169 scores. Lung pathology was characterized by the presence of neutrophils and macrophages in 

170 bronchi/bronchioles, alveoli, and the interstitium.  Some degree of this was observed in all animals. Both 

171 control and vaccinated animals had evidence of tracheal inflammation as well as neutrophils and 

172 macrophages in the bronchi, alveoli and/or interstitium in varying quantities. However, the control group 

173 had higher overall pathology scores when compared to the vaccinated animals, with the majority of samples 

174 (77%) from vaccinated animals scoring 0 or 1, with no scores of 3. In contrast, nearly half (47%) of samples 

175 from control animals scored above 1, with a small number (12%) scoring 3 (Figure 6I). 

176 Lung sections from control animals collected on 7dpi were frequently positive for viral antigen 

177 staining (18/25 sections from the right middle and right lower lung (Figure 6E). One animal (1774) in the 

178 control group consistently had atypical staining on multiple occasions and was thus excluded from this 

179 analysis. Staining was observed in type II pneumocytes and less frequently in alveolar macrophages. In 

180 contrast, no positive antigen staining was observed in the same number of tissue sections in COVAC-1 

181 vaccinated animals (Figure 6F). 

182

183 Serological responses 

184 The serum IgG antibody response against SARS-CoV-2 was assessed using two antigens, soluble 

185 trimer or RBD by enzyme-linked immunosorbent assay (ELISA). All vaccinated animals had detectable 

186 IgG antibody responses in the soluble trimer ELISA, exceeding the upper limit of the assay (1:6400) 14 

187 days prior to the challenge. Two vaccinated animals (1775, 1540) had decreased titres post-challenge, which 

188 subsequently increased by the end of the study. In contrast, all unvaccinated controls were negative for 

189 detectable IgG against soluble trimer. Five unvaccinated controls were also negative for detectable IgG 

190 against RBD throughout the study. However, one control animal (1774) had a titer of 1:400 following 

191 challenge on 7dpi. Vaccinated animals all reached the upper limit of 1:6400 42 days after vaccination (-

192 14dpi) against RBD; however, animals 1775, 1820, 1478 and 1512 decreased slightly to 1:1600. By the end 

193 of the study, all animals except one (1775) had titres at the upper limit (1:6400) again (Table 1). 
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194 Neutralizing antibodies were assessed using a plaque reduction neutralization PRNT50 assay on 

195 serum from 14 days prior to virus challenge and 7 days following challenge, 42 and 63 days post-

196 vaccination, respectively (Table 2). All six unvaccinated control animals were negative for neutralizing 

197 antibodies against SARS-CoV-2 (Canada/ON-VIDO-01/2020) 14 days before the virus challenge; 

198 however, by 7dpi, one control animal (1250) had detectable neutralizing antibody levels of 1:40. In contrast, 

199 all vaccinated animals had detectable neutralizing antibodies against SARS-CoV-2 (Canada/ON-VIDO-

200 01/2020) at -14dpi with levels ranging from 1:20 to 1:160, with similar titres detected at 7dpi. 

201 The ability of COVAC-1 to induce antibody-dependent cell-mediated cytotoxicity (ADCC) 

202 antibodies was also assessed. This was investigated as ADCC has been proposed to be a correlate of 

203 protection as it has been observed in individuals who appear to be protected from SARS-CoV-2 disease in 

204 the absence of neutralizing antibodies [25-27]. Low levels of antibodies capable of mediating ADCC were 

205 observed in 6/6 COVAC-1 treated animals 14 days following the boost vaccination (Figure 7A-B). The 

206 level of ADCC-mediating antibodies was maintained until the challenge and did not meaningfully change 

207 during the challenge period. In contrast, sera from control animals did not mediate ADCC activity at any 

208 tested time points, including following challenge. The breadth of antigen binding to the spike glycoproteins 

209 from other coronaviruses was also assessed separately. It was observed that sera from COVAC-1 vaccinated 

210 animals only bound to cells expressing SARS-CoV-2 S and that, similarly, binding was observed 14 days 

211 following the boost (on day 42) (Figure 7C-D). A much lower level of binding was also observed to SARS-

212 CoV-1 but not to the spike glycoproteins from more distantly related coronaviruses, such as OC43, HKU1 

213 or MERS-CoV (not shown).  

214

215 Table 1: IgG antibody responses following COVAC-1 vaccination and boost or PBS control and after 

216 SARS-CoV-2 challenge. Serum from animals at -14/-15 days pre-challenge and at 7dpi was assessed for 

217 binding to SARS-CoV-2 soluble trimer or RBD by IgG-specific ELISA.
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Animal (Treatment) Soluble trimer

-14dpi/-15dpi

Soluble trimer

7dpi

RBD

-14dpi/-15dpi

RBD

7dpi

1164 (Control) Negative Negative Negative Negative

1250 (Control) Negative Negative Negative Negative

1342 (Control) Negative Negative Negative Negative

1687 (Control) Negative Negative Negative Negative

1774 (Control) Negative Negative Negative 1:400

1776 (Control) Negative Negative Negative Negative

1478 (COVAC-1) 1:6400 1:6400 1:6400 1:6400

1512 (COVAC-1) 1:6400 1:6400 1:6400 1:6400

1540 (COVAC-1) 1:6400 1:6400 1:6400 1:6400

1572 (COVAC-1) 1:6400 1:6400 1:6400 1:6400

1775 (COVAC-1) 1:6400 1:1600 1:6400 1:1600

1820 (COVAC-1) 1:6400 1:6400 1:6400 1:6400

218

219 Table 2: Neutralization 50% (PRNT50) assay using ancestral strain SARS-CoV-2 

Animal (Treatment) Canada/ON-VIDO-01/2020

-14dpi/-15dpi

Canada/ON-VIDO-01/2020

7dpi

1164 (Control) Negative Negative
1250 (Control) Negative 1:40
1342 (Control) Negative Negative
1687 (Control) Negative Negative
1774 (Control) Negative Negative
1776 (Control) Negative Negative
1478 (COVAC-1) 1:20 1:40
1512 (COVAC-1) 1:160 1:80
1540 (COVAC-1) 1:80 1:80
1572 (COVAC-1) 1:40 1:80
1775 (COVAC-1) 1:40 1:40
1820 (COVAC-1) 1:40 1:80

220

221 Immune cell infiltration

222 Following the SARS-CoV-2 challenge, the extent of immune cell infiltration into BAL fluid 

223 (BALF) and blood was assessed by flow cytometry. Overall, the data supports that infiltration into the 

224 BALF occurred largely in the first few days following the challenge and substantially decreased thereafter. 

225 In the COVAC-1 vaccinated group, HLA-DR+ CD8 T cells increased at a rate of 20% (95% CI: -

226 4 to 49%) per day, and although infiltration in the control group occurred at a significantly higher rate (p = 
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227 0.0495) of 66% (95% CI: 34 to 106%), none of the time points showed statistical significance when 

228 comparing the vaccinated and control groups (Figure 8A). COVAC-1 vaccinated animals had an increase 

229 in CD69+ CD8 T cells (34% per day, 95% CI: 9 to 65%; Figure 8B), however the unvaccinated controls 

230 also showed an increased rate (63% per day, 95% CI: 33 to 101%), resulting in no significant differences 

231 in slope (p = 0.2002). Despite this, the final concentration of CD69+ CD8 T cells at 7dpi was significantly 

232 different between the two groups, with the control group being approximately 9.7-fold higher (95% CI: 3 

233 to 31-fold). 

234 Interesting trends for the infiltration of memory phenotypes were also noted for both the terminally 

235 differentiated RA+ effector memory (EMRA) cells (Figure 8C) and the naïve cells (Figure 8D). In 

236 vaccinated animals, both cell populations show a similar pattern with little to no infiltration, a 19% increase 

237 per day for EMRA (95% CI: -2.7 to 46%); and a 7.7% increase per day for naïve cells (95% CI: -13.3 to 

238 34%). However, the concentration of these cells in the BALF of the control group increased by 126% per 

239 day for EMRA (95% CI: 85 to 177%); and 95% increase per day for naïve cells (95% CI: 57 to 142%).

240 For CD4 T cells, no HLA-DR expression could be detected except in a single sample (Figure 8E). 

241 The COVAC-1 group had a negligible daily increase in CD69+ CD4 T cells (19% per day, 95% CI: -3.2 to 

242 47%; Figure 8F), but the control group showed a significantly higher rate of infiltration (74% per day, 95% 

243 CI: 41 to 114%). The general trends for the EMRA (Figure 8G) and naïve (Figure 8H) CD4 T cells largely 

244 parallel those of the CD8 T cells. One distinction was that EMRA CD4 T cells infiltrated into the BALF of 

245 the COVAC-1 group at a significant rate (47% per day, 95% CI: 23 to 76%), while the infiltration in the 

246 control group was not significantly higher (92% per day, 95% CI: 61 to 129%). Despite this, the 

247 concentration of EMRA CD4 T cells was higher in the control group on both 3dpi (12-fold, 95% CI: 1.6 to 

248 88) and 7dpi (15-fold higher, 95% CI: 2.3 to 99). As with the CD8 T cells, naïve CD4 T cells did not 

249 significantly infiltrate into the BALF in the COVAC-1 group (3% increase per day, 95% CI: -13 to 23%), 

250 but the infiltration into the BALF of the control group was significant (68% per day, 95% CI: 42 to 100%). 

251 B cells infiltrated into the BALF of the COVAC-1 group at a rate of 42% per day (95% CI: 11 to 

252 83%), but the infiltration in the BALF of the control group was not significantly higher, at 75% per day 
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253 (95% CI: 36 to 125%) (Figure 8I). Similarly, γδ-T cells (Figure 8J), which play important roles in mucosal 

254 immunity, infiltrated into the BALF of the COVAC-1 group at a significant rate (27% per day, 95% CI: 1.7 

255 to 59%). Still, the control group did not show significantly higher infiltration (73% per day, 95% CI: 38 to 

256 116%). However, the control group still had significantly more γδ-T cells in its BALF (14-fold higher, 95% 

257 CI: 4.6 to 44) at 7dpi. Basophils (Figure 8K) did not infiltrate the BALF of the COVAC-1 group at a 

258 significant rate (18% per day, 95% CI: -7.3 to 51%) but did infiltrate the BALF of the control group at a 

259 significant rate (84% per day, 95% CI: 44 to 134%). Eosinophils showed a pattern opposite most of the 

260 other cell types; the infiltration was significantly higher in the COVAC-1 group (135% per day, 95% CI: 

261 84 to 201%) than in the control group (52% per day, 95% CI: 19 to 95%) (Figure 8L); however, this may 

262 have been due to the control group having a significantly higher concentration of eosinophils on day 0 (30-

263 fold higher, 95% CI: 25 to 36).

264

265 DISCUSSION

266 Since the onset of the SARS-CoV-2 pandemic, accelerated trials have facilitated the approval of 

267 several vaccines; however, the pandemic remains an ongoing threat with a need for additional vaccines. 

268 Here we aimed to evaluate the immunogenicity and protective efficacy of a new S1 subunit vaccine and 

269 combination adjuvant, COVAC-1, in an AGM model of COVID-19. AGMs have been previously 

270 established as a disease model for SARS-CoV-2 to explore the dynamics of disease pathogenesis while 

271 recapitulating the human disease [15-17, 28]. Similar to previous studies, we observed that AGMs do not 

272 develop notable clinical illness, likely similar to many human cases. However, during gross and histological 

273 tissue pathology evaluation, they show pronounced damage of varying severity in respiratory tissues [15, 

274 16]. In no case did the animals appear to have any form of distress, fever, weight loss, shivering, or any 

275 obvious discomfort. However, an interesting clinical finding that has not previously been documented was 

276 an increased pCO2 coinciding with an increased respiratory rate and no associated decrease in oxygen 

277 saturation that occurred in all the infected animals but was significantly higher in the control animals (Figure 
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278 2). In this context, this likely represents increased physiological dead space that may have manifested from 

279 the interstitial and airspace disease associated with the observed pathologic changes.

280 Also notable was that despite pathology being consistently observed in lung tissues of infected 

281 control animals, thoracic radiographic images taken throughout infection showed no evidence of 

282 pathological changes. Unremarkable X-rays, including during peak viremia, have been reported previously 

283 for SARS-CoV-2 infection in animal models and human patients [15, 29-31]. The alterations observed by 

284 X-ray may be more prominent following the early stages of the disease characterized by infection with 

285 SARS-CoV-2 when there are subsequently high levels of inflammation, coagulopathy and fibrosis [32]. 

286 Likely, clinical signs of infection, including crepitation and/or rales via auscultation (along with the 

287 corresponding pathologic correlates), may precede these radiographic signs. Unfortunately, the high 

288 containment level (BSL4) restrictions in this study design precluded auscultation but may be possible for 

289 future iterations. 

290 Although clinical signs were absent to subtle in both vaccinated and control animals, thus not being 

291 useful as a comparator, viral indices (including RNA levels and TCID50) were significantly improved in 

292 vaccinated AGMs, suggesting protective efficacy from COVAC-1 vaccination. This protection was evident 

293 in the significantly reduced viral loads found in the BAL, mucosal swabs and tissues, an indication of 

294 reduced shedding and, therefore, potentially transmissibility as a result of vaccination [33]. While both 

295 groups had equivalent levels of viral RNA at 1dpi in nasal swabs, likely a result of the relatively high level 

296 of virus in the inoculum, all subsequent samples supported a rapid and significant reduction in viral RNA 

297 and infectious virus. This also included the absence of viral RNA in rectal swabs. Whether vaccination 

298 provides protection against virus replication in the gastrointestinal tract or whether the lack of viral RNA 

299 in rectal swabs in vaccinated animals is a result of overall less virus being produced in the upper respiratory 

300 and subsequently transiting the GI tract, both mechanisms support the notion that a good level of protection 

301 was achieved. Together, this supports that COVAC-1 may be effective at preventing or reducing 

302 transmission by reducing the amount of virus shed in the upper respiratory tract and excreted in feces. 
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303 This study's histopathology of respiratory tissues showed varying degrees of inflammatory cell 

304 infiltration, including neutrophils and macrophages in bronchi/bronchioles, alveoli, and the interstitium, as 

305 observed previously in this model [16]. The trachea of multiple control AGMs and some of the vaccinated 

306 animals also showed mild to moderate levels of inflammation. However, tracheal inflammation may result 

307 from repeated BAL procedures throughout the study rather than from the infection itself. Notably, 

308 vaccination decreased the extent of pathological alterations in lung tissues compared to controls. Not only 

309 did this include lower overall scores, but also the absence of scores over 2. Consistent with decreased 

310 pathology and the absence of viral RNA, as assessed by RT-qPCR, was a complete absence of viral antigen 

311 in lung sections compared to consistently positive staining in control animals. Overall, this correlated with 

312 the gross pathological finding where vaccinated animals had essentially normal lungs in contrast to controls 

313 which showed congestion, edema, and diffuse consolidation with areas of discoloration. 

314 Characterization of the cells that infiltrated into the lungs and were collected in BAL samples 

315 suggests that infiltration occurs early during infection. Similar processes occur in vaccinated and 

316 unvaccinated animals, with two notable differences. While not reaching significance due to large animal-

317 to-animal variation, there was a consistent trend that control animals had overall higher levels of almost all 

318 characterized immune cell types, supportive of an overall higher level of immune cell infiltration. This data 

319 is consistent with histological data that also finds more immune cell infiltration and accompanying 

320 pathological alterations in the lungs of control animals. Perhaps expectedly, the second notable observation 

321 was that both naïve CD4 and CD8 cells were largely absent in vaccinated animals, while a memory response 

322 was active in vaccinated animals. While EMRA T cells also infiltrated the BAL fluid in control animals, 

323 this may be due to a non-specific response, given the large number of such cells involved, or cross-reactivity 

324 from previous coronavirus exposure [34, 35].

325 An important finding of this study is the production of ADCC-mediating antibodies in COVAC-1 

326 vaccinated animals since the engagement of immune effector cells via non-neutralizing antibody functions, 

327 such as ADCC, is proposed to play an important role in the clearance of infected cells and protection from 

328 numerous viral pathogens [36-41]. In SARS-CoV-2, protection elicited following a single vaccination was 
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329 associated with antibodies able to mediate ADCC [27]. Additionally, many infected human patients with 

330 mild disease have very low levels of neutralizing antibodies. In patients with severe disease that survive, 

331 ADCC-mediating antibodies are present at higher levels than in patients that do not survive [25, 42] and 

332 there is an inverse associated between ADCC and mortality [42]. This observation has even been extended 

333 to show an association between ADCC and survival following treatment with convalescent plasma [43]. 

334 Given the rapid clearance of the virus and the decreased pathological changes in the lungs, this would 

335 suggest that the COVAC-1 vaccine is sufficient to induce protection in this model. Not unexpectedly, 

336 antibody binding to other distantly related human coronaviruses such as OC43, HKU1 and MERS-CoV 

337 was not observed (not shown). However, a low level of binding to the SARS-CoV-1 spike glycoprotein 

338 was observed, suggesting that some cross-reactivity is present among more closely related coronaviruses.                                                                                                                                                                                                                                                                                                           

339 Subunit vaccines offer several advantages over other vaccine formats that make them desirable. \ 

340 They are a proven technology that overall has excellent safety profiles. In clinical trials of the different 

341 vaccine platforms for COVID-19, local and systemic reaction rates were significantly lower among protein 

342 subunit vaccines than in three other COVID-19 vaccine platforms [44]. Subunit vaccines also retain a high 

343 safety profile even with multiple boosts [44-46]. Production is also highly scalable, and a significant global 

344 manufacturing infrastructure exists. However, in SARS-CoV-2, some limitations must still be overcome. 

345 The most critical of these may be ensuring that the spike glycoprotein is present in a form that elicits 

346 neutralizing antibodies, as non-neutralizing antibodies may mediate ADE. However, this has yet to be 

347 observed in the context of a polyclonal response [47-50]. In this study, S1 formulated with TriAdj, which 

348 typically induces a balanced to Th1-biased immune response [18], was demonstrated to provide a high level 

349 of protection against the SARS-CoV-2 challenge. In addition, no adverse effects were noted in any of the 

350 vaccinated AGMs.

351 However, there are several limitations with this animal model and in this study. This study 

352 evaluated gross and histological pathology at limited terminal time points, perhaps missing aspects of 

353 disease pathogenesis in the control or vaccinated groups. In addition, the AGM model of SARS-CoV-2 

354 does not show significant clinical disease. Thus, it is not possible to conclude that vaccination prevents 
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355 severe disease, despite this being inferred given the rapid clearance of the virus.  Moreover, it has been 

356 quite apparent from the human cases that severe disease manifests more frequently with associated 

357 comorbidities and at later times in the disease course that we may have precluded with early termination of 

358 this experiment. However, it was anticipated that comparing levels of virus in tissues would no longer be 

359 possible at later times. 

360 In summary, we showed effective immunogenicity and protective effects against SARS-CoV-2 

361 challenge from two injections of an S1 subunit vaccine candidate containing TriAdj (COVAC-1). 

362 Specifically, our evaluation demonstrated that COVAC-1 had no apparent side effects or ADEs, had a 

363 protective effect from lung disease pathology, and elicited neutralizing antibodies in sera of immunized 

364 AGMs against SARS-CoV-2 (Canada/ON-VIDO-01/2020). Moreover, vaccinated animals had 

365 significantly reduced viral loads within BAL, mucosal swabs, and tissues compared to control animals. This 

366 vaccine candidate should be considered for further investigation and development, contributing to the 

367 armamentarium in the worldwide fight against SARS-CoV-2.

368

369 METHODOLOGY

370 Vaccine

371 COVAC-1 consists of a codon-optimized mammalian-produced HIS-tagged S1 protein produced 

372 by Biodextris (400µg/mL Lot: C2003-VID-DSP-E-002) that has been formulated with TriAdj comprising 

373 250µg PCEP, 250µg poly I:C (Lot: PJ625E01) and 500µg IDR-1002 per dose in PBS. Six African green 

374 monkeys (AGM) (3 female: 3 male) (animal numbers: 1478, 1512, 1540, 1572, 1775, 1820) received 50µg 

375 of mammalian-produced SARS-CoV-2 S1 formulated with TriAdj in a volume of 0.5mL delivered via the 

376 intramuscular (i.m.) route on the caudal thigh. Animals were vaccinated on day -56 and boosted on day -28 

377 pre-challenge. Six control AGMs (3 female: 3 male) (animal numbers 1164, 1250, 1342, 1687, 1774, 1776) 

378 were mock vaccinated with PBS following the same sampling timeline as the vaccinated animals.

379 Animal Challenge
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380 All the animal experiments were approved by the Animal Care Committees of the Canadian 

381 Science Center for Human and Animal Health and the University of Saskatchewan in accordance with the 

382 guidelines provided by the Canadian Council on Animal Care. All experiments with live SARS-CoV-2 

383 were completed within the Biosafety Level 3 (BSL3) or BSL4 laboratories. All twelve AGMs were 

384 inoculated with target dose of 5E+04 TCID50 per animal of SARS-CoV-2 (Canada/ON-VIDO-01/2020, 

385 GISAID #EPI_ISL_425177) delivered as follows: 0.5mL per nare intranasal (i.n), 5mL intratracheal (i.t.), 

386 1mL oral and 0.2mL per eye ocular routes (i.o) for a total volume of 7.4mL. The inoculum was back titered 

387 on Vero cells and indicated a total challenge dose of 1.54E+04 TCID50 was delivered. Animals were 

388 monitored twice daily for clinical signs of illness, including fever, clinical appearance/behaviour, and 

389 respiratory signs. All procedures requiring handling were performed under sedation by ketamine or 

390 ketamine in addition to dexmedetomidine.

391 In vivo sampling 

392 Vaccinated animals were sedated, and blood was collected on days -56 (vaccination), -49, -42, -28 

393 (vaccine boost), -14, 0, 3, and 7 days post-infection (dpi). Oral, rectal, and nasal swabs (MedPro 018-430) 

394 were taken to assess viral shedding at 0, 1, 3, 5, and 7 dpi. Bronchoalveolar lavages (BAL) were completed 

395 at days -49, 0, 3 and 7 post-challenge. Electrocardiogram (ECG) and X-rays were performed on days 0, 1, 

396 3, 5 and 7 post infection (Figure 1A). Unvaccinated controls followed a similar sampling timeline; however, 

397 the viral challenge with SARS-CoV-2 was delayed by one day. Therefore, sampling days included -57, -

398 50, -43, -29, -15 before challenge and 0, 1, 3, 5 and 7 post virus challenge (Figure 1A).

399 BAL procedures were completed on ketamine and dexmedetomidine-sedated animals receiving 

400 100% O2. Animals were intubated with a 3.5-4.5mm cuffed endotracheal tube (ETT) (COVIDIEN, 86445). 

401 Subsequently, a sterile suction catheter was placed past the end of an inserted ETT into a main stem 

402 bronchus in the distal airway. Saline was then infused through the catheter and immediately aspirated back 

403 into the syringe. Once the initial fluid was recovered, the process was repeated 2-3 times, followed by the 

404 removal of the catheter. Adequate yields for this procedure are ~60% of the total infused volume. 

405 Virus inactivation, RNA extraction, RT-qPCR
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406 140 µl of fluid samples were inactivated with AVL (QIAGEN, Valencia, CA), and RNA was 

407 subsequently extracted using the QIAmp viral RNA Mini kit (QIAGEN, Valencia, CA) following the 

408 manufacturer�s instructions. For tissue samples, 30mg of homogenized tissue was inactivated with RLT 

409 and extracted using the RNeasy Mini kit (QIAGEN, Valencia, CA) following manufacturer instructions. 

410 Primers and probes used to detect SARS-CoV-2 by real-time quantitative PCR (RT-qPCR) were based on 

411 the E gene (E_Sarbeco_F1: ACAGGTACGTTAATAGTTAATAGCGT, E_Sarbeco_R2: 

412 ATATTGCAGCAGTACGCACACA, E_Sarbeco_P1: FAM-ACACTAGCCATCCTTACTGCGCTTCG-

413 BHQ), described by Corman et al. [51]. RT-qPCR was performed using TaqPath master mix (ThermoFisher 

414 Scientific) and run on a QuantStudio 5 RT-qPCR system to measure the cycle threshold (Ct). 

415 To compare differences in viral RNA levels between the COVAC-1 vaccinated group and the 

416 control group, a Fisher's exact test was completed using GraphPad Prism 9. Additionally, an unpaired t-test 

417 with Welch correction was used to analyze the difference in unequal means. The outcome variable was 

418 transformed as log10(GEQ/mL + 1) to account for samples with 0 viral genome copies.

419 Virus Titration

420 Virus titration was performed by tissue culture infectious dose 50 (TCID50) assay using Vero cells 

421 (ATCC CCL-81) on blood, swab, BAL and tissue samples that had a Ct at or below 27 measured by RT-

422 qPCR [33]. Briefly, increasing 10-fold dilutions of the samples were incubated on Vero monolayers 

423 maintained in modified Eagle�s medium (MEM) supplemented with 5% fetal bovine serum (FBS), 1% 

424 penicillin/streptomycin, 1% L-glutamine, in triplicate and incubated at 37°C with 5% CO2. Following 

425 incubation for 96-120 hours, the cytopathic effect was measured under a microscope, and TCID50/mL or 

426 mg was calculated using the Reed and Muench method as previously described [52]. 

427 To compare differences in infectious virus levels between the COVAC-1 vaccinated group and the 

428 control group, a Fisher's exact test was completed using GraphPad Prism 9. Furthermore, an unpaired t-test 

429 with Welch correction was used to analyze the difference in unequal means. The outcome variable was 

430 transformed as log10(TCID50/mL + 1) to account for samples with 0 infectious virus recovered.

431 Hematology 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.16.496375doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.16.496375
http://creativecommons.org/licenses/by/4.0/


18

432 Whole blood collected in an EDTA tube (BD vacutainer) was used to test total white blood cell 

433 (WBC) counts, cell differential distribution, red blood cell counts, platelet counts, hematocrit values, total 

434 hemoglobin concentrations and other blood markers using an HM5 hematologic analyzer (Abaxis). 

435 Additionally, lithium heparin treated blood was tested for markers of organ function, specifically liver and 

436 kidney, including albumin (ALB), amylase, alanine aminotransferase (ALT), alkaline phosphatase (ALP), 

437 blood urea nitrogen (BUN), calcium, creatinine (CRE), using a Vetscan (Abaxis) and a piccolo point-of-

438 care analyzer with Metlac and Biochemistry Panel Plus analyzer discs (Abaxis). Blood gas analysis, 

439 including partial pressures of CO2 and O2, pH, bicarbonate, glucose, sodium and potassium levels, was 

440 obtained using an iSTAT Alinity hematological analyzer (Abbott).

441 ELISA

442 Serum collected at the time points indicated above were tested for SARS-CoV-2 specific antibodies 

443 against soluble trimer (S1+S2) (Sino Biological 40859-V08H1) and RBD (Sino Biological 40592-V08B) 

444 recombinant proteins. HI BIND Assay plates (COSTAR 3366) were coated with antigen diluted 1:1000 in 

445 PBS overnight at 4°C. Plates were then washed three times with wash buffer (PBS with 0.1% Tween20). 

446 Wells were then blocked with 100µL of 5% skim milk in 0.2% Tween20 (DIFCO BD 232100) in PBS at 

447 37°C. After blocking, serum samples were four-fold serially diluted from 1:100 down to 1:6400 in 5% skim 

448 milk in 0.2% Tween20 solution in the pre-coated wells and incubated at 37°C for 1 hour. Serum collected 

449 at days -56 and -57 post infection for the vaccinated and control animal was used as a baseline. Plates were 

450 subsequently washed with wash buffer three times, and then 100µL of HRP labelled goat anti-human IgG 

451 (SERA CARE 5450-0009), diluted 1:2000 in 5% skim milk in 0.2% Tween20 in PBS, was added to the 

452 wells and placed at 37°C for 1 hour followed by three more washes. After the final wash, KPL ABST 

453 substrate solution A (SERA CARE 5210-0035) and peroxidase substrate solution B (SERA CARE 5120-

454 0038) were mixed in a 1:1 ratio, and 100µL was added to each well. The plates were then incubated for 30 

455 minutes at 37°C, and absorbance values were determined at 405nm. 

456 Serum Neutralization Assay
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457 Neutralization titres were calculated by determining the dilution of serum that reduced plaques by 

458 50% (PRNT50) following the previously outlined methodology [53]. Briefly, serum collected at the 

459 sampling times outlined above was diluted 2-fold and incubated with SARS-CoV-2 (Canada/ON-VIDO-

460 01/2020) for 1 hour at 37°C with 5% CO2. 100µL of the inoculum was then placed on Vero E6 cells (ATCC 

461 CRL-1586) for 1 hour at 37°C with 5% CO2, rocking every 15 minutes. The cells were then overlaid with 

462 a 3% carboxymethylcellulose (CMC) liquid matrix diluted 1:1 with 2X MEM supplemented with 8% FBS, 

463 2% L-glutamine, 2% penicillin and streptomycin, 2% non-essential amino acids, 7.5% sodium bicarbonate 

464 and incubated at 37°C for 72 hours. Following incubation, the CMC was aspirated, and the cell monolayer 

465 was fixed for 1 hour with 10% buffered formalin. The formalin was then removed, and 100µL of 0.5% 

466 crystal violet (CV) solution was added to each well for 15 minutes to stain the cells. 1mL of 20% ethanol 

467 was added to each well for washing, followed by aspiration of both the CV and ethanol before plaques were 

468 counted.

469 ADCC Assay

470 A detailed STAR Protocol is available for the ADCC assay [54]. Briefly, parental CEM.NKr CCR5+ cells 

471 were mixed at a 1:1 ratio with CEM.NKr.SARS-CoV-2.S cells and stained for viability with AquaVivid 

472 (Thermo Fisher Scientific, Waltham, MA, USA) and with cell proliferation dye eFluor670 (Thermo Fisher 

473 Scientific) to generate target cells. Overnight rested human PBMCs were stained with cell proliferation dye 

474 eFluor450 (Thermo Fisher Scientific) and used as effector cells. Stained target and effector cells were mixed 

475 at a ratio of 1:10 in 96-well V-bottom plates. Gamma irradiated serum from vaccinated and control AGMs 

476 (1/500 dilution) were added to the appropriate wells. The plates were subsequently centrifuged for 1 min at 

477 300 g and incubated at 37°C, 5% CO2 for 5 h prior to being fixed with 2% PBS-formaldehyde. Samples 

478 were acquired on an LSRII cytometer (BD Biosciences), and data analysis was performed using FlowJo 

479 v10.7.1 (Tree Star). ADCC activity was calculated as previously described [54].

480 Cell-based Spike Binding Assay

481 This assay was performed as previously described (34). Briefly, 293T cells were transfected 

482 individually with a plasmid encoding the indicated S glycoprotein (D614G, SARS-CoV-1, OC43, HKU1, 
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483 MERS-CoV). 48 h post-transfection, S-expressing cells were stained with the CV3-25 Ab or gamma-

484 irradiated serum from vaccinated or control AGMs (1/250 dilution) followed by AlexaFluor-647-

485 conjugated goat anti-human IgM+IgG+IgA Abs (1/800 dilution) as secondary Abs. The percentage of 

486 transduced cells (GFP+ cells) was determined by gating the living cell population based on viability dye 

487 staining (Aqua Vivid, Invitrogen). Samples were acquired on an LSRII cytometer (BD Biosciences), and 

488 data analysis was performed using FlowJo v10.7.1 (Tree Star). The seropositivity threshold was established 

489 as previously described [27].

490 Histopathology and Immunohistochemistry 

491 Tissues collected during necropsy, approximately 1cm3 in size, were immersion-fixed in 10% 

492 neutral buffered formalin. Tissues collected included right upper, middle and lower lung, heart, trachea, 

493 kidney, tonsils and nasal turbinate. Lung tissues were submitted in tissue cassettes and processed overnight 

494 in a Sakura Tissue-Tek VIP6AI Tissue Processor. Samples were taken from 10% neutral buffered formalin, 

495 through increasing concentrations of alcohol, to xylene, then finished in paraffin wax over 14 hours. 

496 Samples were taken from the tissue cassettes and placed in metal moulds filled with molten wax to create 

497 a paraffin �block�. Blocks were subsequently cut at 4 µm on a microtome. 

498 Hematoxylin and Eosin

499 Hematoxylin and Eosin (H&E) staining was performed on a Sakura (Tissue-Tek) Prisma 

500 Automated Slide Stainer. Slides were placed on slide staining racks and deparaffined for 1 hour at 60°C. 

501 Surgipath Hematoxylin 560, Surgipath Blue Buffer 8 and Surgipath Alcohol Eosin Y 515 were used 

502 onboard the automated stainer. Slides were coverslipped using the Sakura (Tissue-Tek) Glas G2 Automated 

503 Coverslipper with Somagen Tissue-Tek Glas Mounting Medium. Tissue sections, including upper, middle, 

504 and lower right and left lungs, were scored based on inflammation (0: absent, 1: slight or questionable, 2: 

505 clearly present, 3: moderate, 4: severe), the proportion of parenchyma affected, the extent of hypertrophy 

506 of alveolar pneumocytes and intensity of hemorrhage. 

507 Immunohistochemistry
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508 Lung tissue sections were prepared for immunohistochemical staining, conducted at Prairie 

509 Diagnostic Services (Saskatoon, SK) using an automated slide stainer (Autostainer Plus, Agilent 

510 Technologies Canada Inc., Mississauga, ON). Epitope retrieval was performed in Tris/EDTA, pH 9, at 97°C 

511 for 20 minutes. The primary antibody was a rabbit polyclonal antibody against the nucleocapsid protein of 

512 SARS-CoV-2 (SARS2-N). The SARS2-N-specific antibody was produced in-house by VIDO (Animal 

513 Study number AS#20-012).  The SARS2-N-specific antibody was diluted at 1:800 in PBS and incubated 

514 with the slides for 30 minutes at room temperature. After washing, the bound SARS2-N antibody was then 

515 detected using an HRP-labelled polymer detection reagent (EnVision+ System - HRP Labelled Polymer, 

516 Agilent Technologies Canada Inc., Mississauga, ON). Immunostaining was categorized as no staining, 

517 weak staining intensity, or strong staining intensity.

518 Flow cytometry and Immunophenotyping 

519 The BALF was centrifuged at 600 x g for 10 minutes. The pellet was then resuspended in 0.5mL 

520 plain RPMI medium. An aliquot was mixed with an equal volume of PBS 5 µg/ml Acridine Orange (Life 

521 Technologies) 100 µg/mL Propidium Iodide (Life Technologies) and counted on a Nexcelom Cellometer 

522 Auto 2000. One hundred microliters of resuspended BALF cells or whole blood were stained as described 

523 in the �Immunophenotyping for NHPs, containment protocol� [55]. The samples were run on a 

524 FACSymphony A5 instrument.

525 The counts for each population of interest were normalized to the Live CD45+ cells and multiplied by 

526 the number of cells per mL of fluid to obtain the concentration of each cell type in the BALF or the count 

527 of white blood cells (WBC) from the HM5 analyzer. To compare the cell concentration between the 

528 vaccinated and control groups at each time point, a two-way repeated measures mixed-effect ANOVA with 

529 �ídák's multiple comparisons test was performed using GraphPad Prism 9. The overall trend over time 

530 across groups was compared by using a linear mixed effect model in R. The outcome variable was the 

531 log10(Cell Concentration + 1) to account for samples with a cell concentration of 0.

532

533 FIGURE LEGENDS
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534 Figure 1: Schematic of the experimental and sampling timeline showing initial COVAC-1 vaccination and 

535 homologous boost prior to SARS-CoV-2 challenge, as well as the time points BAL, blood, X-ray/EKGs 

536 and swabs, taken throughout (A). All animals were monitored for changes in temperature (B) and percent 

537 weight change (C) from initial vaccination (day -56/-57) until 7dpi. Each line represents an individual 

538 animal, with red indicating vaccinated animals and black representing control AGMS.

539

540 Figure 2: Blood was collected from all AGMs at 0, 3 and 7dpi for blood gas analysis using an iSTAT 

541 Alinity hematological analyzer. The measured parameters included pH (A), pCO2 (C), saturated oxygen 

542 sO2 (D) and bicarbonate HCO3 (E). Animals' respiratory rates were measured during sedation (B). Each 

543 line represents an individual animal, with red indicating vaccinated animals and black representing control 

544 AGMs.

545

546 Figure 3: EDTA treated blood was collected from all AGMs at 0, 3, and 7 days post SARS-CoV-2 infection 

547 for complete blood count analysis. Hematology values are presented for total white blood cell counts (A), 

548 platelets (B), total red blood cell counts (C), monocyte (D), lymphocytes (E) and neutrophils (F). Each line 

549 represents an individual animal, with red indicating vaccinated animals and black representing control 

550 AGMS.

551

552 Figure 4: Lithium heparin treated blood collected at 0, 3 and 7 days post infection with SARS-CoV-2 was 

553 used to evaluate clinical chemistry markers for kidney and liver function. These markers include alanine 

554 aminotransferase ALT (A), blood urea nitrogen BUN (B), albumin ALB (C), creatinine CRE (D), alkaline 

555 phosphatase ALP (E) and total protein TP (F). Each line represents an individual animal, with red indicating 

556 vaccinated animals and black representing control AGMS.

557

558 Figure 5: SARS-CoV-2 viral loads in control and COVAC-1 vaccinated AGMs. SARS-CoV-2 RNA and 

559 infectious virus in nasal swabs (A, B), rectal swabs (C, D), BAL fluid (E, F), tissues (G, H) and blood (I). 
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560 Blue asterisk (*) indicates statistical significance (p<0.05) in percent positive when comparing COVAC-1 

561 treated animals to unvaccinated controls. Green asterisk (*) represents a statistically significant difference 

562 in unequal means when comparing COVAC-1 to unvaccinated controls.

563

564 Figure 6: Representative histological staining and gross pathology of the right lower lung from control 

565 animal 1687 and COVAC-1 treated animal 1775. H&E staining at 4X magnification (A, B) and 10X 

566 magnification (C, D). Immunohistochemistry of the right lower lung of control animal 1687 showed strong 

567 immunoreactivity in pneumocytes and alveolar macrophages at 20X magnification (E). COVAC-1 treated 

568 animal 1775 showed an absence of staining in pneumocytes at 20X magnification (F). Gross pathology of 

569 control animal 1687 showed patchy red lesions indicative of inflammation and edema (G), which were not 

570 apparent in COVAC-1 treated animal 1775 (H). Histology additive pathology scores comparing COVAC-

571 1 vaccinated animals and control animals (I). 

572

573 Figure 7:  FACS-based ADCC assay was completed on CEM.NKr CCR5+ and CEM.NKr.SARS-CoV-2S 

574 target cells using serum from COVAC-1 vaccinated animals and unvaccinated control AGMs as effector 

575 cells. Results are presented as mean fluorescent intensity (MFI) (A), and percentage of ADCC obtained 

576 (B). Spike-specific binding was evaluated by flow cytometry using 293T cells expressing either SARS-

577 CoV-2 (C) or SARS-CoV-1 (D) S full-length glycoproteins.

578

579 Figure 8: Infiltration of populations of interest in the BAL fluid of challenged animals. BAL fluid was 

580 processed by flow cytometry to assess the concentration of several cell populations. The plots present the 

581 concentration per mL of BAL fluid (+ 1 to account for 0s). Thin lines are individual animals, and thick lines 

582 are group averages. All other cell types evaluated are plotted and analyzed in Supplementary Material.

583
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