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ABSTRACT 37 

Effective SARS-CoV-2 vaccines are urgently needed. While most vaccine strategies have 38 

focused on systemic immunization, here we compared the protective efficacy of two adjuvanted 39 

subunit vaccines with spike protein S1: an intramuscular (IM)- primed /boosted vaccine and an 40 

IM-primed/intranasal (IN)-boosted mucosal vaccine, in rhesus macaques. The IM-alum-only 41 

vaccine induced robust binding and neutralizing antibody and persistent cellular immunity 42 

systemically and mucosally, while IN boosting with nanoparticles including IL-15 and TLR 43 

agonists elicited weaker T-cell and antibody responses, but higher dimeric IgA and IFNa.  44 

Nevertheless, following SARS-CoV-2 challenge, neither group showed detectable subgenomic 45 

RNA in upper or lower respiratory tracts vs naïve controls, indicating full protection against viral 46 

replication. Though mucosal and systemic protective mechanisms may differ, results 47 

demonstrate both vaccines can protect against respiratory SARS-CoV-2 exposure. The mucosal 48 

vaccine was safe after multiple doses and cleared the input virus more efficiently in the nasal 49 

cavity, and thus may act as a potent complementary reinforcing boost for conventional systemic 50 

vaccines to provide overall better protection.   51 
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INTRODUCTION 52 

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the virus responsible 53 

for the COVID-19 pandemic, has caused an unprecedented public health crisis. The current 54 

pandemic highlighted the need for effective vaccines to reduce the spread of virus. Multiple 55 

vaccine strategies including adenovirus-vectored, inactivated virus, DNA-, mRNA-based 56 

platforms, and recombinant viral subunits/protein are under study to develop safe and effective 57 

vaccines against viral transmission and COVID-19 disease (1-8).  58 

Most strategies in clinical trials are focused on systemically administered vaccines, and 59 

their ability to induce respiratory mucosal immunity is unknown.  Mucosal immunity is 60 

important for COVID-19 because the virus infects via the ACE 2 receptor primarily through the 61 

upper and lower respiratory tracts (9-11). The need for mucosal immunity and mucosal vaccines 62 

for SARS-CoV-2 has been emphasized recently(12).  Several studies have used intranasal 63 

vaccination to address this option in the current COVID-19 outbreak (13-16).  Most of these 64 

studies have used adenovirus- or lentiviral vectored vaccines in rodents and ferrets. Feng et al 65 

described the effect of adenovirus 5-spike vaccination following a single intranasal vaccination 66 

followed by SARS-CoV-2 challenge with a small number of macaques (n=3) (16).   67 

We hypothesized that by inducing mucosal antibody and T-cell immunity, as well as 68 

innate immunity, the mucosal vaccine will be able to prevent or abort infection locally at the site 69 

of transmission before the virus disseminates systemically. This may be critical also because 70 

once the virus disseminates systemically, it can cause damage to other organs and widespread 71 

coagulopathies. To test this hypothesis, we developed and compared the immunogenicity and 72 

protective efficacy of two subunit vaccines, one systemic and one mucosal, in the rhesus 73 

macaque model. The systemic strategy is an intramuscularly (IM) administered vaccine 74 
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composed of recombinant SARS-CoV-2 spike (S1) protein adjuvanted with alum. Subunit 75 

vaccines with alum have been traditionally used for vaccine development due to their safety 76 

profile and effectiveness against viral infections (17-19). The mucosal strategy is a mucosal 77 

vaccine primed with IM-alum and boosted with intranasally (IN)-administered spike protein 78 

nanoparticles adjuvanted with TLR agonists and IL-15, analogous to vaccines we have used in 79 

HIV-1 studies (20-22).  In light of the possibility that these vaccines could be used as a 80 

complementary booster vaccine after the administration of two doses of front-runner vaccines 81 

such as mRNA vaccines, adenovirus-vectored vaccines, or inactivated vaccines, we addressed 82 

the safety concerns, and investigated the protective efficacy after 3 or 4 doses.  The studies here 83 

indicate that after SARS-CoV-2 viral challenge, these two subunit vaccines could mediate full 84 

protection against viral replication in the upper and lower respiratory tracts, and interestingly the 85 

IN vaccine could also clear the input challenge virus more rapidly to prevent viral transmission 86 

in the upper respiratory tract, which was only rarely achieved with most of the COVID-19 87 

vaccine studies in macaques. 88 

The adjuvanted subunit vaccines have important clinical implications considering the 89 

current situation. Several vaccines including two mRNA strategies by Moderna and Pfizer, 90 

several adenovirus-vectored vaccines, and two inactivated vaccines showed protection in phase 91 

III trials, and obtained or are close to obtaining license or Emergency Use Authorization (EUA). 92 

However, the durability of the protective immunity of these approaches is still unknown (23), so 93 

subsequent boosts may be necessary.  Based on the previous experience with other 94 

coronaviruses, it is more likely that a third or more boosts will be needed to induce long-lasting 95 

protective immunity after the waning of the induced antibody responses(24).  Furthermore, 96 

recent emergence of new SARS-CoV-2 variants B.1.1.7 in the UK and B.1.351 in South Africa, 97 
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which are more transmissible and the latter more resistant to convalescent plasma and vaccinee 98 

sera, calls for additional modified vaccine boosts (25, 26).  Thus, safe and convenient booster 99 

vaccines, which could be given multiple times to humans, will likely be urgently needed in the 100 

future.  Given the importance of respiratory mucosal immunity (12), our subunit mucosal 101 

vaccine could possibly be an ideal candidate to provide a potent and complementary 102 

reinforcement for any systemically induced immunity.     103 
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RESULTS 104 

Humoral responses after adjuvanted systemic and mucosal subunit vaccines 105 

Two groups of 6 Indian rhesus macaques each were included to test the immunogenicity 106 

of the two vaccine platforms.  The systemic vaccine was IM-primed and boosted with 107 

recombinant S1 protein in alum (group 1-alum group), while the mucosal vaccine was IM-108 

primed with S1 in alum, and IN-boosted with S1-adjuvanted with a combination of IL-15 and 109 

TLR agonists (CpG and Poly I:C) incorporated in PLGA or DOTAP nanoparticles (group 2-110 

CP15 group).  100 µg of wild type S1 protein per dose was used in both vaccines. The dose of 111 

the protein was chosen based on our previous HIV vaccine studies, while S1 protein was chosen 112 

as it is more immunogenic than receptor-binding domain (RBD) (17), but has fewer other 113 

epitopes to compete than the full-length spike protein.  All the animals were primed at week 0 114 

and boosted at week 3 (Figure 1).  An extra IN-boost was given to group 2 at week 6. The first 115 

two IN boosts were in PLGA nanoparticles.  Sixteen weeks after the first vaccination, 25 days 116 

before SARS-CoV-2 viral challenges, both group 1 and 2 were boosted with S1 adjuvanted with 117 

either alum (IM) or CP15 in DOTAP nanoparticles (IN), respectively.  118 

As antibodies have been proposed to be the major protective mechanisms for most 119 

vaccine strategies (2, 4, 5) , we first evaluated the S1-specific antibody responses in serum and 120 

bronchoalveolar lavage (BAL) fluid by ELISA (Figure 2A-C). The first vaccination did not 121 

induce significant humoral responses over baseline in either platform.  Two weeks after the 122 

second vaccination, robust S1-specific antibody responses, including serum IgG, BAL mucosal 123 

IgG and IgA, were elicited in group 1 animals, while much lower serum IgG and barely any 124 

BAL IgG and IgA responses were detected in group 2 animals (Figure 2A-C). Group 1 reached a 125 

median serum ED50 of 25,209, while group 2 was significantly lower at 845 (Figure 2A). The 126 
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IgG and IgA titers in BAL followed similar patterns (Figure 2B-C). No significant boosting 127 

anamnestic effects were observed even with an extra intranasal boost at week 6 for group 2.  In 128 

group 1, we observed declining antibody titers in serum and BAL over the time, with about a 10-129 

fold decrease of serum IgG titer (to 2,596) at 9 weeks, compared to the peak at 2 weeks post 130 

second vaccination.  131 

Sixteen weeks after the first vaccination, an IM-alum booster dose was given to group 1 132 

and an IN-CP15 booster dose in DOTAP was given to group 2 animals, leading to a significant 133 

anamnestic increase of serum IgG titer to 11,977 in group 1 and back to 824 in group 2 (Figure 134 

2A). This last vaccination also resulted in the induction of mucosal IgG and IgA in BAL in group 135 

2 (Figure 2B-C). Nevertheless, after this boost, group 1 still had higher IgG responses in serum 136 

and BAL compared to those in group 2.  Both groups had similar IgA responses in BAL. 137 

Dimeric IgA present at the mucosal surface has higher binding affinity to pathogens, and 138 

therefore is more potent than monomeric IgA, and thus may provide greater protection against 139 

mucosal pathogens (27, 28). We therefore assessed the S1-specific dimeric IgA responses in 140 

BAL samples. Notably, we found that group 2 had significantly higher dimeric IgA in BAL than 141 

group 1 (roughly 5-fold) after the last boost (Figure 2D).  All but one animal in group 1 had only 142 

the same level of dimeric IgA as naïve controls. This indicated that the total S1-specific IgA 143 

responses were different in the two groups, with group 2 having mainly dimeric IgA and group 1 144 

having monomeric IgA. We hypothesized that the higher dimeric IgA responses in the lung 145 

mucosa of macaques receiving the mucosal vaccine might provide better protection against viral 146 

challenges with SARS-CoV2 than the monomeric IgA responses.  147 

All animals in group 1 had substantial neutralizing antibody (Nab) titers against live virus 148 

measured by plaque reduction neutralization test (PRNT) at 2 weeks post the second vaccination, 149 
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while only 3/6 animals had detectable Nab titers in group 2. The geometric mean titer (GMT) of 150 

Nab ID50 was 374 in group 1, and 18 in group 2 (Figure 2E).  Interestingly, though the binding 151 

antibody titer in serum had a 10-fold decrease from 2-weeks to 9-weeks post second vaccination, 152 

the PRNT titers maintained similar levels (Figure 2E).  At day 8 after the last boost, even though 153 

the S1-binding antibody titer (11,977 and 824 for group 1 and 2 respectively) was still lower than 154 

or comparable to that of the 2-week post second vaccination level (25,209 and 845, respectively), 155 

the ID50 of PRNT in group 1 (GMT>4,047) was so high that 5 out of 6 animals exceeded the 156 

upper detection limit of 4,860. The GMT of PRNT in group 2 was also increased to 374. The 157 

ID90 of the PRNT data followed the same trend (Supplementary Figure 1). Thus, the two 158 

platforms of S1 subunit vaccines induced robust S1-specific antibody responses in blood and 159 

BAL, including potent neutralizing capacity in blood. Based on the prior challenge studies using 160 

macaque models, protective effects were usually observed in animals with PRNT titers higher 161 

than 100 (1-5). The serum Nab titers of both our groups were higher than or comparable to those 162 

induced by other platforms tested in macaque models (1-5).  163 

Notably, the last vaccination played a pivotal role in increasing the Nab titers for both 164 

groups. It is worth mentioning that since PLGA nanoparticles were hard to suspend, and 165 

therefore hard to administer intranasally, we switched to DOTAP nanoparticles for the last boost. 166 

which might partially account for the elevated humoral responses following the last IN dose in 167 

group 2. Though the mechanisms are not known, one hypothesis is that the interval of 2-3 168 

months between the vaccination doses might give the antibody-producing B cells more time to 169 

interact with antigen-specific T helper cells and thus facilitate B cell maturation to high 170 

affinity/neutralizing antibody-producing plasma cells. Hence, whether the vaccines could induce 171 

high quality antigen-specific T helper cell responses was a key question.  172 
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Cellular responses after adjuvanted systemic and mucosal subunit vaccines 173 

Therefore, we evaluated the vaccine-induced S1-specific T cell responses throughout the 174 

whole course of vaccination.  Even though the role of SARS-CoV-2-specific T cell responses in 175 

COVID-19 is still unclear, virus-specific CD4+ T cells can provide help for B cell activation, 176 

maturation and antibody induction (29-31). Type 1 helper T cell responses (Th1) that secrete 177 

tumor necrosis factor (TNF)-a, and/or interferon (IFN)-g are critical for this process. We 178 

measured different subsets of S1-specific T helper and CD8+ T cell responses in the PBMC and 179 

BAL samples of the vaccinated animals. Th1 responses were not induced until after the second 180 

vaccination. In both PBMC and BAL, the dominant Th1 responses were TNF-a-secreting cells 181 

(Supplementary Figure 2). In group 1, the Th1 responses were persistent throughout the whole 182 

study in PBMC and BAL samples, while in group 2, the responses were durable in BAL, but not 183 

in PBMC (Figure 3A-B). Of note, group 1 animals had higher Th1 responses in the PBMC than 184 

those in group 2 at both early and later time-points during the vaccination sequence (Figure 3C). 185 

Similar Th1 responses in BAL were seen in both groups at early time-points but dropped 186 

significantly in group 2 at later time-points despite the mucosal immunizations that group 2 187 

animals received (Figure 3D). Though not tested in this study, we speculated that the decrease 188 

might be due to the migration of the antigen-specific cells to the upper respiratory tracts after IN 189 

vaccination. 190 

 In other viral respiratory infections, including SARS-CoV and middle east respiratory 191 

syndrome (MERS) coronavirus, the presence of Th1 responses is more favorable to control 192 

disease, while the induction of Th2 and Th17 responses has been linked to immunopathogenic 193 

lung diseases in animals or clinical trials (32-34).  When evaluating S1-specific Th2 (IL-4, IL-13 194 

-secreting cells), and Th17 (IL-17A-secreting cells) responses, we did not find significant 195 
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differences between the two vaccinated groups after the vaccination, or in the pre-vaccination 196 

levels (Supplementary Figure 3). However, since the frequencies of antigen-specific T cell 197 

responses were low, we further assessed the kinetics of total Th1, Th2, and Th17 subsets after 198 

stimulating the samples with Phorbol 12-myristic 13-acetate (PMA) and ionomycin.  In these 199 

more robust assays, we observed a slight down-trend of Th1, an up-trend of Th17, and no change 200 

for Th2 in PBMC (Supplementary Figure 4).  This was in sharp contrast to the scenario in BAL, 201 

where Th1 response increased over time, and especially the frequency of TNF-a-secreting cells 202 

was almost doubled compared to pre-vaccination levels (from 40% to 80%) (Supplementary 203 

Figure 4).  Total TNF-a-secreting CD8+ T cells (Tc1) also increased markedly from 60% to 85% 204 

after stimulation with PMA and ionomycin (Supplementary Figure 5). This increase of Th1 and 205 

Tc1 responses in BAL for both vaccine platforms suggested that a re-distribution of the T helper 206 

and CD8+ T subsets might occur during the vaccination.  The high frequency of Th1 and Tc1 207 

subsets in the BAL might be beneficial to the host, suggesting a further benefit of the local 208 

respiratory mucosal route of vaccination. The S1-specific CD8+ T cell responses were also 209 

induced in some of the vaccinated animals from both groups, but with less magnitude and 210 

persistence (Supplementary Figure 6). 211 

We have used a similar platform with TLR agonists plus IL-15 as adjuvants to develop an 212 

HIV vaccine, where trained innate immunity was induced and was involved in mediating 213 

protection against viral transmission (21, 35).  Trained immunity is characterized by enhanced 214 

innate responses after encounter with the pathogens the second time, and this is usually achieved 215 

through epigenetic modification of genes in myeloid or natural killer cells (36-38).  In this study, 216 

we first measured the frequency of changes of CD14+ and /or CD16+ populations in BAL.  217 

Interestingly, the CD14-/CD16+ population showed significant increase in group 2 compared to 218 
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those of group 1 two weeks after receiving the second vaccination (p=0.04) and also increased 219 

compared to samples before receiving the CP15 adjuvants (p=0.002; Figure 3E). However, more 220 

boosting (3rd vaccination) did not further increase the frequency of these cells (Figure 3E). Due 221 

to the lack of cell markers, we cannot distinguish whether these cells were myeloid cells or NK 222 

cells.  223 

We next measured the IFN-a expression levels in BAL samples after exposure to the 224 

viral mimic: Poly I:C plus S1 protein. BAL samples collected at a later time-point would be a 225 

better marker than the early ones. However, as the small BAL samples collected at later time-226 

points were used up for antigen-specific T cell responses, we had to use one week post 2nd 227 

vaccination BAL samples to measure the IFNa expression level.  Upon stimulation with Poly I:C 228 

and S1 protein ex-vivo, the BAL samples from group 2 produced higher levels of IFN-a in the 229 

supernatant than those of group 1 or the naïve group (Figure 3F), while other cytokines and 230 

chemokines did not differ significantly between the groups (Supplementary Figure 7).  These 231 

data suggested that trained innate immunity, represented by the CD14-/CD16+ subpopulation and 232 

the production of IFN-a upon stimulation, was induced by S1 with CP15 adjuvant (CpG, Poly 233 

I:C plus IL-15).  234 

Viral load in nasal swab and BAL samples after intranasal and intratracheal routes of 235 

SARS-CoV-2 viral inoculations  236 

To test the vaccine efficacy, about 4 weeks after the last vaccination, we challenged the 237 

12 vaccinated and 6 naïve macaques with 1.5x10^4 plaque-forming unit (pfu) SARS-CoV-2 238 

virus (USA-WA1/2020 strain), which was equivalent to ~1.25 x 10^5 tissue culture infectious 239 

dose 50 (TCID50). The challenge virus was obtained from BEI Resources and has a reported 240 

infectious titer in Vero E6 cells of 3x10^6 pfu/mL. The dose was chosen to be approximately the 241 
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same (1.1X10^4 pfu) as the dose established by the two published studies carried out at the same 242 

facility (BIOQUAL Inc.) (2, 5). The animals were challenged via both intranasal and 243 

intratracheal routes in order to deliver the virus to both upper and lower airways simultaneously. 244 

Genomic RNA (gRNA) and subgenomic RNA (sgRNA) PCRs were performed to quantify the 245 

input and replicating virus respectively (39, 40). SgRNA in particular is an indication of 246 

replicating virus. 247 

 After viral challenge, 5/6 SARS-CoV-2-naive control animals demonstrated clear signs 248 

of viral replication, shown by sgRNA viral load (VL). Among the five infected animals, three 249 

animals had viral replication in both nasal swabs and BAL fluid, and two animals had sgRNA in 250 

nasal swabs but not in BAL fluid (Figure 4). Similar to other studies of SARS-CoV-2 vaccines in 251 

macaque models, the input VLs were much higher than the replicating VLs. At day 2, a VL of 252 

log 7 in nasal swabs, and a VL of log 5 in BAL fluid were detected.  One animal, DFKL, in the 253 

naïve group, did not shown any signs of infection. Even the input virus, as shown in gRNA VL, 254 

was negative in all samples tested.  It is worth mentioning that DFKL previously had been 255 

exposed to 8 repeated challenges of SIVmac251, but never showed any viral loads for SIV, 256 

suggesting that this animal might have unique innate immunity, which allowed it to quickly clear 257 

the input virus.  Indeed, we found that this animal had unusually high levels of IFNa, SCF, I-258 

TAC, IL-1Ra and PDGF-BB in serum.  The high level of IFNa (undetectable in naïve 259 

uninfected samples) might explain DFKL’s resistance to SIVmac251 and SARS-CoV-2 viral 260 

challenges (Supplementary Figure 8).  261 

 In the vaccinated groups, through the whole course of infection, we did not detect any 262 

sgRNA in the nasal swabs and lung fluid of any animals (Figure 4B & 4D).  These data suggest 263 

that both vaccine platforms mediated 100% protection against replicating virus in both tissues, 264 
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which has been rarely seen with previous COVID-19 vaccines in macaques. Even the input virus 265 

gRNA was rapidly cleared in the nasal swabs of three of six in group 1- and five of six in group 266 

2 animals already at day 2 after infection. In the BAL fluid, the input virus was also cleared in 267 

two group 1- and three group 2-animals at day 2, and all were cleared by day 4 (Figure 4A & 268 

4C).   269 

Immune correlates after vaccination and viral challenges 270 

 Since full immunity against sgRNA has been achieved for both vaccines, we could not 271 

identify the immune correlates of protection at the sgRNA level.  However, we further analyzed 272 

the immune correlates with peak gRNA data after the mucosal vaccine, which is a surrogate 273 

marker of efficiency of clearance of input virus.  Since group 1 and group 2 animals had different 274 

immune responses and might have different protection mechanisms; it was more logical to 275 

analyze them separately in order to have the capability to compare between the two groups. 276 

Since most of the immune responses in group 1 were very similar to each other, there was not 277 

enough spread to find significant correlations within that group (data not shown). We did 278 

observe several significant correlations or trends of significance in group 2 (Figure 5A-B).  Of 279 

note, both serum S1-specific IgG and PRNT responses positively correlated with antigen-specific 280 

CD4+T cell responses in PBMC (R=0.94 & 0.87; P=0.02 & 0.03 respectively), suggesting the 281 

importance of antigen-specific Th1 responses to induce humoral responses.  Importantly, we 282 

noticed that gRNA in BAL inversely correlated (or showed a trend) with S1-specific IgA titers 283 

and IFNa production in BAL samples (Figure 5C-D, R= - 0.94 & - 0.76; P=0.02 & 0.12 284 

respectively), suggesting that local respiratory mucosal immunity might participate in clearance 285 

of the input virus more efficiently (Figure 5). We did not find a correlation between dimeric IgA 286 

and gRNA clearance post viral challenge.  One possible explanation is that while dimeric IgA, as 287 
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an ideal mucosal defender, can efficiently neutralize virus by immune exclusion to prevent the 288 

virus from contacting epithelial cells, or trapping the invaders on the luminal surface, dimeric 289 

IgA is a poor opsonin and a weaker activator of complement system, and thus is not cable of 290 

clearing the virus-antibody complexes as quickly as IgA does. However, the higher dimeric IgA 291 

titers in group 2 (Figure 2D) may contribute to inhibiting viral replication by preventing the virus 292 

from infecting the target cells. Thus, both mechanisms may play a role and are worth further 293 

investigation. 294 

Histopathology after viral infection 295 

Throughout the study, we did not observe any clinical abnormalities in the control and 296 

study group animals.  As there were not enough staff to have all the animals necropsied in one 297 

day, we performed the necropsies on either day 7 or day 10 (supplemental Table 1). Half of the 298 

animals in each group were euthanized on day 7 and the other half were on day 10.  The	299 

distribution	is	evenly	divided,	and	therefore	the	histopathology	results/	lung	inflammation	300 

scores	are	comparable.		The	timing	was	also	dependent	on	the	need	to	first	collect	BAL	301 

fluid	on	days	2	and	4	after	challenge.	Sections of lung and lymph node (axillary and inguinal) 302 

from animals necropsied on day 7 were evaluated histologically and immunohistochemically for 303 

the presence of SARS-CoV-2 -associated inflammation and SARS-CoV-2 virus antigen, 304 

respectively. Most lung sections were negative for virus antigen immunoreactivity but, in some 305 

cases, rare positive foci of virus antigen were observed in samples from two control animals 306 

(Figure 6A-B). The severity of inflammation, when present, ranged from mild to moderate 307 

severity.  The inflammatory changes observed were characterized by a mixed 308 

polymorphonuclear and mononuclear (predominantly macrophage) cellular infiltrate present 309 

within alveolar capillaries and, less frequently, present within the alveolar spaces.  Inflammatory 310 
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lesions were most associated with regions surrounding small bronchioles and small-caliber blood 311 

vessels.  Perivascular infiltrates were largely composed of small lymphocytes and fewer 312 

histiocytes.  Significant inflammation was largely absent in the sections of lung examined for 313 

this cohort. Each animal was given an inflammation score based on the evaluation of lung 314 

infiltration (Supplementary Table 1). In accordance with the VL data, the scores from the SARS-315 

CoV-2-naive control group were significantly higher than those from the vaccinated groups 316 

(Figure 6C). There was no evidence of significant inflammation or virus antigen observed in the 317 

sections of lymph node examined. The two naïve animals that showed positive virus antigen 318 

staining in the lung had the highest gRNA VL, and highest inflammation scores, consistent with 319 

the fact that the inflammation was induced by viral infection. However, we also observed 320 

prominent lung inflammation from one vaccinated animal from group 2, which did not show any 321 

gRNA or sg RNA in either nasal swabs or BAL at any time-points tested, suggesting the 322 

inflammation was sometimes induced by factors other than viral infection. Interestingly, the only 323 

animal that did not become infected in the naïve group also demonstrated a certain level of 324 

inflammation in the lung (Supplementary Table 1).  325 
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DISCUSSION 326 

We have developed two vaccine platforms that we have shown here to be 100% 327 

protective against SARS-CoV-2 viral replication (free of subgenomic RNA), which has been 328 

only rarely achieved in macaque studies (1-5, 41). Furthermore, the mucosal vaccine seems more 329 

efficient at rapidly clearing the input virus (gRNA) in the upper respiratory tract than the 330 

systemic counterpart, providing a potent strategy to prevent viral transmission.  However, since 331 

the protection against sgRNA was so complete, we were not able to assess the potential immune 332 

correlates for the full immunity against replicating sgRNA, but we did find two correlates of 333 

clearance of input challenge virus—BAL IgA and IFN-a, induced by the mucosal immunization.  334 

Different animal models like hamsters or ferrets, which are more sensitive to viral transmission 335 

and disease, might help to identify the immune correlates of protection in the future studies. 336 

Indeed, in a recent study using the hamster model, we observed that the IN mucosal vaccine 337 

mediated significant protection against SARS-CoV-2 challenge, while the systemic vaccine only 338 

showed a trend of significant protection compared to naïve controls (unpublished data, Sui et al. 339 

manuscript in preparation).    340 

The mucosal vaccine (CP15-IN) is of particular interest in that it mediated full protection 341 

in both the lower lung and nasal cavity with relatively low neutralizing antibody titers, implying 342 

complementary additional protective mechanisms. Even though our early neutralizing antibody 343 

titers were comparable (Alum -IM) or not as good (CP15-IN) as those of an mRNA vaccine (4), 344 

the last boost increased the neutralizing antibody titers higher (Alum-IM) or to a level (CP15-IN) 345 

comparable to that of the mRNA vaccine.  Compared to macaques vaccinated with 10 and 100 346 

µg of mRNA-1273, which induced Nab titers of 501 and 3481 respectively (4), after the last 347 

boost, the mucosal vaccine described here induced a lower Nab titer (374).  Yet, our mucosal 348 
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vaccine demonstrated outstanding protection in both upper and low respiratory tracts.  In the 349 

nasal cavity, 0/6 animals had detectable viral sgRNAs, a measure of viable replicating virus, and 350 

only 1/6 had detectable viral gRNAs, a measure of residual challenge virus, two days after viral 351 

challenge. With the systemic vaccine, which induced a much higher Nab titer (>4,047), 3/6 352 

animals had gRNA in their nasal swabs.  Therefore, though we cannot identify the exact 353 

mechanisms of protection for the mucosal vaccine, Nab titer cannot be the only protective 354 

mechanism for virus clearance, and other mechanisms should be examined in future COVID19 355 

vaccine trials.   356 

Two parameters might account for the complete protection against viral replication 357 

(sgRNA) by the mucosal vaccine without high titers of Nab or T cell responses.  The mucosal 358 

vaccine induced a qualitatively different response in the lung, with more dimeric IgA compared 359 

to monomeric IgA. This qualitative difference might outweigh the total quantity of IgA or IgG 360 

measured. Another parameter was the higher frequency of CD14-/CD16+ cells in the lung after 361 

boosting via the mucosal route, which was associated with higher production of IFN-a upon 362 

restimulation with a viral infection mimic (S1 protein + Poly I:C dsRNA).  IFN-a and/or dimeric 363 

IgA may be critical for the mucosally vaccinated animals to control viral replication and rapidly 364 

clear input virus, especially at the mucosal surface. This is consistent with reports that low IFN-a 365 

in human patients correlates with more severe COVID-19 disease (42),  and inborn defects in 366 

type I IFN or autoantibody against type I IFN leads to life-threatening COVID-19 disease (43, 367 

44).  Thus, these results suggest that the qualitatively different responses induced in the lung by 368 

the mucosal vaccine boosts may be valuable to complement immunity induced by conventional 369 

systemic vaccines against respiratory virus transmission.  370 
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However, there were limitations in the study design. Since we proposed the use of the 371 

subunit vaccine as a potent reinforcing IN-boost, it is ideal to give the IN boost after the 372 

conventional EUA-granted systemic vaccines such as mRNA vaccines, adenovirus vectored 373 

vaccines, which may be a future direction. Nevertheless, Group 2 animals received an S1 prime 374 

in alum followed by mucosal boosts with nanoparticles, so the systemic prime and mucosal boost 375 

strategy was indeed tested here.  Moreover, control animals should include naïve animals, as 376 

well as placebo animals receiving a proper placebo, e.g. irrelevant protein with adjuvant.  377 

However, due to the lack of rhesus macaques available in the market, in this study, we only have 378 

SARS-CoV-2-naive control animals that have been exposed previously to HIV-1 envelope 379 

protein/peptides (which are irrelevant proteins to SARS-CoV-2) and adjuvant alum (one of the 380 

adjuvants used in this study), but not exposed to another adjuvant CP15.  381 

Licensing or EUA of two mRNA vaccines, several adenovirus-vectored vaccines, and 382 

inactivated vaccines was granted in multiple countries for administration after protective efficacy 383 

was demonstrated. These vaccines are safe with one or two doses. However, the durability of the 384 

protective immunity of these vaccines is still unknown and may need more boosts in the future. 385 

The newly emerging SARS-CoV-2 variants, which could escape the vaccine- or infection-386 

induced neutralizing activity, may reduce the vaccine efficacy.  Thus, booster vaccines, which 387 

will be administrated as a third or more doses, are urgently needed as well.  Heterologous boosts 388 

may be more effective.  Here we demonstrated as a proof of concept that the adjuvanted subunit 389 

vaccines serve as an ideal booster candidate, especially with the mucosal nanoparticle delivery. 390 

Both vaccines appear safe, and we did not observe any vaccine-induced immune pathology even 391 

after 3 or 4 doses. Most importantly, we demonstrated in the macaque model that the third or 392 

fourth doses of adjuvanted subunit vaccine mediated full protection against viral challenges.  393 
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Specifically, the mucosal boost induced local respiratory mucosal protection and potently 394 

complemented or synergized with systemic immunity to quickly clear the virus in the nasal 395 

cavity preventing viral transmission. The ability of vaccines to prevent transmission is an 396 

important concern from a public health standpoint.  Local respiratory mucosal immunity that can 397 

clear the virus inoculum at the site of transmission before it disseminates systemically could also 398 

potentially prevent serious complications of COVID-19, such as blood clotting disorders and 399 

kidney, heart, liver and brain damage.  Although our approach is early in preclinical testing, we 400 

believe that it may provide a novel strategy to boost local vaccine immunity for the next 401 

generation of SARS-CoV-2 vaccines.   402 
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METHODS 403 

Animals.  18 Indian-origin adult male rhesus macaques (Macaca mulatta), 3-8 years old, were 404 

included in the study. At the start of the study, all animals were free of cercopithecine 405 

herpesvirus 1, SIV, simian type-D retrovirus, and simian T lymphotropic virus type 1.  406 

Study design for subunit vaccine with adjuvants.  No animals had been exposed to SARS-407 

CoV-2 prior to challenge, and all tested negative for SARS-CoV-2 before the study.  Six 408 

macaques were included in the SARS-CoV-2-naive control group, and had previously gone 409 

through HIV envelope protein/glycopeptide vaccination, and one of them (DFKL) had been 410 

exposed to 8 repeated challenges of SIVmac251, but never showed any viral loads for SIV. An 411 

additional 12 macaques that were never enrolled in any other studies were divided into 2 vaccine 412 

groups. Group 1 (n=6, Alum group) was given systemic vaccine primed at Week 0 and boosted 413 

at Week 3 and Week 16 with SARS-CoV-2 S1 protein with alum adjuvant.  All the vaccinations 414 

were given intramuscularly (IM) in group 1. Group 2 (n=6, CP15 group) was administered with a 415 

mucosal vaccine primed at Week 0 with S1 protein with alum adjuvant (administrated IM), and 416 

boosted at Week 3, 6, and 16 with S1 protein with CP15 adjuvant (administrated IN), which was 417 

a combination of CpG + Poly I:C+ IL-15 in DOTAP or PLGA.  For immunization, each vaccine 418 

contained 100 µg of recombinant SARS-CoV-2 (2019-nCoV) spike S1 protein (Cat: 40591-419 

V08H, Sino Biological, endotoxin level: <0.001U/µg). 100µl of Adju-Phos® adjuvant 420 

(Aluminum phosphate gel, InvivoGen) was used as adjuvant for IM administration in a 1ml 421 

volume.  CP15 adjuvant was a combination of 200 μg per dose of D-type CpG 422 

oligodeoxynucleotide, 1 mg per dose of Poly I:C (InvivoGen), and 200 μg per dose of 423 

recombinant human IL-15 (Sino Biological). The mucosal vaccine incorporated S1 protein with 424 
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CP15, formulated in nanoparticles either in PLGA (Alchem Laboratories) for the first 2 doses or 425 

in DOTAP (100 μl per dose; Roche) for the last dose.  CP15 adjuvanted mucosal vaccine was 426 

given intranasally in a volume of 50 µl per nostril, while the animals were anesthetized.  After 427 

vaccination, blood and BAL fluid samples were collected at the times noted and analyzed.  428 

BAL sample collection.  Animals were anesthetized, and then up to 10 mL/kg of sterile saline 429 

was instilled into the lungs.  The instilled fluid (up to 90%) was recovered by suction. A 100 µm 430 

cell strainer was used to remove large pieces from the collected BAL fluid. The cells were then 431 

washed with R10 medium (RPMI-1640 with 10% fetal bovine serum) and centrifuged.  BAL 432 

fluid and cells were collected for analysis or cryopreservation.   433 

ELISA assay to detect S1-specific antibody responses.  The BAL samples collected from each 434 

individual monkey were concentrated roughly 30-fold using Amicon Ultra centrifugal filter units 435 

(10kDa cutoff, Millipore Sigma). The total IgA quantity in the concentrated BAL samples was 436 

determined using the Monkey IgA ELISA development kit (HRP) (MabTech) following the 437 

manufacturer's protocol.  438 

Total IgG quantities in the plasma and concentrated BAL samples were measured using 439 

the Rhesus Monkey IgG-UNLB (Southern Biotech) as the IgG standard. In brief, high-binding 96-440 

well plates (Santa Cruz Biotechnology) were coated with serial dilutions of IgG standard and the 441 

samples in 1X PBS, pH 7.4 and incubated at 4°C overnight. Afterward, the plates were washed 442 

three-times with wash buffer (0.05% Tween-20 in 1×PBS, pH 7.4) and blocked with 300 μL of 443 

2% sodium casein in 1X PBS at 37 °C for 1h.  Following three washes, 100 μL of Goat anti-444 

Monkey IgG (H+L) Secondary Antibody [HRP] (Novus Biologicals) was applied to each well with 445 

1:20,000 dilutions in 1×PBS. The plates were incubated at room temperature for 30 minutes and 446 

then extensively washed with the wash buffer five times. Then, TMB 2-component microwell 447 
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peroxidase substrates (SeraCare) were applied to the well plates following the manufacturer's 448 

instructions. The plates were developed in the dark at room temperature for 30 minutes and then 449 

quenched by adding 100 μL/well of 1 M H3PO4 solution. Absorbance was read using SpectraMax 450 

M5 Multi-Mode Microplate Reader (Molecular Devices) at 450 nm and 550 nm. The 451 

concentrations of IgA and IgG were determined using GraphPad Prism 8 software with sigmoidal 452 

nonlinear regression. 453 

The antigen-specific binding assays were performed similarly but with 100 ng/well of the 454 

SARS-CoV-2 spike S1-His Recombinant Protein (Sino Biological) as the coating antigen. After 455 

blocking the plates with 2% sodium casein, the concentrated BAL samples were applied in 456 

duplicate with a series of 2-fold dilutions starting from an IgA or IgG concentration of 2 μg/mL. 457 

In the case of antiserum analysis, plasma samples were serially diluted 2/4/5-fold starting from a 458 

1:150 dilution and run in duplicate. The plates were incubated at room temperature for 1 hr., 459 

followed by four washes. Subsequent steps of incubation with HRP-labeled secondary antibody 460 

and TMB substrate were followed as described above. In case of BAL IgA binding assay, Goat 461 

Anti-Monkey IgA (alpha-chain specific)-HRP conjugate (1:5,000 dilutions, Alpha Diagnostic) 462 

was used as a secondary antibody. Post assay, area under the curve, endpoint titer, and ED50 values 463 

were computed by GraphPad Prism 8 software with sigmoidal nonlinear regression. 464 

ELISA assay to detect dimeric IgA in BAL.  DuoSet ELISA Ancillary Reagent Kit 2 (R&D 465 

Systems) was used. Briefly, 100 ng/well of the SARS-CoV-2 spike S1 protein was coated and 466 

blocked as described above.  Original BAL samples from vaccinated and naïve animals were added 467 

in duplicate to the plate and incubated at room temperature for 1 hr., followed by 5 washes. Mouse 468 

anti-rhesus J chain [CA1L_33e1_A1a3] antibody (1:1000 dilutions, NIH nonhuman primate 469 

reagent resource), and Goat anti-mouse IgG-HRP conjugate (1:10,000 dilutions, R&D Systems) 470 



 

23 
 

were added and each followed by 1 hr. incubation at room temperature and five washes. Plate 471 

development and reading was performed as described above.  472 

Plaque reduction neutralization test (PRNT).  The PRNT was performed in duplicate using 473 

Vero E6 cells (ATCC, cat. no. CRL-1586), and 30 pfu challenge titers of SARS-CoV-2 virus 474 

(USA-WA1/2020 strain) (45). Serum samples were tested at a starting dilution of 1:20 and were 475 

serially diluted 3-fold up to final dilution of 1: 4860.  After serum incubation with 30 pfu of 476 

SARS-CoV-2 virus for 1 hr. at 37 °C, serial dilutions of virus–serum mixtures were added onto 477 

Vero E6 cell monolayers.   Cell culture medium with 1% agarose was added to the cells, 478 

following incubation for 1 hr. at 37 °C with 5% CO2.  The plates were fixed and stained after 479 

three days of culture. Antibody titer ID50, and ID90 were defined as the highest serum dilution 480 

resulting in 50 and 90% reduction of plaques, respectively.  481 

Intracellular cytokine staining assay.  SARS-CoV-2-specific T cells were measured from 482 

mononuclear cells of the fresh or thawed cryopreserved BAL and PBMC samples by flow 483 

cytometric intracellular cytokine analysis, as previously described in detail (20, 46). Briefly, cell 484 

samples were stimulated with 2 µg/ml of SARS-CoV-2 S1 protein (Sino Biological) for PBMC, 485 

and 5 µg/ml for BAL samples with 0.15 µg/ml of brefeldin A at 37°C 5%CO2 overnight. 486 

Negative controls received an equal concentration of brefeldin A (without protein). Cell 487 

activation cocktail with PMA (20.25 pM) and ionomycin (335 pM) and 0.15 µg/ml of brefeldin 488 

A (Biolegend) was added to the cells as positive control. For flow cytometric analysis, the BAL 489 

cells were centrifuged after a wash with 0.25% PBS, and then stained with viability dye 490 

(Invitrogen) and antibody mixtures. Antibodies: PE-Cy7-CD3, BV605-CD4, APC-Cy7-CD8, 491 

Alexa Fluor® 700-CD45 were from BD Biosciences, FITC-CD28, Pe-Cy5-CD95, BV711- 492 
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TNFa, IFNg-PE or -PerCP, Alexa Fluor® 647-IL4, BV785-IL2, BV421-IL-17A, BV785-CD14, 493 

BV421-CD16 were from Biolegend; PE-IL13 was from Miltenyi Biotech. Detailed antibody 494 

information is listed in Supplemental Table 2.  After cell surface staining, eBioscience™ FOXP3 495 

/ Transcription Factor Staining Buffer Set (ThermoFisher) was used for cell permeabilization, 496 

followed by intracellular staining. An LSRII flow cytometer with 4 lasers (BD Bioscience) and 497 

FlowJo software (Becton Dickinson) was used for data acquisition and analyses. For each 498 

animal, and each time-point, the antigen-specific T cell responses were reported as the 499 

frequencies of cytokine-positive cells in the samples stimulated with S1 protein minus those in 500 

the medium-only control.    501 

IFN-a ELISA and chemokine/cytokine Bioplex assay after Poly I:C plus S1 protein 502 

stimulation of BAL samples.  Cryopreserved BAL (from the one-week post second vaccination 503 

timepoint) were thawed and resuspended at a concentration of 3-4 million cells /ml in serum free 504 

medium AIMâ (ThermoFisher). Poly I:C (2µg/ml) was added to the cells in the presence or 505 

absence of 2 µg/ml of SARS-CoV-2 spike S1 protein (Sino Biological, endotoxin level: 506 

<0.001U/µg).  After 18 hrs. of culture at 37°C, 5% CO2, supernatant was collected and frozen at 507 

-20 °C for IFN-a ELISA, and Chemokine/Cytokine Bioplex Assay using an LSRII cytometer. 508 

LEGENDplex™ NHP Chemokine/Cytokine Panel (13-plex, Biolegend) was used to measure the 509 

following 13 chemokines and cytokines: TNF-a, IL-1b, IL-6, IL-8, MIP1-a, MIP1-b, RANTES, 510 

MCP-1, IFN-g, MIG, IP-10, ITAC, and Eotaxin. Pan-IFN-a (including subtypes a1, 2, 4, 5, 6, 7, 511 
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8, 10, 14, 16 and 17) ELISA kit (Mabtech) was used to measure the total concentration of IFN-a. 512 

Both assays were performed in accordance with the manufacturers’ instructions.   513 

SARS-CoV-2 challenge.  At week 20, 25 days after the last boost, all 18 animals were 514 

challenged with 1.5x10^4 pfu SARS-CoV-2 virus (USA-WA1/2020 strain), which was 515 

equivalent to ~1.25 x 10^5 TCID50 SARS-CoV-2 virus (USA-WA1/2020 strain), equivalent to 516 

or slightly greater than the challenge dose used in some earlier macaque challenge studies noted 517 

above. The challenge virus was obtained from BEI Resources (Lot# 70038893) and has a 518 

reported infectious titer in Vero E6 cells of 3x106 pfu/mL. The virus was diluted in PBS to the 519 

indicated challenge dose level.  The virus was given intranasally and intratracheally, each route 520 

with 1ml (0.5ml for each nares) to make sure the virus was delivered to both upper and lower 521 

airway. Nasal swab and BAL fluid samples were collected on days 2 and 4 after challenge to 522 

measure the viral load.   523 

Subgenomic RNA and viral RNA assay.  SARS-CoV-2 RNA levels were monitored by RT-524 

PCR by BIOQUAL, Inc. as described previously (5).  Briefly, RNA was extracted from nasal 525 

swab and BAL fluid samples collected at the different time-points. After reverse transcription, 526 

cDNAs were run in duplicate to quantify subgenomic or viral RNA using different primer/probe 527 

sets, targeting the viral E gene mRNA or the viral nucleocapsid, respectively.  The sequences of 528 

the primers/probes have been published previously (5, 47).   Viral loads are shown as copies per 529 

ml for BAL fluid and per swab for nasal samples with a cutoff value of 50 copies for each assay.  530 

Lower respiratory histopathology and immunohistochemistry.  Seven or ten days after 531 

SARS-CoV-2 viral challenge (when viral loads on BAL specimens from day 4 could be obtained 532 

and because it was not feasible to necropsy all on the same day), half the animals from each 533 
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group were necropsied on each day, and the lower respiratory (lung) tissue specimens were 534 

collected, fixed, processed, and embedded in paraffin blocks and sectioned at a thickness of 5 535 

µm. Immunohistochemistry was used to study sections from animals necropsied at day 7.  The 536 

sections were stained with hematoxylin and eosin (H&E) and examined by light microscopy.  537 

Multiple sections of lung and lymph node (axillary and inguinal) were evaluated histologically 538 

and immunohistochemically for the presence of SARS-CoV-2-related inflammation and SARS-539 

CoV-2 virus antigen, respectively.  A rabbit polyclonal SARS-CoV-2 antibody (GeneTex) was 540 

used for immunohistochemical staining.   541 

The inflammatory cellular constituents were largely similar for all groups where 542 

inflammation was observed (mixed polymorphonuclear and mononuclear cells) so, severity is 543 

based on % tissue affected and the presence or absence of other indicators of inflammation and 544 

tissue damage (fibrin/edema/ luminal debris/hemorrhage/necrosis). In addition to lesion severity, 545 

lesion distribution and the location were recorded; lesions were either associated with/exhibited 546 

as alveolar interstitium (Alv) changes; intra-alveolar infiltrates (intraAlv); changes associated 547 

with Bronchi (Br) or Bronchioles (br); Perivascular spaces (PV) or exhibited variable degrees of 548 

Type II pneumocyte hyperplasia (Type II). Inflammation in the lung was scored using the 549 

following severity scale:  normal= - (0); <10% (tissue affected) = +/- (1); >10-<25% = + (2) ; 550 

>26-<50% = ++ (3); >50%= +++ (4). Three parts of the lung (Left caudal [Lc], Right Middle 551 

[Rmid], and Right caudal [Rc] lobes) were evaluated and scored by a board-certified veterinary 552 

pathologist, who was blind to the groups. The total inflammation score was calculated as the sum 553 

of the three parts.  Sections were evaluated using an Olympus BX51 brightfield microscope and 554 

representative photomicrographs were captured using an Olympus DP73 camera.      555 
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Statistical analysis.  Statistical analyses were performed using Prism version 8 (Graph Pad). 556 

Mann-Whitney, and Wilcoxon tests were used for group comparisons with Hochberg corrections 557 

for multiple comparisons where appropriate, and Spearman analyses were used for correlations, 558 

as shown in the figures. All statistical tests were 2-tailed.  A P value less than 0.05 was 559 

considered significant. 560 

Study	approval.		All animals were initially housed at the National Institutes of Health NCI 561 

Animal Facility, Bethesda, MD for vaccination. The NIH is an American Association for the 562 

Accreditation of Laboratory Animal Care (AAALAC)-accredited facility and has a PHS 563 

Approved Animal Welfare Assurance (Assurance ID A4149-01). All the animal studies were 564 

approved (under Protocol No. VB-037) by the NCI Institutional Animal Care and Use 565 

Committee (IACUC). Two weeks before challenge, the animals were moved to a qualified BSL3 566 

biohazard facility at BIOQUAL, Inc. for SARS-CoV-2 viral challenge study (Rockville, MD). 567 

BIOQUAL’s IACUC approved the challenge study, Protocol No. 20-107.  568 

  569 
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Figure and Figure legends 709 

710 

Figure 1.  Schematic diagram of immunization protocol and groups.  711 
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 712 

Figure 2. Spike-specific humoral immune responses in PBMC and BAL samples of the 713 

vaccinated animals. The ED50 of S1-specific IgG in serum (A) and the area under the curve (AUC) 714 
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of S1-specific IgG and IgA in BAL (B-C) were measured during the whole course of vaccination. 715 

Dimeric IgA responses in BAL at Day 8 post last vaccination (D) and PRNT (neutralizing) titers against 716 

live virus (E) in the serum samples were measured.  BAL samples from naïve animals (N=4) were 717 

included in D to serve as a negative control to show the baseline.  The Mann-Whitney test was used 718 

to assess the difference between groups 1 and 2 in D.  Short lines show geometric means. Dashed 719 

lines show the lower and upper assay limits.  N=6 for group 1 and 2.  Time point abbreviations 720 

are:  2wP2ndvac= 2 weeks post second vaccine dose; 5wP2ndvac= 5 weeks post second vaccine 721 

dose; 9wP2ndvac= 9 weeks post second vaccine dose; 2wP3rdvac= 2 weeks post third vaccine 722 

dose; 6wP3rdvac= 6 weeks post third vaccine dose; D8Plastvac = day 8 post last vaccination.  723 



 

35 
 

 724 

Figure 3. Spike-specific CD4+T cell responses and trained immunity in PBMC and BAL 725 

samples of the vaccinated animals. Intracellular cytokine staining assays in responses to spike 726 
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protein S1 were measured during the whole course of vaccination in PBMC (A) and BAL (B) 727 

samples. Spike-specific TNFa+CD4+T cell responses of different groups in PBMC (C) and BAL 728 

(D) samples at week 2 post 2nd-, and Day 8 post last- vaccination were compared. PBMC and 729 

BAL samples from pre-vaccinated naïve animals (n=12) were included in C-D to serve as negative 730 

control to show the baseline.  The kinetics of CD14-/CD16+ (monocyte or possibly NK) subsets 731 

were measured in the BAL samples of the vaccinated animals after 18 hrs. of PMA+ ionomycin 732 

stimulation (E). IFN-a was measured in the supernatant of BAL samples after 18 hrs. of Poly I:C 733 

+S1 stimulation (F).  Medians are shown. Serum from naïve animals (N=4) was included in F to 734 

serve as negative control to show the baseline.  Mann-Whitney tests were used to compare the 735 

differences between groups in D-F. Dashed lines are the threshold for positive responses. N=6 for 736 

group 1 and 2.  737 
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738 

Figure 4. Viral load in nasal swabs and BAL fluids after SARS-CoV-2 739 

intranasal/intratracheal challenges.  SARS-CoV-2 genomic RNA and subgenomic RNA were 740 

assessed in the nasal swabs (A-B) BAL fluid (C-D) collected at day 2 and day 4 after viral 741 

challenges. Area under curve was calculated for each animal, and plotted in the box and whisker 742 

plots, where the median, other quartiles and min to max are shown. The assay lower limit (50 743 

copies) is shown as dashed lines. In each panel, Mann-Whitney tests corrected for multiple 744 

comparisons by the Hochberg method were used to compare the viral load AUC differences between 745 

vaccinated groups and the SARS-CoV-2 naïve control group. N=6 for group 1, group 2, and naïve 746 
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group.  Each animal has a unique symbol with different shape and color, which is consistent 747 

throughout A-D.   748 
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749 

Figure 5.  Immune correlations after vaccination and viral challenges in group 2.  750 

The p values (A) and R values (B) of the immune correlation matrix among antigen-specific 751 

humoral, cellular responses, innate immunity and genomic RNA in BAL at Day 2. The 752 

peripheral and BAL samples were collected at Day 8 post last vaccination or early time-points 753 

(noted)., Pre-challenge IgA titer in BAL (C) and IFNa production in ex vivo- stimulated BAL 754 

cells (D) were correlated with day 2 post-challenge genomic RNA in BAL. Spearman’s R and p 755 

values are shown. N=6 for group 2.  756 
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 757 

Figure 6. Histopathological analysis and viral antigen detection in the lung. Seven or 10 758 

days after challenge, lungs were harvested, and multiple sections of lung were evaluated 759 

histologically and immunohistochemically for the presence of SARS-CoV-2-related 760 

inflammation and SARS-CoV-2 virus antigen. Representative images were from lungs harvested 761 

day 7 from one animal in naïve group (A), and one animal in vaccinated group 1(B). Each 762 

animal was blindly scored by a pathologist based on the degree of inflammation in the lung.  In 763 

the box and whiskers plot, the median, other quartiles and min to max are shown. Mann-Whitney 764 

tests corrected for multiple comparisons by the Hochberg method were used to compare the lung 765 
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inflammation between SARS-CoV-2 naïve control and vaccination groups (C). Scale bars 766 

represent 200µm (4x) and 100µm (10x). N=6 for group 1, group 2 and naïve group.767 
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