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Abstract 

 Vaccines against SARS-CoV-2 have been distributed at massive scale in developed 

countries, and have been effective at preventing COVID-19. Access to vaccines is limited, 

however, in low- and middle-income countries (LMICs) due to insufficient supply, high costs, 

and cold storage requirements. New vaccines that can be produced in existing manufacturing 

facilities in LMICs, can be manufactured at low cost, and use widely available, proven, safe 

adjuvants like alum, would improve global immunity against SARS-CoV-2. One such protein 

subunit vaccine is produced by the Serum Institute of India Pvt. Ltd. and is currently in clinical 

testing. Two protein components, the SARS-CoV-2 receptor binding domain (RBD) and 

hepatitis B surface antigen virus-like particles (VLPs), are each produced in yeast, which would 

enable a low-cost, high-volume manufacturing process. Here, we describe the design and 

preclinical testing of the RBD-VLP vaccine in cynomolgus macaques. We observed titers of 

neutralizing antibodies (>104) above the range of protection for other licensed vaccines in non-

human primates. Interestingly, addition of a second adjuvant (CpG1018) appeared to improve the 

cellular response while reducing the humoral response. We challenged animals with SARS-CoV-

2, and observed a ~3.4 and ~2.9 log10 reduction in median viral loads in bronchoalveolar lavage 

and nasal mucosa, respectively, compared to sham controls. These results inform the design and 

formulation of current clinical COVID-19 vaccine candidates like the one described here, and 

future designs of RBD-based vaccines against variants of SARS-CoV-2 or other 

betacoronaviruses.  
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Introduction 

Prophylactic vaccination is effective in eliciting protective immunity against SARS-CoV-

2 and preventing coronavirus disease 2019 (COVID-19) (1). Multiple vaccines have now been 

distributed at large scale in many countries, and have resulted in a lower incidence of infection 

and severe disease caused by SARS-CoV-2 (2, 3). Access to vaccines remains limited, however, 

in low- and middle-income countries (LMICs), where infectious variants of SARS-CoV-2 

continue to emerge in large scale outbreaks (4). In addition to financial and logistical support 

from developed countries and health organizations, vaccines produced by local manufacturers 

could enable the lowest costs for interventions in these countries and potentially minimize the 

infrastructure required for their distribution (5–7). Protein subunit vaccines are a promising 

solution because they can be manufactured using existing large-scale microbial fermentation 

facilities in LMICs (8), typically do not require frozen storage and distribution, and are safe and 

effective when used with adjuvants (9, 10). Here, we describe the design and immunogenicity of 

a modular protein subunit vaccine, comprising a SARS-CoV-2 spike protein subunit receptor 

binding domain (RBD) displayed on a Hepatitis B virus-like particle (VLP) that is constructed 

using a covalent peptide-mediated linkage (SpyTag/SpyCatcher) . Both of these vaccine 

components are currently produced by microbial fermentation at a large-scale manufacturing 

facility in India. We show that this vaccine candidate elicits a strong immune response in 

cynomolgus macaques and protects against SARS-CoV-2 challenge. Based on these promising 

data, this vaccine candidate is currently being tested in clinical trials (ANZCTR Registration 

number ACTRN12620000817943).  
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Results 

Design of an accessible protein subunit vaccine 

 We sought to design a protein subunit vaccine that would be both suitably immunogenic 

and simple to manufacture for affordable distribution in LMICs. Multiple protein vaccines based 

on the trimeric SARS-CoV-2 spike protein have demonstrated efficacy, but are manufactured in 

insect or mammalian cells, which are difficult to transfer to existing facilities in LMICs (11, 12). 

The receptor binding domain (RBD) of the spike protein has been proposed as an alternative to 

the full spike protein because it has been shown to elicit multiple potent neutralizing antibodies 

directed at multiple epitopes (13–15), and can be manufactured in microbial systems like the 

biotechnological yeast Komagataella phaffii (Pichia pastoris) (16, 17).  Formulations comprising 

only monomeric RBD (Wuhan-Hu-1) and adjuvant tested to date have required three doses to 

elicit potent neutralizing responses in humans (18, 19). While further optimization of such 

formulations could improve these designs, we and others have demonstrated that multimeric 

display of RBD on VLPs can be highly immunogenic (20–24). 

Here, we selected Hepatitis B surface antigen (HBsAg) virus-like particles (VLPs) as a 

nanoparticle on which to display the RBD. This choice leverages extensive experience with a 

previously tested commercial product, GeneVac-B, that is manufactured at low cost and 

distributed in LMICs for prevention of Hepatitis B (25). As a model for our design here, we 

referenced previously reported designs with this core nanoparticle decorated with a malarial 

subunit antigen (26). A polypeptide-based system (SpyTag/SpyCatcher) allowed for covalent 

linkage of the antigen to the VLP by a transpeptidation reaction. This general design can increase 

antigen-specific antibody titers in mice, and the responses elicited in prior examples were 

unaffected by the presence of pre-existing antibodies against HBsAg (27). The modularity of the 
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SpyTag/SpyCatcher system allows each component of the final particle to be expressed and 

purified independently to maximize yields and quality.  

 We adapted this approach to make a vaccine candidate for COVID-19. We genetically 

fused the SpyTag peptide onto the SARS-CoV-2 RBD. This fusion protein was manufactured in 

an engineered strain of K. phaffii (28). The RBD-SpyTag and HBsAg-SpyCatcher VLPs were 

each purified separately and then conjugated in a GMP process to produce the RBD-VLP antigen 

(Fig. 1A). In this study, the RBD-VLP antigen was formulated with two adjuvants: 1) aluminum 

hydroxide (alum) and 2) alum combined with CpG1018—a potent commercial TLR9 agonizing 

adjuvant known to elicit Th1-like responses (29). Analysis of the formulated vaccine drug 

product by SDS-PAGE showed only small fractions (<20%) of unconjugated HBsAg-VLP and 

RBD, and complete adsorption of the RBD-VLP antigen onto the alum adjuvant (Fig. 1B). We 

detected CpG1018 in both the unbound and bound to alum fractions.  

We also performed additional analytics on unformulated RBD-VLP antigen to confirm 

antigenicity and nanoparticle formation. The RBD-VLP antigen exhibited strong binding to the 

human ACE2 receptor and a known neutralizing antibody CR3022 by biolayer interferometry 

(Fig. S1A). The large difference in signal observed in this analysis between the RBD-VLP and 

soluble monomeric RBD-SpyTag confirms the multivalency of the RBD conjugated on the VLP. 

We also confirmed formation of nanoparticles by electron microscopy (EM) (Fig. S1B-C). These 

analytics confirmed the structural attributes of the conjugated RBD-VLPs used for non-clinical 

evaluations here.  
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Immunogenicity testing in cynomolgus macaques 

 To assess the immunogenicity of this RBD-VLP vaccine candidate, we immunized 

cynomolgus macaques with two doses of either vaccine formulation (alum or alum combined 

with CpG1018) or a placebo, spaced three weeks apart (Fig. 2A). We assessed spike protein 

specific antibody titers after each dose (Fig. 2B). We observed full seroconversion and high 

antibody titers for both RBD-VLP vaccine formulations. Interestingly, formulation with only 

alum elicited significantly higher antibody titers. We assessed the neutralizing activity of the sera 

against a SARS-CoV-2 pseudovirus and observed high titers of neutralizing antibodies (Fig. 2C). 

Formulation with only alum appeared to yield higher neutralization, but was not significantly 

higher (p>0.1, Kolmogorov-Smirnov test) than the vaccine formulated with both alum and 

CpG1018. Neutralization of SARS-CoV-2 pseudovirus correlated well with spike protein 

specific antibody titer (Fig. S2A).  

 We also assessed the neutralizing activity of sera from week 5 against SARS-CoV-2 

pseudoviruses with spike proteins from several circulating variants of concern (Fig. S2B). Sera 

from animals immunized with RBD-VLP and alum exhibited similar neutralizing activities 

against D614G and B.1.1.7 variants, but significantly less neutralization against B.1.351 (~25x, 

geometric mean).  

 To determine why the formulation with only alum elicited higher antibody titers, we 

assessed the antigenicity for retained samples of the RBD-VLP in both vaccine formulations 

used. We observed ~30% less binding to human ACE2 for the alum and CpG1018 formulation 

compared to the formulation with alum only (competitive ELISA) (Fig. S2C). The formulation 

with alum and CpG1018 at the concentrations used here appears to have altered the antigenicity 

of the RBD-VLP antigen, potentially leading to a reduced humoral immune response. 
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 After assessing the humoral response to the RBD-VLP vaccine candidate, we profiled the 

cellular immune response. We assessed expression of IFNγ in cells stimulated with peptides 

from the S1 region of the spike protein, which includes the RBD (Fig. 2D). We observed 

significant IFNγ expression in cells from both the alum formulation and the alum and CpG1018 

formulation after two doses. The cellular response appeared stronger with the alum and 

CpG1018 co-formulation, consistent with previous reports on the influence of CpG1018 as an 

adjuvant in vaccines (29), but the effect was not significant (p>0.4, Kolmogorov-Smirnov test).  

 

Challenge with SARS-CoV-2 

 To assess if the RBD-VLP vaccine could protect animals from infection, we challenged 

all animals with SARS-CoV-2 two weeks after the second immunization (Fig. 2A). We 

monitored the course of infection for two weeks by measuring titers of subgenomic RNA 

(sgRNA) in nasal swabs and bronchoalveolar lavage supernatants. Both formulations of the 

RBD-VLP vaccine significantly reduced the levels of detected sgRNA in the upper respiratory 

tract (Fig. 3A), and no sgRNA was detected after day 4 post challenge from the group 

immunized with RBD-VLP formulated with alum (Fig. 3B). Both RBD-VLP formulations 

exhibited nearly complete protection from viral infection in the lower respiratory tract—sgRNA 

was detected in bronchoalveolar lavage supernatants from only three animals (Fig. 3C-D). We 

observed significant correlation between pre-challenge antibody titers and measured sgRNA 

levels (Fig. 3E-F).  

We also assessed lung samples from each animal after challenge with SARS-CoV-2 and 

scored each sample for histopathologic findings. Animals that received the sham vaccine showed 

evidence of interstitial inflammation, syncytial cells, and type II pneumocyte hyperplasia in the 
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lung, consistent with SARS CoV-2 replication and a higher median cumulative pathology score 

(13) as compared to immunized animals (median 2.5-4.5) (Fig. 3G).  

Finally, we measured RBD-specific and pseudovirus neutralizing antibody titers after 

challenge. Animals that received the RBD-VLP vaccine candidate had higher antibody levels 

than animals that were not immunized pre-challenge (Fig. 3H). Notably, post-challenge levels of 

humoral immunity conferred by the vaccine were not significantly different between the two 

vaccine formulations (p>0.4, Kolmogorov Smirnov test). These results together suggest that the 

RBD-VLP vaccine candidate can protect from SARS-CoV-2 infection.  

 

Discussion 

 In this study, we report the design of an RBD-VLP based protein subunit vaccine 

candidate for COVID-19, currently manufactured in existing production facilities at the Serum 

Institute of India. Both protein components are produced in yeast, making this vaccine a 

promising, low-cost intervention for LMICs.  

We tested the vaccine in cynomolgus macaques, which have been shown to be equivalent 

to rhesus macaques as a model for SARS-CoV-2 infection (30). The RBD-VLP vaccine elicited 

high titers of neutralizing antibodies (>104) that were above the range of protection for other 

licensed vaccines in non-human primates (31, 32). The vaccine also conferred protection from 

viral loads in the upper and lower respiratory tract upon challenge with SARS-CoV-2.  

CpG adjuvants with HBsAg vaccines have been shown to boost the Th1 cell response to 

complement the Th2 cell response induced with alum alone (29, 33, 34). In agreement with these 

prior reports, we did observe a higher Th1 cell response to the RBD-VLP formulated with both 

alum and CpG1018 compared to alum only. Interestingly, we observed a reduced humoral 
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immune response when the vaccine was formulated with alum and CpG1018. We attributed this 

difference to a reduction in antigenicity of the RBD; inclusion of CpG may impact the structural 

integrity of the RBD, leading to altered antigenicity. We have previously observed similar 

inconsistent immunogenicity of monomeric SARS-CoV-2 RBD when formulated with a CpG 

adjuvant (24). Another multimeric RBD vaccine has reported robust humoral responses in non-

human primates with the same dose of CpG1018 (35), but in that instance, the vaccine was 

formulated 30 minutes prior to injection. This discrepancy suggests that a high dose of CpG1018 

may impact the antigenicity of the RBD when stored for weeks or months at 4ºC prior to use. 

Reduced dosing of CpG1018 could lessen the impact on the stability of the RBD antigen while 

still eliciting balanced Th1 and Th2 cellular responses (36). This question warrants further study 

to optimize the concentrations of this co-adjuvant in formulations of vaccine candidates to 

balance the stability of the RBD-VLP antigen with the beneficial effects of the alum and 

CpG1018 adjuvants. 

Another potential challenge posited for CoVID-19 and interventions directed towards 

SARS-CoV-2 is the possibility of antibody-dependent enhancement (ADE) or vaccine-associated 

enhanced disease (37). Such effects could present safety concerns for novel vaccines (38).  Both 

vaccine candidates tested here with alum or CpG and alum as adjuvants did not show evidence 

for disease enhancement following vaccination and subsequent challenge.  This outcome is 

consistent with evidence that passive immunization with human antibodies directed against 

SARS-CoV-2 have not exhibited disease enhancement in mice and monkeys (39), and provides 

support that formulations of the vaccine here with alum alone could provide protective immunity 

without disease enhancement. 

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

The report of this vaccine comes at a befitting time in the COVID-19 pandemic. Variants 

of SARS-CoV-2 with increased transmissibility continue to drive outbreaks of COVID-19 in 

LMICs. Vaccines based on mRNA have been shown to be effective against emerging variants 

(40, 41), but remain largely inaccessible in southeast Asia and Africa due to high costs and cold 

chain requirements. Responses induced by currently approved protein-based vaccines based on 

the Wuhan-Hu-1 strain, on the other hand, have so far been less effective in neutralizing activity 

exhibited with sera against circulating variants (42). Encouragingly, vaccines based on the RBD 

alone effectively boost an immune response originally generated against a full-length spike 

protein trimer (43). There is growing interest, therefore, in the utility of RBD-based vaccine 

boosters to provide immunity against emerging variants of SARS-CoV-2 that may escape 

antibody responses induced by vaccination against the Wuhan-Hu-1 or D614G spike protein.  

The RBD-VLP vaccine candidate presented here is modular, and could be manufactured 

and formulated with RBD antigens from emerging variants or with engineered immunogenicity 

(24). We reported previously that the RBDs from the B.1.1.7 and B.1.351 variants can be 

manufactured from the same microbial strains and fermentation processes (28). A mosaic 

vaccine against multiple strains of SARS-CoV-2 could be simply produced by conjugation of 

multiple RBD antigens to the HBsAg-VLP. This approach could also be tailored to generate 

multivalent designs for a panel of SARS-CoV-2 variants or for broadly targeting 

betacoronaviruses (22). This modular design of protein antigens paired with existing large-scale 

manufacturing capacity in yeast demonstrates a vaccine platform that could keep pace with an 

evolving COVID-19 pandemic, and provide better access to COVID-19 vaccines around the 

globe.  

  

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

Materials and Methods 

 

Production of vaccine samples 

Hepatitis B Surface Antigen (HBsAg) SpyCatcher nanoparticles and RBD-SpyTag protein were 

produced by yeast fermentation in a GMP process at the Serum Institute of India Pvt. Ltd. 

Samples were stored at 4°C for several weeks before immunization.  

 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Formulated RBD-VLP samples were centrifuged at 4000 g for 10 min at 4˚C. The supernatant 

with unbound protein was transferred to another tube without disturbing the pellet and prepared 

for SDS-PAGE in 50 mM dithiothreitol (Thermo scientific, A39255), 1X LDS sample buffer 

(Invitrogen, NP0007), and 20 mM iodoacetamide (Thermo scientific, A39271), and heated at 

95˚C for 15 min. The alum-bound protein in the pellet was desorbed by resuspending the pellet 

in an elution buffer (0.4 M sodium phosphate, 50 mM dithiothreitol, 1X LDS sample buffer, and 

20 mM iodoacetamide) and heating the samples at 95˚C for 15 min. The desorbed samples were 

then centrifuged at 4000 g for 10 min at 4˚C to obtain desorbed protein in the supernatant for 

SDS-PAGE. RBD-SpyTag and HBsAg-SpyCatcher controls were prepared for SDS-PAGE 

similar to unbound protein sample. Approximately 0.1 µg of each sample was loaded on 4-12% 

Bis-Tris gel (Invitrogen, NP3022) run for 50 min at 150 V in 1X MES-SDS running buffer 

(Invitrogen, NP0002). NovexTM Sharp Pre-stained protein standard (Invitrogen, LC5800) was 

used as marker to estimate molecular weight of the proteins. The gel was stained using Pierce 

Silver Stain kit (Thermo, 24612) as per manufacturer’s protocol and imaged using ProteinSimple 

FluorChem E imaging system.  
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Competitive ELISA by ACE2-Fc binding 

Stock adjuvanted RBD-VLP samples were first incubated with a blocking buffer, then 2-fold 

serial dilutions were made followed by incubation with 0.02 mcg/mL ACE2-Fc receptor 

overnight on a plate rotator at room temperature. Corresponding blank samples were prepared 

using blocking buffer alone, while the saturated samples contained ACE2-Fc receptor. Samples 

were centrifuged the next day and the supernatant containing unbound ACE2-Fc was transferred 

to a 96-well plate coated with 1 mcg/mL of RBD. The plate was incubated for two hours at 

25°C, washed, and the amount of bound ACE2-Fc on the plate was detected with a horseradish 

peroxidase conjugated secondary antibody using a tetramethylbenzidine substrate. The % 

relative ACE2-Fc binding of samples was determined from the OD450 values using the 

parameters obtained from a 4-point logistic fit of the standard run on each plate. 

 

Production of unformulated drug substance  

Hepatitis B Surface Antigen (HBsAg) SpyCatcher nanoparticles were produced in a GMP 

process at the Serum Institute of India. RBD-SpyTag protein was expressed in shake flask 

culture of Pichia pastoris and purified as described previously (24, 28). HBsAg-SpyCatcher and 

RBD-SpyTag were conjugated by incubation overnight at 4°C in 20 mM sodium phosphate, 150 

mM NaCl, pH 8 buffer, with a 1:1.5 HBsAg:RBD molar ratio. Excess RBD was removed with a 

100 kDa molecular weight cutoff Amicon® Ultra-4 centrifugal filter (Millipore).  

 

Biolayer interferometry 

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

Biolayer interferometry was performed using the Octet Red96 with Protein A (ProA) biosensors 

(Sartorius ForteBio, Fremont, CA), which were hydrated for 15 min in kinetics buffer prior to 

each run. Kinetics buffer comprising 1X PBS pH 7.2, 0.5% BSA, and 0.05% Tween 20 was used 

for all dilutions, baseline, and disassociation steps. CR3022 and ACE2-Fc were used in the assay 

at concentrations of 2 and 10 µg/mL, respectively. Samples were loaded in a 96-well black 

microplate (Greiner Bio-One, Monroe, NC) at starting concentrations of 15 and 10 µg/mL, 

respectively. Seven 1:1 serial dilutions and a reference well of kinetics buffer were analyzed for 

each sample. Association and dissociation were measured at 1000 rpm for 300 and 600 sec, 

respectively. Binding affinity was calculated using the Octet Data Analysis software v10.0 (Pall 

ForteBio), using reference subtraction, baseline alignment, inter-step correction, Savitzky-Golay 

filtering, and a global 1:1 binding model.  

 

Negative-stain electron microscopy 

Solution with conjugated RBD-VLP nanoparticles (7 µL) was incubated on a 200 meshes copper 

grid coated with a continuous carbon film for 60 seconds. Excess liquid was removed, and the 

film was incubated in 10 µL of 2% uranyl acetate. The grid was dried at room temperature and 

mounted on a JEOL single tilt holder in the TEM column. The specimen was cooled by liquid 

nitrogen, and imaged on a JEOL 2100 FEG microscope with a minimum dose to avoid sample 

damage. The microscope was operated at 200 kV with magnification at 10,000-60,000x. Images 

were recorded on a Gatan 2Kx2K UltraScan CCD camera. 

 

Immunization of non-human primates 
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18 cynomolgus macaques were randomly allocated to groups. Animals were housed at Bioqual, 

Inc. (Rockville, MD). On day 0, groups of animals were immunized with: 1) RBD-HBSAg VLP 

containing 5µg total protein adjuvanted with 500 µg Alum, 2) RBD-HBSAg VLP containing 5 

µg protein adjuvanted with 500 µg of Alum + 1500 µg CpG, or 3) sham. Animals were 

administered an identical boost immunization of the regimens as indicated above at week 3. At 

week 6, all animals were challenged with 1 x 105 TCID50 SARS-CoV-2 via the intranasal and 

intratracheal routes (2 mL total volume per animal; 1 mL intranasal + 1 mL intratracheal). The 

challenge stock was derived from a single passage of a SARS-CoV-2 2019 USA-WA1/2020 

isolate (BEI Resources, NR-53780).  

 

ELISA assays 

Binding antibodies were quantified by ELISA essentially as previously described (44). Briefly, 

96-well plates were coated with 1µg/ml SARS-CoV-2 S protein (Sino Biological) in 1X DPBS 

and incubated overnight at 4°C. Plates were then washed once with wash buffer (0.05% Tween 

20 in 1 X DPBS) and blocked for 2-3 h with 350 µL Casein block/well at room temperature. 

After block, serial dilutions of serum diluted in casein block were added to wells and plates were 

incubated for 1 h at room temperature. Plates were then washed three times, a 1µg/ml dilution of 

anti-macaque IgG HRP (Nonhuman Primate Reagent Resource) was added to wells, and plates 

were incubated at room temperature in the dark for 1 h. Plates were again washed three times, 

then 100 µL of SeraCare KPL TMB SureBlue Start solution was added to each well. Plate 

development was halted with the addition of 100 µL SeraCare KPL TMB Stop solution per well. 

A VersaMax microplate reader was used to record the absorbance at 450nm. For each sample, 

endpoint titer was calculated in Graphpad Prism software, using a four-parameter logistic curve 
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fit to calculate the reciprocal serum dilution that yields an absorbance value of 0.2 at 450nm. 

Log10 endpoint titers are reported. 

 

Pseudovirus neutralization assays 

SARS-CoV-2 pseudoviruses were generated essentially as described previously (44, 45). Briefly, 

HEK293T cells were co-transfected with: 1) the packaging plasmid psPAX2 (AIDS Resource 

and Reagent Program), 2) luciferase reporter plasmid pLenti-CMV Puro-Luc (Addgene), and 3) 

an S protein-expressing plasmid, pcDNA3.1-SARS CoV-2 SΔCT using lipofectamine 2000 

(ThermoFisher). This approach was used to generate pseudoviruses specific to SARS-CoV-2 

variant strains, including WA1/2020 strain (Wuhan/WIV04/2019, GISAID accession ID: 

EPI_ISL_402124), D614G mutation, B.1.1.7 variant (GISAID accession ID: EPI_ISL_601443), 

and B.1.351 variant (GISAID accession ID: EPI_ISL_712096). To purify pseudoviruses, 

supernatants were collected 48 h post-transfection, centrifuged, then passed through a 0.45 µm 

filter. To determine the neutralization activity of the serum samples from nonhuman primates, 

HEK293T-hACE2 cells were seeded in 96-well tissue culture plates at a density of 1.75 x 104 

cells/well and incubated overnight. Serial dilutions of heat inactivated serum samples were 

prepared and mixed with 50 µL of indicated pseudovirus. This mixture was incubated at 37oC for 

1 h before adding to seeded HEK293T-hACE2 cells. 48 h after infection, cells were lysed in 

Steady-Glo Luciferase Assay Reagent (Promega) according to the manufacturer’s instructions. 

SARS-CoV-2 neutralization titers were defined as the sample dilution at which a 50% reduction 

in relative light unit (RLU) was observed relative to the average of the virus control wells. 

 

ELISPOT assays 
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ELISPOT assays were performed essentially as described previously (44). Plates were coated 

with mouse anti-human IFN-γ antibody (BD Pharmigen) at 5 µg/well and incubated at 4°C 

overnight. After incubation, plates were washed with wash buffer (1 x DPBS with 0.25% 

Tween20), then blocked with R10 media (RPMI with FBS and penicillin-streptomycin) for 1-4 h 

at 37°C.  SARS-CoV-2 S1 peptides were prepared and plated at 1 µg/well. 200,000 cells/well 

were added to the plate and incubated for 18-24 h at 37°C. Plates were then washed with wash 

buffer (MilliQ water with DPBS & Tween20) and incubated for 2 h at room temperature with 

polyclonal rabbit anti-human IFN-γ biotin from U-Cytech at 1 µg/mL. The plates were washed 

again, then incubated for 2 h at room temperature with Streptavidin-alkaline phosphatase from 

Southern Biotech at 2 µg/mL. A final wash step was followed by the addition of Nitro-blue 

Tetrazolium Chloride/5-bromo-4-chloro 3 ‘indolyphosphate p-toludine salt (NBT/BCIP 

chromogen) substrate solution for 7 min. The chromogen was discarded and the plates were 

washed with water and dried for 24 h protected from light. Plates were scanned and counted on a 

Cellular Technologies Limited Immunospot Analyzer. 

 

Viral load assays 

SARS-CoV-2 E gene subgenomic RNA (sgRNA) was assessed by RT-PCR using primers and 

probes essentially as previously described (44). To generate a standard, a fragment of the 

subgenomic E gene was synthesized and cloned into a pcDNA3.1+ expression plasmid using 

restriction site cloning (Integrated DNA Techonologies). The insert was in vitro transcribed to 

RNA using the AmpliCap-Max T7 High Yield Message Maker Kit (CellScript). Log-fold 

dilutions were prepared for RT-PCR assays, ranging from 1x1010 copies to 1x10-1 copies. To 

quantify viral loads in respiratory tract tissues, samples of bronchoalveolar lavage (BAL) fluid 
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and nasal swabs (NS) were analyzed. RNA extraction was performed on a QIAcube HT using 

the IndiSpin QIAcube HT Pathogen Kit according to manufacturer’s specifications (Qiagen). 

Standards described above and extracted RNA from nonhuman primate samples were reverse 

transcribed using SuperScript VILO Master Mix (Invitrogen), using the cycling conditions 

specified by the manufacturer, 25º C for 10 min, 42º C for 1 h, and then 85º C for 5 min. A 

Taqman custom gene expression assay (Thermo Fisher Scientific) was designed using the 

sequences targeting the E gene sgRNA. The sequences for the custom assay were as follows: 

forward primer, sgLeadCoV2.Fwd: CGATCTCTTGTAGATCTGTTCTC, E_Sarbeco_R: 

ATATTGCAGCAGTACGCACACA, E_Sarbeco_P1 (probe): VIC-

ACACTAGCCATCCTTACTGCGCTTCG-MGB. Reactions were carried out in duplicate for 

samples and standards on the QuantStudio 6 and 7 Flex Real-Time PCR Systems (Applied 

Biosystems) with the following thermal cycling conditions: initial denaturation at 95ºC for 20 s, 

followed be 45 cycles of 95º C for 1 s and 60º C for 20 s. Standard curves were used to calculate 

sgRNA copies per mL of BAL fluid or per swab; the quantitative assay sensitivity was 50 copies 

per mL or per swab. 

 

Histopathology 

At time of fixation, lungs were suffused with 10% formalin to expand the alveoli. All tissues 

were fixed in 10% formalin and blocks sectioned at 5 µm. Slides were baked for 30-60 min at 65 

degrees, deparaffinized in xylene, rehydrated through a series of graded ethanol to distilled 

water, then stained with hematoxylin and eosin (H&E). Blinded histopathological evaluation was 

performed by a board-certified veterinary pathologist (AJM). Two lung lobes (1 section from the 

right and left caudal lung lobes) were assessed and scored (1-4) for each of the following lesions: 
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1) Interstitial inflammation and septal thickening 2) Eosinophilic interstitial infiltrate 3) 

Neutrophilic interstitial infiltrate 4) Hyaline membranes 5) Interstitial fibrosis 6) Alveolar 

infiltrate, macrophage 7) Alveolar/Bronchoalveolar infiltrate, neutrophils 8) Syncytial cells 9) 

Type II pneumocyte hyperplasia 10) Broncholar infiltrate, macrophage 11) Broncholar infiltrate, 

neutrophils 12) BALT hyperplasia 13) Bronchiolar/peribronchiolar inflammation 14) 

Perivascular, mononuclear infiltrates and 15) Vessels, endothelialitis. Each feature assessed was 

assigned a score of 0= no significant findings; 1=minimal; 2= mild; 3=moderate; 

4=marked/severe.  

  

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

Acknowledgements 

The authors thank the Koch Institute's Robert A. Swanson (1969) Biotechnology Center for 

technical support. We thank Jake Yalley-Ogunro, Jeanne Muench, Alex Granados, and John 

Harrison for assistance with the immunization phase of the non-human primate study. The 

following reagent was deposited by the Centers for Disease Control and Prevention and obtained 

through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/2020, 

NR-53780.This work was funded by the Bill and Melinda Gates Foundation (Investment IDs 

INV-002740, INV-006131, and INV-027406). This study was also supported in part by the Koch 

Institute Support (core) Grant P30-CA14051 from the National Cancer Institute. L.H.T. is an 

NIH T32 Postdoctoral Fellow supported by the Multidisciplinary AIDS Training Program (Grant 

# T32 AI007387). The content is solely the responsibility of the authors and does not necessarily 

represent the official views of the NCI, the NIH, Gates MRI, or the Bill and Melinda Gates 

Foundation. 

 

Author contributions 

N.C.D., L.H.T., S.R.A., J.C.L., and D.H.B. conceived and planned experiments. K.K., S.B., and 

O.S.K. analyzed vaccine samples. N.C.D., S.R.A., C.A.N., and L.B. analyzed unformulated drug 

substance. D.Y. performed electron microscopy. L.H.T. coordinated and analyzed animal 

experiments. A.C., K.M., N.B.M., J.Y., A.C., V.M.G., F.N., and S.P. performed immunologic 

and virologic assays. A.J.M. performed the histopathology. Z.F., L.P., R.B., J.V., E.T., A.C., 

H.A., and M.G.L. led clinical care of non-human primates. D.C. and J.M.S. coordinated and 

managed resource allocations and planning for experimental studies. N.C.D., L.H.T., S.R.A., 

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

J.C.L., and D.H.B. wrote the manuscript. D.H.B., J.C.L., S.B., D.B.V., S.B.J., and H.K. designed 

the experimental strategy and reviewed analyses of data. All authors reviewed the manuscript.  

 

Competing interests 

J.C.L. has interests in Sunflower Therapeutics PBC, Pfizer, Honeycomb Biotechnologies, 

OneCyte Biotechnologies, QuantumCyte, Amgen, and Repligen. J.C.L’s interests are reviewed 

and managed under MIT’s policies for potential conflicts of interest. J.M.S. is an employee of 

the Bill & Melinda Gates Medical Research Institute. H.K. is an employee of the Bill & Melinda 

Gates Foundation. Sumi Biswas is the CEO and co-founder of SpyBiotech Ltd. which holds the 

exclusive rights for the use of Spytag/Spyctacher in the field of vaccines. Lesley Bowman is an 

employee of SpyBiotech Ltd.    

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 21 

References 
 
1. C. B. Creech, S. C. Walker, R. J. Samuels, SARS-CoV-2 Vaccines, JAMA - J. Am. Med. 
Assoc. 325, 1318–1320 (2021). 

2. N. Dagan, N. Barda, E. Kepten, O. Miron, S. Perchik, M. A. Katz, M. A. Hernán, M. Lipsitch, 
B. Reis, R. D. Balicer, BNT162b2 mRNA Covid-19 Vaccine in a Nationwide Mass Vaccination 
Setting, N. Engl. J. Med. 384, 1412–1423 (2021). 

3. H. Rossman, S. Shilo, T. Meir, M. Gorfine, U. Shalit, E. Segal, COVID-19 dynamics after a 
national immunization program in Israel., Nat. Med. , 1–7 (2021). 

4. S. Mallapaty, India’s massive COVID surge puzzles scientists., Nature (2021), 
doi:10.1038/d41586-021-01059-y. 

5. J. P. Figueroa, M. E. Bottazzi, P. Hotez, C. Batista, O. Ergonul, S. Gilbert, M. Gursel, M. 
Hassanain, J. H. Kim, B. Lall, H. Larson, D. Naniche, T. Sheahan, S. Shoham, A. Wilder-Smith, 
N. Strub-Wourgaft, P. Yadav, G. Kang, Urgent needs of low-income and middle-income 
countries for COVID-19 vaccines and therapeuticsLancet 397, 562–564 (2021). 

6. B. Gates, Responding to Covid-19 — A Once-in-a-Century Pandemic?, N. Engl. J. Med. 
(2020), doi:10.1056/nejmp2003762. 

7. A. S. Rathore, F. Shareef, The influence of domestic manufacturing capabilities on biologic 
pricing in emerging economiesNat. Biotechnol. 37, 498–501 (2019). 

8. C. Shekhar, Pichia Power: India’s Biotech Industry Puts Unconventional Yeast to Work, 
Chem. Biol. 15, 201–202 (2008). 

9. N. Formica, R. Mallory, G. Albert, M. Robinson, J. S. Plested, I. Cho, A. Robertson, F. 
Dubovsky, G. M. Glenn, Evaluation of a SARS-CoV-2 Vaccine NVX-CoV2373 in Younger and 
Older Adults, medRxiv , 2021.02.26.21252482 (2021). 

10. S. F. James, E. B. Chahine, A. J. Sucher, C. Hanna, Shingrix: The New Adjuvanted 
Recombinant Herpes Zoster VaccineAnn. Pharmacother. 52, 673–680 (2018). 

11. M. Guebre-Xabier, N. Patel, J. H. Tian, B. Zhou, S. Maciejewski, K. Lam, A. D. Portnoff, M. 
J. Massare, M. B. Frieman, P. A. Piedra, L. Ellingsworth, G. Glenn, G. Smith, NVX-CoV2373 
vaccine protects cynomolgus macaque upper and lower airways against SARS-CoV-2 challenge, 
Vaccine (2020), doi:10.1016/j.vaccine.2020.10.064. 

12. P. Richmond, L. Hatchuel, M. Dong, B. Ma, B. Hu, I. Smolenov, P. Li, P. Liang, H. H. Han, 
J. Liang, R. Clemens, Safety and immunogenicity of S-Trimer (SCB-2019), a protein subunit 
vaccine candidate for COVID-19 in healthy adults: a phase 1, randomised, double-blind, 
placebo-controlled trial, Lancet 397, 682–694 (2021). 

13. W. Dejnirattisai, D. Zhou, H. M. Ginn, H. M. E. Duyvesteyn, P. Supasa, J. B. Case, Y. Zhao, 
T. S. Walter, A. J. Mentzer, C. Liu, B. Wang, G. C. Paesen, J. Slon-Campos, C. López-Camacho, 

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

N. M. Kafai, A. L. Bailey, R. E. Chen, B. Ying, C. Thompson, J. Bolton, A. Fyfe, S. Gupta, T. 
K. Tan, J. Gilbert-Jaramillo, W. James, M. Knight, M. W. Carroll, D. Skelly, C. Dold, Y. Peng, 
R. Levin, T. Dong, A. J. Pollard, J. C. Knight, P. Klenerman, N. Temperton, D. R. Hall, M. A. 
Williams, N. G. Paterson, F. K. R. Bertram, C. A. Seibert, D. K. Clare, A. Howe, J. Raedecke, Y. 
Song, A. R. Townsend, K.-Y. A. Huang, E. E. Fry, J. Mongkolsapaya, M. S. Diamond, J. Ren, 
D. I. Stuart, G. R. Screaton, The antigenic anatomy of SARS-CoV-2 receptor binding domain, 
Cell 0 (2021), doi:10.1016/j.cell.2021.02.032. 

14. Y. Zhou, Z. Liu, S. Li, W. Xu, Q. Zhang, I. T. Silva, C. Li, Y. Wu, Q. Jiang, Z. Liu, Q. 
Wang, Y. Guo, J. Wu, C. Gu, X. Cai, D. Qu, C. T. Mayer, X. Wang, S. Jiang, T. Ying, Z. Yuan, 
Y. Xie, Y. Wen, L. Lu, Q. Wang, Enhancement versus neutralization by SARS-CoV-2 
antibodies from a convalescent donor associates with distinct epitopes on the RBD, Cell Rep. 34, 
108699 (2021). 

15. Y. Valdes-Balbin, D. Santana-Mederos, F. Paquet, S. Fernandez, Y. Climent, F. Chiodo, L. 
Rodríguez, B. Sanchez Ramirez, K. Leon, T. Hernandez, L. Castellanos-Serra, R. Garrido, G. W. 
Chen, D. Garcia-Rivera, D. G. Rivera, V. Verez-Bencomo, Molecular Aspects concerning the 
Use of the SARS-CoV-2 Receptor Binding Domain as a Target for Preventive Vaccines, ACS 
Cent. Sci. (2021), doi:10.1021/acscentsci.1c00216. 

16. P. J. Hotez, M. E. Bottazzi, Developing a low-cost and accessible covid-19 vaccine for global 
healthPLoS Negl. Trop. Dis. 14, 1–6 (2020). 

17. K. R. Love, N. C. Dalvie, J. C. Love, The yeast stands alone: the future of protein biologic 
production, Curr. Opin. Biotechnol. 53, 50–58 (2018). 

18. J. Yang, W. Wang, Z. Chen, S. Lu, F. Yang, Z. Bi, L. Bao, F. Mo, X. Li, Y. Huang, W. 
Hong, Y. Yang, Y. Zhao, F. Ye, S. Lin, W. Deng, H. Chen, H. Lei, Z. Zhang, M. Luo, H. Gao, 
Y. Zheng, Y. Gong, X. Jiang, Y. Xu, Q. Lv, D. Li, M. Wang, F. Li, S. Wang, G. Wang, P. Yu, Y. 
Qu, L. Yang, H. Deng, A. Tong, J. Li, Z. Wang, J. Yang, G. Shen, Z. Zhao, Y. Li, J. Luo, H. Liu, 
W. Yu, M. Yang, J. Xu, J. Wang, H. Li, H. Wang, D. Kuang, P. Lin, Z. Hu, W. Guo, W. Cheng, 
Y. He, X. Song, C. Chen, Z. Xue, S. Yao, L. Chen, X. Ma, S. Chen, M. Gou, W. Huang, Y. 
Wang, C. Fan, Z. Tian, M. Shi, F. S. Wang, L. Dai, M. Wu, G. Li, G. Wang, Y. Peng, Z. Qian, 
C. Huang, J. Y. N. Lau, Z. Yang, Y. Wei, X. Cen, X. Peng, C. Qin, K. Zhang, G. Lu, X. Wei, A 
vaccine targeting the RBD of the S protein of SARS-CoV-2 induces protective immunity, Nature 
586, 572–577 (2020). 

19. L. Dai, T. Zheng, K. Xu, Y. Han, L. Xu, E. Huang, Y. An, Y. Cheng, S. Li, M. Liu, M. Yang, 
Y. Li, H. Cheng, Y. Yuan, W. Zhang, C. Ke, G. Wong, J. Qi, C. Qin, J. Yan, G. F. Gao, A 
Universal Design of Betacoronavirus Vaccines against COVID-19, MERS, and SARS, Cell 182, 
722-733.e11 (2020). 

20. T. K. Tan, P. Rijal, R. Rahikainen, A. H. Keeble, L. Schimanski, S. Hussain, R. Harvey, J. 
W. P. Hayes, J. C. Edwards, R. K. McLean, V. Martini, M. Pedrera, N. Thakur, C. Conceicao, I. 
Dietrich, H. Shelton, A. Ludi, G. Wilsden, C. Browning, A. K. Zagrajek, D. Bialy, S. Bhat, P. 
Stevenson-Leggett, P. Hollinghurst, M. Tully, K. Moffat, C. Chiu, R. Waters, A. Gray, M. 
Azhar, V. Mioulet, J. Newman, A. S. Asfor, A. Burman, S. Crossley, J. A. Hammond, E. 

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 23 

Tchilian, B. Charleston, D. Bailey, T. J. Tuthill, S. P. Graham, H. M. E. Duyvesteyn, T. 
Malinauskas, J. Huo, J. A. Tree, K. R. Buttigieg, R. J. Owens, M. W. Carroll, R. S. Daniels, J. 
W. McCauley, D. I. Stuart, K.-Y. A. Huang, M. Howarth, A. R. Townsend, A COVID-19 
vaccine candidate using SpyCatcher multimerization of the SARS-CoV-2 spike protein receptor-
binding domain induces potent neutralising antibody responses, Nat. Commun. 12, 542 (2021). 

21. Y.-F. Kang, C. Sun, Z. Zhuang, R.-Y. Yuan, Q. Zheng, J.-P. Li, P.-P. Zhou, X.-C. Chen, Z. 
Liu, X. Zhang, X.-H. Yu, X.-W. Kong, Q.-Y. Zhu, Q. Zhong, M. Xu, N.-S. Zhong, Y.-X. Zeng, 
G.-K. Feng, C. Ke, J.-C. Zhao, M.-S. Zeng, Rapid Development of SARS-CoV-2 Spike Protein 
Receptor-Binding Domain Self-Assembled Nanoparticle Vaccine Candidates, ACS Nano (2021), 
doi:10.1021/acsnano.0c08379. 

22. A. A. Cohen, P. N. P. Gnanapragasam, Y. E. Lee, P. R. Hoffman, S. Ou, L. M. Kakutani, J. 
R. Keeffe, H.-J. Wu, M. Howarth, A. P. West, C. O. Barnes, M. C. Nussenzweig, P. J. Bjorkman, 
Mosaic nanoparticles elicit cross-reactive immune responses to zoonotic coronaviruses in mice., 
Science (2021), doi:10.1126/science.abf6840. 

23. A. C. Walls, B. Fiala, A. Schäfer, S. Wrenn, M. N. Pham, M. Murphy, L. V. Tse, L. Shehata, 
M. A. O’Connor, C. Chen, M. J. Navarro, M. C. Miranda, D. Pettie, R. Ravichandran, J. C. 
Kraft, C. Ogohara, A. Palser, S. Chalk, E. C. Lee, K. Guerriero, E. Kepl, C. M. Chow, C. 
Sydeman, E. A. Hodge, B. Brown, J. T. Fuller, K. H. Dinnon, L. E. Gralinski, S. R. Leist, K. L. 
Gully, T. B. Lewis, M. Guttman, H. Y. Chu, K. K. Lee, D. H. Fuller, R. S. Baric, P. Kellam, L. 
Carter, M. Pepper, T. P. Sheahan, D. Veesler, N. P. King, Elicitation of Potent Neutralizing 
Antibody Responses by Designed Protein Nanoparticle Vaccines for SARS-CoV-2, Cell 183, 
1367-1382.e17 (2020). 

24. N. C. Dalvie, S. A. Rodriguez-Aponte, B. L. Hartwell, L. H. Tostanoski, A. M. Biedermann, 
L. E. Crowell, K. Kaur, O. Kumru, L. Carter, J. Yu, A. Chang, K. Mcmahan, T. Courant, C. 
Lebas, A. A. Lemnios, K. A. Rodrigues, M. Silva, R. S. Johnston, C. A. Naranjo, M. K. Tracey, 
J. R. Brady, C. A. Whittaker, D. Yun, S. Kar, M. Porto, M. Lok, H. Andersen, M. G. Lewis, K. 
R. Love, D. L. Camp, J. M. Silverman, H. Kleanthous, S. B. Joshi, D. B. Volkin, P. M. Dubois, 
N. Collin, N. P. King, D. H. Barouch, D. J. Irvine, J. C. Love, Engineered SARS-CoV-2 receptor 
binding domain improves immunogenicity in mice and elicits protective immunity in hamsters, 
bioRxiv , 2021.03.03.433558 (2021). 

25. P. S. Kulkarni, S. K. Raut, P. S. Patki, M. A. Phadke, S. S. Jadhav, S. V. Kapre, S. P. Dhorje, 
S. R. Godse, Immunogenicity of a new, low-cost recombinant hepatitis B vaccine derived from 
Hansenula polymorpha in adults, Vaccine 24, 3457–3460 (2006). 

26. S. K. Singh, S. Thrane, C. M. Janitzek, M. A. Nielsen, T. G. Theander, M. Theisen, A. 
Salanti, A. F. Sander, Improving the malaria transmission-blocking activity of a Plasmodium 
falciparum 48/45 based vaccine antigen by SpyTag/SpyCatcher mediated virus-like display, 
Vaccine 35, 3726–3732 (2017). 

27. A. Marini, Y. Zhou, Y. Li, I. J. Taylor, D. B. Leneghan, J. Jin, M. Zaric, D. Mekhaiel, C. A. 
Long, K. Miura, S. Biswas, A Universal Plug-and-Display Vaccine Carrier Based on HBsAg 
VLP to Maximize Effective Antibody Response, Front. Immunol. 10, 2931 (2019). 

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

28. N. C. Dalvie, A. M. Biedermann, S. A. Rodriguez-Aponte, C. A. Naranjo, H. D. Rao, M. P. 
Rajurkar, R. R. Lothe, U. S. Shaligram, R. S. Johnston, L. E. Crowell, S. Castelino, M. K. 
Tracey, C. A. Whittaker, J. C. Love, Scalable, methanol-free manufacturing of the SARS-CoV-2 
receptor binding domain in engineered Komagataella phaffii, bioRxiv , 2021.04.15.440035 
(2021). 

29. J. D. Campbell, in Methods in Molecular Biology, (Humana Press Inc., 2017), vol. 1494, pp. 
15–27. 

30. F. J. Salguero, A. D. White, G. S. Slack, S. A. Fotheringham, K. R. Bewley, K. E. Gooch, S. 
Longet, H. E. Humphries, R. J. Watson, L. Hunter, K. A. Ryan, Y. Hall, L. Sibley, C. Sarfas, L. 
Allen, M. Aram, E. Brunt, P. Brown, K. R. Buttigieg, B. E. Cavell, R. Cobb, N. S. Coombes, A. 
Darby, O. Daykin-Pont, M. J. Elmore, I. Garcia-Dorival, K. Gkolfinos, K. J. Godwin, J. Gouriet, 
R. Halkerston, D. J. Harris, T. Hender, C. M. K. Ho, C. L. Kennard, D. Knott, S. Leung, V. 
Lucas, A. Mabbutt, A. L. Morrison, C. Nelson, D. Ngabo, J. Paterson, E. J. Penn, S. Pullan, I. 
Taylor, T. Tipton, S. Thomas, J. A. Tree, C. Turner, E. Vamos, N. Wand, N. R. Wiblin, S. 
Charlton, X. Dong, B. Hallis, G. Pearson, E. L. Rayner, A. G. Nicholson, S. G. Funnell, J. A. 
Hiscox, M. J. Dennis, F. V. Gleeson, S. Sharpe, M. W. Carroll, Comparison of rhesus and 
cynomolgus macaques as an infection model for COVID-19, Nat. Commun. 12, 1–14 (2021). 

31. K. McMahan, J. Yu, N. B. Mercado, C. Loos, L. H. Tostanoski, A. Chandrashekar, J. Liu, L. 
Peter, C. Atyeo, A. Zhu, E. A. Bondzie, G. Dagotto, M. S. Gebre, C. Jacob-Dolan, Z. Li, F. 
Nampanya, S. Patel, L. Pessaint, A. Van Ry, K. Blade, J. Yalley-Ogunro, M. Cabus, R. Brown, 
A. Cook, E. Teow, H. Andersen, M. G. Lewis, D. A. Lauffenburger, G. Alter, D. H. Barouch, 
Correlates of protection against SARS-CoV-2 in rhesus macaques, Nature 590, 630–634 (2021). 

32. J. Yu, L. H. Tostanosk, L. Peter, N. B. Mercad, K. McMahan, S. H. Mahrokhia, J. P. Nkolol, 
J. Liu, Z. Li, A. Chandrashekar, D. R. Martine, C. Loos, C. Atyeo, S. Fischinger, J. S. Burk, M. 
D. Slei, Y. Chen, A. Zuiani, F. J. N. Lelis, M. Travers, S. Habibi, L. Pessaint, A. Van Ry, K. 
Blade, R. Brown, A. Cook, B. Finneyfrock, A. Dodson, E. Teow, J. Velasco, R. Zahn, F. 
Wegmann, E. A. Bondzi, G. Dagotto, M. S. Gebr, X. He, C. Jacob-Dolan, M. Kirilova, N. 
Kordana, Z. Lin, L. F. Maxfiel, F. Nampanya, R. Nityanandam, J. D. Ventur, H. Wan, Y. Cai, B. 
Chen, A. G. Schmid, D. R. Weseman, R. S. Bari, G. Alter, H. Andersen, M. G. Lewi, D. H. 
Barou, DNA vaccine protection against SARS-CoV-2 in rhesus macaques, Science (80-. ). 369, 
806–811 (2020). 

33. C. L. Brazolot Millan, R. Weeratna, A. M. Krieg, C. A. Siegrist, H. L. Davis, CpG DNA can 
induce strong Th1 humoral and cell-mediated immune responses against hepatitis B surface 
antigen in young mice, Proc. Natl. Acad. Sci. U. S. A. 95, 15553–15558 (1998). 

34. H. L. Davis, R. Weeratna, T. J. Waldschmidt, L. Tygrett, J. Schorr, A. M. Krieg, R. 
Weeranta, CpG DNA is a potent enhancer of specific immunity in mice immunized with 
recombinant hepatitis B surface antigen., J. Immunol. (1998). 

35. P. S. Arunachalam, A. C. Walls, N. Golden, C. Atyeo, S. Fischinger, C. Li, P. Aye, M. J. 
Navarro, L. Lai, V. V. Edara, K. Röltgen, K. Rogers, L. Shirreff, D. E. Ferrell, S. Wrenn, D. 
Pettie, J. C. Kraft, M. C. Miranda, E. Kepl, C. Sydeman, N. Brunette, M. Murphy, B. Fiala, L. 

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25 

Carter, A. G. White, M. Trisal, C. L. Hsieh, K. Russell-Lodrigue, C. Monjure, J. Dufour, S. 
Spencer, L. Doyle-Meyers, R. P. Bohm, N. J. Maness, C. Roy, J. A. Plante, K. S. Plante, A. Zhu, 
M. J. Gorman, S. Shin, X. Shen, J. Fontenot, S. Gupta, D. T. O’Hagan, R. Van Der Most, R. 
Rappuoli, R. L. Coffman, D. Novack, J. S. McLellan, S. Subramaniam, D. Montefiori, S. D. 
Boyd, J. A. L. Flynn, G. Alter, F. Villinger, H. Kleanthous, J. Rappaport, M. S. Suthar, N. P. 
King, D. Veesler, B. Pulendran, Adjuvanting a subunit COVID-19 vaccine to induce protective 
immunity, Nature 594, 253–258 (2021). 

36. J. A. Aebig, G. E. D. Mullen, G. Dobrescu, K. Rausch, L. Lambert, O. Ajose-Popoola, C. A. 
Long, A. Saul, A. P. Miles, Formulation of vaccines containing CpG oligonucleotides and alum, 
J. Immunol. Methods 323, 139–146 (2007). 

37. W. S. Lee, A. K. Wheatley, S. J. Kent, B. J. DeKosky, Antibody-dependent enhancement and 
SARS-CoV-2 vaccines and therapies, Nat. Microbiol. 2020 510 5, 1185–1191 (2020). 

38. International Coalition of Medicines Regulatory Authorities, Global regulatory workshop on 
COVID-19 vaccine development (2021). 

39. D. Li, R. J. Edwards, K. Manne, D. R. Martinez, A. Schäfer, S. M. Alam, K. Wiehe, X. Lu, 
R. Parks, L. L. Sutherland, T. H. Oguin, C. McDanal, L. G. Perez, K. Mansouri, S. M. C. Gobeil, 
K. Janowska, V. Stalls, M. Kopp, F. Cai, E. Lee, A. Foulger, G. E. Hernandez, A. Sanzone, K. 
Tilahun, C. Jiang, L. V. Tse, K. W. Bock, M. Minai, B. M. Nagata, K. Cronin, V. Gee-Lai, M. 
Deyton, M. Barr, T. Von Holle, A. N. Macintyre, E. Stover, J. Feldman, B. M. Hauser, T. M. 
Caradonna, T. D. Scobey, W. Rountree, Y. Wang, M. A. Moody, D. W. Cain, C. T. DeMarco, T. 
N. Denny, C. W. Woods, E. W. Petzold, A. G. Schmidt, I.-T. Teng, T. Zhou, P. D. Kwong, J. R. 
Mascola, B. S. Graham, I. N. Moore, R. Seder, H. Andersen, M. G. Lewis, D. C. Montefiori, G. 
D. Sempowski, R. S. Baric, P. Acharya, B. F. Haynes, K. O. Saunders, In vitro and in vivo 
functions of SARS-CoV-2 infection-enhancing and neutralizing antibodies, Cell 0 (2021), 
doi:10.1016/J.CELL.2021.06.021. 

40. L. J. Abu-Raddad, H. Chemaitelly, A. A. Butt, National Study Group for COVID-19 
Vaccination, Effectiveness of the BNT162b2 Covid-19 Vaccine against the B.1.1.7 and B.1.351 
Variants., N. Engl. J. Med. (2021), doi:10.1056/NEJMc2104974. 

41. K. Wu, A. P. Werner, M. Koch, A. Choi, E. Narayanan, G. B. E. Stewart-Jones, T. Colpitts, 
H. Bennett, S. Boyoglu-Barnum, W. Shi, J. I. Moliva, N. J. Sullivan, B. S. Graham, A. Carfi, K. 
S. Corbett, R. A. Seder, D. K. Edwards, Serum Neutralizing Activity Elicited by mRNA-1273 
Vaccine, N. Engl. J. Med. 384, 1468–1470 (2021). 

42. V. Shinde, S. Bhikha, Z. Hoosain, M. Archary, Q. Bhorat, L. Fairlie, U. Lalloo, M. S. L. 
Masilela, D. Moodley, S. Hanley, L. Fouche, C. Louw, M. Tameris, N. Singh, A. Goga, K. 
Dheda, C. Grobbelaar, G. Kruger, N. Carrim-Ganey, V. Baillie, T. de Oliveira, A. Lombard 
Koen, J. J. Lombaard, R. Mngqibisa, A. E. Bhorat, G. Benadé, N. Lalloo, A. Pitsi, P.-L. 
Vollgraaff, A. Luabeya, A. Esmail, F. G. Petrick, A. Oommen-Jose, S. Foulkes, K. Ahmed, A. 
Thombrayil, L. Fries, S. Cloney-Clark, M. Zhu, C. Bennett, G. Albert, E. Faust, J. S. Plested, A. 
Robertson, S. Neal, I. Cho, G. M. Glenn, F. Dubovsky, S. A. Madhi, Efficacy of NVX-CoV2373 
Covid-19 Vaccine against the B.1.351 Variant, N. Engl. J. Med. , NEJMoa2103055 (2021). 

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 26 

43. H. X. Tan, J. A. Juno, W. S. Lee, I. Barber-Axthelm, H. G. Kelly, K. M. Wragg, R. 
Esterbauer, T. Amarasena, F. L. Mordant, K. Subbarao, S. J. Kent, A. K. Wheatley, 
Immunogenicity of prime-boost protein subunit vaccine strategies against SARS-CoV-2 in mice 
and macaques, Nat. Commun. 12, 1–10 (2021). 

44. N. B. Mercado, R. Zahn, F. Wegmann, C. Loos, A. Chandrashekar, J. Yu, J. Liu, L. Peter, K. 
McMahan, L. H. Tostanoski, X. He, D. R. Martinez, L. Rutten, R. Bos, D. van Manen, J. 
Vellinga, J. Custers, J. P. Langedijk, T. Kwaks, M. J. G. Bakkers, D. Zuijdgeest, S. K. Rosendahl 
Huber, C. Atyeo, S. Fischinger, J. S. Burke, J. Feldman, B. M. Hauser, T. M. Caradonna, E. A. 
Bondzie, G. Dagotto, M. S. Gebre, E. Hoffman, C. Jacob-Dolan, M. Kirilova, Z. Li, Z. Lin, S. H. 
Mahrokhian, L. F. Maxfield, F. Nampanya, R. Nityanandam, J. P. Nkolola, S. Patel, J. D. 
Ventura, K. Verrington, H. Wan, L. Pessaint, A. Van Ry, K. Blade, A. Strasbaugh, M. Cabus, R. 
Brown, A. Cook, S. Zouantchangadou, E. Teow, H. Andersen, M. G. Lewis, Y. Cai, B. Chen, A. 
G. Schmidt, R. K. Reeves, R. S. Baric, D. A. Lauffenburger, G. Alter, P. Stoffels, M. Mammen, 
J. Van Hoof, H. Schuitemaker, D. H. Barouch, Single-shot Ad26 vaccine protects against SARS-
CoV-2 in rhesus macaques, Nature 586, 583–588 (2020). 

45. J. Yu, Z. Li, X. He, M. S. Gebre, E. A. Bondzie, H. Wan, C. Jacob-Dolan, D. R. Martinez, J. 
P. Nkolola, R. S. Baric, D. H. Barouch, Deletion of the SARS-CoV-2 Spike Cytoplasmic Tail 
Increases Infectivity in Pseudovirus Neutralization Assays, J. Virol. 95 (2021), 
doi:10.1128/jvi.00044-21. 

 

  

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 27 

 

Fig. 1 Design and analysis of the RBD-VLP drug product 

A) Schematic of protein expression and conjugation. B) Reduced SDS-PAGE analysis of the 

formulated RBD-VLP vaccine samples. Alum-bound protein antigen (with and without CpG) 

was separated by centrifugation and desorbed from the alum using an elution buffer combined 

with heat treatment prior to SDS-PAGE. 
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Fig. 2 Humoral and cellular immune response to the RBD-VLP vaccine 

A) Design of the non-human primate study in cynomolgus macaques. B) Titers of RBD-specific 

antibody binding in animal sera. C) Titers of SARS-CoV-2 pseudovirus neutralizing antibody in 

animal sera. D) Expression of IFNγ from cells stimulated with S1 protein peptides. 

Statistical significance was determined by a Kolmogorov-Smirnov test. N.S. = not significant (p 

> 0.1). Black bars represent median values. Dotted gray line represents limit of detection.  

  

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 29 

 

Fig. 3 Challenge with SARS-CoV-2 

A,C) Peak levels of SARS-CoV-2 sgRNA after challenge for each animal from nasal swabs (A) 

or bronchoalveolar lavage (C). Statistical significance was determined by a Kolmogorov-

Smirnov test. N.S. = not significant (p > 0.1). Black bars represent median values. Dotted gray 

line represents limit of detection. B,D) Levels of sgRNA after challenge from nasal swabs (B) or 

bronchoalveolar lavage (D). Each thin line represents one animal. Thick black lines represent 

median values. E,F) Correlation of RBD-specific antibody titer and pseudovirus neutralizing 

antibody titer from week 5 animal sera with peak sgRNA levels in nasal swabs (E) and 
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bronchoalveolar lavage (F). R was calculated by Spearman correlation. G) Pathology scores for 

individual lung samples and cumulative scores for each animal. H) Titers of RBD-specific 

antibody and SARS-CoV-2 pseudovirus neutralizing antibody in animal sera at week 7 (2 weeks 

post challenge). Statistical significance was determined by a Kolmogorov-Smirnov test. N.S. = 

not significant (p > 0.1). Black bars represent median values.  

 

  

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

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452251doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452251
http://creativecommons.org/licenses/by-nc-nd/4.0/


 31 

 

Fig. S1 Analysis of representative samples of RBD-VLP antigen 

A) Biolayer interferometry of binding to human ACE2-Fc protein, and CR3022 neutralizing 

antibody. RBD-VLP conjugated protein is shown in blue. RBD-spytag monomer is shown in red. 

B-C) Negative stain electron microscopy of unconjugated HBsAg-VLP (B) and conjugated 

RBD-VLP (C).  
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Fig. S2 Further analysis of the humoral immune response 

A) Correlation of RBD-specific antibody titer and pseudovirus neutralizing antibody titer from 

week 5 animal sera. R was calculated by Spearman correlation. B) Titers of neutralizing 

antibodies to SARS-CoV-2 variant pseudoviruses in animal sera. Statistical significance was 

determined by a Kolmogorov-Smirnov test. N.S. = not significant (p > 0.1). Black bars represent 

median values. Dotted gray line represents limit of detection. C) Relative binding of adjuvanted 

RBD-VLP to ACE2-Fc by competitive ELISA. Alum-bound protein was separated to bound and 

unbound only fractions by centrifugation. Error represents standard deviation after two 

independent measurements.  
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