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SUMMARY

Emerging SARS-CoV-2 variants pose a threat to human health worldwide. SARS-
CoV-2 receptor binding domain (RBD)-based vaccines are suitable candidates for
booster vaccines, eliciting a focused antibody response enriched for virus neutral-
izing activity. Although RBD proteins aremanufactured easily, and have excellent
stability and safety properties, they are poorly immunogenic compared to the
full-length spike protein. We have overcome this limitation by engineering a sub-
unit vaccine composed of an RBD tandem dimer fused to the N-terminal domain
(NTD) of the spike protein. We found that inclusion of the NTD (1) improved the
magnitude and breadth of the T cell and anti-RBD response, and (2) enhanced T
follicular helper cell and memory B cell generation, antibody potency, and
cross-reactive neutralization activity against multiple SARS-CoV-2 variants,
including B.1.1.529 (Omicron BA.1). In summary, our uniquely engineered RBD-
NTD-subunit protein vaccine provides a promising booster vaccination strategy
capable of protecting against known SARS-CoV-2 variants of concern.

INTRODUCTION

COVID-19, the disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has had a

profound impact on human health at a global scale and is responsible for the deaths of more than 6 million

people. The first generation of COVID-19 vaccines have been highly successful in controlling the disease

and minimizing death,1,2 but as the virus continues to evolve, alternative vaccine approaches may be

more appropriate for boosting existing immunity.

SARS-CoV-2 mediates cell entry through the viral spike protein binding to its receptor protein, angiotensin

converting enzyme 2 (ACE2) on host epithelial cells.3–5 As such, the spike protein has been the target for

most vaccine strategies.6,7 The SARS-CoV-2 spike is a homotrimer, where eachmonomer is composed of an

S1 and S2 domain.4 The S1 domain consists of an N terminal domain (NTD) followed by the receptor bind-

ing domain (RBD), which directly interacts with ACE2. The S2 domain mediates viral membrane fusion.7

Antibody mediated protection against SARS-CoV-2 is almost entirely mediated by anti-RBD antibodies,

followed by anti-NTD antibodies.8–15 Although S2 domain antibodies can disrupt viral membrane fusion,

these represent a much smaller proportion of neutralizing antibodies (NAbs).16–20 Non-neutralizing S2

domain targeting antibodies are common in naive and post infection individuals.19

Emerging evidence suggests that neutralizing antibody titers wane after two COVID-19 vaccine doses21

and immunity against highly mutated Omicron variants is significantly reduced after three months after

boost (third administration).22 Thus, booster vaccination strategies are required to control the pandemic.

New vaccine designs should focus the humoral response on the RBD to drive high levels of NAbs and avoid

the risk of repriming immune responses toward non-neutralizing epitopes. However, the RBD alone is a

poor immunogen, generally failing to generate high levels of NAbs.23,24 In a whole spike immunization

or in an infection, the body encounters the RBD within a homotrimer, and the NTD and S2 domains provide
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additional T cell epitopes. The poor immunogenicity of the RBD can be improved by multimerization, al-

lowing for improved B cell receptor crosslinking25 and more efficient phagocytosis by antigen-presenting

cells.26 Immunization with a tandem dimer of the RBD generates high levels of NAbs,27 and protects mice

from infection following live SARS-CoV-2 challenge.28 However, dimerization does not compensate for the

minimal CD4+T cell epitopes in the RBD, which play an important role in driving cross-reactive immunity

against emerging variants by encouraging germinal center reactions.29,30 The S1 domain has been shown

to be a more effective immunogen in animal models than the RBD monomer.24 This is likely because of the

additional epitopes contained within the NTD of S1, that elicit both CD4+ T cell responses31,32 and

NAbs.11,12

In this study, we introduce a subunit vaccine strategy designed to enrich for RBD-specific antibodies and

prevent the accumulation of non-neutralizing S2 domain targeting antibodies. Our novel protein subunit

vaccine contains a tandem-dimer RBD with the NTD fused at the C terminus (RBD-RBD-NTD), combining

high protein expression with the presence of both NTD and RBD epitopes. Unlike vaccines based on the

entire spike protein, our innovative strategy excludes the S2 domain, reducing the risk of magnifying

pre-existing non-neutralizing S2 domain antibodies.33 Mice immunized with our RBD-RBD-NTD subunit

vaccine (referred to hereafter as VAANZ-D_RRN) showed equivalent protection to that seen in SARS-

CoV-2 convalescent mice. Incorporation of the NTD resulted in an increased T cell response and improved

affinity and breadth of the antibodies generated, ultimately conferring greater cross-neutralizing capacity

compared to an RBD tandem dimer vaccine. By focusing the host humoral response to the receptor bind-

ing and N terminal domains of the SARS-CoV-2 spike protein, we show that VAANZ-D_RRN can be a suit-

able candidate for a booster vaccine against circulating, and perhaps novel, SARS-CoV-2 variants.

RESULTS

Development of subunit vaccine candidate

We sought to increase immunogenicity and T cell response to an RBD-protein based vaccine by dimerizing

the RBD and adding the NTD to the RBD-dimer construct. Our vaccine design was based on evidence that

tandem dimerization of the RBD promotes a significant increase in the expression of the recombinant pro-

tein and improves immunogenicity in mice.28 In addition, mapping of the distribution of CD4+ and CD8+T

cell epitopes in COVID-19 cases revealed that the NTD was particularly immunodominant.32 Based on

these findings, we engineered a series of constructs with a tandem RBD sequence and one copy of the

NTD. The first series of constructs were based on ancestral (Wuhan, W) sequences, followed by a second

generation of constructs based on the SARS-CoV-2 Delta variant (Figures 1A–1C). The monomeric RBD

construct (W_RBD) and the RBD tandem dimer (W_RBD-RBD) included residues 329–537 of the ancestral

sequence (Figures 1A and 1B). To evaluate the impact of design architecture on expression, stability,

and binding of ACE2, controls consisting of an RBD monomer, an RBD tandem dimer from each strain,

and an RBD-NTD heterodimer were also prepared, as shown in cartoons in Figure 1C. For the constructs

containing the NTD, optimization of the interdomain linkers and the RBD-NTD arrangement was required

to improve expression. We found that transposing the NTD to the RBD C-terminus improved expression.

Thus, our initial protein candidate was developed using the RBD-RBD-NTD architecture, hereafter referred

to as VAANZ-W_RRN. (Figure 1C).

To increase expression and to streamline protein production, cell lines were made for all constructs used in

this study, as detailed elsewhere.34 The expression level of the different constructs varied between �5 and

30 mg/L of media after purification. The proteins were routinely purified to at least 90% purity, as verified by

size-exclusion chromatography (SEC) and SDS-PAGE followed by Coomassie stain (Figures S1A–S1D).

Thermostability assays (TSA) were also used to assess the folding and stability of the purified proteins

over several months at 4�C. Importantly, all proteins maintained the same TSA parameters for at least

5 months at 4�C (Figure S1E), indicating the RBD-based proteins are very stable at this temperature. These

proteins maintained the three-dimensional structure of the SARS-CoV-2 RBD, as evidenced by the ACE2

binding (Figure S1F). The ACE2 binding affinity was assessed for the W_RBD, W_RBD-RBD and

VAANZ-W_RRN proteins. Affinity calculations revealed that dimerizing the RBD doubled the binding

affinity to ACE2 (W_RBD = Kd of 3.82 nM W_RBD-RBD = Kd of 1.87 nM). Furthermore, the Kd of all other

constructs tested here was very similar at <2 nM, suggesting that the inclusion of the NTD domain in

VAANZ-W_RRN protein did not impact ACE2 interaction (Figure S1F). In summary, all constructs were

correctly folded and the inclusion of the NTD at the C terminus of the RBD dimer did not impact the

RBD/ACE2 interaction, and as such all domains are still available for antibody targeting.
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To address the emergence of the highly transmissible SARS-CoV-2 Delta variant in December 2020,35 we

developed a new RBD-RBD-NTD construct based on this variant, termed VAANZ-D_RRN (Figure 1C).

Notably, the expression level of the SARS-CoV-2 Delta variant version increased approximately

6-fold compared to the ancestral strain construct and displayed similar ACE2 binding properties

(VAANZ-W_RRN = Kd of 1.72 nM, VAANZ-D_RRN = Kd of 1.81 nM).

Immunization with VAANZ-W_RRN and VAANZ-D_RRN provide protection equivalent to

that seen in convalescent mice

To determine whether VAANZ-D_RRN, containing the critical epitopes of the S1 domain, was sufficient to

confer protection, we tested its protective capacity in an animal model. K-18 mice carry the human ACE2

protein on the keratin 18 promoter, and therefore express ACE2 on epithelial cells, including the respira-

tory mucosa, which make them highly susceptible to infection with SARS-CoV-2.36–38 Mice were unvacci-

nated or immunized on days 0 and 21 with 50 mg of VAANZ-D_RRN AddaVax. Given the strong protective

capacity of previous SARS-CoV-2 infection for subsequent infection,39 as a positive control to benchmark

the efficacy of our novel subunit vaccine, a convalescent group of mice was established using a sublethal

dose inoculation of 102 TCID50 SARS-CoV-2 (SARS-CoV-2/Australia/Vic/01/20 (ancestral; Wuhan-1

like SARS-CoV-2 (Wuhan)) on day 14. On day 35, all groups of mice were intranasally challenged with

A

C

B

Figure 1. Development of novel SARS-CoV-2 subunit vaccine

(A) Schematic drawing of the spike protein of SARS-CoV-2. S, signal peptide; NTD, N-terminal domain; RBD, receptor binding domain; TM transmembrane

domain. Numbers refers to the amino acid position in the spike protein.

(B) Cartoon of VAANZ-W_RRN construct showing the position of the tags, the antigenic domains, and the cleavage points. L, leader sequence; F, FLAG tag;

Fc, human Fc domain of IgG1; scissors are the location of the HRV-3C protease cleavage sites.

(C) Summary of the RBD proteins produced. Virus variant, mutations present, length in amino acids and theoretical mass (kDa) are reported.
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1 3 104 TCID50 of SARS-CoV-2 (SARS-CoV-2/Australia/Vic/18440/2021 (B.1.617.2, delta variant)) and then

monitored for body weight changes and mortality (Figure 2A). Infection of unvaccinated mice resulted in

rapid weight loss, and by day 16 61.5% of mice had succumbed to SARS-CoV-2 infection (Figures 2B

and 2C). However, all mice immunized with VAANZ-D_RRN + AddaVax were protected from SARS-CoV-

2 disease and did not lose any body weight (Figure 2C). Viral titers in the lung and nasal turbinates of

SARS-CoV-2 challenged mice were similar in immunized and convalescent groups (Figure 2D). In the

case of immunization with VAANZ-W_RRN, and challenge with ancestral SARS-CoV-2 a similar level of pro-

tection from weight loss was observed (Figures S2A and S2B) and 100% of mice survived, as opposed to 7%

in the unvaccinated group.

Next, we investigated whether protection conferred from immunization with VAANZ-W_RRN correlated

with the presence of NAbs. C57BL/6 mice were immunized twice with PBS, or 50 mg VAANZ-W_RRN +

AddaVax, on days 0 and 21, and serum was collected at day 28. We compared the neutralization capacity

of sera samples from immunized mice with that of convalescent human sera against SARS-CoV-2 (NZ/

Queenstown/01 strain) in a replication-competent virus neutralization assay. Mice immunized with

VAANZ-W_RRN showed a 2.5-fold higher neutralizing antibody titer compared to serum samples from

convalescent humans (Figure S2D).

To assess the durability of the antibody response initiated by VAANZ-W_RRN and VAANZ-D_RRN we

tracked anti-RBD IgG titers over time compared with titers in mice immunized with formalin-inactivated

SARS-CoV-2 (resembling approved COVID-19 vaccines currently administered to millions worldwide40,41).

Similar to the formalin-inactivated virus, antibody levels in VAANZ-W_RRN vaccinated mice peaked at

approximately 70 days after the first dose and then plateaued 100 days after the second dose, remaining

stable for at least 220 days (Figure S2E). Likewise, anti-RBD IgG in VAANZ-D_RRN vaccinated mice per-

sisted for 384 days (Figure 2E). These data suggest that despite the smaller size of the dimerized RBD

and NTD protein, compared to full length spike protein, protection and neutralizing antibody was compa-

rable to responses elicited by the whole virus.

The T cell response induced by ancestral- and Delta-based constructs was also similar. Groups of C57BL/6

mice were immunized on days 0 and 21 with 50 mg of VAANZ-W_RRN or VAANZ-D_RRN with AddaVax or

were treated with PBS as a negative control. To assess the T cell response, on day 28 IFN-g ELISpot assays

were performed on splenocytes re-stimulated with overlapping peptide pools from the S1 domain of the

respective variants. Immunization with either ancestral- or Delta-based RBD-RBD-NTD protein induced

similar number of IFN-g-producing T cells specific for S1 (Figure S2F). Likewise, both protein constructs

induced similar titers of RBD binding antibodies (Figure S2G). Given that (1) the production yield of

VAANZ-D_RRN was 6X greater than the ancestral construct (2) there was no difference in the immunogenic

profile or protective capacity between the two constructs we decided to develop VAANZ-D_RRN as our

primary vaccine candidate.

Incorporation of the NTD enhances immunogenicity of the RBD subunit vaccine

To determine whether the addition of the NTD within VAANZ-D_RRN resulted in an increased breadth of

T cell response, we compared the antigen-specific response to vaccination with a Delta variant RBD dimer

(D_RBD-RBD). T cell responses against the different regions of spike protein were assessed by re-stimula-

tion with overlapping peptide pools from RBD or S1 (RBD + NTD). When mice were immunized with

D_RBD-RBD, there was no significant difference between the numbers of RBD-specific or S1-specific

IFN-g-producing T cells. In contrast, immunization with VAANZ-D_RRN resulted in significantly higher

numbers of S1-specific IFN-g-producing T cells than RBD-specific cells (Figure 3A), a difference most likely

because of a T cell response against the NTD. To assess the contribution of NTD-specific T cells to the total

IFN-g-producing response, we measured the ratio of S1 to RBD specific IFN-g-producing T cells, showing

that for every RBD-specific IFN-g+ cell, there were, on average, two S1-specific cells when mice were immu-

nized with VAANZ-D_RRN. Therefore, addition of the NTD to the RBD dimer significantly improved the

T cell response by providing additional T cell epitopes (Figure 3B).

Given that vaccination with VAANZ-D_RRN promoted enhanced T cell immunity compared to the RBD

dimer, we investigated whether a higher number and frequency of T follicular helper (TFH) cells were

induced, as these cells are critical for B cell activation, class switching and affinity maturation.42 Expression

levels of the TFH-associated molecules B-cell lymphoma 6 protein (Bcl6) and programmed death-1 (PD-1)
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Figure 2. Protection following immunization with VAANZ-D_RRN is equivalent to protection from previous infection

(A) Schematic of immunization and SARS-CoV-2 challenge protocol. K18-hACE2 transgenic mice were either unvaccinated, immunized with VAANZ-D_RRN,

or challenged with sublethal dose of ancestral SARS-CoV-2. All mice groups received 13 104 TCID50 of SARS-CoV-2 on Day 35 andmonitored for weight loss

(B) and survival (C) for 16 days post infection. Viral titers from lung and nasal turbinates at day 3 post infection (D). Symbols and error bars indicate mean from

groups of 10 as shown in C. p values were calculated by a mixed-effect analysis (B) or Mantel-Cox Log-Rank test (C), each group were compared to

unvaccinated controls.

(E) Anti-RBD IgG in sera over time from C57BL/6 mice immunized with VAANZ-D_RRN/AddaVax or 6 mg of inactivated SARS-CoV-2 virus/AddaVax. Symbols

indicate geometric meanG SD from groups of n = 10. Mice were immunized with 2 doses of PBS or 50 mg of specified protein vaccine and AddaVax, spaced

3 weeks apart and assessed 1 week after the second dose. All data are pooled from two independent experiments. p values in D-E were calculated by one-

way ANOVA with Tukey’s multiple comparison. **, p < 0.01; ****, p < 0.0001; ns, not significant.
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Figure 3. VAANZ-D _RRN induces stronger immune responses than D_RBD-RBD vaccine

Responses to VAANZ-D_RRN were compared to D_RBD-RBD.

(A and B) RBD-specific and S1-specific IFNg producing cells and their ratio (B) is shown.

(C) Plots gated on CD4+CD44+TCRb+ cells show TFH CD4 T cells expressing PD-1 and BCL6. Percent among CD4+ cells (D) and number (E) of TFH cells. Anti-

RBD IgG (F) and S1-binding B cells (G–J) were measured. (G) S1-specific tetramer on IgD�B220+ cells. S1+B cells as total number (H) number within subset (I

and J) Percent among B cell subset. Data are pooled from 2-3 independent experiments, symbols indicate individual mice from groups of n = 5–10. Bars

indicate mean (except in B and H) or geometric mean (B, H). p values were calculated by one-way ANOVA with Tukey’s multiple comparison, except in A, I-J,

which were calculated by two-way ANOVA *, p < 0.05; **, p < 0.01; ****, p < 0.0001.
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on CD4+T cells from the draining lymph node (LN) (Figure 3C) revealed that indeed, the incorporation of

the NTD promoted a higher number and proportion of TFH cells (Figures 3D and 3E).

Next, we determined whether the inclusion of the NTD in the VAANZ-D_RRN protein improved the anti-

body response to RBD. Immunization with VAANZ-D_RRN induced higher levels of anti-RBD IgG anti-

bodies (Figure 3H) compared to titers in mice immunized with the D_RBD-RBD protein. To gain a more

detailed understanding of the humoral response induced following immunization with the different RBD

protein vaccines, we evaluated the antigen-specific B cell responses in vaccinated mice by flow cytometry.

To detect antigen-specific B cells we made fluorescent tetramers of the S1 domain (Wuhan, Delta, Kappa,

Beta, and Omicron S1 tetramers all on PE), which includes epitopes present in VAANZ-D_RRN protein. A

control tetramer of ovalbumin (OVA) was also generated to detect cells binding non-specifically. Draining

lymph nodes were isolated 7 days after the second immunization with VAANZ-D_RRN or D_RBD-RBD and

labeled with B cell tetramers and mAbs for cell surface markers identifying plasma cells (CD19+, B220-,

IgD�, IRF4high, CD138high), memory cells (B220+, IgD�, CD38high, GL7low) and germinal center (GC) cells

(B220+, IgD�, CD38low, CD95+ GL7high, BCL6+) (Figure S5). S1-specific B cells were only detected in immu-

nized mice, and higher numbers were detected in VAANZ-D_RRN vaccinated mice compared to the

D_RBD-RBD group (Figures 3G–3J). Overall, the enhanced S1-specific responses observed after VAANZ-

D_RRN immunization compared to D_RBD-RBD immunization were the result of preferential expansion

of memory B cells (Figure 3J). Importantly, an enhanced frequency of B cells expressing a memory pheno-

type is a good indication of vaccine durability and is therefore particularly encouraging for this vaccine

candidate. Together these data support our original vaccine design rationale, whereby fusing the NTD

onto the RBD-RBD protein enhances T cell immunity, which in turn supports B cell immunity and overall,

improves immunogenicity of the protein antigen.39

VAANZ-D_RRN provides cross protection against SARS-CoV-2 variants of concern

A successful booster vaccine should provide protective cross-reactive antibodies that can confer protec-

tion against multiple variants of concern as well as potentially novel variants. To assess the cross-reactivity

of VAANZ-D_RRN, we generated a panel of pseudotyped lentiviruses expressing the spike glycoprotein

from a number of SARS-CoV-2 variants of concern, i.e., from B.1.1.7 (Alpha) to B.1.1.529 (Omicron BA.1),

as well as SARS-CoV.43 Similar to previous studies,44 we first validated this comprehensive panel by

comparing the neutralization activity of serum samples from immunized mice or convalescent COVID-

19 individuals, as well as an anti-spike mAb and soluble ACE2 protein, showing equivalent neutralization

titers using authentic SARS-CoV-2 and SARS-CoV-2 spike pseudotyped viruses (Figure S4). Next, given

that the broadly used Pfizer-BioNTech mRNA vaccine (BNT162b2) provides 95% protection against ances-

tral SARS-CoV-2 infection,45 here, we used serum samples from individuals vaccinated with BNT162b2 to

determine NAb titers against the ancestral SARS-CoV-2 spike. Another relevant comparative benchmark

is the NAb levels that correlate with protection in mice. K18-ACE2 transgenic mice vaccinated with

VAANZ-W_RRN were completely protected from live SARS-CoV-2 intranasal challenge (Figures S2B

and S2C). We used these neutralization titers to benchmark NAb responses obtained with VAANZ-

D_RRN in mice as an indicator of the NAb titers necessary to achieve protection. These protective ranges

are indicated in Figures 4A and 4B, to demonstrate the putative protective capacity of the immunization

against different variants.

We first measured the protective capacity (NAb titers) of human-vaccinated antibody responses against the

different variants (Figure 4A). As previously described,46–48 serum samples from individuals vaccinated with

BNT162b2 (encoding ancestral strain full-length-Spike, two doses, not boosted) neutralized pseudotyped

viruses encoding Beta, Delta, Gamma, and Omicron spikes with reduced efficiency compared to the

neutralizing activity against the spike from the ancestral variant (Figure 4A). Based on the defined

protective range, serum from vaccinated individuals were protective against the ancestral and Gamma

SARS-CoV-2 variants, whereas the neutralizing efficacy against the highly divergent Omicron BA.1 variant

was considerably reduced (Figure 4A).49 As expected, VAANZ-D_RRN showed a strong response against

the ancestral and Delta variants. Of interest, mice immunized with VAANZ-D_RRN had high levels of cross

protective antibodies against Beta and Gamma and even Omicron BA.1 SARS-CoV-2 variants. We also

observed a marginal increase in NAb titers versus SARS-CoV from VAANZ-D_RRN vaccinated mice

compared with NAb titers from PBS controls (Figure 4B). In summary, these data suggest that VAANZ-

D_RRN protein vaccine induced cross-reactive NAbs to a number of SARS-CoV-2 variants of concern,

including the antigenically distinct Omicron BA.1.
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Figure 4. Enhanced breadth of antibody neutralization generated by VAANZ-D_RRN compared to D_RBD-RBD

(A and B) Mice were immunized as in Figure 3 legend. Box and whisker graph comparing pseudotyped lentivirus

neutralization antibody titers against SARS-CoV-2 variants from (A) human sera of individuals immunized with BNT162b2

or (B) serum from mice immunized with VAANZ-D_RRN. Blue line shows geometric mean G SD ID50 of human BNT162b

immunized serum, pink line shows geometric mean G SD ID50 of mouse serum immunized with VAANZ-W_RRN, both

against ancestral variant. Mid line shows mean, boxes show upper and lower quartile, whiskers show range.

(C) Antibody dissociation assay was performed to calculate affinity index of anti-RBD IgG from VAANZ-D_RRN and

D_RBD-RBD immunized mice.

(D) Inhibition of interaction between RBD (from Omicron BA.1 and Beta variants) and hACE2 by sera from immunized

mice.

(E) Pseudotyped lentivirus neutralization antibody titers (ID50) against Omicron BA.1 variant.

(F) NTD targeting antibodies were measured as a ratio of S1-ACE2 and RBD-ACE2 SVNT antibody titers (IC50).

(G–I) K18-hACE2 transgenic mice were either unvaccinated, immunized with VAANZ-D_RRN or challenged with sublethal

dose of ancestral SARS-CoV-2. All mice groups received 1 3 104 TCID50 of Beta variant SARS-CoV-2 on Day 35 and

monitored for weight loss (G) and survival (H) for 16 days post infection. Viral titers from lung digests and nasal turbinates

at day 3 after infection (I). Boxplots in A-B show median, upper and low quartile range and outliers. Bars in C–F indicate

geometric means from groups n = 5–10 mice pooled from 2 independent experiments. p values were calculated by one-

way ANOVA with Tukey’s multiple comparison **, p < 0.01; ****, p < 0.0001; ns, not significant.
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Given the evident breadth of the antibody response generated by VAANZ-D_RRN, we investigated the

mechanism by which this subunit vaccine provides broad protection. Figures 3C–3I demonstrate the

benefit of including the NTD in the ‘‘cognate’’ response against the Delta variant; therefore, we sought

to address the role of the NTD in the generation of cross-protective antibodies. We hypothesized that

the incorporation of the NTD could improve cross-reactive immunity through two distinct mechanisms.

First, the additional T cell epitopes provided by the NTD could support the GC response to enhance B

cell activation and the production of high quality antibodies.50 Second, the NTD itself expresses epitopes

for NAbs11,12 and, therefore, could increase the breadth of the NAb response. To address this hypothesis,

we focused on two variants, Beta B.1.351 and Omicron BA.1, which are known to contain escapemutations,

yet were still recognized by NAb from VAANZ-D_RRN immune sera (Figures 4A and 4B).

First, to determine whether vaccination with VAANZ-D_RRN promoted higher quality anti-RBD antibodies

that could explain the observed cross-neutralization activity, we compared antibody affinity to serum from

D_RBD-RBD immunized mice. We observed that vaccination with VAANZ-D_RRN generated higher affinity

anti-RBD antibodies than immunization with the D_RBD-RBD protein (Figure 4C) suggesting that inclusion

of the NTD, and the associated increased frequency of TFH cells (Figures 3E–3G) improved affinity matura-

tion. Next, we established a surrogate virus neutralization test (SVNT) with RBD proteins from Omicron

BA.1.1.529 and Beta B.1.351 SARS-CoV-2 variants to determine whether higher affinity anti-RBD targeting

antibodies exhibited enhanced cross-neutralizing activity. Of interest, we observed a mixed result that was

dependent on the virus variant (Figure 4D). Higher affinity antibodies induced by VAANZ-D_RRN immuni-

zation promoted an increased neutralization activity against the Beta B.1.351 variant, but no difference was

observed against the Omicron BA.1.1.529 variant compared to D_RBD-RBD immune serum. This data

suggests that higher Ab affinity can help improve cross-reactivity but will depend on the extent of the

mutations within the spike protein of the virus variant. To determine whether immune serum from

VAANZ-D_RRN had a greater capacity to neutralize the Omicron BA.1 variant compared to NAb response

induced by D_RBD-RBD immunization, we evaluated the capacity to neutralize a SARS-CoV-2 Omicron

BA.1 spike pseudotyped virus. Notably, the incorporation of the NTD did improve neutralization activity,

showing higher NAb titers from VAANZ-D_RRN immunized serum compared to serum from D_RBD-RBD

immunized mice (Figure 4E). Because anti-RBD-targeting Abs from VAANZ-D_RRN and D_RBD-RBD vacci-

nated mice showed equivalent activity against the Omicron BA.1 variant, we reasoned that enhanced

neutralization capacity observed in the SARS-CoV-2 spike pseudotyped virus neutralization assay would

be because of antibodies targeting the NTD. We assessed the extent of NTD targeting by NAbs, by

comparing the ratio of S1 (expressing epitopes on RBD and NTD) NAb to RBD NAbs specific for Omicron

BA.1 variant. As expected, NTD targeting was greater for serum frommice immunized with VAANZ-D_RRN

(Figure 4F). These data suggest that there are conserved epitopes on the NTD between SARS-CoV-2 var-

iants of concern that can be targeted by immunization with VAANZ-D_RRN and are critical for neutralization

of the Omicron BA.1 variant. In summary, improved cross-protection provided by VAANZ-D_RRN was

mediated via two independent mechanisms, increased Ab potency and broader NAb response. Of note,

the dependency on these separate mechanisms was dictated by the virus and the extent of amino acid

changes and conserved epitopes expressed by the SARS-CoV-2 variant.

We confirmed the cross-protective capacity of our vaccine candidate with a heterologous challengemodel.

We focused on the Beta B.1.351 variant, as the Omicron BA.1 does not cause severe disease in mice. As in

Figures 2A–2D, mice were immunized with 50 mg of VAANZ-D_RRN, or as a positive control given a suble-

thal dose inoculation of 102 TCID50 SARS-CoV-2 (SARS-CoV-2/Australia/Vic/01/20 (ancestral strain–like)) on

day 14. On day 35, all groups of mice were intranasally challenged with 1 3 104 TCID50 of SARS-CoV-2

(SARS-CoV-2/Australia/QLD/1520/2020 (B.1.351 Beta variant)) and then monitored for body weight

changes and mortality. Similar to the convalescent group, we observed no weight loss and 100% survival

in the immunized group (Figures 4G and 4H). Similarly, no live virus was detected in the lung or nasal turbi-

nate of immunized mice following challenge (Figure 4I). Therefore, RBD-RBD-NTD protein subunit vaccine

provides protection against diverse viral variants.

DISCUSSION

There is still a need for an effective booster vaccine that prevents COVID-19 disease by emerging SARS-CoV-2

variants. RBD proteins are promising targets as they contain neutralizing epitopes, focusing the immune

response to protective determinants that cross-neutralize multiple variants of concern. Here, we describe a

novel RBD-based protein vaccine (VAANZ-D_RRN) that is highly immunogenic, expresses well, and has a
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good stability profile. We showed that the incorporation of an NTD significantly enhanced the breadth of the

T cell response, resulting in increases in both the TFH and IFN-g+ T cell response. Increased T cell responses

correlated with improved antibody function. In particular, immunization with VAANZ-D_RRN increased

cross-protective NAbs, including reactivity to the highly divergent Omicron BA.1 variant. Importantly,

VAANZ-D_RRN provided equivalent protection in mice to that seen in convalescent mice. Together, these

data suggest that VAANZ-D_RRN is a goodcandidate for a booster vaccination andmayprovidemoreefficient

protection against SARS-CoV-2 variants of concern compared to the less complex RBD-based vaccines and

drive an NAb-enriched boosted response compared to full-length spike-based vaccines.

RBD-based vaccines have been shown to be as immunogenic as the full-length SARS-CoV-2 spike pro-

tein,51 with the added benefit of reducing the risk of eliciting non-neutralizing, potentially detrimental

Abs.52–56 To date, 11 RBD-based COVID-19 vaccines have been approved for use,57 none of which

contain additional domains from the spike protein. Our unique design was engineered with a reverse

orientation which allowed for high production of 0.5 g/L through single clone selection. A vaccine’s po-

tential to cross-react to novel SARS-CoV-2 variants is key to controlling the COVID-19 pandemic. Here,

we showed that vaccination with VAANZ-D_RRN generated antibodies that cross-react with SARS-

CoV-2 ancestral, Beta, Gamma, and Omicron-BA.1 variants. We also showed that the incorporation of

the NTD not only improves T cell immunity, antibody and B cell memory responses to the Delta variant,

but also promoted a superior cross-protective response compared to the RBD tandem dimer. Our inves-

tigations revealed that improved Ab potency as well as additional anti-NTD NAbs contribute to

enhanced cross-protection. Of note, the enhanced capacity to cross-react largely depended on the viral

variant and the mutations they possess. Therefore, the advantage of incorporating the NTD was two-fold,

leading to a better ability to generate immune responses that may protect against a wide range of SARS-

CoV-2 variants of concern.

In addition to maintaining immunity in the face of viral evolution, vaccines must also ensure immune dura-

bility. Natural immunity in convalescent individuals has been shown to decline at a rapid pace58 and Abs

induced after two shots of a COVID-19 vaccine wane after only a few months.59 Our longevity studies in

mice show that antibody titers from immune serum fromNTD-RBD-RBD protein vaccination aremaintained

at a stable level for at least 8 months. Like immunization with BNT162b2, we also observed waning titers

after 9 months.59 However, the mice were approaching an ‘‘aged’’ state at the 9-month post vaccine time-

point, which has been associated with several immunological defects60 and could confound antibody dura-

bility measurements. Determining the factors that promote long-lived antibody to the RBD is currently the

subject of intense research.

Antiviral T cell immunity also contributes to protection against SARS-CoV-2, mostly throughmechanisms to

prevent disease severity and reduce morbidity and mortality.61–65 Studies in mice that lack B cells,66or

humans with waning antibody responses21,58,67,68 have demonstrated the important role for T cells in main-

taining cross-protective immunity. Epitope mapping using overlapping peptides in convalescent humans

have shown that both the RBD and NTD contain a number of immunodominant CD4+and CD8+T cell an-

tigens and are conserved between variants,69 suggesting that the RBD and NTD are more than adequate

for inducing antiviral T cell responses following vaccination. Moreover, our data show that the inclusion of

the NTD increases the size of the T cell response by at least four-fold compared to T cell responses in mice

immunized with the RBD tandem dimer protein. Thus, the superior T cell response induced by VAANZ-

D_RRN could be beneficial for protection against severe disease by emerging variants, especially if variants

contain immune escape mutations.

As the pandemic endures, and SARS-CoV-2 variants continue to spread while human immunity wanes,

booster vaccines will be required. The current public health advice in many countries is to offer a third

dose of homologous vaccine to all individuals, and even a fourth dose to those who are considered highly

vulnerable. Although this strategy increases the frequency and breadth of antibodies overall, it does not

specifically amplify NAbs for new variants of concern16,33. The focused approach laid out here is better

suited for future variants than whole spike approaches. First, because 99% of NAb from FL-spike vaccinated

serum targets the RBD,70 and second, to avoid the risk of inducing unwanted Abs that are potentially detri-

mental. Future work will assess the capacity of this subunit vaccine to provide protection against new

emerging variants. Work is also currently progressing to test VAANZ-D_RRN vaccine safety and efficacy

in a phase I/II clinical trial.
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Limitations of the study

It is important to note that using mouse models to assess T cell immunity possess several limitations. In our

study, antigen-specific T cells were only assessed by ELISpot assays re-stimulated with overlapping peptide

pools from the spike protein, rather than discrete T cell peptide antigens. Although these assays are highly

sensitive and canmeasure a functional cytokine response, they do not distinguish betweenCD4+andCD8+T

cells. Therefore, we cannotmake conclusions on the contribution of each population. Second, becausemice

and humans express unique T cell repertoires, the proportion and ratio of CD4+ to CD8+T cell response is

likely to be different. Therefore, data from these mouse studies can be interpreted as a ‘‘proof of principle’’

to assess the general role of T cells in the immunogenicity of RBD-based vaccines.
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Olmo-Fontánez, A., Gautam, S., Garcia-
Vilanova, A., Ye, C., et al. (2020). Lethality of
SARS-CoV-2 infection in K18 human
angiotensin-converting enzyme 2 transgenic
mice. Nat. Commun. 11, 6122. https://doi.
org/10.1038/s41467-020-19891-7.

39. Gazit, S., Shlezinger, R., Perez, G., Lotan, R.,
Peretz, A., Ben-Tov, A., Cohen, D., Muhsen,
K., Chodick, G., and Patalon, T. (2021).
Comparing SARS-CoV-2 natural immunity to
vaccine-induced immunity: reinfections
versus breakthrough infections. Preprint at
bioRxiv. the preprint server for biology.
https://doi.org/10.1101/2021.08.24.
21262415.

40. Gao, Q., Bao, L., Mao, H., Wang, L., Xu, K.,
Yang, M., Li, Y., Zhu, L., Wang, N., Lv, Z., et al.
(2020). Development of an inactivated
vaccine candidate for SARS-CoV-2. Science

369, 77–81. https://doi.org/10.1126/science.
abc1932.

41. Jara, A., Undurraga, E.A., González, C.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER (catalog #)

Antibodies

IgD BUV395 (clone 11-26c.2a) BD Biosciences Cat# 564274; RRID:AB_2738723

PD1 BUV615 (clone RMP-1) BD Biosciences Cat# 752354; RRID:AB_2875871

CD95 BUV805 (clone Jo2) BD Biosciences Cat# 741968; RRID:AB_2871273

CD38 BV421 (clone 90) BioLegend Cat# 102732; RRID:AB_2734153

GL7 eFluor450 (clone GL7) Invitrogen Cat# 48-5902-80; RRID:AB_10854881

B220 BV570 (clone RA3-6B2) BioLegend Cat# 103237; RRID:AB_10900264

TCRb BV605 (clone H57-597) BioLengend Cat# 109241; RRID:AB_2629563

CD19 AF488 (clone 1D3) BioLegend Cat# 115521; RRID:AB_389307

CD138 BB700 (clone 281-2) BD Biosciences Cat# 142526; RRID:AB_2566239

IRF4 PerCP eFluor 710 (clone 3E4) Invitrogen Cat# 46-9858-82; RRID:AB_2573912

SAV BV711 BD Biosciences Cat# 563262; RRID:AB_2869478

SAV PE BioLegend Cat# 405204; RRID:AB_2795968

CD4 BV510 (clone GK1.5) BioLegend Cat# 100449; RRID:AB_2564587

CD44 AF700 (clone IM7) BD Biosciences Cat# 560567; RRID:AB_1727480

PD-1 PE Cy7 (clone 29F.1A12) BioLegend Cat# 135216; RRID:AB_10696422

Bcl6 AF647 (clone K112-91) BD Biosciences Cat# 561525; RRID:AB_10898007

Mouse anti-human IgG (Fc) HRP BioRad Cat# MCA647P; RRID:AB_321911

Goat anti-mouse total IgG HRP Invitrogen Cat# G21040; RRID:AB_2536527

Monoclonal mouse anti-spike IgG1 clone 43

antibody

SinoBiological Cat# 40591-MM43; RRID:AB_2857934

anti-HIS tag HRP (clone J099B12) Biolegends Cat# 652503; RRID:AB_2734520

Bacterial and virus strains

SARS-CoV-2 (WA/202) NIAID/National Institutes of Health

SARS-CoV-2/Australia/Vic/01/20 (ancestral;

Wuhan-1 like SARS-CoV-2)

AgriBio, Centre for AgriBioscience

SARS-CoV-2/NZ/Queenstown/01(ancestral) University of Otago

SARS-CoV-2/Australia/QLD/1520/2020

(B.1.351 Beta variant)

AgriBio, Centre for AgriBioscience

SARS-CoV-2/Australia/VIC/18440/2021

(B.1.617.2 Delta variant)

AgriBio, Centre for AgriBioscience

Chemicals peptides and recombinant proteins

Fetal bovine serum Gibco Thermo Fisher Scientific Cat# 10091-148

Fetal bovine serum Gibco Thermo Fisher Scientific Cat# A4766801

Dulbecco’s Modified Eagle Medium (DMEM) Gibco Thermo Fisher Scientific Cat# 12491015

Iscove’s Modified Dulbecco’s Medium (IMDM)

GlutaMAX� supplement

Gibco Thermo Fisher Scientific Cat# 31980097

Roswell Park Memorial Institute (RPMI) 1640

Medium

Gibco Thermo Fisher Scientific Cat# 11875-119

Streptomycin, and 1 mg/ml of Geneticin� Gibco Thermo Fisher Scientific Cat# 10131035

Penicillin-Streptomycin (10,000 U/mL) Gibco Thermo Fisher Scientific Cat# 15140122

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER (catalog #)

HEPES (N-2-hydroxyethylpiperazine-N-2-

ethane sulfonic acid) Thermo Fisher Scientific- Cat# 7365-45-9

Biotin powder Sigma-Aldrich Cat# B4501-1G

Tween Sigma-Aldrich Cat# P9416

Urea Sigma-Aldrich Cat# U5378-500G

Formaldehyde Sigma-Aldrich Cat# 47608

Non-fat dry milk Alpine

NotI New England Biolabs Cat# R0189L

XbaI New England Biolabs Cat# R0145T

Beta RBD-his Sino biological Cat# 40592-V08H59

Omicron RBD-his Sino biological Cat# 40592-V08H121

Omicron S1-his Sino biological Cat# 40591-V08H41

HRV-3C protease (LEVLFQ/GP) Made in house

Fc Block 2.4G2 Made in house

hACE Made in house

Critical commercial assays

FuGENE� HD Transfection Reagent Promega Cat# E2311

Polybrene Sigma-Aldrich Merck Cat# S4400

Step Ultra TMB-ELISA HRP substrate Thermo Scientific� Cat# 34028

OptEIA� TMB substrate reagent set BD OptEIA� Cat# 51-2606KC and 51-2607KC

Protein A-CaptivATM PriMAB RepliGen Cat# CA-PRI-0005

eBioscience� FoxP3/transcription factor

fixation/permeabilisation kit

Invitrogen Cat# 00-5521-00

Zombie NIR fixable viability kit BioLegend Cat# 423105

Bellocell Cesco Bioengineering, Taiwan Cat# BelloCell-500

Red blood cell lysis solution Qiagen Cat# 158904

HiTrap MabSelect PrismA – GSTrap� HP Cytiva Cat# 28-4082-53

Superose 6 Increase 10/300 GL Cytiva Cat# 17-5172-01

400x SYPRO Orange Sigma Aldrich Cat# O3756-100G

HiLoad 16/600 Superdex 200 PG column Sigma Aldrich Cat# GE28-9893-35

Pierce� BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23227

PepMix� SARS-CoV-2 (spike glycoprotein) JPT Cat# PM-WCPV-S-1

PepMix� SARS-CoV-2 (S-RBDB.1.617.2/Delta) JPT Cat# PM-SARS2-RBDMUT06-1

PepMix� SARS-CoV-2 (Spike B.1.617.2/Delta) JPT Cat# PM-SARS2-SMUT06-1

AddaVax� AddaVax� Cat# vac-adx-10

ELISpot Plus: Mouse IFN-g (ALP) Mabtech Cat# 3321-4AST-10

anti-FLAG� M2 affinity resin Sigma Cat# F3165-5MG

Experimental models: Cell lines

HEK293 GnTI- AmericanType Culture Collection ATCC,

Manassas, VA

Cat# CRL-3022

VeroE6/TMPRSS2 cells Japanese Collection of Research Bioresources

Cell Bank, Osaka, Japan

Cat# JCRB No: JCRB1819

Expermintal models: Organisms/strains

Mouse: B6.Cg-Tg (K18-hACE2)2Prlmn/J HEMI Jackson Laboratories Cat# JAX: 034860

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Lisa Connor (Lisa.Connor@vuw.ac.nz)

Materials availability

All plasmids are available on request and require MTA for transfer.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

SARS-CoV-2 challenge studies in mice

Sex matched B6.Cg-Tg (K18-ACE2)2PrImn/J hemizygous six- 12-weeks of age were purchased from The

Jackson Laboratory (NIH challenge studies) or Animal Resources Centre, Australia (University of Melbourne

challenge studies). Ancestral strain experiments were performed at NIAID/National Institutes of Health.

B.1.351, Beta variant; B.1.617.2 Delta variant challenge studies were performed at AgriBio, Centre for

AgriBioscience, Bundoora, Australia. All challenge studies were performed in accordance with institutional

guidelines approved by the respective Animal Ethics committees; Animal Care and Use Committee at the

NIAID/National Institutes of Health (SARS-CoV-2 WA1/2020 challenge studies) or University of Melbourne

Animal Ethics Committee, University of Melbourne (B.1.351, Beta variant; B.1.617.2 Delta variant challenge

studies). All animal experiments were conducted in a certified Physical Containment Level 3 (PC3) facility.

Immunogenicity testing in mice

Specific pathogen-free mice were bred and housed at the Malaghan Institute of Medical Research. C57BL/

6J mouse breeding pairs were originally obtained from The Jackson Laboratory. Sex-matched mice be-

tween 6-12 weeks of age were used for all experiments and mice were age-matched within 2 weeks of

each other in any given experiment.

Study approval

Mouse studies: Experimental protocols were approved by the Victoria University of Wellington Animal

Ethics Committee (28569) or by the Animal Welfare committee at the University of Melbourne and exper-

iments were carried out in accordance with their guidelines (20763). Human studies: Written informed con-

sent was received for ten participants who had received two doses of Pfizer (BNT162b) vaccine, as part of

the VAANZ Vaccine Study (sub study of Healthy Donor Tissue for Immune System Research) with approval

from the Health and Disability Ethics Committee (Ref # 21/CEN/227). Participants were between the ages of

20 and 60 years, and a mix of male and female.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER (catalog #)

Mouse: C57BL/6J Jackson Laboratories Cat# JAX: 000664

Other

1mL syringe BD Biosciences Cat# 302113

3mL syringe BD Biosciences Cat# 302100

PCR plates BioRad Cat# HSS9601

70mM cell strainer Falcon Cat# BDAA352350

Microvette serum gel tubes Sarstedt Cat# SARS20.1344

Nunc MaxiSorp� 96-Well ELISA microplates ThermoFisher Cat# 442404

optical-quality sealing tape BioRad Cat# 2239444

S-Microvette� serum gel tubes Sarstedt Cat# 20.1344

0.45 mm steriflip filter Merck Millipore Cat# 32031602
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METHOD DETAILS

Gene synthesis

The cDNA insert of each SARS-CoV-2 construct was codon optimized for human cell expression, synthe-

sized and sequence-verified by Gene Universal (Geneuniversal.com), and cloned via 5’NotI and 3’XbaI re-

striction sites into a modified pCMV6-XL4 vector in frame with an N-terminal DYKDDDDK peptide and a

C-terminal human Fc fragment.71 Both tags were cleaved by HRV-3C protease (LEVLFQ/GP) (made in

house) during the purification process. See Figure 1 for a schematic of the construct and the domain

boundaries.

Generation of stable cell lines for protein production

HEK293 cells lacking N-acetylglucosaminyltransferase I (GnTI-) activity (HEK293 GnTI-) were obtained from

AmericanType Culture Collection (ATCC, Manassas, VA). Protein made in these cells only contain a

Man5GlcNAc272 to each N-linked glycosylation site, thus leading to a more uniform epitope availability.

HEK293 GnTI- cells were cultured in DMEM supplemented with 5% FBS at 37�C and 5% CO2. Stable cell

lines were made for all constructs by selecting for resistance to Geneticin (G418) (Sigma) using DMEM sup-

plemented with 5% FBS and 500 mg/ml of G418. Resistant clones were isolated using Pyrex cloning rings

(Merck) and stable expression of the proteins was tested by western blot using anti-FLAG antibody (M2)

(Sigma). Clones expressing high levels of the protein were amplified, frozen, and used in large-scale pro-

tein production.

Protein expression and purification

Milligram-scale protein production was performed in triple layer cell culture flasks or with Bellocell (Cesco

Bioengineering, Taiwan) depending on the desired yield, with regular collection and replenishment of the

cell culture medium containing 2-5% FBS. Typically, 2-5 L of conditioned medium was collected for purifi-

cation. Proteins were affinity purified from cell culture media using Protein A- CaptivATM PriMAB

(RepliGen, Waltham, MA) in 150 mM NaCl, 20 mM Tris, pH 8.0 or anti-FLAG� M2 affinity resin (Sigma),

and subsequently cleaved with HRV 3C protease (made in house) to remove the FLAG and Fc fragments.

Residual HRV 3C protease and Fc fragments were removed from the protein of interest by a coupled nega-

tive purification step using HiTrap MabSelect PrismA – GSTrap� HP (Cytiva) in PBS. The protein was used

within a week or aliquoted and flash frozen in liquid nitrogen and stored at -80�C. To purify full fusion pro-

teins for downstream experiments, when it was beneficial to maintain the Fc tag (e.g. ELISA, Biolayer inter-

ferometry or BLI), affinity chromatography was used with anti-FLAG� M2 affinity resin to capture the

DYKDDDDK peptide. The saturated resin was washed in PBS and eluted in PBS containing the

DYKDDDDK peptide at 0.1 mg/mL. The eluted protein was concentrated using centrifugal concentrators

with the appropriate molecular weight cut-off (Pall) and used within a week or flash-frozen in liquid nitrogen

and stored at �80�C until needed.

Production of yeast derived protein

Generating pure RBD for antibody binding assays broadly followed the method described for SARS-CoV

RBD.73 Pichia pastoris strain KM71H transformed with construct pPICZa-RBD encoding for ancestral SARS-

CoV-2 spike, residues 333–530, was used to express and secrete the RBD. Expression was performed in

BMM medium (1.34% w/v YNB, 0.00004% w/v Biotin, 1% v/v methanol, in 100 mM potassium phosphate,

pH 6.0) at 30�C and 280 rpm over the course of 2-3 days with intermittent refeeding (1% v/v methanol) after

24 hours. The clarified (0.2 mm PTFE membrane) expression medium containing the secreted protein was

prepared for Hydrophobic interaction chromatography by adding solid (NH4)2SO4 to 2 M. The RBD protein

was captured on a HiTrap Butyl Sepharose HP column (Cytiva) and eluted using a stepwise gradient from

20mMTris, 2.0 M (NH4)2SO4, pH 8.0 to 20 mM Tris, 0.02M (NH4)2SO4, pH 8.0. The resulting preparation was

polished on a HiLoad 16/600 Superdex 200 pg column (Cytiva) using PBS. After elution, endotoxin was

removed employing Polymyxin B agarose (Sigma Aldrich).

Protein size exclusion chromatography

Aggregation, oligomerization or other in-solution behaviour was monitored by size exclusion chromatog-

raphy using either a Superose 6 Increase 10/300 GL or a HiLoad 16/600 Superdex 200 PG column equili-

brated in PBS (Figure S1). If aggregation was present, the fractions corresponding to the soluble protein

were collected and re-concentrated, the protein concentration measured, and the protein flash frozen.
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Thermal stability assay

Solutions of 10 mM of protein sample in a final volume of 20 mL per well were prepared by mixing 2.5 mL of

50x SYPRO Orange74 (Sigma) that was initially prepared from a 5000x solution with protein in 50 mM Tris,

pH 8; 150 mM NaCl or PBS (1x), pH 7.4 and loaded into MicroAmp� Fast Optical 48-Well Reaction Plate

(ThermoFisher SCIENTIFIC), sealed with optical-quality sealing tape (ThermoFisher SCIENTIFIC). Thermal

denaturation was performed using a 48-well StepOneTM Real-Time PCR System (ThermoFisher SCIENTI-

FIC) where temperature was increased in a step-wise manner from 10�C to 95�C in 0.2�C/cycle increments

(ramp rate of �0.6�C/min) and with an equilibration time of 5 seconds at each temperature.

RBD-ACE2 binding assay

Binding between the generated Fc constructs and ACE2-alkaline phosphatase (AP) fusions was assessed by

Enzyme-linked immunosorbent assay (ELISA).71 A 3 mg/mL solution of mouse anti-AP (PLAP Ab-1 (8B6.18)

Mouse monoclonal, NeoMarkers) in PBS was added to the wells of 96-well plates, sealed and incubated

overnight at 4�C. Plates were washed three times with 200 mL/well of PBS and 0.05% Tween and then

blocked with 5% food grade non-fat dry milk (Alpine) in PBS for 1 hour at RT. 20 mL of ACE2-AP conditioned

medium containing 2 mL of monoclonal mouse anti-human IgG1-HRP (Bio-Rad) was added to each well

along with 20 mL of decreasing concentrations of each purified candidate protein-Fc, from 100 nM to

0.01 nM in 3-fold dilutions, plus buffer only. Plates were sealed and incubated for 4 hours at RT in the

dark. Plates were washed as above, and 15 mL 1-Step Ultra TMB-ELISA HRP (ThermoFisher) substrate

was added and incubated for 1 hour at RT. Plates were read at the absorbance of 650 nm using amicroplate

plate reader. Positive control (NRXN1-AP binding to NLGN1-Fc) was used to ensure the assay was working

and a negative control (No AP-ACE2 on the plate) was used to obtain background values to quantify the

positive reactions.

Immunizations in mice

For all immunizations except those performed at UoM mice were anesthetized by intraperitoneal injection

of Ketamine and Xylazine solution (ProVet NZ). All mice were immunized by intramuscular injection on both

legs, each injection containing 50 mL per leg with equal volume of antigen and adjuvant. Mice were immu-

nized twice, three weeks apart, and both immunizations included either inactivated SARS-CoV-2 virus (NZ/

Queenstown/01) at 6 mg per mouse, or RBD protein candidates at 50 mg per mouse, with AddaVax� adju-

vant (Invivogen). The dose refers to the total amount of antigen injected per animal.

SARS-CoV-2 challenge studies in mice stock production was performed in VeroE6/TMPRSS2 cells cultured

in DMEM supplemented with GlutaMAX and 2% FBS under BSL-3 conditions. Culture supernatant and cells

were collected and clarified by centrifugation 48 hours after inoculation. Supernatant was then collected,

aliquoted and frozen at -80�C. Virus titers were determine by TCID50 assay in Vero E6 cells (CRL-1586;

AmericanType Culture Collection) using the Reed-Muench calculation method.75 Whole genome

sequencing of the SARS-CoV-2 WA1/2020 virus stock was performed at the NIAID Genomic Core (Rocky

Mountain Laboratories, MT). SARS CoV-2 infections were performed under BSL3 containment. Four

SARS-CoV-2 strains were used in this study, including (1) SARS-CoV-2/WA/2020 (2) SARS-CoV-2/

Australia/Vic/01/20 (ancestral strain–like), (3) SARS-CoV-2/Australia/Vic/18440/2021 (B.1.617.2; Delta),

and (4) SARS-CoV-2/Australia/QLD/1520/2020 (B.1.351; Beta). The WA/2020 stock used for challenge ex-

periments contained two single nucleotide polymorphisms when compared to the reference sequence

(MN985322.1): 26542 T7I (M) and 28853 S194T (N). Virus was propagated in Vero-TMPRSS2 cells cultured

with DMEM supplemented with 5% fetal bovine serum (FBS) and 1% P/S at 37�C, 5% CO2. Cell culture

supernatants were harvested, centrifuged and aliquoted once cytopathic effect (CPE) was observed. Viral

titres were determined by limited dilution using the Karber method.76

Animals were anesthetized by isoflurane inhalation, and either 102 (sublethal dose, to establish convales-

cent group) or 1 3 104 TCID50 of SARS-CoV-2 was administered by intranasal instillation variants in a

maximum volume of 50 mL. After infection, mice were monitored daily for clinical signs.

Virus quantification

Lungs and nasal turbinates were homgenized in 2 mL and 1 mL of PBS, respectively. Vero-TMPRSS2 cells

were infected to determine the tissue culture infective dose (TCID50/ml). Vero- TMPRSS2 cells in 96-well

plates were utilized for titration assays. Samples (virus and homogenised tissue) were serially diluted in
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DMEM, supplemented with 5% FBS and 1% penicillin/streptomycin. Cells were infected with 100 mL of

diluted sample in quadruplicate. Cells were incubated at 37�C and 5% CO2 for 5 days. Following incuba-

tion, wells with CPE were recorded and the virus titre (TCID50/mL) for each sample determined by limited

dilution using the Karber method.Virus titers are expressed as TCID50 per mL.

Preparation of tissues for immunological assessment

C57BL/6 mice were sacrificed, and blood, spleens, and both inguinal lymph nodes (iLNs) were collected for

analysis. Blood was obtained via cardiac puncture, collected into S-Microvette� serum gel tubes (Sarstedt)

before centrifugation at 10,000 x g for 5 minutes and serum was decanted, aliquoted and frozen at -80�C.
Single cell suspensions of splenocytes were prepared by teasing spleens through a 70 mm cell strainer

(Falcon�) and washing through with Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco) before centri-

fugation at 250 x g for 10 minutes. Cell pellets were resuspended in red blood cell lysis solution (Qiagen)

and cells were centrifuged at 300x g for 4 minutes before resuspension in R10 media (Roswell Park Memo-

rial Institute [RPMI] 1640Medium [Gibco] supplemented with heat inactivated 10% FBS [Gibco]) and filtered

through a 70 mm cell strainer. Single cell suspensions of iLNs were prepared by teasing through a 70 mm cell

strainer and washing through with IMDM. Cells were then centrifuged at 250 x g for 10 minutes before re-

suspension in R10. Cell numbers were enumerated using SPHERO Accucount Blank particles (Spherotech)

according to the manufacturer’s protocol.

Human serum sample collection

The average time between immunization with second dose of BNT162b and sample collection was

166 days. Between 80 to 100 mL of peripheral blood was collected from each participant. Samples were

incubated at RT for 30 minutes and centrifuged at 2000 x g for 10 minutes at 4�C. Serum layer was collected

and stored at -80�C for pseudotyped virus neutralisation assays.

Flow cytometry

Prior to staining, cells were incubated with anti-mouse CD16/32 (clone 2.4G2, affinity purified from hybrid-

oma culture supernatant) at RT for 5 minutes. Dead cells were identified and excluded from analysis using

Zombie NIR fixable viability kit (BioLegend) according tomanufacturer’s instruction. For staining of cell-sur-

face molecules, cocktails of fluorescent antibodies in Flow cytometry buffer (PBS with 0.01% sodium azide,

2 nM EDTA, 2% FCS) were applied at 4oC for 15 minutes. Cells were then washed with 4 mM biotin PBS and

stained on ice for 30 minutes with RBD-SAv tetramers. Cells were fixed and permeabilised with

eBioscience� FoxP3/transcription factor fixation/permeabilization concentrate and diluent (Invitrogen),

according to the manufacturer’s protocol, and then labelled with intracellular antibodies at RT for 1

hour. Details on Individual fluorescently conjugated antibodies are presented in the key resources table.

B cell tetramer production

Protein-biotin conjugates were prepared with SARS-CoV-2 S1 domain (S1) and ovalbumin (OVA) protein.

Separate reactions were set up to add two fluorescently labelled streptavidin (SAV) to RBD and OVA.

SAV was added at a 1:50 protein to SAV ratio. Onefifth of the fluorescently labelled SAV was added to

the protein at a time, with 20-minute incubations between applications, on ice. When all the SAV was

added, 4mM free biotin (Sigma) in PBS was added at a 1:1 volume ratio, to saturate free SAV. The tetramers

were then spun at max. speed at 4oC for 30 minutes. Specific cells were identified as OVA negative, S1

positive.

All samples were collected on a Cytek� Aurora spectral flow cytometer (Cytek�). Compensation was per-

formed in each experiment using UltraComp eBeads (Invitrogen). Analysis was performed using FlowJo

version 10 (BD biosciences).

Interferon gamma (IFN-g) ELISpot

Mouse anti-IFN-g ELISpot kit (Mabtech) was used according to the manufacturer’s instructions. Briefly,

plates pre-coated withmouse anti-IFN-gmAbAN18 (Mabtech) were washed and conditioned with R10me-

dia according to the manufacturer’s protocol. Splenocytes were plated at 3 x 105 cells per well in R10 con-

taining PepMix� peptide pools (JPT) at a final concentration of 0.5 mg/mL and were incubated at 37�C for

18 hours. Negative control wells (media only) and positive control wells containing PMA at 2.5 ng/mL and

ionomycin at 1 mg/mL were included for each sample. Spots were enumerated using an AID ELISpot reader
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and software. To generate normalized readings, spots in negative controls were subtracted from corre-

sponding test wells and counts were presented as spot-forming units per million splenocytes.

ELISA based assays

Conventional ELISA:Nunc MaxiSorp� 96-Well ELISA Microplates (ThermoFisher) were coated with 100 mL

of 2 mg/mL RBD in carbonate buffer (0.1M Sodium bicarbonate and sodium carbonate) overnight at 4�C.
RBD protein was expressed in a yeast system, as previously described.73 Plates were washed 3 times in PBS

and 0.05% Tween and then blocked with PBS and 10% FBS for 1 hour at RT. Serum samples were initially

diluted to 1:100, and then serially diluted at 1:10 in PBS and 10% FBS. For negative controls, four wells/plate

contained 10% FBS (blank) and four wells/plate had serum (diluted to 1:100) from PBS treated animals. For a

positive control, 10 ng/mL of monoclonal mouse anti-spike IgG1 clone 43 antibody (SinoBiological), was

added to the first row of one column and serially diluted at 1:10. Plates with serum samples were incubated

for 2 hours at RT. The plates were washed as before and 1 mg/mL goat anti-mouse total IgG HRP (Invitro-

gen), diluted in PBS and 10% FBS was added and incubated for 1 hour at RT. Plates were washed 3 times

with PBS and 0.05% Tween before addition of 100 mL/well of 1:1 TMB A and B substrate solution (OptEIA�
substrate reagent set, BD Biosciences) The reaction was stopped with 50 mL 2M H2SO4 and plates were

read at 450 nm on a Perkin Elmer EnSpire 2300 multilabel plate reader. The endpoint titer was calculated

using the t-statistic method.77

Binding affinity assay: To evaluate the affinity of antibodies specific for RBD, the same protocol for conven-

tional ELISA was used, however a dissociation step was included to remove low affinity antibodies. Diluted

serum samples were plated in technical replicates for two conditions; standard and urea treated (used to

dissociate low affinity antigen-antibody binding). As above, plates were incubated with serum samples for 2

hours at RT and washed 3 times in PBS and 0.05% Tween. For dissociation condition, 6 M of urea (Sigma)

was added to wells whereas PBS was added to wells of the standard condition. Plates were incubated at

37�C for 30 minutes and then immediately dowsed with PBS and 0.05% Tween to stop the reaction. Detec-

tion of antibody binding was performed using the conventional ELISA methods. The affinity index was

calculated as the signal detected in the urea condition as a percentage of the standard condition signal,

at the dilution where the standard signal is at 80% of the max signal. This was selected as the ‘‘dilution

of interest’’ to ensure loss of signal was observed within the ‘‘linear’’ section of the sigmoidal curve, and

not when the antibody was saturating.

Surrogate Virus Neutralization Test (SVNT): Nunc MaxiSorp� 96-Well ELISA Microplates (ThermoFisher)

were coated with 100 mL of 2 mg/mL ACE2-Fc in carbonate buffer overnight at 4�C. Plates were washed

with PBS and 0.05% Tween and blocked with 20% FBS for 1 hour at RT. Serum samples were initially diluted

to 1:5, and then serially diluted at 1:4 in PBS and 20% FBS. In a separate plate 30 mL of diluted serum was

added to 30 mL of 2x Kd RBD-HIS (Sino Biological), and incubated for 2 hours at room temperature. Block-

ing buffer was removed from ACE2-Fc coated plates and 50 mL of RBD-HIS pre-incubated with serum was

added and incubated at RT for 2 hours. Plates were washed in PBS and 0.05% Tween before 1 mg/mL anti-

HIS HRP (Biolegend), diluted in PBS and 10% FBS was added and incubated for 1 hour at RT. Plates were

developed and read using conventional ELISA method.

SARS-CoV-2 production and inactivation

The New Zealand SARS-CoV-2 NZ/Queenstown/01 strain, originally isolated from a COVID-19 patient,78

was grown in VeroE6/TMPRSS2 cells (Japanese Collection of Research Bioresources Cell Bank, Osaka,

Japan)79 using DMEM (Gibco Thermo Fisher Scientific, Waltham, MA) in the absence of FBS but supple-

mented with 100 units/mL of penicillin, 100 mg/mL of streptomycin, and 1 mg/mL of Geneticin� (Gibco

Thermo Fisher Scientific), and cultivated in a humidified incubator with 5% CO2 at 37�C for 72 hours.

Cell culture supernatant was harvested, clarified by centrifugation at 500 x g for 10 minutes, and stored

at -80oC. Serial 10-fold dilutions of virus were used to infect VeroE6/TMPRSS2 cells and viral replication

quantified by determining cytopathic effect (CPE) and measuring cell protection using the Pierce� BCA

Protein Assay Kit (Thermo Fisher Scientific). Tissue culture dose for 50% infectivity (TCID50) was determined

in triplicate using the Reed and Muench method75 and viral titers expressed as infectious units per milliliter

(IU/mL). Approximately 30 mL of SARS-CoV-2 NZ/Queenstown/01 strain stock was thawed and filtered

through a 0.45 mm steriflip filter (Merck Millipore, Burlington, MA), then inactivated with 1% formaldehyde

(Sigma-Aldrich Merck, Darmstadt, Germany) for 2 hours, followed by purification using sucrose

cushion ultracentrifugation (100,000 xg) for 2 hours. The purified virus was resuspended in HEPES
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(N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid, Thermo Fisher Scientific)-buffered saline, ali-

quoted, and stored at -80oC until further use. The formaldehyde-inactivated New Zealand SARS-CoV-2

NZ/Queenstown/01 strain was quantified using NanoDrop Protein Quantification (Thermo Fisher Scienti-

fic), the Pierce� BCA Protein Assay Kit (Thermo Fisher Scientific), and a quantitative SARS–CoV-2 RT-

qPCR assay80 (Figure S3). An aliquot of the formaldehyde-inactivated New Zealand SARS-CoV-2 NZ/

Queenstown/01 strain was tested for residual infectivity by virus titration using CPE and plaque assay after

2 72-hour serial passages in VeroE6/TMPRSS2 cells. Infection with replication-competent SARS-CoV-2 NZ/

Queenstown/01 and uninfected VeroE6/TMPRSS2 cells were used as positive and negative controls,

respectively (Figure S3).

SARS-CoV-2 plaque assay

SARS-CoV-2 replication was quantified using a virus plaque assay as described.78 Briefly, VeroE6/TMPRSS2

cells (106 cells/well) were seeded in 6-well plates overnight, then exposed to serial 10-fold dilutions of

authentic (replication-competent) or formaldehyde-inactivated SARS-CoV-2 in infection media (DMEM

with 2% FBS, Thermo Fisher Scientific) for 1 hour. A mixture of warm overlay media (2% PBS, 63% DMEM

and 35% LMP agarose, 2 mL/well) was added and the plates incubated at 37�C, 5% CO2 for 72 hours.

Agarose plugs were removed and plaques fixed with 0.5% crystal violet in 80% methanol for 20 minutes

to determine viral titers expressed as plaque-forming units per milliliter (PFU/mL).

Replication-competent SARS-CoV-2 neutralization assay

The neutralization activity of serum samples collected from immunized mice or COVID-19 convalescent pa-

tients, as well as a SARS-CoV-2 spike neutralizing antibody (rabbit mAb Clone 004, SinoBiological, Beijing,

China) and soluble angiotensin-converting enzyme 2 (sACE2, made in house) as controls, was assessed us-

ing a replication-competent SARS-CoV-2 isolate. Briefly, serum samples collected from immunized mice or

COVID-19 convalescent patients were heat-treated at 56�C for 30minutes, diluted with cell culturemedium

(1:10, then 1:5 serial dilutions), mixed with a suspension of the SARS-CoV-2 NZ/Queenstown/01 strain (0.02

multiplicity of infection) in 96-well plates at a 1:1 ratio and incubated at 37�C, 5% CO2 for 1 hour. The

mixture was used to infect VeroE6/TMPRSS2 cells and incubated at 37oC, 5% CO2 for 72 hours. SARS-

CoV-2 replication was quantified by determining CPE in each well and using a cell protection assay based

on the Pierce� BCA Protein Assay Kit (ThermoFisher Scientific). Neutralizing antibody titers were calcu-

lated by a non-linear regression model (log inhibitor vs. normalized response-variable slope) analysis

and expressed as 50% neutralizing titer (NT50).

Generation of SARS-CoV-2 spike pseudotyped lentiviruses

Pseudotyped lentiviral particles, incorporating the spike glycoprotein from SARS-CoV-2 with 19 amino

acids removed from the carboxy terminal, were generated as described by Crawford et al.81 Briefly,

HEK293T cells were seeded in 6-well plates (4 x 105 cells/well, in 3 mL of DMEM, 10% FBS, 100 units/mL

of penicillin, and 100 mg/mL of streptomycin, Thermo Fisher Scientific) and incubated at 37oC, 5% CO2

for 24 hours. Cells were then co-transfected, using FuGENE� HD Transfection Reagent (Promega, Madi-

son, Wisconsin), with the following plasmids: (i) 1 mg of pHAGE-CMV-Luc2-IRES-ZsGreen-W, (ii) 0.22 mg

of HDM-Hgpm2, (iii) 0.22 mg of pRC-CMV-Rev1b, (iv) 0.22 mg of HDM-tat1b, and (v) 0.37 mg of a plasmid

containing a codon optimized SARS-CoV-2 spike protein. In addition to the plasmid expressing the spike

protein from the original ancestral isolate82 (pcDNA3.1_spike_del19, a gift from R. DeFrancesco, plasmid#

155297, Addgene, Watertown, MA), a series of plasmids were synthesized to generate a comprehensive

panel of pseudotyped viral particles containing codon optimized versions of the spike glycoprotein

from ancestral (Wuhan), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron BA.1)

SARS-CoV-2 variants, as well as SARS-CoV, using a pcDNA3.1 backbone (Gene Universal, Newark, DE).

Cell culture media was changed 24 hours after transfection and cell-free supernatant collected 48 hours

post-transfection, filtered through a 0.45 mm cellulose acetate filter (Ahlstrom Munksjo, Helsinki, Finland)

and one mL aliquots stored at -80oC until further use. The titer of the SARS-CoV-2 spike pseudotyped len-

tiviruses was determined by infecting HEK293 cells stably expressing human ACE2 (HEK293/ACE2 cells,

obtained from Dr. John Taylor, University of Auckland) and TCID50 values determined as described above.

Pseudotyped virus neutralization assay

The ability of mouse or human serum samples to neutralize SARS-CoV-2 (or SARS-CoV)-spike-mediated

entry was determined as described by Crawford et al.81 Briefly, HEK293/ACE2 cells were seeded in
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poly-D-lysine coated, white-walled, 96-well plates (20,000 cells/well) and incubated at 37oC, 5% CO2 for 24

hours. Serum samples collected from immunized mice or COVID-19 convalescent patients were heat-

treated at 56oC for 30 minutes, diluted with cell culture medium (1:10, then 1:5 serial dilutions), mixed

with a suspension of the SARS-CoV-2 spike pseudotyped lentiviral particles (enough to generate >1,000-

fold signal over background, approximately 3 to 4 x 105 relative light units [RLU]/well) in 96-well plates at

a 1:1 ratio (150 ml final volume) and incubated at 37oC, 5% CO2 for 1 hour. The cell culture media of the

HEK293/ACE2 cells was removed, replaced with the mixture of serially diluted serum with SARS-CoV-2

(or SARS-CoV) spike pseudotyped lentiviruses, plus 5 mg/ml of polybrene (Sigma-Aldrich Merck), and incu-

bated at 37oC, 5% CO2 for 72 hours. Viral entry was quantified by removing the cell culture supernatant and

adding a 1:1 mixture of fresh cell culture media (50 mL) and luciferin reagent (50 mL, Steady-Luc Firefly assay

kit, Biotium, Fremont, CA) to each well. Plates were incubated at RT with gentle shaking (300 rpm) for

5 minutes and luminescence measured using a plate reader (VICTOR Nivo, PerkinElmer, Waltham, MA).

Neutralizing antibody titers were calculated by a non-linear regression model (log inhibitor vs. normalized

response-variable slope) analysis and expressed as 50% neutralizing titer (NT50).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism v.8 on pooled data from 2-4 independent exper-

iments each with 5-10 mice per group. For immunogenicity experiments, the statistical difference between

more than 2 groups was determined using a one-way ANOVA, with no matching, followed by a Tukey’s

post-test. The statistical difference between more than 1 variant for more than 2 groups was determined

using a two-way ANOVA. For SARS-CoV-2 challenge analysis, statistical difference was determined be-

tween the unvaccinated group compared to each other group using a Mantel-Cox Log Rank test for Sur-

vival analysis and a Mixed-effect analysis for weight loss measurements. P values of <0.05 were considered

statistically significant. Figures were generated in Adobe Illustrator and BioRender.com.
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