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receptor-binding domain (RBD) vaccines

Puthupparampil V. Scaria,1 Chris G. Rowe,1 Beth B. Chen,1 Thayne H. Dickey,1 Jonathan P. Renn,1

Lynn E. Lambert,1 Emma K. Barnafo,1 Kelly M. Rausch,1 Niraj H. Tolia,1 and Patrick E. Duffy1,2,*

SUMMARY

Several effective SARS-CoV-2 vaccines have been developed using different tech-
nologies. Although these vaccines target the isolates collected early in the
pandemic, many have protected against serious illness from newer variants.
Nevertheless, efficacy has diminished against successive variants and the need
for effective and affordable vaccines persists especially in the developing world.
Here, we adapted our protein-protein conjugate vaccine technology to generate
a vaccine based on receptor-binding domain (RBD) antigen. RBD was conjugated
to a carrier protein, EcoCRM�, to generate two types of conjugates: crosslinked
and radial conjugates. In the crosslinked conjugate, antigen and carrier are chem-
ically crosslinked; in the radial conjugate, the antigen is conjugated to the carrier
by site-specific conjugation. With AS01 adjuvant, both conjugates showed
enhanced immunogenicity in mice compared to RBD, with a Th1 bias. In hACE2
binding inhibition and pseudovirus neutralization assays, sera from mice vacci-
nated with the radial conjugate demonstrated strong functional activity.

INTRODUCTION

The COVID-19 agent SARS-CoV-2 emerged in late 2019 and has since caused over 332 million infections

and 5.5 million deaths worldwide as of Jan. 19, 2022 (https://covid19.who.int). The pandemic has spurred

unprecedented efforts to develop vaccines that contain virus spread or prevent disease, resulting in

numerous effective products as well as vaccine candidates based on proven technologies, such as inacti-

vated viral particles as well as emerging technologies including mRNA and adenoviral platforms (Bok et al.,

2021; Baden et al., 2021; Voysey et al., 2021; Polack et al., 2020; Sadoff et al., 2021; Alderson et al., 2021;

Hasegawa, 2021; Hotez and Bottazi, 2022). mRNA and viral vector platforms were under development

for various vaccines and benefitted from the resources and sense of urgency brought on by the pandemic

to rapidly generate highly effective vaccines against SARS-CoV-2 (Mendonça et al., 2021; Armbruster et al.,

2019; Sebastian et al., 2019; Richner et al., 2017; Pardi et al., 2020; Petsch et al., 2012; Collignon et al., 2020).

Despite these historic successes, SARS-CoV-2 continues to surge across the world, generating variants that

threaten the effectiveness of existing vaccines (Tao et al., 2021). Thus, new candidates and new vaccine

technologies that can be scaled up rapidly remain a research priority to address the ongoing COVID-19

threat as well as threats from new pathogens or variants that may appear in future (Heath et al., 2021;

Ndwandwe and Wiysonge, 2021; Maharjan and Choe, 2021).

In addition to the vaccine platform, the identification of the optimal target or targets is critical to vaccine

success. The design of vaccines against SARS-CoV-2 relied on earlier work that identified the Spike protein

as the key target in the coronavirus agents of SARS-CoV andMERS (Martin et al., 2008; Du et al., 2009; Kirch-

doerfer et al., 2016; Pallesen et al., 2017). Vaccines against the Spike protein, which is used by SARS-CoV-2

to bind the human ACE2 receptor and enter host cells, have shown efficacy using different platforms albeit

at varying levels (Jackson et al., 2022).

The SARS-CoV-2 Spike protein is a large protein (141 kDa) that generates numerous antibodies against

various epitopes within the protein (Voss et al., 2021). Neutralizing antibodies that block SARS-CoV-2 bind-

ing to ACE2 and entry into human cells primarily bind epitopes in the receptor-binding domain (RBD) of the

Spike protein (Xiaojie et al., 2020). Thus, RBD is an attractive antigen to focus the immune response and
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maximize the generation of neutralizing antibodies (Kleanthous et al., 2021). Efforts to develop RBD-based

vaccines have resulted in two successful vaccines, a Tetanus Toxoid conjugate of RBD with Alum adjuvant

(Soberana 02) and RBD adjuvanted with Alum and CpG 1018 (Corbevax�), currently approved for human

use in Cuba and India, respectively (Toledo-Romani et al., 2021; Nanishi et al., 2021; Valdes-Balbin et al.,

2021). Strategies to enhance the immunogenicity of RBD involve the structural optimization of the antigen

and/or presentation of the antigen in particulate, multimeric formats such as nanoparticles or virus-like par-

ticles (VLPs) (Dickey et al., 2021; Hsieh et al., 2020; Nguyen and Tolia, 2021; Walls et al., 2020; Saunders

et al., 2021; Gaspar et al., 2021; Tan et al., 2021; Geng et al., 2021; Volpatti et al., 2021; Wong et al., 2022).

We have previously developed a protein-protein conjugate nanoparticle technology to enhance the immu-

nogenicity of poorly immunogenic malaria antigens, wherein the target antigen is chemically conjugated to

a carrier protein forming crosslinked nanoparticles (Shimp et al., 2013; Jones et al., 2016; Scaria et al., 2017).

The effectiveness of this technology has been evaluated in several preclinical and clinical studies (Scaria

et al., 2019, 2020, 2021; Talaat et al., 2016; Sagara et al., 2018; Healy et al., 2021). Phase II clinical evaluation

of a malaria transmission-blocking vaccine that was manufactured using this technology is currently under-

way in Mali (Clinical Trials Identifier: NCT03917654). Here, we adapted this vaccine technology to generate

an RBD-based vaccine for SARS-CoV-2. RBD was conjugated to the carrier protein EcoCRM�, a version of

CRM197 (the non-toxic mutant of diphtheria toxin) expressed in E. coli and developed for clinical use by

Fina Biosolutions LLC. Conjugation to EcoCRM� has been shown to enhance the immunogenicity of ma-

laria antigens (Scaria et al., 2020).

Here, two different types of conjugates were synthesized, formulated with clinical adjuvants Alhydrogel�
or AS01, and evaluated in mouse immunogenicity studies. Conjugation and formulation in AS01 signifi-

cantly enhanced RBD conjugate vaccine immunogenicity and functional activity, demonstrating the poten-

tial for this approach to generate vaccine candidates against SARS-CoV-2.

RESULTS

Synthesis and characterization of conjugate vaccines

The receptor-binding domain (RBD) used in this study corresponds to AA319 through AA541 of Spike protein

from the parent SARS-CoV-2 (WA-1) variant (Table 1A), with two N-glycosylation sites at N331 and N343. The

recombinant antigen expressed in mammalian cells yielded a molecular weight of 31.5 kDa by SEC-MALS

analysis as opposed to expected 25,098 based on the protein sequence, suggesting that one or both sites

are glycosylated. The RBD antigen also has an unpaired cysteine near its carboxyl-terminus that can be

used for conjugation. The unpaired cysteine side chain was capped with a Glutathione during expression,

preventing significant dimerization of the protein. The protecting Glutathione was easily removed by five

molar equivalents (mEq) of DTT without reducing the disulfide bonds, thus enabling site-specific conjuga-

tion with the sulfhydryl group of unpaired cysteines.

Table 1. Amino acid sequence and physico-chemical characteristics of immunogens

Conjugate Lot # Ave. mol. wt (kDa)a Mol. wt range (kDa)a Conj. Compositionb Comments

RBD-EcoCRM-RC MV-8195 220 214–245 63%(w/w)Ag;

3.8 Ag/Carrier

Radial conjugate

RBD-EcoCRM-CC MV-8198 1,364 613–3,163 49%(w/w)Ag;

2.2 Ag/carrier

Crosslinked conjugate

RBD NA 31.5 NA NA Monomer

EcoCRM� NA 58.4 NA NA Monomer

(A) Amino acid sequence (AA319 to AA541) of the receptor-binding domain of the wild-type SARS-CoV-2 virus spike protein used in this study with a C-terminal His

Tag.

(B) Physico-chemical characteristics of crosslinked conjugate (RBD-EcoCRM-CC) and radial conjugate (RBD-EcoCRM-RC) of RBD with EcoCRM�. Average

molecular weight andmolecular weight distributionwere determinedby SEC-MALS analyses and conjugate compositionswere determinedby amino acid analysis.

RBD sequence (9C)

RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTG

CVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFH

HHHHH.
aMolecular weight & molecular weight distribution of conjugate were determined by SEC-MALS analysis.
bConjugate compositions were determined by amino acid analysis.
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The two different types of antigen-carrier conjugates, referred to as ‘‘crosslinked conjugates (CC)’’ and

‘‘radial conjugates (RC),’’ were synthesized by chemically conjugating RBD to the EcoCRM� carrier protein

(Figures S1A and S1B). For the crosslinked conjugate, antigen and carrier proteins are chemically cross-

linked at multiple sites to form nanoparticles using our protein-protein conjugation method (Jones

et al., 2016; Scaria et al., 2017, 2019). This method employs the lysine sidechains of antigen and carrier

to enable crosslinking. For the radial conjugate, RBD antigen was conjugated to maleimide modified

EcoCRM� through its unpaired cysteine sidechain. (Figure S1).

Physico-chemical characteristics of the conjugates including the molecular weight and composition are

given in Table 1B. The weighted average molecular weight of the conjugates was determined by SEC-

MALS analysis (Figures S2A and S2B) and conjugate composition (antigen-to-carrier) was analyzed by an

amino acid analysis method routinely used for various protein-protein conjugates in our laboratory (Scaria

et al., 2020). The radial conjugate (RBD-EcoCRM-RC) had a weighted average molecular weight of 220 kDa

with a molecular weight distribution ranging between 214 kDa and 245 kDa. This conjugate had a mass

composition of 63% (w/w) antigen and 37% carrier which corresponds to an approximately 3.8 molar ratio

of antigen to carrier. The crosslinked conjugate (RBD-EcoCRM-CC) was larger with a weighted averagemo-

lecular weight of 1,364 kDa and distribution of 623–3,163 kDa. This conjugate had a composition of 49%

antigen content which corresponds to �2.2 molar ratio of antigen to carrier. Both RBD-EcoCRM-RC and

RBD-EcoCRM-CC show a smeared pattern on an SDS gel, indicative of the molecular weight distribution

(Figure S3A). Both conjugates were able to bind an RBD-specific monoclonal antibody (CR3022) by West-

ern blot, indicating that the chemical modifications did not abolish antibody binding (Figure S3B).

Immunogenicity in mice

RBD-EcoCRM-RC and RBD-EcoCRM-CC along with unconjugatedmonomer RBDwere evaluated in mouse

studies to assess immunogenicity and serum functional activity. RBD monomer, as well as the two conju-

gates, were formulated with Alhydrogel� or AS01, two adjuvants currently used in approved human vac-

cines (Nanishi et al., 2020).

Levels of serum IgG antibodies that recognize full-length Spike protein were measured by ELISA. On day

14, two weeks after the first vaccination, monomer, as well as RBD-EcoCRM-CC conjugate formulated in

Alhydrogel�, yielded no measurable antibody response against Spike protein (Figure 1A). An antibody

response above the background level appeared in a few animals that received RBD-EcoCRM-RC formu-

lated in Alhydrogel�.

Figure 1. Immunogenicity of RBD and RBD conjugates formulated with Alhydrogel� or AS01

Comparison of serum anti-spike antibody levels in mouse sera following vaccination with RBD, RBD-EcoCRM-CC, and

RBD-EcoCRM-RC formulated with Alhydrogel or AS01, measured on day 14 (A) and on day 35 (B). Mice (n = 10) were

vaccinated on day 0 and day 21 by intramuscular injection with 1 ug dose of RBD in Alhydrogel or 1 ug or 0.2 ug dose of

RBD formulated with AS01. For conjugates, the dose corresponds to the among of RBD in the conjugates. Sera from each

animal were analyzed by ELISA in triplicate and the y-axis represents the geometric mean of ELISA units with a 95%

confidence interval. Statistical differences between groups were measured using a Kruskal-Wallis one-way ANOVA fol-

lowed by a Dunn multiple comparator test. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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When formulated in AS01, on the other hand, both conjugates gave significantly higher levels of antibody

response compared to the monomer RBD. At the 1.0 mg dose, antibody levels did not differ significantly

between the two conjugates on day 14, albeit RBD-EcoCRM-RC antibody responses trended higher. At

the 0.2 mg dose, a similar pattern in antibody levels was observed, but in this case, RBD-EcoCRM-RC anti-

body responses were significantly higher than those in RBD-EcoCRM-CC conjugate as well as monomeric

RBD groups.

Antibody levels measured two weeks after the second vaccination showed substantial increases for all

groups (Figure 1B). In Alhydrogel�, RBD-EcoCRM-CC had significantly lower levels of antibody compared

to monomer and RBD-EcoCRM-RC; monomer was not significantly different from RBD-EcoCRM-RC in anti-

body responses. In AS01, both conjugates achieved significantly higher antibody responses than the

monomer, and the response to RBD-EcoCRM-RC was significantly higher than those to RBD-EcoCRM-

CC. At 1.0 mg dose in AS01, the antibody level of the RBD-EcoCRM-RC group was >300-fold higher than

that of the monomer group (GM 96,442 vs 309 ELISA units). At 0.2 mg dose, RBD-EcoCRM-RC antibody

response was 680- and 97-fold higher than those of monomeric RBD and RBD-EcoCRM-CC, respectively.

Antibody levels of RBD-EcoCRM-RC at 0.2 mg and 1.0 mg doses did not differ significantly.

When comparing the effect of the two adjuvants, both conjugates gave significantly higher antibody levels

in AS01 compared to Alhydrogel� on Day 35 at 1.0 ug doses (p = 0.0074, RBD-EcoCRM-CC, Alhydrogel�
vs AS01; p = 0.0007, RBD-EcoCRM-RC, Alhydrogel� vs AS01). At 1.0 mg dose, the geometric mean anti-

body level of RBD-EcoCRM-RC in AS01 was 52-fold higher than that of RBD-EcoCRM-RC in Alhydrogel�,

while the levels of antibody for RBD-EcoCRM-CC in AS01 was 70-fold higher than those for this conjugate in

Alhydrogel�. In AS01, RBD-EcoCRM-RC gave significantly higher antibody levels than RBD-EcoCRM-CC at

both 1.0 and 0.2 mg doses.

IgG subclass distribution

IgG subclass (IgG1, IgG2a, IgG2b, and IgG3) distribution in immune sera from vaccinated mice was

analyzed by ELISA using the secondary antibody specific to each subclass. Alhydrogel� formulated

RBD, both as monomer and conjugates, showed an IgG1 dominant subclass distribution with very low

levels of IgG2, indicating a strong Th2 polarized immune response (Figure 2). The IgG response to RBD

monomer was almost exclusively IgG1, while that to the conjugate was largely IgG1 with modest IgG2

Figure 2. IgG subclass distribution in the immune sera

IgG subclass (IgG1, IgG2a, IgG2b, and IgG3) distribution of sera frommice vaccinated with RBD and its conjugates, RBD-

EcoCRM-CC and RBD-EcoCRM-RC, formulated with Alhydrogel or AS01. Immune sera collected on day 35 after two

vaccinations (days 0 and 21) were analyzed by ELISA using pooled samples for each group using isotype-specific goat-

anti-mouse secondary antibodies from Southern Biotech, Birmingham AL.
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contribution. On the other hand, sera from mice vaccinated with AS01-formulated immunogens showed a

qualitatively different IgG subclass distribution with a greater contribution of IgG2 relative to IgG1. AS01-

formulated antigens primarily comprised IgG2a and/or IgG2b, with modest or no IgG1, indicating a mixed

Th1/Th2 response with a dominant Th1 polarization.

Human ACE2 (hACE2) binding inhibition by immune sera

The functional activity of immune sera was analyzed by measuring its ability to block the binding of RBD to

its hACE2 receptor. RBD was immobilized on a plate and tagged hACE2 binding was measured by ELISA.

Binding wasmeasured in the presence of serially diluted serum and the IC50 (serum dilution that gave a 50%

reduction in Spike binding to hACE2) was determined for each animal (Figure 3A). Only the sera from an-

imals that received AS01-formulated immunogens were analyzed as the immunogenicity of Alhydrogel�
formulated antigens was significantly lower.

Sera frommice vaccinated with either of the two conjugates or the monomer inhibited the binding of Spike

protein to the hACE2 receptor. The binding inhibition activity of the three immunogens corresponded to

their antibody levels. RBD-EcoCRM-RC showed significantly higher binding inhibition activity (higher IC50)

than themonomer and RBD-EcoCRM-CC at both 1.0 mg and 0.2 mg doses (Figure 3A). For both doses, RBD-

EcoCRM-RC serum was significantly more effective than RBD-EcoCRM-CC serum in blocking Spike-recep-

tor binding. hACE2 binding inhibitory antibody levels of RBD-EcoCRM-RC animals were 55 and 159-fold

higher than those of the monomer animals at 1.0 mg and 0.2 mg doses, respectively. As with serum antibody

levels, RBD-EcoCRM-RC did not yield significantly different inhibitory antibody levels at the two doses. A

plot of serum ELISA unit vs IC50 shows a strong correlation between the serum antibody level and hACE2

binding inhibitory antibody level (Spearmen r = 0.9332; p = <0.0001) (Figure 3B).

Pseudovirus neutralization assay

Immune sera were tested for virus neutralization activity using a pseudovirus with wild-type (WA-1) SARS-

CoV-2 spike protein-expressing luciferase reporter gene. Only the sera from animals vaccinated with immu-

nogens formulated with AS01 were tested and sera for each group were pooled for these analyses. Fig-

ure 4A shows the percentage inhibition of pseudovirus entry into HEK293 cells overexpressing ACE2 at

Figure 3. Immune sera block the binding of ACE2 to RBD

Effect of immune sera on the binding of hACE2 to RBD was assayed by ELISA and the binding inhibitory activity of sera is

presented as IC50, the serum dilution at which the binding inhibitory activity is reduced by 50%.

(A) Comparison of the binding inhibitory activity of sera from mice vaccinated with AS01 formulated RBD and its

conjugates with 1 ug or 0.2 ug dose of RBD. Error bars represent geometric mean with 95% confidence limit.

(B) Plot of Log (ELISA units) vs Log (IC50) showing a strong correlation (Spearman r = 0.9332; p = <0.0001) between the

serum antibody levels and binding inhibitory activity. Statistical differences between groups were measured using a

Kruskal-Wallis one-way ANOVA followed by a Dunn multiple comparator test. *p% 0.05, **p% 0.01, ***p% 0.001, ****p

% 0.0001.
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different dilutions of mice sera. IC50 values, defined as the dilution that gives 50% inhibition of pseudovirus

entry, are listed in the table (Figure 4B). Sera from mice vaccinated with RBD monomer at either dosage

were unable to block viral entry. Similarly, sera from RBD-EcoCRM-CC also were poor inhibitors of viral

entry, although 1.0 mg dose gave a measurable IC50 of 105. In contrast, sera from mice immunized with

RBD-EcoCRM-RC conjugate showed strong virus neutralization activity. Groups that received 1.0 mg

dose, as well as 0.2 mg dose, showed this strong activity, albeit the low dose group achieved a higher

IC50 than the high dose group (IC50 6334 and 2575 for low and high dose groups, respectively).

DISCUSSION

Chemical conjugation of bacterial polysaccharides to protein carriers has generated effective vaccines

against bacterial infections (Pichichero, 2013). In a similar strategy, we have developed a protein-protein

conjugate vaccine platform for malaria antigens and demonstrated its manufacturability and effectiveness

in clinical trials (Shimp et al., 2013; Talaat et al., 2016; Sagara et al., 2018; Healy et al., 2021). Here, we adapt-

ed this technology for a prototype vaccine against SARS-CoV-2 using its receptor-binding domain (RBD) as

the antigen. Using RBD as an immunogen has the advantage of focusing the antibody response on the

domain that binds to the receptor and facilitates viral entry into human cells. Most currently approved vac-

cines target the full-length Spike protein or the whole virus. In addition to neutralizing antibodies, these

approaches have the potential to generate non-neutralizing antibodies against different epitopes of the

virus and can contribute to antibody-dependent enhancement of infection or disease (Kleanthous et al.,

2021). Thus, strategies to minimize these possibilities while directing the antibody response to the binding

site may be advantageous.

While RBDmonomer in Alhydrogel�wasmoderately immunogenic (GMEU 3284), RBDmonomer yielded a

weaker antibody response in AS01 (GM EU 309). In Alhydrogel�, RBD monomer gave a similar or higher

antibody titer compared to radial and crosslinked conjugates, respectively. In contrast, both crosslinked

and radial conjugates showed high antibody responses in AS01: antibody levels at the 1.0 mg dose were

4.2 and 29.4-fold higher compared to RBD in Alhydrogel� for cross-linked and radial conjugates,

respectively.

Synthesis of crosslinked conjugate involves randommodification of lysine sidechains in the antigen to allow

crosslinking with carrier protein. This process has the potential to also modify lysine residues in epitopes

critical for the generation of functional antibodies and this might affect the overall functional activity of im-

mune sera. The radial conjugate on the other hand is generated by site-specific conjugation through a

Figure 4. Pseudovirus neutralization

(A) Effect of immune sera on the internalization of a pseudovirus with WA-1 SARS-CoV-2 virus spike protein, expressing

luciferase gene into human ACE2 expressing HEK293 cells. Binding curves were generated by assaying virus internalization (by

luciferase gene expression) in the presence of different dilutions of immune sera. Pooled sera for each groupwere used for this

analysis. IC50, defined as the serum dilution that reduced the pseudoviral uptake by 50%, was calculated from the biding curve.

Each point represents the mean of triplicate measuremente and error bars represent standard error of the mean.

(B) IC50 values determined for sera frommice vaccinated with RBD and its conjugates (1.0 ug and 0.2 ug doses) formulated

with AS01.
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cysteine side chain without the chemical modification of any other residues in the antigen. This unmodified

antigen conjugated to the carrier appears to provide a superior functional activity.

As the immune response with Alhydrogel� was relatively modest for the conjugates, studies of functional

activity only focused on AS01-formulated RBD monomer and conjugates. The human ACE2 binding inhi-

bition assay showed efficient blocking of RBD/ACE2 binding interaction by the immune sera from mice

vaccinated with the two conjugates. Nevertheless, the radial conjugate showed a significantly stronger

binding inhibition activity compared to the crosslinked conjugate, both at 1.0 mg as well as 0.2 mg dose.

This activity correlated strongly with the total antibody levels. Pseudovirus neutralization assay further

demonstrated the superior functional activity of the radial conjugate in blocking the ACE2-mediated virus

uptake by ACE2-expressing cells. Interestingly, the low dose radial conjugate gave the highest pseudovirus

neutralization titer. Pseudovirus used in this assay had the Spike protein from the wild-type SARS2-CoV-2.

The effect of the immune sera on different variants has not been studied. Vaccines currently in use also

target the wild-type Spike protein and they all appear to be effective against different variants when serum

neutralizing antibody levels are sufficiently high (Barda et al., 2021). Furthermore, replacing the wild-type

RBD with a variant RBD is feasible and straightforward if necessary.

Althoughadirect comparisonof results fromdifferent laboratories isdifficult tomake, it is interesting tonote that

our radial conjugate-induced hACE2 receptor-binding inhibition activity and pseudovirus neutralization activity

thatmatch or exceed the activity of some of the currently approved vaccines when tested inmice (Valdes-Balbin

et al., 2021;Corbett et al., 2020; Tian et al., 2021). Sera frommicevaccinatedwith1.0mgofmRNA-1273 (Moderna)

yieldedpseudovirus neutralization activity (IC50) in the rangeof 89 to1,115 in 3differentmouse strains [Figure 2 in

52], whereasmice vaccinated twicewith RBD-EcoCRM-RC conjugate at 0.2 mgdose yielded an IC50 of 6,334 (Fig-

ure 4). Similarly, receptor blocking activity of immune sera frommice immunized twice with a vaccine based on

full-length spike protein on a nanoparticle platform (NVX-CoV2373; Novavax) in the dose range of 0.05 to 10 mg

yielded a receptor blocking activity with IC50 of 218–1642 (Tian et al., 2021), compared to IC50 of 7,882 obtained

for mouse sera from RBD-EcoCRM-RC vaccinated mice (Figure 4). An RBD- Tetanus Toxoid conjugate vaccine

with an efficacy >70% against Beta andDelta variants, approved for human use in Cuba (Finlay Vaccine Institute,

Havana,Cuba), yieldedACE2 receptorblockingandvirus neutralizationactivitywith IC50 valuesof approximately

2,500 inmice (Toledo-Romani et al., 2021; Valdes-Balbinet al., 2021). Functional activity ofRBD-EcoCRM-RCcon-

jugate observed in this study clearly shows its potential to be an effective vaccine and further studies to explore

this potential are warranted.

The adjuvants used in this study, Alhydrogel� and AS01, are both used in currently approved human vac-

cines (Lee and Nguyen, 2015; Garçon and Di Pasquale, 2017). Alhydrogel� is known to induce a Th2-biased

immune response with protein subunit antigens (Scaria et al., 2020). This study showed a similar pattern:

Alhydrogel� induced a Th2-skewed response dominated by IgG1 subclass against both monomer as

well as conjugated RBD. AS01, which incorporates two immune potentiators (the TLR4 agonist MPL and

the saponin QS-21), gave a mixed IgG subclass distribution with larger contributions from IgG2a and

IgG2b compared to IgG1, indicating a Th1-biased immune response (Coccia et al., 2017). A mixed immune

response inducingmultiple antibody subclasses may be beneficial for an effective antiviral activity involving

receptor-binding inhibition as well as other antibody-mediated effector functions such as complement-

dependent cytotoxicity (CDC), antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent

cellular phagocytosis (ADCP) (Natarajan et al., 2020; Tay et al., 2019).

While highly effective vaccines employing novel technologies such as mRNA are widely available in the US and

other developed countries, neither these vaccines nor the underlying vaccine technologies are easily accessible

to most of the developing world. This limits our ability to control the spread of the virus on a global scale

and may lead to the generation of new variants in under-vaccinated and unvaccinated population, extending

the pandemic. Developing vaccine technologies more readily available to other parts of the world for

manufacturing and distribution is critical to bringing the pandemic under control as well as stopping the gen-

eration of new variants. Protein conjugation technology can be transferred relatively easily to vaccine manufac-

turers in developing countries for cost-effective vaccine manufacturing and distribution.

Limitations of the study

The present study focused on enhancing the immunogenicity of RBD antigen by chemical conjugation to a

carrier protein, EcoCRM�. This was carried out in CD-1mice and the sera were analyzed for the inhibition of
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receptor binding and neutralizing antibody titers. Whether the level of antibody generated by the animals

is sufficient for protection from live viral challenge could not be assessed in these animals. Future studies

should be performed in hACE2-expressing mouse models to analyze the protective efficacy of this vaccine

candidate. In addition, this study only compared the conjugate to the unconjugated RBD, and not to any

other vaccines currently approved for human use. Although neutralizing antibody titers observed for the

radial conjugate are comparable to or better than published results for some approved COVID-19 vaccines

(when tested in mice), no direct comparison was made in the animal study. Future studies should assess this

vaccine candidate in nonhuman primate models with currently approved vaccines as comparators, to

establish the potential of this vaccine candidate.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Mouse immunogenicity study

d METHOD DETAILS

B Expression of full-length spike protein and receptor binding domain of SARS-CoV-2

B Ace2-Fc expression and purification

B Adjuvants

B Chemicals and reagents

B Maleimide modified EcoCRM

B Sulfhydryl modified RBD

B Synthesis of RBD-EcoCRM crosslinked conjugate (CC)

B Synthesis of RBD-EcoCRM radial conjugate (RC)

B Determination of thiol and maleimide modifications

B Determination of conjugate molecular weight

B Determination of conjugate composition and antigen concentration

B Formulation

B Antibody levels and IgG subclass analysis

B RBD/Ace2 binding inhibition assay

B Pseudoviral neutralization assay

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.104739.

ACKNOWLEDGMENTS

The authors thank J. Patrick Gorres for assistance in reviewing and editing this article, Irfan Zaidi for helpful

discussions, Nada Alani for assistance with immunology assays, and Sachy Orr-Gonzalez and Brandi Butler

for animal studies. This work was supported by the Intramural Research Program of the National Institute of

Allergy and Infectious Diseases, National Institutes of Health. Development of SARS-CoV-2 reagents by

Icahn School of Medicine at Mount Sinai was partially supported by the NIAID Centers of Excellence for

Influenza Research and Surveillance (CEIRS) contract HHSN272201400008C.

AUTHOR CONTRIBUTIONS

P.V.S. designed and coordinated experiments, analyzed data, and wrote the article. C.G.R & B.B.C synthe-

sized and characterized conjugates, performed ELISA and isotyping assays. T.H.D. performed functional

assays, provided reagents, and coordinated the pseudoviral neutralization studies, J.P.R provided antigen

and reagents, L.E.L. supervised animal experiments E.K.B. & K.M.R prepared formulations, P.E.D. & N.H.T.

obtained funding, coordinated the project, and edited the article. All authors participated in reviewing the

article and have approved the final version.

ll
OPEN ACCESS

8 iScience 25, 104739, August 19, 2022

iScience
Article

https://doi.org/10.1016/j.isci.2022.104739


DECLARATION OF INTERESTS

The authors declare that there are no competing interests.

Received: February 15, 2022

Revised: June 6, 2022

Accepted: July 6, 2022

Published: August 19, 2022

REFERENCES
Alderson, J., Batchelor, V., O’Hanlon, M.,
Cifuentes, L., Richter, F.C., and Kopycinski, J.;
Oxford-Cardiff COVID-19 Literature Consortium
(2021). Overview of approved and upcoming
vaccines for SARS-CoV-2: a living review. Oxf.
Open Immunol. 2, iqab010. PMID: 34522886;
PMCID: PMC8194545. https://doi.org/10.1093/
oxfimm/iqab010.

Amanat, F., Stadlbauer, D., Strohmeier, S.,
Nguyen, T.H.O., Chromikova, V., McMahon, M.,
Jiang, K., Arunkumar, G.A., Jurczyszak, D.,
Polanco, J., et al. (2020). A serological assay to
detect SARS-CoV-2 seroconversion in humans.
Nat. Med. 26, 1033–1036. Epub 2020 May 12.
PMID: 32398876; PMCID: PMC8183627. https://
doi.org/10.1038/s41591-020-0913-5.

Armbruster, N., Jasny, E., and Petsch, B. (2019).
Advances in RNA vaccines for preventive
indications: a case study of A vaccine against
rabies. Vaccines 7, 132. PMID: 31569785; PMCID:
PMC6963972. https://doi.org/10.3390/
vaccines7040132.

Baden, L.R., El Sahly, H.M., Essink, B., Kotloff, K.,
Frey, S., Novak, R., Diemert, D., Spector, S.A.,
Rouphael, N., Creech, C.B., et al. (2021). Efficacy
and safety of the mRNA-1273 SARS-CoV-2
vaccine. N. Engl. J. Med. Overseas Ed. 384,
403–416. Epub 2020 Dec 30. PMID: 33378609;
PMCID: PMC7787219. https://doi.org/10.1056/
NEJMoa2035389.

Barda, N., Dagan, N., Cohen, C., Hernán, M.A.,
Lipsitch, M., Kohane, I.S., Reis, B.Y., and Balicer,
R.D. (2021). Effectiveness of a third dose of the
BNT162b2 mRNA COVID-19 vaccine for pre-
venting severe outcomes in Israel: an observa-
tional study. Lancet 398, 2093–2100. Epub 2021
Oct 29. PMID: 34756184; PMCID: PMC8555967.
https://doi.org/10.1016/S0140-6736(21)02249-2.

Bok, K., Sitar, S., Graham, B.S., and Mascola, J.R.
(2021). Accelerated COVID-19 vaccine develop-
ment: milestones, lessons, and prospects.
Immunity 54, 1636–1651. Epub 2021 Aug 3. PMID:
34348117; PMCID: PMC8328682. https://doi.org/
10.1016/j.immuni.2021.07.017.

Coccia, M., Collignon, C., Hervé, C., Chalon, A.,
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Peroxidase conjugated anti-mouse IgG Jackson ImmunoResearch

Laboratories

115-035-164; RRID:AB_2338510

Peroxidase conjugated human IgG Jackson ImmunoResearch

Laboratories

109-035-098; RRID:AB_2337586

Goat anti-mouse IgG1-AP conjugate Southern Biotech 1071–04; RRID:AB_2794425

Goat anti-mouse IgG2a-AP conjugate Southern Biotech 1083–04; RRID:AB_2794508

Goat anti-mouse IgG2b-AP conjugate Southern Biotech 1091–04; RRID:AB_2794541

Goat anti-mouse IgG3-AP conjugate Southern Biotech 1100–04; RRID:AB_2794572

Bacterial and virus strains

SARS-CoV-2 Pseudovirus (WA) GenScript SC2087A

Biological samples

Fetal Bovine Serum (FBS) Gibco 10099–141C

Chemicals, peptides, and recombinant proteins

ExpiFectamine Thermo Fisher A14524

Polyethyleneimine Polyscience 23966–1

Fire-Lumi Luciferase assay system GenScript L00877C-1000

Tetramethylbenzidine MilliporeSigma T0440

Phosphatase substrate Sigma-Aldrich S0942

N-(ε-maleimidocaproyloxy- succinimide) Pierce Biotechnology 22308

(N-succinimidyl S-acetylthioacetate)

(SATA)

Pierce Biotechnology 26102

BupH PBS pack Pierce Biotechnology 28372

Protein A agarose resin GoldBio P-400-5

Opti-MEM Gibco 31985–070

DMEM Medium Gibco 10569–010

Protein A IgG binding buffer Thermo Fisher 21001

IgG elution buffer Thermo Fisher 21004

Critical commercial assays

AAA analysis Dana Farber Cancer Institute https://www.dana-farber.org/research/core-facilities/

Pseudovirus neutralization assay GenScript https://www.genscript.com/

Experimental models: Cell lines

Expi293 Thermo Fisher A14527

ACE2 overexpressing cells GenScript RD00825

Experimental models: Organisms/strains

CD-1 mice Charles River https://www.criver.com/products-services/find-model/

cd-1r-igs-mouse?region=3611

Recombinant DNA

ACE2-Fc fusion plasmid Addgene 145163
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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, Patrick E. Duffy (patrick.duffy@nih.gov).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d 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

Mouse immunogenicity study

Immunogenicity of various conjugates and unconjugated antigen were evaluated in 5 to 6 weeks old,

healthy female CD-1 mice (obtained from Charles River Laboratories, Wilmington, MA). Animal studies

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Prism GraphPad Software Inc.,

La Jolla, CA

https://www.graphpad.com/

Other

Alhydrogel� CRODA, Denmark 5594

AS01 Glaxo Smith Kline SHINGRIX Kit- ZH5R5

HPLC-SEC Agilent Agilent 1200 HPLC System

SEC-MALS detectors - Wyatt DAWN GELIOS II Wyatt Technologies,

Santa Barbara, CA

S/N 881-H2

SEC-MALS detectors - OptiLab TrEX Wyatt Technologies,

Santa Barbara, CA

Serial #: 1282-TREX

AKTA Pure FPLC Cytiva ÄKTA pure 25 L

NanoDrop One Spectrophotometer Thermo Fisher ND2000USCAN

S41i-CO2 incubator shaker Eppendorf S41I120010

Hiload 16/60 Superdex column Pharmacia Biotech Code number:17-1069-01

Id number: 0636006

TSKgel G5000PWxl column Tosoh Bioscience Cat: 08023

Column #: N0020-12k

HisTrap Excel NTA column Cytiva 17371206

Superdex 200 GL column Cytiva 28990944

Microplate reader BMG PHERAStar FSX

Centrifuge Beckman Coulter AllegraX-15R

Inverted microscope DIANYING 37XC

Cell incubator Thermo Scientific Forma Series II

CFD10 10 kDa cutoff Millipore, Billerica, MA Ref #: UFC901096

Lot: R8EA70722

CFD100, 100 kDa cutoff Millipore, Billerica, MA Ref#: UFC910024

Lot: R3KA73079

ELISA plates – Nunc MaxiSorp Thermo Fisher 44-2404-21
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were performed in an AAALAC-accredited facility in accordance with an animal study protocol guided and

approved by the Institutional Animal Care and Use Committee (IACUC) at the National Institutes of Health.

Animals were housed in SPF-filteredmicro-isolators; nestlets were used for enrichment with food and water

administered ad libitum.

10 mice per group were used for each test sample. Mice were vaccinated by intra-muscular injection of

50 mL Alhydrogel� or AS01 formulations on Days 0 and 21. Blood samples from animals were collected

by cardiac puncture, after anesthesia on days 14 and 35. Sera obtained were analyzed for anti-RBD anti-

body titer by ELISA and functional activity by pseudovirus neutralization assay, described below.

METHOD DETAILS

Expression of full-length spike protein and receptor binding domain of SARS-CoV-2

Plasmids expressing the Receptor Binding Domain (RBD) and full-length spike proteins were generous gifts

of Florian Krammer, Icahn School of Medicine at Mount Sinai. Production of these proteins was performed

in a similar manner to previous methods (Stadlbauer et al., 2020; Amanat et al., 2020). Typically, Expi293

(Thermo Fisher) suspension cells in 293F Expi293 Expression medium (Thermo Fisher) were grown at

37�C and 8% CO2, maintaining cultures at continuous log phase growth (3.0–5x106) for 3-4 passages after

thawing. The day before transfection, 500 mL of culture was seeded at a density of 2.5–3x106 cells/mL in a

2 L flask. The day of transfection, cells were diluted back to 2.5–3x106 prior to transfection. Expi293 cells

were transfected using 1.4 mL of ExpiFectamine� (Thermo Fisher) and 0.5 mg of plasmid DNA per 0.5 L

of cells. Plasmid DNA was diluted into 25 mL of OptiMEM (Thermo Fisher) and filter sterilized through a

0.2 micron filter. The ExpiFectamine�was slowly added to 25 mL of OptiMEM, gently mixed and incubated

for 5 min. The diluted ExpiFectamine� was then added slowly to the diluted DNA, gently mixed and incu-

bated at room temperature for 10–20 min. The mixture was added to the cells slowly while swirling the flask.

The flask was returned to the incubator at 37�C and 8% CO2 for 16–20 h. The following day, both enhancer I

and II (Thermo Fisher) were added to the Expi293 cultures and returned to the incubator. Cultures at 4 days

post-transfection were centrifuged at 10,000 3 g for 30 min. The spent culture media was sequentially

filtered through 0.45 mm and 0.2 mm filters. The clarified spent media was loaded on a 5 mL HisTrap� Excel

NTA column (GE Life Sciences). The column was washed with 20 column volumes of wash buffer (20 mM

sodium phosphate, 0.5 M NaCl, 0 to 30 mM imidazole, pH 7.4). The bound protein was eluted with a

step gradient of elution buffer (20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole, pH 7.4). The

eluted NTA fractions were confirmed to contain RBD or full-length spike proteins by SDS-PAGE (4–12%

Bis-tris, Thermo Fisher) and Coomassie staining. The fractions were pooled, concentrated, and buffer

exchanged by diafiltration using a 10 kDa cutoff centrifugal filter unit (Millipore Sigma). The absorbance

at 280 nm was determined and the concentration of the recombinant spike or RBD was calculated from

the predicted extinction coefficient from the protein sequence. Proteins were then aliquoted and stored

at �80�C.

Ace2-Fc expression and purification

The Ace2-Fc fusion was expressed from pcDNA3: pcDNA3-sACE2(WT)-Fc(IgG1) was a gift from Erik Procko

(Addgene plasmid # 145163; http://n2t.net/addgene:145163; RRID:Addgene_145163). Expi293F cells were

transfected with the plasmid according to manufacturer’s instructions and supernatant was harvested after

4 days of expression (Thermo Fisher Scientific). Supernatant was incubated with protein A agarose resin at

room temperature (GoldBio) for 1 h. Resin was collected and washed with 10 column volumes protein A IgG

binding buffer (Thermo Fisher Scientific). Protein was then eluted with 10 column volumes of IgG elution

buffer (Thermo Fisher Scientific) and neutralized with 1 column volume of 1 M Tris pH 9.0. Ace2-Fc was

further purified by size-exclusion chromatography using a Superdex 200 Increase 10/300 GL column

(Cytiva) equilibrated in 13 PBS.

Recombinant protein carrier, EcoCRM�with a molecular weight of 58,412.6 Da, produced in E. coli with an

oxidative intracellular environment, were obtained from Fina Biosolutions, Rockville, MD (Hickey et al.,

2018).

Adjuvants

Alhydrogel� 2% (9–11 mg/mL of Al) was purchased from CRODA, Denmark. AS01 containing the TLR4

agonist MPL (100 ug/mL) and saponin fraction QS-21 (100 ug/mL) in a liposomal formulation was obtained
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from commercially available SHINGRIX vaccine package. A final delivery dose in mice contained 2.5 mg/

2.5 mg (MPL/QS-21) per 0.05 mL dose.

Chemicals and reagents

N-(ε-maleimidocaproyloxy-succinimide) (EMCS) and (N-succinimidyl S-acetylthioacetate) (SATA) were

from Pierce Biotechnology Inc. (Rockford, IL). All buffers were prepared from BupH PBS Pack. Deacetyla-

tion buffer containing 0.5M NH2OH was prepared with pH 7.2 PBSE. Amicon centrifugal filtration devices

CFD10 and CFD100 with 10 kDa and 100 kDa MWCO respectively were obtained from Millipore (Billerica,

MA).

Maleimide modified EcoCRM

A solution of 7.84mg of EcoCRM in 3.6 mL of pH 7.2 PBSE (100 mM sodium phosphate, 150mMNaCl, 5 mM

EDTA) (2.178 mg/mL, 1.34 3 10�7 mol) was equilibrated in a 22�C water bath with stirring. To this solution

40.3 mL of a 30.8 mg/mL solution of EMCS in DMSO (1.24 mg, 4.03 3 10�6 mol) was added and the mixture

was stirred for 1.5 h at 22�C. The buffer of the mixture was exchanged with pH 6.5 phosphate buffered su-

crose (10 mm sodium phosphate, 10% sucrose) (1000-fold exchange) using a CFD10 to obtain 1.7 mL of

maleimidemodified EcoCRM. An indirect DTDP assay determined the number of maleimides per molecule

of EcoCRM to be 7.68. The protein concentration was determined to be 4.77 mg/mL.

Sulfhydryl modified RBD

To a solution of 2.43 mg (9.68 3 10�8 mol) of RBD in 1.2 mL of pH 7.2 PBSE buffer (100 mM sodium phos-

phate, 150 mM NaCl, 5 mM EDTA), stirred at 22�C, 19.4 mL (0.447 mg, 1.94 3 10�6 mol) of a 23 mg/mL so-

lution of SATA linker in DMSO was added and stirred for 1 h at 22�C. The mixture was diluted with pH 7.2

PBSE (100 mM sodium phosphate, 150 mM NaCl, 5 mM EDTA) and concentrated repeatedly to affect a

1000-fold buffer exchange using a CFD10 to give a final volume of approximately 1.0 mL (2 mg/mL). To

the resulting solution (1.0 mL) was added 0.10 mL of deacetylation buffer (0.5 M NH2OH in pH 7.2

PBSE). The mixture was placed on a rotating shaker at 600 RPM for 1 h at 22�C. The mixture was transferred

to a CFD10, and the buffer was exchanged into pH 6.5 PBSE (100 mM sodium phosphate, 150 mM NaCl,

5 mM EDTA) by repeated dilution and concentration to affect a 1000-fold buffer exchange, yielding

1.4 mL of a 1.49 mg/mL solution of sulfhydryl modified RBD (2.08 mg). The product was kept frozen

at �80�C until used. DTDP assay showed 2.73 thiols per molecule of RBD.

Synthesis of RBD-EcoCRM crosslinked conjugate (CC)

Crosslinked conjugate of RBD with EcoCRM, (RBD-EcoCRM-CC) was synthesized as described below using

the procedure described previously for Pfs230-EcoCRM conjugate (Scaria et al., 2020).

To 0.30 mL of a 4.77 mg/mL solution of maleimide modified EcoCRM in pH 6.5 phosphate buffered sucrose

(1.45 mg, 2.483 10�8 moles), with stirring in a 22�Cwater bath, 1.73 mL of pH 6.5 PBSE was added. This was

followed by addition of 1.2 mL of a 1.49 mg/mL solution of sulfhydryl modified RBD (1.788 mg,

7.12 3 10�8 mol) in pH 6.5 PBSE, and the mixture was stirred for 1 h at 22�C. The excess maleimide groups

were quenched by adding 42 mL of a 0.8 mg/mL solution of cysteine hydrochloride (0.034 mg,

1.91 3 10�7 mol) in pH 6.5 PBSE, and the mixture was stirred an additional 15 min. Purification was carried

out by gel filtration chromatography using a a HiLoad� 16/60 Superdex 200 prep grade column at 30 mL/h

flow rate in PBS. One mL fractions were collected across the protein peak and were analyzed by size exclu-

sion chromatography (G5000PWxl column). Fractions eluting from 56–76 min were combined to give

1.095mg of product at a concentration of 0.996mg/mL, as determined by absorbance at 280 nm.Molecular

weight and distribution were determined by SECMALS analysis which gave an averagemolecular weight of

1,364 kDa (Table 1B).

Synthesis of RBD-EcoCRM radial conjugate (RC)

To a 1.75 mL solution of 3.06 mg (1.22 3 10�7 mol) of RBD in PBS was added 5 molar equivalents of DTT

(4.71 mL of a 20 mg/mL solution of DTT in 100 mM Acetate Buffered Saline pH 4.5). The mixture was vor-

texed and placed on an orbital shaker at 600 RPM at room temperature for 30 min. The mixture was diluted

with 100 mM PBS +5mM EDTA pH6.5 (PBSE_6.5) and concentrated repeatedly to affect a 120-fold buffer

exchange using a Millipore centrifugal filtration device (10 kDa MWCO) to give a final volume of
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1.10 mL. The final protein concentration was determined to be 2.72 mg/mL of RBD-SH by A280. A Direct

DTDP assay determined the number of thiols per RBD-SH was 1.2.

180.6 mL of a 4.77 mg/mL solution of maleimide-activated EcoCRM (0.861 mg, 1.473 10�8 mol EcoCRM) in

PBSE_6.5, containing 7.7 maleimide groups per EcoCRM molecule, was diluted with 2,315 mL of PBSE_6.5.

To this solution was added 950 mL of the 2.72 mg/mL solution of de-protected RBD-SH (2.58 mg,

1.03 3 10�7 mol) in PBSE_6.5. The mixture was vortexed and placed on an orbital shaker at 600 RPM

for 30 min at room temperature. Excess maleimides were quenched by the addition of 19.9 mL of a

10 mg/mL solution of L-cysteine hydrochloride (0.199 mg, 1.13 3 10�6 mol) in PBSE_6.5 was added. After

five minutes, the quenched conjugation was spun down for 2 min at 2k RCF to pellet any precipitates, and

the supernatant was purified by fractionation on a HiLoad� 16/60 Superdex 200 prep grade column at

30 cm/h in PBS. 1.0 mL fractions were collected across the protein peak as detected by absorbance at

280 nm. Fractions eluting from 70–85 min were pooled, concentrated using a Millipore centrifugal filtration

device (100 kDa MWCO), and sterile-filtered (0.22-mm PVDF) to yield 640 mL of RBD-EcoCRM-RC in PBS.

Determination of thiol and maleimide modifications

Average number of free thiol groups in the antigen andmaleimide modifications on EcoCRMwere assayed

as described previously (Scaria et al., 2020). Number of thiol moieties in the sulfhydryl modified RBD were

determined by 4,40-dithiodipyridine (DTDP) assay. Sulfhydryl modified antigens were reacted with DTDP at

pH 6.5 and the concentration of released 4-thiopyridon was determined from the absorbance at 324 nm

using amolar extinction coefficient of 21,400 LM�1 (Riener et al., 2002). The assay was validated by cysteine

standards included in the assay. The number of maleimide moieties in the maleimide modified EcoCRM

was determined by a ‘‘reverse-DTDP’’ assay. In this assay, the DTDP assay is used to determine the amount

of cysteine consumed by maleimide moieties, when incubated with known amount of cysteine. Maleimide-

modified proteins mixed with standard cysteine solutions were incubated for 1 h at room temperature.

Thiol concentration of the mixtures were then measured by DTDP assay. Maleimide concentration was

calculated as the difference between the thiol concentration of the standard cysteine solution and the

cysteine plus maleimide-modified protein.

Determination of conjugate molecular weight

The weighted-average molecular weight and molecular weight distributions of RBD conjugates were

determined by SEC-MALS detectors (Wyatt DAWN HELIOS II and OptiLab TrEX, Wyatt Technologies,

Santa Barbara, CA) using ASTRA 7.3 software, as previously described (Scaria et al., 2020). Average molar

weight (Mw) and molecular weight distribution of the conjugates were determined using ASTRA software.

Determination of conjugate composition and antigen concentration

Composition of RBD-EcoCRM conjugates (antigen-to-carrier ratio) was determined from amino acid ana-

lyses of the conjugates and individual protein components (antigen and carrier) using a method previously

described (Scaria et al., 2020). The molar ratios of the proteins in the conjugates were calculated by a mul-

tiple regression analysis of the amino acid analysis data with least square fitting, using a selected set of

amino acids common to both proteins (Shuler et al., 1992). Amino acid analyses were carried out at the Mo-

lecular Biology Core Facility at the Dana Farber Cancer Institute (MBCF-DFCI), Boston, Massachusetts. An

extinction coefficient was derived from the antigen-to-carrier ratio using the theoretical extinction coeffi-

cients of both monomeric components (Pace et al., 1995) to determine the antigen concentration for both

conjugates based on their A280 readings.

Formulation

Conjugates for mouse immunogenicity studies were formulated in either Alhydrogel� or in AS01, a liposomal

adjuvant containing MPL and QS-21. Alhydrogel formulated immunogens contained 0.45 mg/mL Alhydrogel�
(aluminum content) and were prepared within 24 h of vaccination and stored at 2-8�C until used. AS01 formu-

lations were prepared within 4 h of vaccination by mixing an equal volume of the adjuvant with the conjugate

solution to obtain a final concentration of 2.5 mg of MPL and 2.5 mg of QS-21 in 50 mL of injection volume.

Antibody levels and IgG subclass analysis

Anti-RBD antibody titers were assayed using standard ELISA method described previously,[10] with full

length Spike protein as the plate antigen (Healy et al., 2021). Briefly, plates (Nunc MaxiSorp;
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ThermoFisher Scientific) were coated with 100 mL 0.01mg/mL purified trimeric FL-spike ectodomain diluted

in 50 mMNa-carbonate pH 9.5 and incubated overnight at 4�C. Plates were washed three times with PBST,

blocked with 2% BSA in PBST for 1 h at room temperature and washed again three times with PBST. Serum

was diluted in 2% BSA in PBST and 100 mL was added to each well and incubated for 1 h incubation at room

temperature. Plates were then washed three times with PBST and 200 mL each of 1:5000 peroxidase conju-

gated anti-mouse IgG was added (Jackson ImmunoResearch Laboratories, Inc. Cat. # 115- 035–164). After

incubation for 30min at room temperature, they werewashedwith PBST three times. 70 mL Tetramethylben-

zidine (TMB) (MilliporeSigma) was added to the wells and incubated for 20 min at room temperature before

quenching with 70 mL 2 M H2SO4. Absorbance at 450 nm was measured using a plate reader.

Pooled serum from mice immunized with RBD was used to generate a standard curve on each plate to

calculate the antibody titers of individual animals in different groups. One antibody unit (AU) was defined

as the dilution of the standard serum required to achieve an absorbance value of 1 at 450 nm. Each plate

included triplicate 2-fold serial dilutions of the standard serum from 20 to 0.01 AU. Serum from each animal

was diluted such that the absorbance at 450 nm fell in the informative region of the standard curve between

0.1 and 2.0. The absorbance values at 450 nm for the standard curve were fit to a 4-parameter logistic curve,

which was used to convert absorbance values to AU for each individual animal. AU values for each individ-

ual animal were measured in triplicate on separate plates and the average is reported.

For IgG subclass analyses, sera from each group of mice were pooled and diluted 500-fold in Blocking

Buffer. ELISA’s were performed for each pooled group as per the method used to determine the anti-

RBD titers, with the exception that the Goat-anti-Mouse secondary antibodies were IgG1-, IgG2a-,

IgG2b-, or IgG3-specific Alkaline Phosphatase-conjugates (Southern Biotech), a Phosphatase substrate

(Sigma, Cat. #S0942) was used as the developer, and the absorbance values were determined by subtract-

ing the A650nm from the A405nm readings after developing for 20 min. Each IgG subclass (IgG1, IgG2a,

IgG2b and IgG3) titer was determined and expressed as a % contribution to the sum of subclasses.

RBD/Ace2 binding inhibition assay

The RBD/Ace2 blocking assay was performed, as described previously (Dickey et al., 2021). Nunc MaxiSorp

plates (ThermoFisher Scientific) were coated with 100 mL 0.32 mg/mL purified RBD diluted in 50 mMNa-car-

bonate pH 9.5. Plates were incubated overnight at 4�C followed by washing three times with PBST. Plates

were then blocked for one hour at room temperature with 2% BSA in PBST and washed three times with

PBST. Serum was diluted in 2% BSA in PBST in a 3-fold dilution series from 1:100 to 1:218,700. 50 mL serum

wasmixedwith 10 mL 30 nMAce2-Fc or 10 mL buffer as a background control. 50 mL serummixturewas added

to RBD-coated plates and incubated 1 h at room temperature. Plates were washed three times with PBST

and 200 mL 1:30,000 peroxidase-conjugated anti-human IgGwas added (Jackson ImmunoResearch Labora-

tories, Inc. Cat. # 109-035-098). Plates were incubated 30 min at room temperature and washed three times

with PBST. Finally, 70 mL Tetramethylbenzidine (TMB) (MilliporeSigma) was added to each well and incu-

bated for 20 min at room temperature before quenching with 70 mL each of 2 M H2SO4. Absorbance at

450 nm was measured using a Biotek Synergy H1 plate reader.

RBD/Ace2 binding inhibition was calculated after subtracting the Abs450 values of the background controls

lacking Ace2-Fc. Four wells without serumwere used to calculate the maximum signal. Inhibition was calcu-

lated using the following formula:

% inhibition = 1003

�
1 � X

max

�

where X is the Abs450 of a well after background-subtraction and max is the average of the four samples

without serum after background-subtraction.

% inhibition values were fit using a normalized dose-response curve with a variable slope:

Y = 100

��
1 +

�
IC50

X

�
ĤillSlope

�

where X is the serum dilution, Y is the % inhibition, and HillSlope and IC50 are calculated parameters corre-

sponding to the slope of the curve and the dilution at which 50% inhibition occurs, respectively. IC50 values

for each animal were log-transformed and plotted, along with the geometric mean value for each group.
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Pseudoviral neutralization assay

Serum mediated neutralization of viral entry into Ace2 expressing cells were assayed using a pseudovirus

consisting of spike protein (WA-1) and expressing luciferase reporter gene as described previously (Dickey

et al., 2021). Mouse serum was diluted in a triplicate 5-fold series from 1:10 to 1:781,250. Serum was mixed

1:1 with pseudovirus expressing luciferase reporter gene in a 96-well plate (GenScript). After incubation

at room temperature for 1 h, 20,000 HEK293 cells overexpressing Ace2 were added to each well. Cells

were incubated with pseudovirus at 37�C, 5% CO2 for 48 h, after which culture medium was removed

and Fire-LumiTM luciferase substrate reagent was added to the wells. Luciferase signal was measured using

an PHERAStar microplate reader and %inhibition was calculated using the following formula:

% inhibition = 1003

�
1 � X � min

max � min

�

where X is the luciferase signal, min is the average signal from duplicate wells without pseudovirus, andmax

is the average signal from duplicate wells without serum. Log IC50 values were calculated in the same

manner described for the RBD/Ace2 blocking assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed with Prism software (GraphPad Software, Inc., La Jolla, CA). Statistical differences be-

tween test groups (p % 0.05) were measured using a Kruskal-Wallis analysis followed by a Dunn multiple

comparator test for comparing three or more groups.
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