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based on recombinant spike
trimer protein from different
SARS-CoV-2 variants of concern
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The emergency of new SARS-CoV-2 variants that feature increased immune

escape marks an urgent demand for better vaccines that will provide broader

immunogenicity. Here, we evaluated the immunogenic capacity of vaccine

candidates based on the recombinant trimeric spike protein (S) of different

SARS-CoV-2 variants of concern (VOC), including the ancestral Wuhan, Beta

and Delta viruses. In particular, we assessed formulations containing either

single or combined S protein variants. Our study shows that the formulation

containing the single S protein from the ancestral Wuhan virus at a

concentration of 2µg (SW2-Vac 2µg) displayed in the mouse model the

highest IgG antibody levels against all the three (Wuhan, Beta, and Delta)

SARS-CoV-2 S protein variants tested. In addition, this formulation induced

significantly higher neutralizing antibody titers against the three viral variants

when compared with authorized Gam-COVID-Vac-rAd26/rAd5 (Sputnik V) or

ChAdOx1 (AstraZeneca) vaccines. SW2-Vac 2µg was also able to induce IFN-

gamma and IL-17, memory CD4 populations and follicular T cells. Used as a

booster dose for schedules performed with different authorized vaccines,

SW2-Vac 2µg vaccine candidate also induced higher levels of total IgG and

IgG isotypes against S protein from different SARS-CoV-2 variants in

comparison with those observed with homologous 3-dose schedule of

Sputnik V or AstraZeneca. Moreover, SW2-Vac 2µg booster induced broadly

strong neutralizing antibody levels against the three tested SARS-CoV-2

variants. SW2-Vac 2µg booster also induced CD4+ central memory, CD4+

effector and CD8+ populations. Overall, the results demonstrate that SW2-Vac
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1020159/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1020159/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1020159/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1020159/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1020159/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.1020159&domain=pdf&date_stamp=2022-09-29
mailto:hozbor.daniela@gmail.com
mailto:hozbor@biol.unlp.edu.ar
https://doi.org/10.3389/fimmu.2022.1020159
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.1020159
https://www.frontiersin.org/journals/immunology


Rudi et al. 10.3389/fimmu.2022.1020159

Frontiers in Immunology
2 µg is a promising formulation for the development of a next generation

COVID-19 vaccine.
KEYWORDS

COVID-19, SARS-CoV-2, mice immunization, spike trimeric protein, immunogenicity,
vaccine candidate
Introduction

On 31 December 2019, pneumonia cases of unknown

aetiology with a common source of exposure at Wuhan’s

South China Seafood market were reported. Later a novel

coronavirus (SARS-CoV-2) was identified as the causative

agent of respiratory symptoms for these cases. The outbreak

rapidly evolved, affecting other countries worldwide and on

11 March 2020, the Director-General of WHO declared the

COVID-19 outbreak a pandemic. Globally, as 5 August 2022

there have been 579,092,623 confirmed cases of COVID-19,

including 6,407,556 deaths (https://worldhealthorg.

shinyapps.io/covid/). The COVID-19 devastating impact

over the past 2.5 years has resulted in a global effort to

establish high level of protection by vaccination (1). Since

the end of 2020, COVID-19 vaccines mainly targeting the

spike protein (S), such as messenger RNA (Moderna -

mRNA-1273mRNA; Pfizer -B ioNTech Comirnaty -

BNT162b2), protein-based (Novavax - NVX-CoV2373,

Soberana 02, Abadala, Sobena Plus), viral vectored (Sputnik

V - Gam-COVID-Vac-rAd26/rAd5, Oxford-AstraZeneca -

AZD1222/ChAdOx1, Johnson & Johnson Janssen -

Ad26.COV2.S, CANSINO- Ad5.COV2) or inactivated

(Sinopharm - BBIBP-CorV, Sinovac - CoronaVac, Covaxin

- BBV152) that target the entire virus, began to be authorized

for use in the health emergency (2). Active immunization

with these COVID-19 vaccines has significantly reduced the

most negative effects of this disease, that is, hospitalizations,

deaths, and even the prevalence of sequelae (3–5). As of 5

August 2022, 67.2% of the world population has received at

least one dose of a COVID-19 vaccine and 12.39 billion doses

have been administered globally. Though these numbers are

positively impressive, a worrying fact is the inequity in the

distribution of vaccines, only 20.2% of people in low-income

countries have received at least one dose (Data OWi.

Coronavirus (COVID-19) Vaccinations. Oxford, United

Kingdom: University of Oxford; (2022). Available at:

https://ourworldindata.org/covid-vaccinations.).

The need to evaluate revaccination schemes rose because of the

emergence of viral variants escaping the immune response as

consequence of SARS-CoV-2 evolution, which provides
02
adaptation and increased fitness. SARS-CoV-2, alike other RNA

coronaviruses, has proofreading activity at its exoribonuclease

ExoN (6, 7) leading to mutation rates estimated in around 10-6

and 10-7 per site per replication cycle (8), considerably lower than in

other RNA viruses. Despite this low mutation rate, advantageous

mutations with respect to viral replication, transmission, and

immune evasion are selected in natural populations (9).

Accumulation of such mutations in certain genotypes leads to the

rise of the so-called variants of concern (VOC). Many of these

mutations are located in the S protein,which contains two domains,

namely S1 and S2. The N-terminal region of the S1 domain

contains the species-specific receptor-binding domain (RBD).

Mutations in this domain have been detected in circulating

variants (10). In addition to the increase in contagiousness, an

increasing immune evasion with Beta (B.1.351), Delta (B.1.617.2),

and nowOmicron (B.1.529 and its sub-linages) VOCwere detected

(11–13). These new properties of SARS-CoV-2 have contributed to

a decreased in vaccine effectiveness and in the duration of the

conferred protection (14, 15).

To accelerate the path toward modified vaccines or new

vaccines, the knowledge on the correlate of protection for

COVID-19 and surrogate immunological markers are

necessary. Although no consensus has been reached, analysis

of SARS-CoV-2 antibodies from participants in COVID-19

vaccine efficacy trials has brought scientists closer to

identifying a correlate of protection against COVID-19. In this

sense recently in a coronavirus efficacy phase 3 trials designated

COVE trial was found that several neutralizing and binding

antibody markers, including the 50% inhibitory dilution (ID50)

neutralizing antibody titers, were correlated with the efficacy of

the vaccine for 4 months (16). Participants with ID50

neutralization titers of 10, 100, and 1,000 had an estimated

vaccine efficacy of 78%, 91%, and 96%, respectively, against

laboratory-confirmed, symptomatic COVID-19 (16). Though

replication in other phase 3 trials is needed to further

strengthen the evidence, the results are robust as this was a

randomized, double-blind, placebo-controlled trial.

In this work, we present the preclinical results on the

immunogenicity of vaccine candidates employing protein-based

vaccine platform containing the trimeric and glycosylated S of

different SARS-CoV-2 VOC adjuvanted with alhydroxyaluminum.
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Materials and methods

Recombinant S protein from different
SARS-CoV-2 variants

Recombinant Spike trimer constructs are based on “tagless”

versions of the SARS-CoV-2 Spike trimers described previously

(17, 18). Briefy, SARS-CoV-2 sequences (Genbank accession

number MN908947) were codon-optimized for Chinese

Hamster Ovary (CHO) cells and synthesized by GenScript.

Within the construct, the spike glycoprotein was preceded by

its natural N-terminal signal peptide and fused at the C-

terminus to the foldon domain of the T4 phagehead fibritin

(19). Mutations were added to stabilize the generated spike

protein in the pre-fusion conformation (K986P–V987P) and

the furin site was abolished (RRAR682–685 –GGAS) as previously

described (20). The D614G mutation was also inserted in the

Wuhan ancestral variant. Constructs were then cloned into

pTT241 plasmid that did not encode C-terminal FLAG/His

affinity tags. Expression constructs for VOC Spike variants

were prepared as previously descr ibed. Intranasal

immunization with a proteosome-adjuvanted SARS-CoV-2

spike protein-based vaccine is immunogenic and efficacious in

mice and hamsters (21). Ancestral, B and D spike proteins were

purified using a one-step affinity method with NGL COVID-19

Spike Protein Affinity Resin (Repligen, Waltham, MA, USA).

Purified proteins analyzed by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) and analytical

size-exclusion ultra-high performance liquid chromatography

(SEC-UPLC) as previously described (18). The identity and

purity of the antigens was also confirmed by mass

spectrometry. Absence of endotoxin contamination was

verified using Endosafe cartridge-based Limulus amebocyte

lysate tests (Charles River Laboratories, Charleston, SC, USA).
Mice

BALB/c female mice with 5 to 6 weeks of age, (School of

Veterinary Sciences, La Plata, Argentina) were randomly divided

into immunized and non immunized groups with 6 to 8 mice in

each group. All procedures were performed in a BSL-2 facility

with approval from Ethical Committee for Animal Experiments

of the Faculty of Science at La Plata National University

(Argentina, approval number 010-38-21 y 004-40-22).
Immunization and sample collection

Spike proteins were formulated with alhydrogel 2% (In

vivoGen, San Diego, CA, USA). Protein adsorption was

analyzed by sodium dodecyl sulphate–polyacrylamide gel
Frontiers in Immunology 03
electrophoresis, followed by Coomassie staining. Protein

concentration was determined by the Bradford method. Vials

of Gam-COVID-Vac-rAd26/rAd5, AZD1222/ChAdOx1,

BBIBP-CorV were acquired from Ministry of Health of

Buenos Aires province. Female BALB/c mice (n = 8) were

immunized (i.m) with 2 doses or 2-dose primary schedule plus

1 dose of booster at days 0 and 14 or 0, 14 and 49, respectively.

Blood was collected from isoflurane-anesthetized mice, via the

submandibular vein on day 14-post vaccination dose. All mice

were humanely euthanized by cervical dislocation to

collect spleens.
Anti-spike IgG ELISA

Anti-spike total IgG titers and IgG isotypes in serum were

quantified by ELISA. Briefly, 96-well high-binding ELISA plates

(Nunc A/S, Roskilde, Denmark) were coated overnight at 4°C

with 100 µL of 0.45 µg/mL Spike protein (same as used for

immunization). Plates were washed five times with PBS/0.05%

Tween20 (PBS-T), and then blocked for 1 h at 37 °C with 200 µL

3% milk in PBS before incubation with serially diluted samples

of mouse serum (1 h, 37°C). After five washes with PBS-T

(Sigma-Aldrich), 100 µL of horseradish-peroxidase–labeled goat

anti-mouse IgG (Invitrogen, United States) at 1:8,000. For

measuring the IgG isotypes, the bound antibody was incubated

with horseradish-peroxidase labeled subclass-specific anti-

mouse IgG1 at 1:8,000 or anti-mouse IgG2a at 1:1,000 (Sigma,

Aldrich). After five washes with PBS-T, 100 µL/well of the

substrate o-phenylenediamine dihydrochloride (OPD, Sigma-

Aldrich) diluted in 0.05 M citrate buffer (pH 5.0) was added.

Plates were developed for 15 min at RT in the dark. The reaction

was stopped with 50 µL/well of 4 N H2SO4. Bound IgG Abs were

detected spectrophotometrically at 492 nm and then plotted as a

function of the log of the (serum dilution)–1. A successful assay

for each antibody sample produced a sigmoidal curve in this type

of plot. The titer of each antibody sample was determined from

this curve by identifying by GraphPad Prism® software the

concentration (expressed as inverse of the dilution of the

antibody) that provokes a half way signal between the basal

response and the maximal response. The cut-off levels

determined for IgG, IgG1, and IgG2a assays were 12.5 ± 3.6,

1.9 ± 0.9, and 5.8 ± 2.7, respectively.
Pseudovirus neutralization assay

Neutralization assays were carried out with SARS-CoV-2

pseudotyped particles (CoV2pp-GFP from Sean Whelan

laboratory) (22) that carries vesicular stomatitis virus as viral

backbone and expresses full length wild-type spike from

ancestral or B, D or Omicron variant on its envelope.
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Viral stocks (VSV-eGFP-SARS-CoV-2) were amplified

using 293T ACE2/TMPRSS2 cells at an MOI of 0.01 in

Dulbecco’s Modified Eagle’s medium containing 2% FBS at 37°

C. Viral supernatants were harvested upon extensive cytopathic

effect and GFP positive cells. The media was clarified by

centrifugation at 1,000 x g for 5 min. Viral stocks were titrated

by fluorescence forming units per milliliter (UFF/ml) in Vero

cell line. Aliquots were maintained at -80°C.

For neutralization assays, Vero cells maintained with

DMEM high glucose with 10% FBS were seeded in a 96-well

plate the day before infection. Mice sera were heat inactivated at

56 °C for 30 minutes and serially diluted in DMEM high glucose

medium. Serum neutralizations were performed by first diluting

the inactivated sample 2-folds and continuing with a 2-fold serial

dilution. A pre-titrated amount of pseudotyped particles was

incubated with a 2-fold serial dilution of patient sera for 1 h at

37°C prior to infection. Subsequently, cells were fixed in 4%

formaldehyde containing 2 mg/mL DAPI nuclear stain

(Invitrogen) for 1 hour at room temperature, and fixative was

replaced with PBS. Images were acquired with the InCell 2000

Analyzer (GE Healthcare) automated microscope in both the

DAPI and FITC channels to visualize nuclei and infected cells

(i.e., eGFP-positive cells), respectively (4X objective, 4 fields per

well, covering the entire well). Images were analyzed using the

Multi Target Analysis Module of the InCell Analyzer 2000

Workstation Soft-ware (GE Healthcare). GFP-positive cells

were identified in the FITC channel using the top-hat

segmentation method and subsequently counted within the

InCel l Worksta t ion sof tware . Absolute inhib i tory

concentrations (absIC) values were calculated for all animals

sera samples by modeling a 4-parameter logistic (4PL)

regression with GraphPad Prism 9.00. Absolute inhibitory

concentration was calculated as the corresponding point

between the 0% and 100% assay controls. Fifty % inhibition

was defined by the controls for all the samples on the same plate.
Ag-specific IL-17 and IFN-g production
by spleen cells and
FACS analysis

Spleens from untreated and immunized mice were passed

through a 40-mm cell strainer to obtain a single-cell suspension.

Spleen cells were cultured with spike protein (S: 1µg/ml), or

medium only. After 72 h of incubation, IFN-g and IL-17A

concentrations were quantified in supernatants by ELISA.

For FACS analysis, spleen cells that were not re-stimulated

with Spike protein were incubated with CD16/CD32 FcgRIII

(1:100) to block IgG Fc receptors. Cells were treated with LIVE/

DEAD Violet (Invitrogen), followed by surface staining with

fluorochrome-conjugated anti-mouse Abs for various markers:

CD3-Pe-Cy7 (BD), CD8-PE (BD), CD4-FITC (BD), CD44-PE

(BD), CXCR5-PerCP-Cy5.5 (BD), CD127-APC (BD). Flow
Frontiers in Immunology 04
cytometry analysis was performed on an BD FACSAria

Fus ion . The resu l t s were ana lyzed us ing FlowJo

software (TreeStar).
Statistical analysis

The data were evaluated statistically by a one-way analysis of

variance (ANOVA) followed by the Tukey test post hoc or

Bonferroni´s multiple comparison test as appropriate. For

fluorescence values analysis, we used Mann-Whitney statistical

analysis. Differences were considered to be significant when p<

0.05. All statistical analysis of data was performed using

GraphPadPrism® version 9.00 for Windows, GraphPad® Software.
Results

Spike protein expression and purification

The tag-less ancestral Wuhan-D614G, B.1.617.2 and B.1.351

(SW, SD and SB) trimeric spike proteins were expressed from

stable CHO pools as described previously (23). Their

purification to near homogeneity was achieved using a

proprietary in-house 3-step chromatographic process,

including a low pH-hold viral inactivation step. Their purity,

as assessed by reducing and non-reducing SDS-PAGE

(Figure 1A) and analytical size-exclusion chromatography

(SEC-UPLC; Figure 1B), was estimated at >95%. The SEC-

UPLC was linked to a MALS detector and the apparent mass

of the 3 spike proteins was of ~520-650 kDa for both “trimers 1”

and “trimers 2” (data not shown). The spikes were all eluting as a

mixture of “trimers 1” and “trimers 2” plus a low amount of

hexamers (trimeric and hexameric species confirmed by MALS

analyses). We consistently observed the presence of trimers 1

and trimers 2 in various spike preparations and their resolution

by SEC-UPLC is suggestive of substantial conformational

differences between the two forms. The reason(s) behind those

structural differences however remain currently unknown.
Glycosylated trimeric protein S
formulations dose-response assays

The purified ancestral Wuhan spike protein with the D614G

mutation (SW) was formulated with alhydrogel adjuvant.

Groups of BALB/c mice (n=8) were vaccinated two times with

doses from 2, 10 and 25µg of SW-Vac. IgG, IgG1 and IgG2a

titers against SW protein (a-SW) were measured after

vaccination. In all cases, immunoglobulin titers of the immune

sera were obtained by plotting the absorbances at 492 nm vs the

log of the reciprocal of the dilution in the GraphPad Prism

program. The titers are expressed as the inverse of the dilution of
frontiersin.org
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the inflection point of the curve. Figure 2A shows that all

immunized mice induced a SW-specific IgG response (IgG a-

SW) after both the first and second doses, with titers being

higher after the second dose, regardless of the quantity of the

protein S used in the formulation. After the second dose, no

significant differences were detected among the IgG a-SW titers

obtained for each of the 3 amounts of S tested. It is important to

highlight that the schedule containing the S protein at 2µg (SW-

Vac 2µg) triggered murine antibody responses with the highest

IgG2a/IgG1 (Figures 2B, C). The IgG2a/IgG1 ratio detected for

the SW-Vac 2µg treatment suggests that this dose skewed the

immune response to a Th1/Th2 mixed profile. Neutralizing

capacity was also evaluated by measuring antibody-

neutralizing titers against W ancestral variant for immunized

and non-immunized animals, using the CoV2pp-GFP

pseudovirus infection (Figure 2D). At 14 days after

administration of the last dose, neutralizing antibodies were

detected in immunized mice at any of the S-protein amount

tested, being the titers detected for SW-Vac 2µg significantly

higher than those induced by the formulation SW-Vac 10µg

(p<0.01). In contrast, in non-immunized animals, the levels of

neutralizing antibodies were undetectable (not shown).

Formulations containing spike purified protein from Beta

(SB), Delta (SD) or a combination of spike protein from W, B

and D SARS-CoV-2 variants (SWBD, with the same proportion

of each VOC until reaching the final protein amount to be used,

which is 2µg and 25µg) in 2 different final protein amount-2 and

25 µg- were also tested and compared with SW-Vac 2µg or SW-

Vac 25µg in the murine model. IgG titers, using ELISA assays to
Frontiers in Immunology 05
detect antibodies against each of the recombinant S proteins SW,

SB (a-SB) or SD (a-SD), were measured after all vaccination

schedule tested (Figure 3). The Figure 3 shows that there is cross-

reaction among the different tested SARS-CoV-2 variants, since

the sera from the groups of animals immunized with each of the

variants were able to recognize all three SARS-CoV-2 proteins

tested (Figures 3A–C). An interesting observation was the

detection of higher a-SW, a-SB, a-SD-IgG titers in the sera of

mice immunized with SW-Vac 2µg in comparison with those

induced in mice immunized with any of the other formulations,

even those containing the highest amount of protein tested

(Figure 3). The highest IgG titers against W, B, and D SARS-

CoV-2 S protein variants were detected in mice immunized with

SW-Vac 2µg compared to the other treatments (p<0.01).

Regarding the SWBD formulation, the IgG titers against the S

protein of the 3 SARS-CoV-2 variants were also lower than those

obtained with the SW-Vac 2µg formulation (Figure 3D). The

results obtained with SW-Vac 2µg were in agreement with

previous reports on dose ranging data from small animal

studies suggesting that immunogenicity of vaccines were the

highest at middle doses, decreasing with higher doses (24–26).

In order to compare the immunogenicity of SW with

approved vaccines, the total IgG levels against SW, SB and SD

induced by the SW-Vac 2µg formulation were compared to

those achieved with commercial Gam-COVID-Vac-rAd26/rAd5

(Gam-COVID-Vac x 2 doses) or AZD1222/ChAdOx1

(AZD1222/ChAdOx1 x 2 doses) vaccines. Application of two

doses of SW-Vac 2µg showed significantly higher levels of S-

specific IgG than those elicited by 2 doses of Gam-COVID-Vac
A B

FIGURE 1

SARS-CoV-2 trimeric spike protein variants were produced in stable CHO pool and purified using a proprietary 3-step chromatographic process
and analyzed by reducing (R) and non-reducing (NR) SDS-PAGE (A) and analytical size exclusion chromatography (B) as described in materials
and methods. All spikes elute from the SEC-UPLC column as a mixture containing various amounts of Hexamers, Trimers 1 and Trimers 2
species. SW: ancestral Wuhan spike; SD: Delta spike variant (B.1.617.2); SB: Beta spike variant (B.1.351).
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or AZD1222/ChAdOx1 (Figure 4A). In accordance with these

results, the neutralizing antibodies against SW ancestral

pseudovirus induced by SW-Vac 2µg was 2.8 and 5.6 times

higher than those induced by 2 doses of Gam-COVID-Vac or

AZD1222/ChAdOx1, respectively (Figure 4B p<0.05).
Cellular immune response induces by
SW-Vac 2µg formulation

We then evaluated T-cell-mediated immune responses. To

this aim, splenocytes cells from SW-Vac 2µg immunized and

non-immunized mice were stimulated with SW, SD or medium
Frontiers in Immunology 06
alone and then, cytokines levels in the supernatants were

measured. Immunization with SW-Vac 2µg induced IFN-g
and IL-17 levels significantly higher (p<0.0001 and p<0.01

respectively) than that detected in supernatants of splenocytes

from non-immunized animals (Figures 5A, B). Furthermore,

IFN-g and IL-17 levels were detected in the immunized animals

when the stimulations were performed with the SARS-CoV-2

variants not included in the formulation. Importantly, the levels

of IFN-g were higher than that of IL-17 at the spleens of

immunized mice. In the spleens, immunization with SW2 also

promoted a significant increase of central memory T CD4, CD8

and Tfh cells population (Figure 5, p<0.05 vs non-

immunized mice).
A

B D

C

FIGURE 2

Anti-spike IgG titers and neutralization titers induced by SW-Vac formulations in mice. BALB/c mice (n = 8/group) were immunized twice on
Days 0 and 14 with SW-Vac formulations containing 2, 10 o 25µg of purified SW protein delivered intramuscularly. Serum collected on Day 14
was analyzed by ELISA to determine the levels of S-specific IgG (A) and IgG isotypes (B and C titers). For statistical analysis, antibody titers were
log-transformed and then analyzed by a one-way ANOVA with Bonferroni’s multiple comparisons test. ***p < 0.001, ****p < 0.0001. Neutralizing
titers were measured by 50% inhibition for the pseudotyped virus (CoV2pp-GFP) in immunized and non-immunized mice (D). Absolute
inhibitory concentration was calculated as the corresponding point between the 0% and 100% assay controls. Fifty % inhibition was defined by
the controls for all the samples on the same plate. For statistical analysis, values were analyzed by a one-way ANOVA with Bonferroni`s multiple
comparisons test. **p < 0.01, n.s. no significant difference.
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Use of SW-Vac 2µg formulation as a
booster vaccine (third dose)

Taking into account the need of booster doses to sustain over the

time the immunity that could be effective against the different SARS-

CoV-2 VOC, we evaluated the ability of SW-Vac 2µg to work as a

booster dose after primary immunization with approved vaccines.

For this, we carried out vaccination schemes that included 2 doses

spaced14daysapart anda thirdboosterdoseapplied35daysafter the

second dose (Figure 6A). For the primary series, 2-dose schemes,

SW-Vac 2µg and Gam-COVID-Vac were used. Total IgG titers

against SW in both booster schedules with SW-Vac 2µg increased

more than 4.5 fold respect to the levels observed in the 2 tested

primary schemes (p<0.01, not shown). The same analysis was done

against spike protein from the Delta variant. After receiving the
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booster, anti-SDIgGtiters increasedat least 2-fold compared to those

detected for the 2-dose schemes (p<0.01, not shown). Finally when

comparisons were performed between SW-Vac 2µg and Gam-

COVID-Vac (rAd26) booster (3rd dose) on a primary scheme of 2

doses of Gam-COVID-Vac, total S-specific IgG levels against SW

and SD detected were at least 1.2 times higher in the case of the SW-

Vac 2µg 3rd dose (Figure 6B p<0.0001). The IgG2a levels against SW

and SD variant were indistinguishable for the two 3-dose regimens

tested, however for the schedule consisting in 2 doses of Gam-

COVID-Vac plus 1 dose of SW-Vac 2µg, the IgG1 levels were at least

1.3 Figure 6B and 2 times higher against SW and SD, respectively

(Figures 6B, C p<0.0001) when compared to those detected in the

animals treated with 3-dose schedule of Gam-COVID-Vac. Even

more interesting, the SW-Vac 2µg booster induced 7.2 and 8.5 times

higher neutralizing antibodies levels against SWand SD, respectively
A B
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FIGURE 3

Anti-spike IgG titers induced by S-Vac formulations in mice. BALB/c mice (n = 8/group) were immunized on Days 0 and 14 with formulations
containing spike purified protein from ancestral Wuhan (A), Beta (SB, B), Delta (SD, C) or a combination of spike protein from W, B and D SARS-
CoV-2 variants (SWBD, D) in 2 different concentrations- 2 and 25 µg delivered intramuscularly. Serum collected on Day 14 was analyzed by
ELISA to determine the levels of S-specific IgG. The IgG specificity of the sera was indicated in the top of the figures. Sera titers were obtained
by plotting the OD 492 nm vs. log curve of the reciprocal of the dilution in the GraphPad Prism program. Titers are expressed as the inverse of
the inflection point dilution of the curve. For statistical analysis, antibody titers were log-transformed and then analyzed by a one-way ANOVA
with Bonferroni’s multiple comparisons test. For all treatments, the titers detected after the second dose were significantly different from those
found after the first dose (p<0.0001).
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(Figure 7 p<0.0001) when compared to those induced by Gam-

COVID-Vac (rAd26) boost. The impact of SW2µg as a third dose in

inducing humoral responsewas also evaluated in schedules that used

two doses of AZD1222/ChAdOx1 as a primary series. A group of

animals that received AZD1222/ChAdOx1 as a as a third dose was

also included for comparisonspurposes. In this case, the thirddose of

SW-Vac 2µg showed 10.8 and 15 times higher neutralization

antibody titers against SW and SD, respectively, in comparison to

those detected with AZD1222/ChAdOx as a third dose (Figure 7

p<0.0001). Regardless the primary scheme used, Gam-COVID-Vac

or AZD1222/ChAdOx1, both non-replicative adenovirus platforms,

theneutralizingantibody levelsdetectedafter the thirddosewithSW-

Vac 2µgwere similar. It is interesting to note that when SW-Vac 2µg

was used as third dose after a primary scheme (2 doses)with Sputnik,

ChAdOx1 or BBIBP-CorV, the levels of neutralizing antibodies

against W were significantly higher with the inactivated virus

platform BBIBP-CorV than those detected when the primary

schemewaswith non-replicative vector platforms (p<0.05, Figure 8).

When SW-Vac 2µg was used as a heterologous booster

(third dose) a significant increment of effector memory T CD4

and CD8 cells population in comparison with homologous 3

doses schedules was detected (Figure 9). Though an increment in

central memory T CD4 and Tfh cells were also detected for the
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SW-Vac 2µg booster (third dose) in comparison to the

homologous 3 dose schedules, this increment was not

significant (Figure 9).
Discussion

The purpose of this study was to evaluate the immunogenicity

of vaccine candidates based on the recombinant S protein of

different SARS-CoV-2 VOC, in particular the ancestral Wuhan,

Beta, and Delta variants. Beta and Delta variants share some

mutations with other variants including Omicron (27). Beta

(B.1.351) was found in South Africa and manifested a rapid

regional distribution to an over 80% prevalence (28–30). In May

2021, Delta (B.1.617.2) was first detected in India and rapidly

became the dominant variant worldwide by late 2021 in an

epidemic that lasted quite long in the world until Omicron

(B.1.1.529) was detected in November 2021 (31–33).

One of the most common mutations in the S protein of SARS-

CoV-2 virus is the N501Y substitution that, among others, was

found in Beta and Omicron (11). This mutation, as well as E484K

from Beta or L452R and T478K from Delta were reported to

increase the affinity with the ACE2 receptor for viral entry (34–36).
A B

FIGURE 4

Anti-spike IgG titers and neutralization titers induced by S-Vac formulation and commercial vaccine in mice. BALB/c mice (n = 8/group) were
immunized on Days 0 and 14 with formulations containing spike purified protein from ancestral Wuhan (2µg) or commercial Gam-COVID-Vac-
rAd26/rAd5 or AZD1222/ChAdOx1 vaccines delivered intramuscularly. Serum collected on Day 14 was analyzed by ELISA to determine the levels
of S-specific IgG. Sera titers were obtained by plotting the OD 492 nm vs. log curve of the reciprocal of the dilution in the GraphPad Prism
program. Titers of Panel (A) are expressed as the inverse of the inflection point dilution of the curve. For statistical analysis, antibody titers were
log-transformed and then analyzed by a one-way ANOVA with Bonferroni’s multiple comparisons test. For all treatments, the titers detected
after the second dose were significantly different from those found after the first dose (p<0.0001). Neutralizing titers were measured by 50%
inhibition for the pseudotyped virus (CoV2pp-GFP) in immunized and non-immunized mice (B). Absolute inhibitory concentration was
calculated as the corresponding point between the 0% and 100% assay controls. Fifty % inhibition was defined by the controls for all the
samples on the same plate. Data in panel (B) is presented as the fold change of CoV2pp-GFP related to the minimum value detected in
immunized animals. For statistical analysis, one-way ANOVA with Bonferroni`s multiple comparisons test was used. *p < 0.05; ***p<0.001.
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These mutations affect the neutralizing capacity of both

vaccination-induced antibodies and even recombinant

monoclonal antibodies (36–39). Moreover, the detected mutations

in SARS-CoV-2 VOC seem to be responsible for the lower

effectiveness of the 2-dose schedule compared to that detected

against the ancestral virus (40–42). Thus, the introduction of

boosters to the primary 2-dose vaccine schedules allowed the

recovery of at least part of the vaccine effectiveness in this

scenario. Enhanced immunogenicity was particularly detected

when heterologous boosters were used (43, 44).

In the medium term, an alternative to improve the effectiveness

of current vaccines against the disease caused by circulating VOC is

the inclusion of the circulating SARS-CoV-2 variants in the vaccine

platforms that are being used (45). In fact, bivalent protein-based or

RNA-based vaccines specific to the ancestral strain and a VOChave

already been designed, showing balanced neutralizing activities

against both strains in the murine model (46, 47). Some of the
Frontiers in Immunology 09
bivalent vaccine candidates have even entered the clinical stage for

further evaluation of efficacy against VOC (NCT04927065,

NCT05004181, NCT04889209, NCT05029856, NCT04904549).

To face the pandemic caused by VOC, several strategies must

undoubtedly be tested, including those that explore the

composition not only in terms of immunogenic diversity but also

in terms of the quality of the components, their integrity, and

molecular structure. In this study, we explored the immunogenicity

of vaccine candidates based on the trimeric glycosylated full S

protein from different VOC. Our results showed that the SW-Vac

containing 2µg of purified S protein from ancestral Wuhan SARS-

CoV-2 induced high antigen-binding, and neutralizing antibodies

against pseudovirus expressing the S protein from the ancestral

Wuhan strain, as well as Th17-, Th1-skewed immune responses

(Figure 5) and T-CD4+ central memory, CD8 and Tfh cell

populations. These detected immune profiles are likely involved in

conferring protection (48). SW-Vac 2µg formulation was able even
A B
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FIGURE 5

SW-Vac 2µg formulation induces Ag-specific Th1(IFN-g)/Th17 (IL-17), Tfh and CD8+ T cells in the spleen. BALB/c mice were vaccinated as
described in previous figures. Mice were sacrificed 44 days after the second immunization to obtain spleens, and T-cell response was evaluated.
Levels of secreted IFN-g (A) and IL-17 (B) following splenocytes stimulation with medium or recombinant spike protein from W o D variants
were determined by ELISA. Bars are means ± SEM of pg/ml of IFN-g and IL-17. *p<0.05, ****p<0.0001 t-test. For FACS analysis the spleen cells
from immunized mice (green circles) and non-immunized (grey circles) were incubated with CD16/CD32 FcgRII (1:100) to block IgG Fc
receptors. Cells were incubated with LIVE/DEAD Violet (Invitrogen), followed by surface staining with fluorochrome-conjugated anti-mouse Abs
for various markers: CD3-Pe-Cy7 (BD), CD8-PE (BD), CD4-FITC (BD), CD44-PE (BD), CXCR5-PerCP-Cy5.5 (BD), CD127-APC (BD); CD4+Cm:
CD3+CD4+CD62L+CD44+ (C); CD8+: CD3+CD8+ (D); Tfh: CD3+CD4+CXCR5+ (E). Flow cytometry analysis was performed on an BD FACSAria
Fusion. The results were analyzed using FlowJo software (TreeStar).*p<0.05 t-test. Results are representative of two independent experiments.
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FIGURE 6

Anti-spike IgG titers induced by a booster with SW-Vac 2µg formulation or commercial vaccine in mice. BALB/c mice (n = 8/group) were
immunized on Days 0 and 14 with commercial Gam-COVID-Vac-rAd26/rAd5 vaccine plus a booster with SW-Vac formulation or Gam-COVID-
Vac-rAd5 on Day 49 delivered intramuscularly (A). Serum collected on Day 14 after the last dose was analyzed by ELISA to determine the levels
of W (B) or (C) S-specific IgG, IgG1 and IgG2a. Sera titers were obtained by plotting the OD 492 nm vs. log curve of the reciprocal of the
dilution in the GraphPad Prism program. Titers are expressed as the inverse of the inflection point dilution of the curve. For statistical analysis,
antibody titers were log-transformed and then analyzed by a one-way ANOVA with Bonferroni’s multiple comparisons test. For all treatments,
the titers detected after the second dose were significantly different from those found after the first dose (p<0.0001).
A

B

FIGURE 7

Neutralizing capacity against W or D pseudovirus induced by a booster with SW-Vac 2µg formulation. BALB/c mice were immunized on Days 0
and 14 with commercial Gam-COVID-Vac-rAd26/rAd5 or AZD1222/ChAdOx1 vaccine plus a booster with SW-Vac formulation, Gam-COVID-
Vac-rAd5 or AZD1222/ChAdOx1 on Day 49 delivered intramuscularly (A). Serum was collected on Day 14 after the last dose. Neutralizing titers
were measured by 50% inhibition for the pseudotyped virus (CoV2pp-GFP) in immunized and non-immunized mice (B). Absolute inhibitory
concentration was calculated as the corresponding point between the 0% and 100% assay controls. Fifty % inhibition was defined by the
controls for all the samples on the same plate. Data is presented as the fold change of CoV2pp-GFP related to the minimum value detected in
immunized animals. For statistical analysis, one-way ANOVA with Bonferroni`s multiple comparisons test was used. ****p < 0.0001.
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to induce high antigen-binding and neutralizing antibody against

Beta and Delta variants (Figure 3A). It is interesting to note that the

neutralizing capacity against the 3 VOC here tested induced by the

2-dose SW-Vac 2µg scheme was higher to that detected for the

commercial Gam-Vac vaccine or AZD1222/ChAdOx 1 (Figure 4B).

All these results, obtained with the lowest dose assayed (i.e. SW 2µg)

were in agreement with those reported on dose-ranging data from

small animal studies suggesting that the immunogenicity of the

vaccine was highest at middle doses and then decreased with the

higher doses (24–26). A suggested explanation for this peaked or n-

shaped dose-response curve in the context of TB immunogenicity

(49), is that after a higher vaccine dose, T cells tend more toward an

exhaustive state, i.e. increased differentiation into a terminal state

(50). Similar peaked dose-response curves in which smaller doses

were more immunogenic than higher doses were also observed in

clinical trials (51, 52).

Recombinant S protein or its parts (including RBD, S1, S2,

trimerized RBD, full length spike ectodomain, etc.) have been
Frontiers in Immunology 11
evaluated as candidate vaccines in different animal models, at

different concentrations, different schedules and formulated with

different adjuvants (53–60). Beyond experimental differences, in all

cases the results obtained show that the different versions of S

protein have immunostimulatory capacity to some degree. Though

comparisons are difficult to establish due to the diversity of vaccine

formulations assayed, it is noteworthy that a dose as low as 1µg of

the full length spike ectodomain formulated with alhydrogel was

immunogenic in the murine model not only in terms of protein S-

specific antibody levels but also in neutralizing antibody titers (53).

Cross-strain immunity against Wuhan and Beta was also

observed for the formulation containing the S protein fromDelta

variant at 2µg. This result is in agreement with a recent report

showing that Delta infection induced a cross-variant

neutralization of different SARS-CoV-2 variants (61).

Because at least half of the world population have received 2

doses of a COVID-19 vaccine, we assessed the use of the SW-Vac

2µg formulation as a booster (third dose). Immunogenicity of mice
A

B

FIGURE 8

Neutralizing capacity induced by a booster with SW-Vac 2µg formulation. BALB/c mice (n = 4/group) were immunized on Days 0 and 14 with
commercial Gam-COVID-Vac-rAd26/rAd5, AZD1222/ChAdOx1 or BBIBPCorV vaccines plus a booster with SW-Vac formulation delivered
intramuscularly (A). Serum was collected on Day 14. Neutralizing titers were measured by 50% inhibition for the pseudotyped virus (CoV2pp-
GFP) in immunized (B). Absolute inhibitory concentration was calculated as the corresponding point between the 0% and 100% assay controls.
Fifty % inhibition was defined by the controls for all the samples on the same plate. For statistical analysis, values were analyzed by a one-way
ANOVA with Bonferroni`s multiple comparisons test. *p < 0.05.
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FIGURE 9

Flow cytometry analysis of spleen cells from immunized (3-doses schedules) or non-immunized mice were incubated with CD16/CD32 FcgRIII
(1:100) to block IgG Fc receptors. Cells were incubated with LIVE/DEAD Violet (Invitrogen), followed by surface staining with fluorochrome-
conjugated anti-mouse Abs for various markers: CD3-Pe-Cy7 (BD), CD8-PE (BD), CD4-FITC (BD), CD44-PE (BD), CXCR5-PerCP-Cy5.5 (BD),
CD127-APC (BD); CD4+effector: CD3+CD4+CD62L-CD44+(A); CD4+Cm: CD3+CD4+CD62L+CD44+ (B); CD8+: CD3+CD8+ (C); Tfh:
CD3+CD4+CXCR5+ (D) Flow cytometry analysis was performed on an BD FACSAria Fusion. The results were analyzed using FlowJo software
(TreeStar).*p<0.05, **p<0.01, ***p<0.001 t-test. Results are representative of two independent experiments.
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receiving 2 doses of commercial vaccine Gam-COVID-Vac and

boosted with SW-Vac 2µg formulation was evaluated in

comparison with schedules consisting in 3 doses of either Gam-

COVID-Vac (Gam-COVID-Vac with rAd26 used as a booster) or

SW-Vac 2µg. Our results showed that all animals receiving a third

dose enhanced the IgG and IgG1 levels againstWuhan andDelta, in

comparison with those receiving the 2-dose schedules (p<0.05).

Higher increases in IgG levels and titers of neutralizing antibodies

against SARS-CoV-2 pseudotyped particles expressing S from

ancestral Wuhan or Delta variants were also detected for the SW-

Vac 2µg booster compared to the Gam-COVID-Vac (rAd26) boost

(p<0.0001 Figure 7). Similar results were observed when

comparisons were performed between SW-Vac 2µg booster vs

AZD1222/ChAdOx1 booster on 2-dose AZD1222/ChAdOx1

series (p<0.00001, Figure 7) or with the inactivated virus platform

BBIBP-CorV (p<0.05, Figure 8). The cross-reactive immunity

mediated by heterologous boosting as here performed was also

detected in recent studies using heterologous Omicron vaccine-

boosted mouse or non-human primate models (62–64).

Taken together, the results obtained here show that the vaccine

platforms containing the glycosylated trimeric spike protein could

be considered as candidates with great potential for use in primary

schemes as well as in heterologous boosters. In fact, the use of

formulations containing the S protein from the ancestral virus as a

booster against Omicron and its sub-lineages was supported by

previous studies (65). Though Omicron sub-lineages are able to

evade polyclonal neutralizing antibody responses elicited by the

primary vaccine series (66, 67), boosters have been shown to be

effective against Omicron-induced severe disease. Particularly, it

was recently shown that theWuhan-Hu-1 spike sequencemarkedly

increased neutralizing antibody titers against the BA.1, BA.2,

BA.2.12.1 and BA.4/5 Omicron sub-lineages (65).
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et al. Characterization of SARS-CoV-2 spike mutations important for infection of
mice and escape from human immune sera. Nat Commun (2022) 13:3921.
doi: 10.1038/S41467-022-30763-0

12. Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, Furnon W, et al.
SARS-CoV-2 omicron is an immune escape variant with an altered cell entry
pathway. Nat Microbiol (2022) 7:1161–79. doi: 10.1038/S41564-022-01143-7

13. Cocchio S, Zabeo F, Facchin G, Piva N, Venturato G, Marcon T, et al.
Differences in immunological evasion of the delta (B.1.617.2) and omicron
(B.1.1.529) SARS-CoV-2 variants: A retrospective study on the veneto region’s
population. Int J Environ Res Public Health (2022) 19:8179. doi: 10.3390/
IJERPH19138179

14. Lucas C, Vogels CBF, Yildirim I, Rothman JE, Lu P, Monteiro V, et al.
Impact of circulating SARS-CoV-2 variants on mRNA vaccine-induced immunity.
Nature (2021) 600:523–9. doi: 10.1038/S41586-021-04085-Y

15. Cele S, Jackson L, Khoury DS, Khan K, Moyo-Gwete T, Tegally H, et al.
SARS-CoV-2 omicron has extensive but incomplete escape of pfizer BNT162b2
elicited neutralization and requires ACE2 for infection. Nature (2022) 602, 654–6.
doi: 10.1038/s41586-021-04387-1

16. Gilbert PB, Montefiori DC, McDermott AB, Fong Y, Benkeser D, Deng W,
et al. Immune correlates analysis of the mRNA-1273 COVID-19 vaccine efficacy
clinical trial. Science (2022) 375:43–50. doi: 10.1126/SCIENCE.ABM3425

17. Stuible M, Burlacu A, Perret S, Brochu D, Paul-Roc B, Baardsnes J, et al.
Optimization of a high-cell-density polyethylenimine transfection method for
rapid protein production in CHO-EBNA1 cells. J Biotechnol (2018) 281:39–47.
doi: 10.1016/J.JBIOTEC.2018.06.307

18. Isho B, Abe KT, Zuo M, Jamal AJ, Rathod B, Wang JH, et al. Persistence of
serum and saliva antibody responses to SARS-CoV-2 spike antigens in COVID-19
patients. Sci Immunol (2020) 5:eab5511. doi: 10.1126/SCIIMMUNOL.ABE5511

19. Güthe S, Kapinos L, Möglich A, Meier S, Grzesiek S, Kiefhaber T. Very fast
folding and association of a trimerization domain from bacteriophage T4 fibritin.
J Mol Biol (2004) 337:905–15. doi: 10.1016/J.JMB.2004.02.020

20. Hsieh CL, Goldsmith JA, Schaub JM, DiVenere AM, Kuo HC, Javanmardi K,
et al. Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Sci (80-)
(2020) 369:1501–5. doi: 10.1126/SCIENCE.ABD0826

21. Stark FC, Akache B, Deschatelets L, Tran A, Stuible M, Durocher Y, et al.
Intranasal immunization with a proteosome-adjuvanted SARS-CoV-2 spike
protein-based vaccine is immunogenic and efficacious in mice and hamsters. Sci
Rep (2022) 12:1–11. doi: 10.1038/s41598-022-13819-5

22. Case JB, Rothlauf PW, Chen RE, Liu Z, Zhao H, Kim AS, et al. Neutralizing
antibody and soluble ACE2 inhibition of a replication-competent VSV-SARS-
Frontiers in Immunology 14
CoV-2 and a clinical isolate of SARS-CoV-2. Cell Host Microbe (2020) 28:475–
85.e5. doi: 10.1016/J.CHOM.2020.06.021

23. Colwill K, Galipeau Y, Stuible M, Gervais C, Arnold C, Rathod B, et al. A
scalable serology solution for profiling humoral immune responses to SARS-CoV-2
infection and vaccination. Clin Transl Immunol (2022) 11:e1380. doi: 10.1002/
CTI2.1380

24. Aagaard C, Hoang TTKT, Izzo A, Billeskov R, Troudt JL, Arnett K, et al.
Protection and polyfunctional T cells induced by Ag85B-TB10.4/IC31 against
mycobacterium tuberculosis is highly dependent on the antigen dose. PloS One
(2009) 4:e5930. doi: 10.1371/JOURNAL.PONE.0005930

25. Rhodes SJ, Knight GM, Kirschner DE, White RG, Evans TG. Dose finding
for new vaccines: The role for immunostimulation/immunodynamic modelling.
J Theor Biol (2019) 465:51–5. doi: 10.1016/J.JTBI.2019.01.017

26. Aagaard C, Hoang T, Dietrich J, Cardona PJ, Izzo A, Dolganov G, et al. A
multistage tuberculosis vaccine that confers efficient protection before and after
exposure. Nat Med (2011) 17:189–95. doi: 10.1038/NM.2285

27. Mistry P, Barmania F, Mellet J, Peta K, Strydom A, Viljoen IM, et al. SARS-
CoV-2 variants, vaccines, and host immunity. Front Immunol (2022) 12:809244.
doi: 10.3389/FIMMU.2021.809244

28. Lauring AS, Malani PN. Variants of SARS-CoV-2. JAMA (2021) 326:880.
doi: 10.1001/JAMA.2021.14181

29. Chan KW, Wong VT, Tang SCW. COVID-19: An update on the
epidemiological, clinical, preventive and therapeutic evidence and guidelines of
integrative Chinese-Western medicine for the management of 2019 novel coronavirus
disease. Am J Chin Med (2020) 48:737–62. doi: 10.1142/S0192415X20500378

30. Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A, Fonseca V, Giandhari J,
et al. Detection of a SARS-CoV-2 variant of concern in south Africa. Nature (2021)
592:438–43. doi: 10.1038/S41586-021-03402-9

31. Kannan S, Shaik Syed Ali P, Sheeza A. Omicron (B.1.1.529) - variant of
concern - molecular profile and epidemiology: A mini review. Eur Rev Med
Pharmacol Sci (2021) 25:8019–22. doi: 10.26355/EURREV_202112_27653

32. Araf Y, Akter F, dong TY, Fatemi R, Parvez MSA, Zheng C, et al. Omicron
variant of SARS-CoV-2: Genomics, transmissibility, and responses to current
COVID-19 vaccines. J Med Virol (2022) 94:1825–32. doi: 10.1002/JMV.27588

33. Meo SA, Meo AS, Al-Jassir FF, Klonoff DC. Omicron SARS-CoV-2 new
variant: global prevalence and biological and clinical characteristics. Eur Rev Med
Pharmacol Sci (2021) 25:8012–8. doi: 10.26355/EURREV_202112_27652

34. Starr TN, Greaney AJ, Hilton SK, Ellis D, Crawford KHD, Dingens AS, et al.
Deep mutational scanning of SARS-CoV-2 receptor binding domain reveals
constraints on folding and ACE2 binding. Cell (2020) 182:1295–310.e20.
doi: 10.1016/J.CELL.2020.08.012

35. Gupta D, Sharma P, SinghM, KumarM, Ethayathulla AS, Kaur P. Structural
and functional insights into the spike protein mutations of emerging SARS-CoV-2
variants. Cell Mol Life Sci (2021) 78:7967–89. doi: 10.1007/S00018-021-04008-0

36. Tanaka S, Nelson G, Olson CA, Buzko O, Higashide W, Shin A, et al. An
ACE2 triple decoy that neutralizes SARS-CoV-2 shows enhanced affinity for virus
variants. Sci Rep (2021) 11:12740–52. doi: 10.1038/S41598-021-91809-9

37. Mishra T, Dalavi R, Joshi G, Kumar A, Pandey P, Shukla S, et al. SARS-CoV-
2 spike E156G/D157-158 mutations contribute to increased infectivity and immune
escape. Life Sci alliance (2022) 5:e202201415. doi: 10.26508/LSA.202201415

38. Thomson EC, Rosen LE, Shepherd JG, Spreafico R, da Silva Filipe A,
Wojcechowskyj JA, et al. Circulating SARS-CoV-2 spike N439K variants
maintain fitness while evading antibody-mediated immunity. Cell (2021)
184:1171–87.e20. doi: 10.1016/J.CELL.2021.01.037

39. Cheng MH, Krieger JM, Banerjee A, Xiang Y, Kaynak B, Shi Y, et al. Impact
of new variants on SARS-CoV-2 infectivity and neutralization: A molecular
assessment of the alterations in the spike-host protein interactions. iScience
(2022) 25:103939-66. doi: 10.1016/J.ISCI.2022.103939

40. Fiolet T, Kherabi Y, MacDonald CJ, Ghosn J, Peiffer-Smadja N. Comparing
COVID-19 vaccines for their characteristics, efficacy and effectiveness against
SARS-CoV-2 and variants of concern: a narrative review. Clin Microbiol Infect
(2022) 28:202–21. doi: 10.1016/J.CMI.2021.10.005

41. Bian L, Gao F, Zhang J, He Q, Mao Q, Xu M, et al. Effects of SARS-CoV-2
variants on vaccine efficacy and response strategies. Expert Rev Vaccines (2021)
20:365–73. doi: 10.1080/14760584.2021.1903879

42. Tatsi EB, Filippatos F, Michos A. SARS-CoV-2 variants and effectiveness of
vaccines: A review of current evidence. Epidemiol Infect (2021) 149:536–44.
doi: 10.1017/S0950268821002430

43. He Q, Mao Q, An C, Zhang J, Gao F, Bian L, et al. Heterologous prime-boost:
Breaking the protective immune response bottleneck of COVID-19 vaccine candidates.
Emerg Microbes Infect (2021) 10:629–37. doi: 10.1080/22221751.2021.1902245
frontiersin.org

https://doi.org/10.1016/J.IMMUNI.2020.04.012
https://doi.org/10.3390/VACCINES9010039
https://doi.org/10.1093/CID/CIAB079
https://doi.org/10.1136/BMJ.N1088
https://doi.org/10.1016/J.IJID.2021.11.009
https://doi.org/10.1128/JVI.01246-20
https://doi.org/10.4161/RNA.8.2.15013
https://doi.org/10.1371/JOURNAL.PPAT.1000896
https://doi.org/10.1371/JOURNAL.PPAT.1000896
https://doi.org/10.1001/JAMA.2020.27124
https://doi.org/10.1002/JMV.26548
https://doi.org/10.1002/JMV.26548
https://doi.org/10.1038/S41467-022-30763-0
https://doi.org/10.1038/S41564-022-01143-7
https://doi.org/10.3390/IJERPH19138179
https://doi.org/10.3390/IJERPH19138179
https://doi.org/10.1038/S41586-021-04085-Y
https://doi.org/10.1038/s41586-021-04387-1
https://doi.org/10.1126/SCIENCE.ABM3425
https://doi.org/10.1016/J.JBIOTEC.2018.06.307
https://doi.org/10.1126/SCIIMMUNOL.ABE5511
https://doi.org/10.1016/J.JMB.2004.02.020
https://doi.org/10.1126/SCIENCE.ABD0826
https://doi.org/10.1038/s41598-022-13819-5
https://doi.org/10.1016/J.CHOM.2020.06.021
https://doi.org/10.1002/CTI2.1380
https://doi.org/10.1002/CTI2.1380
https://doi.org/10.1371/JOURNAL.PONE.0005930
https://doi.org/10.1016/J.JTBI.2019.01.017
https://doi.org/10.1038/NM.2285
https://doi.org/10.3389/FIMMU.2021.809244
https://doi.org/10.1001/JAMA.2021.14181
https://doi.org/10.1142/S0192415X20500378
https://doi.org/10.1038/S41586-021-03402-9
https://doi.org/10.26355/EURREV_202112_27653
https://doi.org/10.1002/JMV.27588
https://doi.org/10.26355/EURREV_202112_27652
https://doi.org/10.1016/J.CELL.2020.08.012
https://doi.org/10.1007/S00018-021-04008-0
https://doi.org/10.1038/S41598-021-91809-9
https://doi.org/10.26508/LSA.202201415
https://doi.org/10.1016/J.CELL.2021.01.037
https://doi.org/10.1016/J.ISCI.2022.103939
https://doi.org/10.1016/J.CMI.2021.10.005
https://doi.org/10.1080/14760584.2021.1903879
https://doi.org/10.1017/S0950268821002430
https://doi.org/10.1080/22221751.2021.1902245
https://doi.org/10.3389/fimmu.2022.1020159
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rudi et al. 10.3389/fimmu.2022.1020159
44. Atmar RL, Lyke KE, Deming ME, Jackson LA, Branche AR, El Sahly HM,
et al. Homologous and heterologous covid-19 booster vaccinations. N Engl J Med
(2022) 386:1046–57. doi: 10.1056/NEJMOA2116414

45. Mohapatra RK, El-Shall NA, Tiwari R, Nainu F, Kandi V, Sarangi AK, et al. Need
of booster vaccine doses to counteract the emergence of SARS-CoV-2 variants in the
context of the omicron variant and increasing COVID-19 cases: An update.HumVaccin
Immunother (2022) 18:2065824-34. doi: 10.1080/21645515.2022.2065824

46. Yuan Y, Zhang X, Chen R, Li Y, Wu B, Li R, et al. A bivalent nanoparticle
vaccine exhibits potent cross-protection against the variants of SARS-CoV-2. Cell
Rep (2022) 38:110256-75. doi: 10.1016/J.CELREP.2021.110256

47. He C, Yang J, He X, Hong W, Lei H, Chen Z, et al. A bivalent recombinant
vaccine targeting the S1 protein induces neutralizing antibodies against both SARS-
CoV-2 variants and wild-type of the virus. MedComm (2021) 3:430-41.
doi: 10.1002/MCO2.72

48. Moss P. The T cell immune response against SARS-CoV-2. Nat Immunol
(2022) 23:186–93. doi: 10.1038/S41590-021-01122-W

49. Baldi E, Bucherelli C. The inverted “u-shaped” dose-effect relationships in
learning and memory: modulation of arousal and consolidation. Nonlinearity Biol
Toxicol Med (2005) 3:nonlin.003.01.0. doi: 10.2201/NONLIN.003.01.002

50. Billeskov R, Lindenstrøm T, Woodworth J, Vilaplana C, Cardona PJ, Cassidy
JP, et al. High antigen dose is detrimental to post-exposure vaccine protection against
tuberculosis. Front Immunol (2018) 8:1973. doi: 10.3389/FIMMU.2017.01973

51. Luabeya AKK, Kagina BMN, Tameris MD, Geldenhuys H, Hoff ST, Shi Z,
et al. First-in-human trial of the post-exposure tuberculosis vaccine H56:IC31 in
mycobacterium tuberculosis infected and non-infected healthy adults. Vaccine
(2015) 33:4130–40. doi: 10.1016/J.VACCINE.2015.06.051

52. Norrby M, Vesikari T, Lindqvist L, Maeurer M, Ahmed R, Mahdavifar S,
et al. Safety and immunogenicity of the novel H4:IC31 tuberculosis vaccine
candidate in BCG-vaccinated adults: Two phase I dose escalation trials. Vaccine
(2017) 35:1652–61. doi: 10.1016/J.VACCINE.2017.01.055

53. Song S, Kim H, Jang EY, Jeon H, Diao H, Khan MRI, et al. SARS-CoV-2 spike
trimervaccineexpressed innicotianabenthamianaadjuvantedwithalumelicitsprotective
immune responses in mice. Plant Biotechnol J (2022) 1-15. doi: 10.1111/PBI.13908

54. Choque-Guevara R, Poma-Acevedo A, Montesinos-Millán R, Rios-Matos
D, Gutiérrez-Manchay K, Montalvan-Avalos A, et al. Squalene in oil-based
adjuvant improves the immunogenicity of SARS-CoV-2 RBD and confirms
safety in animal models. PloS One (2022) 17:e0269823. doi: 10.1371/
JOURNAL.PONE.0269823

55. Tai W, He L, Zhang X, Pu J, Voronin D, Jiang S, et al. Characterization of the
receptor-binding domain (RBD) of 2019 novel coronavirus: Implication for
development of RBD protein as a viral attachment inhibitor and vaccine. Cell
Mol Immunol (2020) 17:613–20. doi: 10.1038/S41423-020-0400-4
Frontiers in Immunology 15
56. Merkuleva IA, Shcherbakov DN, Borgoyakova MB, Isaeva AA,
Nesmeyanova VS, Volkova NV, et al. Are hamsters a suitable model for
evaluating the immunogenicity of RBD-based anti-COVID-19 subunit vaccines?
Viruses (2022) 14:1060-72. doi: 10.3390/V14051060

57. Guo Y, He W, Mou H, Zhang L, Chang J, Peng S, et al. An engineered
receptor-binding domain improves the immunogenicity of multivalent SARS-
CoV-2 vaccines. MBio (2021) 12:e00930-21. doi: 10.1128/mBio.00930-21

58. Arunachalam PS, Walls AC, Golden N, Atyeo C, Fischinger S, Li C, et al.
Adjuvanting a subunit COVID-19 vaccine to induce protective immunity. Nature
(2021) 594:253–8. doi: 10.1038/s41586-021-03530-2

59. Trimpert J, Herwig S, Stein J, Vladimirova D, Adler JM, Abdelgawad A, et al.
Deciphering the role of humoral and cellular immune responses in different
COVID-19 vaccines–a comparison of vaccine candidate genes in roborovski
dwarf hamsters. Viruses (2021) 13:2290-302. doi: 10.3390/v13112290

60. Kleanthous H, Silverman JM, Makar KW, Yoon IK, Jackson N, Vaughn
DW. Scientific rationale for developing potent RBD-based vaccines targeting
COVID-19. NPJ Vaccines (2021) 6:128-38. doi: 10.1038/S41541-021-00393-6

61. Suryawanshi RK, Chen IP, Ma T, Syed AM, Brazer N, Saldhi P, et al. Limited
cross-variant immunity from SARS-CoV-2 omicron without vaccination. Nat
(2022) 607:351–5. doi: 10.1038/s41586-022-04865-0

62. Gagne M, Moliva JI, Foulds KE, Andrew SF, Flynn BJ, Werner AP, et al.
mRNA-1273 or mRNA-omicron boost in vaccinated macaques elicits similar b cell
expansion, neutralizing responses, and protection from omicron. Cell (2022)
185:1556–71.e18. doi: 10.1016/j.cell.2022.03.037

63. Ying B, Scheaffer SM, Whitener B, Liang C-Y, Dmytrenko O, Mackin S, et al.
Boosting with variant-matched or historical mRNA vaccines protects against Omicron
infection in mice. Cell (2022) 185(9):1572–87.e11. doi: 10.1016/j.cell.2022.03.037

64. Choi A, Koch M, Wu K, Chu L, Ma LZ, Hill A, et al. Safety and
immunogenicity of SARS-CoV-2 variant mRNA vaccine boosters in healthy
adults: an interim analysis. Nat Med (2021) 27:2025–31. doi: 10.1038/S41591-
021-01527-Y

65. Bowen JE, Addetia A, Dang HV, Stewart C, Brown JT, Sharkey WK, et al.
Omicron spike function and neutralizing activity elicited by a comprehensive panel
of vaccines. Science (2022) 377:890-4. doi: 10.1126/SCIENCE.ABQ0203

66. Chin ET, Leidner D, Lamson L, Lucas K, Studdert DM, Goldhaber-Fiebert
JD, et al. Protection against omicron conferred by mRNA primary vaccine series,
boosters, and prior infection. medRxiv Prepr Serv Heal Sci (2022). doi: 10.1101/
2022.05.26.22275639

67. Adams K, Rhoads JP, Surie D, Gaglani M, Ginde AA, McNeal T, et al.
Vaccine effectiveness of primary series and booster doses against omicron variant
COVID-19-Associated hospitalization in the united states. medRxiv Prepr Serv
Heal Sci (2022). doi: 10.1101/2022.06.09.22276228
frontiersin.org

https://doi.org/10.1056/NEJMOA2116414
https://doi.org/10.1080/21645515.2022.2065824
https://doi.org/10.1016/J.CELREP.2021.110256
https://doi.org/10.1002/MCO2.72
https://doi.org/10.1038/S41590-021-01122-W
https://doi.org/10.2201/NONLIN.003.01.002
https://doi.org/10.3389/FIMMU.2017.01973
https://doi.org/10.1016/J.VACCINE.2015.06.051
https://doi.org/10.1016/J.VACCINE.2017.01.055
https://doi.org/10.1111/PBI.13908
https://doi.org/10.1371/JOURNAL.PONE.0269823
https://doi.org/10.1371/JOURNAL.PONE.0269823
https://doi.org/10.1038/S41423-020-0400-4
https://doi.org/10.3390/V14051060
https://doi.org/10.1128/mBio.00930-21
https://doi.org/10.1038/s41586-021-03530-2
https://doi.org/10.3390/v13112290
https://doi.org/10.1038/S41541-021-00393-6
https://doi.org/10.1038/s41586-022-04865-0
https://doi.org/10.1016/j.cell.2022.03.037
https://doi.org/10.1016/j.cell.2022.03.037
https://doi.org/10.1038/S41591-021-01527-Y
https://doi.org/10.1038/S41591-021-01527-Y
https://doi.org/10.1126/SCIENCE.ABQ0203
https://doi.org/10.1101/2022.05.26.22275639
https://doi.org/10.1101/2022.05.26.22275639
https://doi.org/10.1101/2022.06.09.22276228
https://doi.org/10.3389/fimmu.2022.1020159
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunological study of COVID-19 vaccine candidate based on recombinant spike trimer protein from different SARS-CoV-2 variants of concern
	Introduction
	Materials and methods
	Recombinant S protein from different SARS-CoV-2 variants
	Mice
	Immunization and sample collection
	Anti-spike IgG ELISA
	Pseudovirus neutralization assay
	Ag-specific IL-17 and IFN-&gamma; production by spleen cells and FACS analysis
	Statistical analysis

	Results
	Spike protein expression and purification
	Glycosylated trimeric protein S formulations dose-response assays
	Cellular immune response induces by SW-Vac 2&micro;g formulation
	Use of SW-Vac 2&micro;g formulation as a booster vaccine (third dose)

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


