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Abstract: Within the last two decades, SARS-CoV-2 was the third zoonotic severe acute respiratory
betacoronavirus (sarbecovirus) to infect humans, following SARS and MERS. The disruptions caused
by the pandemic underscore the need for a universal vaccine against respiratory betacoronaviruses.
Our group previously developed the universal platform for vaccine development, MultiTEP, which
has been utilized in this study to generate a range of SARS-CoV-2 epitope vaccine candidates. We
prepared and characterized 18 vaccines incorporating small peptide fragments from SARS-CoV-2
Spike protein fused with the MultiTEP sequence using overlapping PCR. Wild-type mice were immu-
nized intramuscularly with the immunogen formulated in AdvaxCpG adjuvant. Serum antibodies
were detected by ELISA, surrogate neutralization, and pseudovirus neutralization assays. Finally,
the most promising vaccine candidate was administered to three non-human primates. All vaccines
generated high titers of spike-binding IgG antibodies. However, only three vaccines generated
antibodies that blocked RBD binding to the ACE2 receptor in a surrogate virus neutralization assay.
However, none of the vaccines induced antibodies able to neutralize pseudotype viruses, including
after the administration of the lead vaccine to NHPs. MultiTEP-based COVID-19 vaccines elicited
robust, IgG-binding responses against the Spike protein in mice and non-human primates, but these
antibodies were not neutralizing, underscoring the need to refine this approach further.

Keywords: COVID-19; Spike protein; epitope vaccines; MultiTEP platform; immunogenicity;
neutralization

1. Introduction

By January 2023, over 775 million people had been affected, and around 7.05 million
had died, from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. [1]

COVID-19 is the fifth documented pandemic since the 1918 flu pandemic [2].
SARS-CoV-2 is closely related to severe acute respiratory syndrome coronavirus (SARS,
first reported in 2003) and Middle Eastern respiratory syndrome (MERS, first detected in
2012) [2–4]. Importantly, all three pathogens belong to the Betacoronavirus genus and Sar-
becovirus subgenus. Inside the host, the SARS-CoV-2 virus undergoes rapid replication and
can cause severe pneumonia and, in some cases, cytokine storm syndrome [5,6]. COVID-19
may cause acute respiratory distress syndrome (ARDS), interstitial lung disease, sepsis,
heart failure, stroke, encephalopathy, and several persistent physical and mental health
complications. Th17 cells play an important role in the induced autoimmune reaction and
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“cytokine storm syndrome” by activating the cytokine cascade, inhibiting Th1 differentia-
tion, and suppressing Treg cells [5]. Immunocompromised individuals, including elderly
people, showed especially high morbidity and mortality [7–13].

Current COVID-19 vaccines can mitigate severe disease, but are poorly effective
against infection and transmission. Among them are inactivated virus-based vaccines, live
attenuated vaccines, protein subunit vaccines, DNA vaccines, RNA vaccines, virus-like par-
ticles (VLP), non-replicating viral vector vaccines, and replicating viral vector vaccines [14].
Each of these technologies comes with unique advantages and disadvantages. The cur-
rent mRNA and adenovirus-based vaccines have some concerns, including myocarditis,
Guillain–Barré syndrome, and blood clotting disorders [15–18]. An epitope vaccine can tar-
get the immune response to specific neutralizing epitopes and can avoid immune-mediated
disease enhancement [19–23]. Large numbers of peptide vaccine candidates have been
described for HIV, influenza, COVID-19, and cancers, especially melanoma, breast, prostate,
and lung cancer [24]. This study, thereby, sought to create an epitope vaccine targeting
SARS-CoV-2. Peptides under 25 amino acids in length have low immunogenicity, but
this can be overcome by conjugating them to a larger carrier protein. Our team has pio-
neered a highly immunogenic protein platform called MultiTEP that incorporates 12 foreign
promiscuous CD4+ Th epitopes in a linear string (as illustrated in Figure 1B).
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1 core peptide; HR2, heptad repeat 2 core peptide. (B) Schematic representation of the design of 
proposed MultiTEP-based vaccines. MultiTEP length is 228 a.a. and epitopes are around 20 a.a. 

Given the role of the viral spike (S) glycoprotein in receptor binding and cellular en-
try, we designed 18 genetic constructs encoding diverse B-cell epitopes from S protein 
(Supplementary Figure S2) [25–29] fused with the MultiTEP sequence. All vaccines were 
formulated with AdvaxCpG adjuvant and evaluated in mice. Advax-CpG55.2 
(VO_0005324 [30]) is a combination adjuvant comprising delta inulin (VO_0005207 [31]) 
and CpG55.2, an artificial intelligence-designed human Toll-like receptor 9 (TLR-9) ago-
nist developed through the National Institutes of Health’s Adjuvant Discovery program 
[32]. Advax-CpG enhances vaccine protection by boosting humoral and T cell responses 
[33–36] while having low reactogenicity, and was previously successfully used in SARS 
[37] and MERS [38] coronavirus vaccines and also in the SpikoGen® COVID-19 vaccine, 
which was licensed in the Middle East in October 2021 [39]. 

The most promising MultiTEP S peptide candidate vaccine, chosen based on the 
spike-binding IgG and surrogate viral neutralization (sVNT) results, underwent further 
evaluation in non-human primates (NHPs). While this candidate triggered high levels of 
spike-binding IgG in both mice and monkeys, the antibodies lacked virus-neutralizing 
activity, as assessed by pVNT assays, indicating the necessity for further optimization. 

Figure 1. (A) Localization of selected IgG epitopes in SARS-CoV-2 Spike protein. NTD, N-terminal
domain; RBD, receptor binding domain; SD1, subdomain 1; SD2, subdomain 2; HR1, heptad repeat
1 core peptide; HR2, heptad repeat 2 core peptide. (B) Schematic representation of the design of
proposed MultiTEP-based vaccines. MultiTEP length is 228 a.a. and epitopes are around 20 a.a.

Given the role of the viral spike (S) glycoprotein in receptor binding and cellular
entry, we designed 18 genetic constructs encoding diverse B-cell epitopes from S pro-
tein (Supplementary Figure S2) [25–29] fused with the MultiTEP sequence. All vaccines
were formulated with AdvaxCpG adjuvant and evaluated in mice. Advax-CpG55.2
(VO_0005324 [30]) is a combination adjuvant comprising delta inulin (VO_0005207 [31])
and CpG55.2, an artificial intelligence-designed human Toll-like receptor 9 (TLR-9) agonist
developed through the National Institutes of Health’s Adjuvant Discovery program [32].
Advax-CpG enhances vaccine protection by boosting humoral and T cell responses [33–36]
while having low reactogenicity, and was previously successfully used in SARS [37] and
MERS [38] coronavirus vaccines and also in the SpikoGen® COVID-19 vaccine, which was
licensed in the Middle East in October 2021 [39].

The most promising MultiTEP S peptide candidate vaccine, chosen based on the
spike-binding IgG and surrogate viral neutralization (sVNT) results, underwent further
evaluation in non-human primates (NHPs). While this candidate triggered high levels of
spike-binding IgG in both mice and monkeys, the antibodies lacked virus-neutralizing
activity, as assessed by pVNT assays, indicating the necessity for further optimization.

2. Materials and Methods
2.1. Animals

Mice: Female 6–8-week-old C57BL/6 mice (H-2b haplotype) were obtained from
Jackson Laboratory, Sacramento, CA, USA. All animals were housed in a temperature- and
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light-cycle-controlled facility, and their care was under the guidelines of the NIH and an
approved IACUC protocol at UC Irvine, CA, USA. Animal experiments were performed
according to the guidelines of the Animal Care and Use Committee of UCI, and approved
by University Laboratory Animal Resources (ULAR).

Non-human primates. Three adult (two females, one male) genetically unselected
cynomolgus monkeys (Macaca fascicularis), ranging in age from 19 to 20 years, were obtained
and housed at the primate colony at Alpha Genesis, Inc. (Yemassee, SC, USA). All animal
procedures were conducted in an AAALACi-accredited facility in compliance with the
Animal Welfare Act and other federal statutes and regulations relating to animals and
experiments involving animals, per the Institutional Animal Care and Use Committee
(IACUC) at Alpha Genesis, Inc. (Yemassee, SC, USA).

2.2. Epitope Vaccines

Eighteen minigenes, each encoding a protein composed of 3 copies of 1 of 18 various
SARS-CoV-2 Spike protein epitopes fused to the N-terminus of MultiTEP with a histidine
tag, were cloned into the E. coli expression vector pET24a. DNA sequencing was performed
to confirm that the generated plasmids contained the correct sequences. Recombinant
proteins were purified from E. coli BL21 (DE3) cells transformed with plasmids. Cells were
grown up to the optical density 0.7–0.8 at 600 nm in Luria Bertani medium containing
100 µg mL−1 of kanamycin. Gene expression was induced by adding isopropyl-β-D-1-
thiogalactopyranoside at a final concentration of 1 mM, and incubating for 4 h at 28 ◦C.
Cells harvested by centrifugation were re-suspended in the lysis buffer, and the integrity
of those cells was disrupted using sonication. The antigens appeared as inclusion bodies
and were separated from cell debris using the BugBuster protein extraction reagent, as
recommended by the manufacturer (Novagen, New Canaan, CT, USA). The final protein
pellet was dissolved in 8 M of urea buffer (pH 8) and purified using a Ni-NTA agarose
column (Qiagen, Valencia, CA, USA). Positive fractions were combined, and the protein was
refolded by dilution in a refolding solution (4M urea, 1M L-Arginine HCl, 0.5% sarkosyl,
pH 10), followed by gradual dialysis against 1× PBS, 0.5% sarkosyl to enhance the solubility
of proteins. Since, under alkaline conditions, the urea can react with primary amines of free
N-termini and ε-amine groups of lysines to form carbamyl derivatives, potentially resulting
in structural alterations to the protein [40], all sample manipulations were conducted at a
temperature of 4 ◦C or placed on ice for a short duration. This approach facilitated effective
solubilization while reducing the chances of protein modifications.

2.3. Vaccine Administration

Mice experiment: 18 groups (n = 5 each group) of C57BL/6 mice (females, 2 months)
were immunized intramuscularly with 18 different MultiTEP spike epitope vaccines
(20 µg/mouse) formulated in AdvaxCpG adjuvant (1 mg/mouse) (Vaxine Pty Ltd., Adelaide,
Australia). Each mouse received a total of four injections. Serum samples were collected
at 3 distinct time points: 14 days subsequent to the 2nd immunization, 14 days following
the 3rd immunization, and once more, 14 days after the 4th immunization. More detailed
experimental protocols are provided in Figure 2.

NHP experiment: Three adult cynomolgus monkeys (Macaca fascicularis) were injected
with 100 µg of MultiTEP-RBD471-493 vaccine formulated in AdvaxCpG adjuvant (10 mg
Advax mixed with 100 µg CpG per dose) at weeks 0, 2, and 6. Monkeys were housed
according to the accepted standards, and observed once daily for abnormal clinical signs or
signs of illness or distress, including food intake, activity, appearance, and stool consistency.
Body weights were measured before the first vaccine administration and at the time of
subsequent administrations and blood draws.
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2.4. Enzyme-Linked Immunosorbent Assay (Elisa)

Ninety-six-well high binding plates were separately coated with 1 µg/well (in 100 µL;
Carbonate–Bicarbonate buffer, pH 9.6, o/n at 4 ◦C) of SARS-CoV-2 Spike protein S1 subunit
(SinoBiological; #40591-V08B1) and the whole SARS-CoV-2 Spike monomer (SinoBiological;
#40589-V08B1). The next day, the coated plates were washed three times and blocked with
blocking buffer (3% dry, non-fat milk in TBST, 200 µL/well, o/n at 4 ◦C). Sera samples
were diluted 3-fold serially, starting at 5000 or 25,000 (in 0.3% dry, non-fat milk in TBST,
100 µL/well), and then added to the plates and incubated o/n at 4 ◦C. The plates were
washed three times with TBST. Then, HRP-conjugated goat anti-mouse IgG (Jackson Im-
munoResearch Laboratories 1:2500 dilution) (cat#115-036-003) was added and incubated
for 1 h at room temperature. The plates were washed three times with TBST before adding
3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution (ThermoFisher, Cat# 34029). The
reaction was stopped after 10 min by adding 2 N sulfuric acid. The OD at 450 nm was
measured with a FilterMax F5 microplate reader. Endpoint titers of antibodies in mice sera
were calculated as the reciprocals of the highest sera dilutions that provided an optical den-
sity reading thrice above the cutoff. The cutoff was determined as the titer of pre-immune
sera at the same dilution.

2.5. Epitope Mapping of SARS-CoV-2-Specific Antibodies

Epitope mapping of anti-SARS-CoV-2 antibodies was performed by “alanine
scanning” using competitive ELISA. Twenty-three peptides spanning the RBD471-493
(EI6GVEGFNCYFPLQ) sequence, but possessing one alanine substitution in each position,
were synthesized.

Ninety-six-well plates (Thermofisher, Immulon 2HB, Cat#3455) were coated with
SARS-CoV-2 Spike protein S1 subunit (SinoBiological; #40591-V08B1) at 1 µg/well (in



Pathogens 2024, 13, 520 5 of 12

100 µL; Carbonate–Bicarbonate buffer, pH 9.6, o/n at 4 ◦C). The next day, the coated plates
were blocked with blocking buffer (3% dry, non-fat milk in TBST, 200 µL/well). Serial
dilutions of reference wild-type COVID-19 epitope or mutated test peptides (corresponding
to 0.1 µM, 0.57 µM, 2.5 µM, 5 µM, and 12.5 µM final concentrations) were incubated with
immune sera diluted 1:50,000 (corresponding to the linear region of the curve for binding
to SARS-CoV-2 Spike protein S1 subunit) for 1.5 h at 37 ◦C. After incubation, 100 µL of
antibody/peptide mixture was added into the wells. HRP-conjugated goat anti-mouse IgG
(1:2500; Jackson ImmunoResearch Laboratories) was used as the secondary antibody.

The reaction was developed by adding 3,3′,5,5′ tetramethylbenzidine (TMB) substrate
solution and stopped with 2 N H2SO4. The optical density (OD) was read at 450 nm using
a FilterMax F5 microplate reader. The percent of the binding of sera blocked with wild-type
or mutated peptides to SARS-CoV-2 Spike protein S1 subunit was calculated, relative to the
binding of sera without competing peptides to SARS-CoV-2 Spike protein S1, as 100%. The
half-maximal inhibitory concentration (IC50) for each peptide was calculated.

2.6. Surrogate Virus Neutralization Test (sVNT)

This blocking ELISA (GenScript, Cat# L00847-A) qualitatively detects anti-SARS-CoV-
2 Abs, suppressing the interaction between the RBD of the viral spike glycoprotein (S)
and the ACE2 protein on the surface of cells. After the preincubation of immune sera
and control (all at a final dilution of 1:20, accounting for the initial sample dilution and
the subsequent 1:2 dilution with RBD-HRP) with HRP–RBD, which allows Abs in the
serum to bind to an HRP-conjugated RBD fragment (HRP–RBD), the mixture is added to a
capture plate coated with human ACE2 protein. Any unbound HRP–RBD or HRP–RBD
bound to non-neutralizing Abs is captured on the plate. Complexes of neutralizing Abs
and HRP–RBD do not bind on the plate and are removed after three washing steps. Then,
TMB is added as a substrate, allowing HRP to catalyze a color reaction. The color of the
solution changes from blue to yellow after the addition of the stop reagent, and can be
read by a microtiter plate reader at an OD of 450 nm (OD450). The absorbance of the
sample is inversely correlated with the amount of SARS-CoV-2-neutralizing Abs. For final
interpretation, the inhibition rates were determined using the following formula: Inhibition
score (percentage) = (1 − (OD valuesample/OD valuenegative control) × 100%).

2.7. Pseudovirus Neutralization Assay

GenScript ProBio (Piscataway, NJ, USA) conducted the SARS-CoV-2 pseudovirus neu-
tralization test. They designed a model simulating SARS-CoV-2 infection using lentivirus
with substituted envelop glycoprotein with the S protein. Neutralizing antibodies block
the S protein and receptor binding, preventing viral infection of ACE2-overexpressing
HEK293T cells. The detection of target cell luminescence enabled the screening and verifi-
cation of neutralizing antibody activity.

3. Results
3.1. Selection of Linear Epitopes and Preparation of the Immunogens

Eighteen spike epitopes were selected following a comprehensive literature review
(Figure 1A). The chosen B-cell epitopes comprised in silico predicted sequences, sequences
resembling known SARS-CoV-neutralizing epitopes, or those critical for the biological
functionality of the Spike protein (Supplementary Table S1). Some sequences were split
into fragments under 30 residues in length to minimize the risk of conformational neoepi-
tope formation.

Every antigen featured three copies of the IgG epitopes, which were conjoined and
then linked to the MultiTEP platform (Figure 1B). Additionally, a 6xHis-tag was positioned
at the C-terminus of the construct for downstream purification. Multivalent antigen presen-
tation can help stimulate the immune system by increasing the cross-linking of the B-cell
receptors by the antigen [41]. Fusion proteins were expressed and purified from E. coli
BL21 (DE3) cells and analyzed using 10% Bis-Tris gel electrophoresis (NuPAGE Novex
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Gel, InvitrogenTM (Carlsbad, CA, USA). Protein bands were visualized by Coomassie dye
(Supplementary Figure S1).

3.2. Immunogenicity of Recombinant Protein Epitope Vaccines in Mice

Eighteen groups of C57Bl/6 mice, five animals each, were immunized with vaccines
formulated with AdvaxCpG adjuvant, according to the immunization schedule described
in the Materials and Methods section and Figure 2A. All of the vaccines were well tolerated,
with no adverse events noted. Sera samples were collected from the immunized mice for
the downstream analysis. Binding antibodies specific to Spike protein were determined in
collected sera by ELISA. As shown in Figure 2B and Supplementary Table S2, the majority
of MultiTEP-based vaccines, with only a few exceptions, generated high IgG titers against
the entire Spike protein.

To further assess the therapeutic potential of the generated vaccines, we used a surro-
gate neutralization assay based on the ability of antibodies to block the binding of ACE2 to
RBD in an ELISA formal assay. The activity of each sample and the endpoint titer against
the spike for each mouse within the group was analyzed by linear regression, with the
results plotted for each epitope (Figure 3). The correlation between binding antibody titers
and the neutralizing activity of sera was found to be weak. Among the tested groups, three
exhibited neutralizing activity, with the peptide spanning residues 471–493 demonstrating
the most potent effect. Notably, this peptide was recently identified as a functionally im-
portant disulfide-bridged loop [42]. Based on these findings, the vaccine containing this
specific peptide was chosen for further evaluation and development.
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3.3. Evaluation of Immunogenicity of RBD471-493 Vaccine in NHP

To assess the immunogenicity of the vaccine, RBD471-493 was administered to three
Macaca fascicularis (Cynomolgus monkeys) following the immunization schedule illustrated
in Figure 4.
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Figure 4. Three Macaca fascicularis (cynomolgus monkeys) received the RBD471-493 vaccine according
to a designated immunization schedule (A). The table displays the titer of antibodies against the
SARS-CoV-2 Spike protein in monkey sera following the third immunization (B). The antibodies
produced after the third immunization inhibited the binding of RBD to hACE2. Sera dilutions
accounted for the initial sample dilution and the subsequent 1:2 dilution with RBD-HRP (C). Assays
were repeated twice.

Following administration of the third RBD471-493 vaccine dose to the monkeys, a
robust IgG binding response against Spike protein was observed in the sera of all test
subjects, with endpoint titers ranging from 26,000 to 30,000 (Figure 4B). In the surrogate
neutralization assay, monkey 112 demonstrated a 50% blocking capacity at 1:48, while
monkey 408 exhibited a 50% blocking capacity at 1:105 (Figure 4C).

3.4. RBD471-493 Epitope Mapping Using an Alanine Scanning Competition ELISA

Antibodies generated in C57Bl6 mice against RBD471-493 were used to map the precise
epitope through alanine scanning. The data showed that these antibodies specifically
recognize an epitope encompassing amino acids 480–490 (CNGVEGFNCYF) within the non-
mutated RBD471-493 peptide (Supplementary Figure S2A). Glycine 485 and Phenylalanine
486 were identified as the two most crucial amino acids playing a role in the binding of
mouse anti-RBD471-493 antibodies to the epitope, with Leucine 492 also contributing to
Spike protein binding (Supplementary Figure S2B).

Through alanine scanning, the same RBD471-493 B-cell epitope was mapped in the
monkeys. The epitope in the monkeys comprised amino acids 480-488 (CNGVEGFNC), with
minor variations observed among the experimental monkeys (Supplementary Figure S3).
Interestingly, the epitope mapping of the monkey sera revealed that Cysteine 480 and
Cysteine 488 played critical roles, suggesting a disulfide bond within the epitope. The
recent crystal structure of the epitope confirms the existence of a disulfide bond between the
cysteines and a loop-like structure [43].

3.5. Pseudovirus Neutralization Results

Many S epitopes are located outside the RBD, which limits the applicability of the
RBD-based sVNT assay. This assay was developed using aldehyde–amine coupling of
HRP to the RBD, potentially causing steric hindrance for certain epitopes due to lysine
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modification [44]. Notably, most epitopes within the RBD contain lysine residues. Con-
sequently, we assessed the activity of sera generated by our vaccine candidates using a
pseudovirus neutralization (pVNT) assay. We observed a trend of increased virus entry at
lower serum dilutions, indicating that the antibodies might facilitate viral uptake into the
cells, a phenomenon known as an antibody-dependent enhancement of infection. However,
as the serum dilutions increased, a modest degree of viral inhibition was noted (Figure 5).
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Figure 5. (A) The pseudovirus neutralization assay was performed on monkey sera generated against
RBD471-493 without subjecting them to heat inactivation. (B) The pseudovirus neutralization assay
was conducted on monkey sera generated against RBD471-493 after the samples were subjected to
heat inactivation. The standard deviation (SD) in Figure 5 represents the variability between the four
wells in each serum sample.

4. Discussion

Most MultiTEP-based vaccines formulated with AdvaxCpG adjuvant elicited robust
binding antibody responses in the mice. The MultiTEP construct, RBD471-493, demon-
strated the greatest ability to induce antibodies in mice that inhibited the binding of RBD to
ACE2 by sVNT assay. RBD471-493 was then evaluated for immunogenicity in non-human
primates. The immunization of monkeys with three doses of MultiTEP-RBD471-493 with
AdvaxCpG adjuvant induced high IgG binding titers but low sVNT and pVNT titers.
Indeed, there are published data by others suggesting antibody-dependent enhancement
(ADE) at high serum concentrations, a phenomenon seen in the presence of predominantly
non-neutralizing antibodies [45,46]. However, it is important to note that ADE has not been
conclusively demonstrated in vivo for this particular context. For instance, studies have
shown that while ADE can occur in vitro with antibodies isolated from patients infected
with SARS-CoV-2 using artificially FcR/ACE2-expressing cells or Raji cells, there is no
direct evidence that the ADE of disease is occurring in vivo [47]. Moreover, the clinical
relevance of ADE is still under investigation, and more comprehensive studies are required
to elucidate its impact in real-world scenarios [48]. Therefore, while the potential for ADE
exists, its actual significance in vivo warrants further detailed research.

Pseudovirus neutralization was, at best, only partial, a phenomenon known as “incom-
plete neutralization” [49]. The conformation of epitopes within the RBD plays a pivotal role
in virus attachment and infectivity through ACE2 binding [50]. Hence, the conformation of
the peptide epitope may have changed from its native Spike structure when placed into the
MultiTEP construct. Alternatively, more complete neutralization may require the inclusion
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of discrete S epitopes in the vaccine [49]. The effectiveness of our SARS-CoV-2 vaccines
might be improved by developing antigens that present epitopes in a conformation better
resembling their native S conformation. For instance, in the case of the antigen RBD471-493,
it may be possible to design an antigen wherein this sequence assumes a native loop-like
structure with a disulphite bond, mirroring its conformation in the native S protein. It
is conceivable that the antibodies generated against our anti-Spike glycoprotein antigens
displayed limited affinity for the native Spike protein due to a disparity in the conformation
of the epitopes within our antigens compared to their conformation in the native Spike
structure. A potential strategy to mitigate this concern involves a purposeful reduction in
the length of epitopes chosen for our antigens. As elucidated in Supplementary Figure S3,
when creating an antigen for the purpose of generating antibodies targeting the receptor
binding domain (RBM) of the Spike protein, one viable option is to substitute the amino
acid sequence encompassing 471–493 with the more concise epitope delineated by amino
acids 480–490.

Furthermore, we have discerned the necessity for an antigen that amalgamates discrete
epitopes from the Spike. This strategic approach aims to engineer an antigen capable of
eliciting antibodies with the capacity to provide comprehensive coverage across all viral
subgroups within a wild-type SARS-CoV-2 population.

It is noteworthy to emphasize that heat inactivation may exert a substantial influence
on the dynamics of viral interactions with serum components, necessitating a deeper
exploration. This is particularly pertinent when considering the integral role conformational
epitopes occupy within the Spike protein’s structure. As such, further investigation into
this phenomenon and optimization of the research methods are warranted.

In summary, we successfully synthesized a set of 18 different B-cell epitope protein
vaccines targeting the S protein, utilizing the MultiTEP platform. The MultiTEP platform
comprises 12 foreign promiscuous CD4+ T-helper (Th) epitopes recognized by various
human MHC class II molecules. This was further boosted by the inclusion of the highly
potent AdvaxCpG adjuvant. While highly immunogenic and able to induce high titers of
binding antibodies, these epitope constructs failed to induce virus-neutralizing antibodies,
indicating the importance of epitope selection and antigen conformation in designing an
effective SARS-CoV-2 vaccine.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens13060520/s1, Figure S1: Analyses of purified
proteins composed of indicated SARS-CoV-2 B-cell epitope fused with MultiTEP in SDS-PAGE in
reducing conditions. Figure S2: The immune sera of mice immunized with RBD471-493 were pooled
and subjected to epitope mapping using an alanine-scanning competition ELISA. Figure S3: Epitope
mapping of immune sera from vaccinated Macaca fascicularis was performed by alanine-scanning
competition ELISA. Table S1: The table displays information on the localization, peptide sequence,
and selection method of various IgG epitopes derived from the Spike protein of SARS-CoV-2. Table S2:
The IgG endpoint titer range within each group of C57Bl/6 mice 2 weeks after the third vaccination
with MultiTEP-based SARS-CoV-2 vaccines.

Author Contributions: T.A. and G.C. equally contributed to this work as co-first authors. T.A.,
G.C., K.Z., A.H., M.G., O.K., H.D., R.K. and I.P.—data acquisition, analysis, or interpretation. T.A.
and G.C.—original draft of the manuscript. N.P.—providing AdvaxCpG adjuvant, data analysis,
manuscript editing. A.G.—conceptualization, supervision, manuscript review, and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by funding from the NIH (U01 AG060965 and U01 AG060965-
02S1). The content is solely the responsibility of the authors and does not necessarily represent the
official views of the NIH.

Institutional Review Board Statement: All mouse studies were conducted in accordance with the
NIH, American Physiological Society, and University of California, Irvine Animal Care Guidelines.
The University of California, Irvine, animal assurance number is A3416-01, IACUC protocol number:
AUP-21-041, approval date 21 May 2021. All non-human primate procedures were conducted in an

https://www.mdpi.com/article/10.3390/pathogens13060520/s1


Pathogens 2024, 13, 520 10 of 12

AAALACi-accredited facility in compliance with the Animal Welfare Act and other federal statutes
and regulations relating to animals and experiments involving animals per the Institutional Animal
Care and Use Committee (IACUC) at the Alpha Genesis, Inc., IACUC protocol number AUP20-15,
approval date 11 August 2021. Studies adhere to the NIH Guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data from this study are available from the authors.

Conflicts of Interest: A.G. is a co-founder of Nuravax, Inc. that licensed MultiTEP vaccine platform
technology from the Institute for Molecular Medicine. N.P. is a founder of Vaxine that developed the
AdvaxCpG adjuvant. The remaining authors declare that they have no competing interests.

References
1. World Health Organization. Coronavirus Disease (COVID-19). Available online: https://www.who.int/emergencies/diseases/

novel-coronavirus-2019 (accessed on 1 January 2023).
2. Liu, Y.C.; Kuo, R.L.; Shih, S.R. COVID-19: The first documented coronavirus pandemic in history. Biomed. J. 2020, 43, 328–333.

[CrossRef]
3. Bai, Y.; Tao, X. Comparison of COVID-19 and influenza characteristics. J. Zhejiang Univ. Sci. B 2021, 22, 87–98. [CrossRef]
4. Petrosillo, N.; Viceconte, G.; Ergonul, O.; Ippolito, G.; Petersen, E. COVID-19, SARS and MERS: Are they closely related? Clin.

Microbiol. Infect 2020, 26, 729–734. [CrossRef]
5. Martonik, D.; Parfieniuk-Kowerda, A.; Rogalska, M.; Flisiak, R. The Role of Th17 Response in COVID-19. Cells 2021, 10, 1550.

[CrossRef]
6. Catanzaro, M.; Fagiani, F.; Racchi, M.; Corsini, E.; Govoni, S.; Lanni, C. Immune response in COVID-19: Addressing a pharmaco-

logical challenge by targeting pathways triggered by SARS-CoV-2. Signal Transduct. Target. Ther. 2020, 5, 84. [CrossRef]
7. The Centre for Evidence-Based Medicine. Global COVID-19 Case Fatality Rates. Available online: https://www.cebm.net/covid-

19/global-covid-19-case-fatality-rates/ (accessed on 17 March 2020).
8. Liu, K.; Chen, Y.; Lin, R.; Han, K. Clinical features of COVID-19 in elderly patients: A comparison with young and middle-aged

patients. J. Infect. 2020, 80, e14–e18. [CrossRef]
9. Aiyegbusi, O.L.; Hughes, S.E.; Turner, G.; Rivera, S.C.; McMullan, C.; Chandan, J.S.; Haroon, S.; Price, G.; Davies, E.H.;

Nirantharakumar, K.; et al. Symptoms, complications and management of long COVID: A review. J. R. Soc. Med. 2021, 114,
428–442. [CrossRef]

10. Carfi, A.; Bernabei, R.; Landi, F.; Gemelli Against, C.-P.-A.C.S.G. Persistent Symptoms in Patients After Acute COVID-19. JAMA
2020, 324, 603–605. [CrossRef]

11. Bader, F.; Manla, Y.; Atallah, B.; Starling, R.C. Heart failure and COVID-19. Heart Fail. Rev. 2021, 26, 1–10. [CrossRef]
12. Shanbehzadeh, S.; Tavahomi, M.; Zanjari, N.; Ebrahimi-Takamjani, I.; Amiri-Arimi, S. Physical and mental health complications

post-COVID-19: Scoping review. J. Psychosom. Res. 2021, 147, 110525. [CrossRef]
13. Myall, K.J.; Mukherjee, B.; Castanheira, A.M.; Lam, J.L.; Benedetti, G.; Mak, S.M.; Preston, R.; Thillai, M.; Dewar, A.; Molyneaux,

P.L.; et al. Persistent Post-COVID-19 Interstitial Lung Disease. An Observational Study of Corticosteroid Treatment. Ann. Am.
Thorac. Soc. 2021, 18, 799–806. [CrossRef]

14. Zhao, J.; Zhao, S.; Ou, J.; Zhang, J.; Lan, W.; Guan, W.; Wu, X.; Yan, Y.; Zhao, W.; Wu, J.; et al. COVID-19: Coronavirus Vaccine
Development Updates. Front. Immunol. 2020, 11, 602256. [CrossRef]

15. Swan, D.A.; Bracis, C.; Janes, H.; Moore, M.; Matrajt, L.; Reeves, D.B.; Burns, E.; Donnell, D.; Cohen, M.S.; Schiffer, J.T.; et al.
COVID-19 vaccines that reduce symptoms but do not block infection need higher coverage and faster rollout to achieve population
impact. Sci. Rep. 2021, 11, 15531. [CrossRef]

16. Bozkurt, B.; Kamat, I.; Hotez, P.J. Myocarditis with COVID-19 mRNA Vaccines. Circulation 2021, 144, 471–484. [CrossRef]
17. Verbeke, R.; Lentacker, I.; De Smedt, S.C.; Dewitte, H. The dawn of mRNA vaccines: The COVID-19 case. J. Control. Release 2021,

333, 511–520. [CrossRef]
18. Lopez Bernal, J.; Andrews, N.; Gower, C.; Robertson, C.; Stowe, J.; Tessier, E.; Simmons, R.; Cottrell, S.; Roberts, R.; O’Doherty,

M.; et al. Effectiveness of the Pfizer-BioNTech and Oxford-AstraZeneca vaccines on COVID-19 related symptoms, hospital
admissions, and mortality in older adults in England: Test negative case-control study. BMJ 2021, 373, n1088. [CrossRef]

19. Li, L.; Gao, M.; Li, J.; Xie, X.; Zhao, H.; Wang, Y.; Xu, X.; Zu, S.; Chen, C.; Wan, D.; et al. Identification of an immunogenic epitope
and protective antibody against the furin cleavage site of SARS-CoV-2. EBioMedicine 2023, 87, 104401. [CrossRef]

20. Zagorski, K.; Pandey, K.; Rajaiah, R.; Olwenyi, O.A.; Bade, A.N.; Acharya, A.; Johnston, M.; Filliaux, S.; Lyubchenko, Y.L.;
Byrareddy, S.N. Modular nanoarray vaccine for SARS-CoV-2. Nanomedicine 2022, 46, 102604. [CrossRef]

21. De Groot, A.S.; Moise, L.; McMurry, J.A.; Martin, W. Epitope-Based Immunome-Derived Vaccines: A Strategy for Improved
Design and Safety. In Clinical Applications of Immunomics. Immunomics Reviews; Falus, A., Ed.; Springer: New York, NY, USA, 2009;
Volume 2.

22. Oscherwitz, J. The promise and challenge of epitope-focused vaccines. Hum. Vaccines Immunother. 2016, 12, 2113–2116. [CrossRef]

https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://doi.org/10.1016/j.bj.2020.04.007
https://doi.org/10.1631/jzus.B2000479
https://doi.org/10.1016/j.cmi.2020.03.026
https://doi.org/10.3390/cells10061550
https://doi.org/10.1038/s41392-020-0191-1
https://www.cebm.net/covid-19/global-covid-19-case-fatality-rates/
https://www.cebm.net/covid-19/global-covid-19-case-fatality-rates/
https://doi.org/10.1016/j.jinf.2020.03.005
https://doi.org/10.1177/01410768211032850
https://doi.org/10.1001/jama.2020.12603
https://doi.org/10.1007/s10741-020-10008-2
https://doi.org/10.1016/j.jpsychores.2021.110525
https://doi.org/10.1513/AnnalsATS.202008-1002OC
https://doi.org/10.3389/fimmu.2020.602256
https://doi.org/10.1038/s41598-021-94719-y
https://doi.org/10.1161/CIRCULATIONAHA.121.056135
https://doi.org/10.1016/j.jconrel.2021.03.043
https://doi.org/10.1136/bmj.n1088
https://doi.org/10.1016/j.ebiom.2022.104401
https://doi.org/10.1016/j.nano.2022.102604
https://doi.org/10.1080/21645515.2016.1160977


Pathogens 2024, 13, 520 11 of 12

23. Singh, A.; Thakur, M.; Sharma, L.K.; Chandra, K. Designing a multi-epitope peptide based vaccine against SARS-CoV-2. Sci. Rep.
2020, 10, 16219. [CrossRef]

24. Hamley, I.W. Peptides for Vaccine Development. ACS Appl. Bio Mater. 2022, 5, 905–944. [CrossRef] [PubMed]
25. Baruah, V.; Bose, S. Immunoinformatics-aided identification of T cell and B cell epitopes in the surface glycoprotein of 2019-nCoV.

J. Med. Virol. 2020, 92, 495–500. [CrossRef]
26. Chen, W.H.; Hotez, P.J.; Bottazzi, M.E. Potential for developing a SARS-CoV receptor-binding domain (RBD) recombinant protein

as a heterologous human vaccine against coronavirus infectious disease (COVID)-19. Hum. Vaccines Immunother. 2020, 16,
1239–1242. [CrossRef]

27. Grifoni, A.; Sidney, J.; Zhang, Y.; Scheuermann, R.H.; Peters, B.; Sette, A. A Sequence Homology and Bioinformatic Approach Can
Predict Candidate Targets for Immune Responses to SARS-CoV-2. Cell Host Microbe 2020, 27, 671–680.e672. [CrossRef]

28. Wang, Q.; Zhang, L.; Kuwahara, K.; Li, L.; Liu, Z.; Li, T.; Zhu, H.; Liu, J.; Xu, Y.; Xie, J.; et al. Immunodominant SARS Coronavirus
Epitopes in Humans Elicited both Enhancing and Neutralizing Effects on Infection in Non-human Primates. ACS Infect. Dis. 2016,
2, 361–376. [CrossRef] [PubMed]

29. Cai, Y.; Zhang, J.; Xiao, T.; Peng, H.; Sterling, S.M.; Walsh, R.M., Jr.; Rawson, S.; Rits-Volloch, S.; Chen, B. Distinct conformational
states of SARS-CoV-2 spike protein. Science 2020, 369, 1586–1592. [CrossRef]

30. Leitner, W.W. Advax-CpG55.2; NIH, NIAID: Rockville, MD, USA, 2024.
31. Leitner, W.W. Advax; NIH, NIAID: Rockville, MD, USA, 2024.
32. Singleton, K.L.; Joffe, A.; Leitner, W.W. Review: Current trends, challenges, and success stories in adjuvant research. Front.

Immunol. 2023, 14, 1105655. [CrossRef] [PubMed]
33. Gorander, S.; Honda-Okubo, Y.; Backstrom, M.; Baldwin, J.; Bergstrom, T.; Petrovsky, N.; Liljeqvist, J.A. A truncated glycoprotein

G vaccine formulated with Advax-CpG adjuvant provides protection of mice against genital herpes simplex virus 2 infection.
Vaccine 2021, 39, 5866–5875. [CrossRef] [PubMed]

34. Sakala, I.G.; Honda-Okubo, Y.; Li, L.; Baldwin, J.; Petrovsky, N. A M2 protein-based universal influenza vaccine containing
Advax-SM adjuvant provides newborn protection via maternal or neonatal immunization. Vaccine 2021, 39, 5162–5172. [CrossRef]

35. Honda-Okubo, Y.; Baldwin, J.; Petrovsky, N. Advax-CpG Adjuvant Provides Antigen Dose-Sparing and Enhanced Immunogenic-
ity for Inactivated Poliomyelitis Virus Vaccines. Pathogens 2021, 10, 500. [CrossRef]

36. Eichinger, K.M.; Kosanovich, J.L.; Gidwani, S.V.; Zomback, A.; Lipp, M.A.; Perkins, T.N.; Oury, T.D.; Petrovsky, N.; Marshall, C.P.;
Yondola, M.A.; et al. Prefusion RSV F Immunization Elicits Th2-Mediated Lung Pathology in Mice When Formulated with a Th2
(but Not a Th1/Th2-Balanced) Adjuvant Despite Complete Viral Protection. Front. Immunol. 2020, 11, 1673. [CrossRef] [PubMed]

37. Honda-Okubo, Y.; Barnard, D.; Ong, C.H.; Peng, B.H.; Tseng, C.T.; Petrovsky, N. Severe Acute Respiratory Syndrome-
Associated Coronavirus Vaccines Formulated with Delta Inulin Adjuvants Provide Enhanced Protection while Ameliorating
Lung Eosinophilic Immunopathology. J. Virol. 2015, 89, 2995–3007. [CrossRef]

38. Adney, D.R.; Wang, L.; van Doremalen, N.; Shi, W.; Zhang, Y.; Kong, W.P.; Miller, M.R.; Bushmaker, T.; Scott, D.; de Wit, E.; et al.
Efficacy of an Adjuvanted Middle East Respiratory Syndrome Coronavirus Spike Protein Vaccine in Dromedary Camels and
Alpacas. Viruses 2019, 11, 212. [CrossRef] [PubMed]

39. Tabarsi, P.; Anjidani, N.; Shahpari, R.; Mardani, M.; Sabzvari, A.; Yazdani, B.; Kafi, H.; Fallah, N.; Ebrahimi, A.; Taheri, A.; et al.
Evaluating the efficacy and safety of SpikoGen(R), an Advax-CpG55.2-adjuvanted severe acute respiratory syndrome coronavirus
2 spike protein vaccine: A phase 3 randomized placebo-controlled trial. Clin. Microbiol. Infect. 2023, 29, 215–220. [CrossRef]
[PubMed]

40. Kollipara, L.; Zahedi, R.P. Protein carbamylation: In vivo modification or in vitro artefact? Proteomics 2013, 13, 941–944. [CrossRef]
[PubMed]

41. Baschong, W.; Hasler, L.; Haner, M.; Kistler, J.; Aebi, U. Repetitive versus monomeric antigen presentation: Direct visualization of
antibody affinity and specificity. J. Struct. Biol. 2003, 143, 258–262. [CrossRef] [PubMed]

42. Williams, J.K.; Wang, B.; Sam, A.; Hoop, C.L.; Case, D.A.; Baum, J. Molecular dynamics analysis of a flexible loop at the binding
interface of the SARS-CoV-2 spike protein receptor-binding domain. Proteins 2022, 90, 1044–1053. [CrossRef] [PubMed]

43. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220. [CrossRef] [PubMed]

44. Tan, C.W.; Chia, W.N.; Qin, X.; Liu, P.; Chen, M.I.; Tiu, C.; Hu, Z.; Chen, V.C.; Young, B.E.; Sia, W.R.; et al. A SARS-CoV-2 surrogate
virus neutralization test based on antibody-mediated blockage of ACE2-spike protein-protein interaction. Nat. Biotechnol. 2020,
38, 1073–1078. [CrossRef]

45. Thomas, S.; Smatti, M.K.; Ouhtit, A.; Cyprian, F.S.; Almaslamani, M.A.; Thani, A.A.; Yassine, H.M. Antibody-Dependent
Enhancement (ADE) and the role of complement system in disease pathogenesis. Mol. Immunol. 2022, 152, 172–182. [CrossRef]

46. Thomas, S.; Smatti, M.K.; Alsulaiti, H.; Zedan, H.T.; Eid, A.H.; Hssain, A.A.; Abu Raddad, L.J.; Gentilcore, G.; Ouhtit, A.; Althani,
A.A.; et al. Antibody-dependent enhancement (ADE) of SARS-CoV-2 in patients exposed to MERS-CoV and SARS-CoV-2 antigens.
J. Med. Virol. 2024, 96, e29628. [CrossRef] [PubMed]

47. Nakayama, E.E.; Shioda, T. SARS-CoV-2 Related Antibody-Dependent Enhancement Phenomena In Vitro and In Vivo. Microor-
ganisms 2023, 11, 1015. [CrossRef] [PubMed]

48. Arvin, A.M.; Fink, K.; Schmid, M.A.; Cathcart, A.; Spreafico, R.; Havenar-Daughton, C.; Lanzavecchia, A.; Corti, D.; Virgin, H.W.
A perspective on potential antibody-dependent enhancement of SARS-CoV-2. Nature 2020, 584, 353–363. [CrossRef] [PubMed]

https://doi.org/10.1038/s41598-020-73371-y
https://doi.org/10.1021/acsabm.1c01238
https://www.ncbi.nlm.nih.gov/pubmed/35195008
https://doi.org/10.1002/jmv.25698
https://doi.org/10.1080/21645515.2020.1740560
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.1021/acsinfecdis.6b00006
https://www.ncbi.nlm.nih.gov/pubmed/27627203
https://doi.org/10.1126/science.abd4251
https://doi.org/10.3389/fimmu.2023.1105655
https://www.ncbi.nlm.nih.gov/pubmed/36742311
https://doi.org/10.1016/j.vaccine.2021.08.050
https://www.ncbi.nlm.nih.gov/pubmed/34456075
https://doi.org/10.1016/j.vaccine.2021.07.037
https://doi.org/10.3390/pathogens10050500
https://doi.org/10.3389/fimmu.2020.01673
https://www.ncbi.nlm.nih.gov/pubmed/32849580
https://doi.org/10.1128/JVI.02980-14
https://doi.org/10.3390/v11030212
https://www.ncbi.nlm.nih.gov/pubmed/30832356
https://doi.org/10.1016/j.cmi.2022.09.001
https://www.ncbi.nlm.nih.gov/pubmed/36096430
https://doi.org/10.1002/pmic.201200452
https://www.ncbi.nlm.nih.gov/pubmed/23335428
https://doi.org/10.1016/j.jsb.2003.08.004
https://www.ncbi.nlm.nih.gov/pubmed/14572480
https://doi.org/10.1002/prot.26208
https://www.ncbi.nlm.nih.gov/pubmed/34375467
https://doi.org/10.1038/s41586-020-2180-5
https://www.ncbi.nlm.nih.gov/pubmed/32225176
https://doi.org/10.1038/s41587-020-0631-z
https://doi.org/10.1016/j.molimm.2022.11.010
https://doi.org/10.1002/jmv.29628
https://www.ncbi.nlm.nih.gov/pubmed/38682568
https://doi.org/10.3390/microorganisms11041015
https://www.ncbi.nlm.nih.gov/pubmed/37110438
https://doi.org/10.1038/s41586-020-2538-8
https://www.ncbi.nlm.nih.gov/pubmed/32659783


Pathogens 2024, 13, 520 12 of 12

49. McCoy, L.E.; Falkowska, E.; Doores, K.J.; Le, K.; Sok, D.; van Gils, M.J.; Euler, Z.; Burger, J.A.; Seaman, M.S.; Sanders, R.W.;
et al. Incomplete Neutralization and Deviation from Sigmoidal Neutralization Curves for HIV Broadly Neutralizing Monoclonal
Antibodies. PLoS Pathog. 2015, 11, e1005110. [CrossRef]

50. Gattinger, P.; Niespodziana, K.; Stiasny, K.; Sahanic, S.; Tulaeva, I.; Borochova, K.; Dorofeeva, Y.; Schlederer, T.; Sonnweber, T.;
Hofer, G.; et al. Neutralization of SARS-CoV-2 requires antibodies against conformational receptor-binding domain epitopes.
Allergy 2022, 77, 230–242. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.ppat.1005110
https://doi.org/10.1111/all.15066

	Introduction 
	Materials and Methods 
	Animals 
	Epitope Vaccines 
	Vaccine Administration 
	Enzyme-Linked Immunosorbent Assay (Elisa) 
	Epitope Mapping of SARS-CoV-2-Specific Antibodies 
	Surrogate Virus Neutralization Test (sVNT) 
	Pseudovirus Neutralization Assay 

	Results 
	Selection of Linear Epitopes and Preparation of the Immunogens 
	Immunogenicity of Recombinant Protein Epitope Vaccines in Mice 
	Evaluation of Immunogenicity of RBD471-493 Vaccine in NHP 
	RBD471-493 Epitope Mapping Using an Alanine Scanning Competition ELISA 
	Pseudovirus Neutralization Results 

	Discussion 
	References

