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Abstract: Widespread and rapidly evolving SARS-CoV-2 posed an unprecedented chal-
lenge to vaccine developers. GeoVax has designed a multiantigen SARS-CoV-2 vaccine,
designated GEO-CMO02 based on a Modified Vaccinia Virus (MVA) vector that expresses
spike (S), membrane (M), and envelope (E) antigens. This experimental vaccine was tested
in the hACE2 transgenic mouse model to assess immunogenicity and efficacy. Adminis-
tration of the vaccine in a two-dose regimen elicited high levels of neutralizing antibodies
and provided complete protection, effectively reducing lung, olfactory bulb, and brain
viral load and reducing lung inflammation following infection with original B.1 virus and
the B.1.1.529 variant. In addition, GEO-CMO02 conferred 80% protection against a lethal
infection with the B.1.351 variant. GEO-CMO02 vaccine efficacy studies also demonstrated
a complete level of vaccine-induced protection with a single dose against the original B.1
virus and B.1.1.529 variant. GEO-CMO02 effectively elicited functional T-cell responses in
both prime and prime-boost groups. These data indicate that vaccination with the GEO-
CMO02 vaccine can induce immune responses that protect against severe disease induced by
SARS-CoV-2 and its variants in a highly relevant pre-clinical model.

Keywords: SARS-CoV-2; COVID-19; MVA-VLP

1. Introduction

With unprecedented speed and scale, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) caused a deadly global pandemic [1]. Rapid development, manufacture,
and roll-out of first-generation vaccines afforded protection to vulnerable groups against
the original strain of SARS-CoV-2 and early variants [2-5]. The primary immunogen
of all first-generation vaccines is the SARS-CoV-2 spike (S), which elicits high titers of
neutralizing antibody (NAD) that mediate significant levels of protection against infection
and severe disease [6]. However, as new variants of concern (VOCs) arose, the ability of
the first-generation vaccines and monoclonal antibodies to neutralize emerging strains
was disrupted. It is now unclear the extent to which the current generation of vaccines
will be able to provide high levels of efficacy. Evasion of NAb by emerging VOCs and
waning antibody responses pose looming challenges for durable vaccine protection [7].
Recently, highly transmissible Omicron variant sublineages, including JN.1 and KP.2, which
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contain more than 30 amino acid substitutions in the S gene, with over half of these in
the receptor binding domain (RBD) [8], have maintained the trend of viral evolution that
evades vaccine-induced neutralizing antibodies [9,10].

The design of effective next-generation COVID-19 vaccines must consider the highly
divergent and rapidly mutating nature of coronaviruses [11]. While a high level of viral
escape from NADb exists among VOCs, the T cell epitopes in the S and other large structural
proteins have remained largely conserved, suggesting that the current vaccines may not
be rendered completely ineffective if conserved epitopes can be targeted effectively [12].
Recent studies have highlighted the importance of cellular immunity, which is maintained
for up to 20 months after infection [13,14]. The S protein has historically exhibited a great
degree of divergence compared to other coronavirus proteins; thus, inclusion of proteins
that remain more highly conserved may offer greater protection against emerging VOCs.

Alternative vaccines based on modified antigen design or various platform technolo-
gies that focus on cellular immunity, and immunogenic targets beyond S may be able to
establish a superior long-term immune profile better suited for a rapidly evolving RNA
virus. Additionally, it was extensively shown that robust T-cell responses are significantly
correlated with a lower degree of disease pathogenesis [15-20]. As such, broadening cel-
lular immunity to multiple virus antigens is a feasible way to offer enhanced protection
against VOCs [21,22].

There are large numbers of T cell epitopes recognized following SARS-CoV-2 infection
beyond S, including nucleoprotein (N), membrane (M), and many nonstructural proteins.
In particular, the M protein has been identified as a major T cell target [23]. Significant T cell
reactivity against M has been documented in convalescent COVID-19 patients. Specificity
to M accounted for 21% and 22% of the total CD4+ and CD8+ T cell response, respectively,
making it second to S as the most recognized antigen by cellular responses [24]. When co-
expressed, S, M, and envelope (E) support the spontaneous formation of virus-like particles
(VLPs) [25]. VLPs are very effective for enveloped viruses, as they can elicit antibodies to
native forms of viral envelope glycoproteins. Furthermore, VLPs have been demonstrated
to be potent activators of dendritic cells (DCs), which play a critical role in priming both B
and T cells [26,27].

The MVA-VLP vaccine combines the safety of a non-replicating virus vector with the
enhanced immunogenicity of VLPs. Specifically, MVA is an ideal vaccine platform for induc-
tion of potent multi-antigen cellular immune responses as it preferentially targets antigen
presenting cells in vivo [28-30]. MVA also presents antigens through the cross-presentation
pathway, which is very effective for the delivery of stable proteins or particulates, such as
VLPs, to induce humoral and cellular responses [31,32]. The MVA platform is known to be
safe and immunogenic in humans [33,34] and to protect animal surrogates against a variety
of human disease agents in preclinical testing [35,36]. Importantly, MVA is not hindered by
pre-existing vector immunity like other replication-competent vectors. At moderate doses
of MVA, no significant neutralizing antibody is detected. Furthermore, GeoVax confirmed
that pre-existing vaccination with MVA does not hinder the induction of humoral immunity
to a subsequent heterologous booster [37-39]. Herein, utilizing the MVA-VLP platform, we
tested the efficacy of a multi-antigen vaccine expressing SARS-CoV-2 S, M, and E proteins
in preclinical animal infection models.

2. Materials and Methods
2.1. Vaccine Construction and Characterization

The GEO-CMO02 vaccine construction was performed as previously described [40]
using SARS-CoV-2 virus S, M, and E sequences (GenBank Accession number MN908947.3).
Briefly, SARS-CoV-2 genes were codon-optimized for the vaccinia virus genome [41]. The
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SARS-CoV-2 S, M, and E gene sequences were inserted with each gene under the control of
separate pox viral promoters between two essential vaccinia genes (A5R and A6L) using
the pLW73 shuttle vector as previously described [39].

To confirm the expression of S and M, DF1 cells were infected with GEO-CMO02 or the
parental MVA (empty vector) at a multiplicity of infection (MOI) of 0.5 FFU/cell for 48 h at
37 °C. Subsequently, cells were lysed, and the proteins were separated by 4-12% SDS-PAGE
under denaturing and reducing conditions. Proteins were transferred to nitrocellulose,
and the membrane was stained with anti-S (Sino Biologicals, T-62, Beijing, China) and
anti-membrane (Genetex, GTX636245, Irvine, CA, USA) antibodies and visualized with the
Li-Cor Odyssey imaging system. To confirm the formation of VLPs by electron microscopy,
DF-1 cells were infected with GEO-CMO02 for 24 h, stained with a rabbit anti-S antibody;,
fixed with 1% glutaraldehyde in 0.1 M phosphate buffer, and incubated in 50 mM glycine
to block residual aldehyde. Following incubation in goat anti-rabbit secondary antibody
conjugated to 10nm gold particles (Electron Microscopy Sciences, Cat# 25108), silver
enhancement was performed to increase the size of gold particles for subsequent viewing
on a TEM (JEOL JEM-1400, Tokyo, Japan) microscope [40].

2.2. In Vivo Mouse Vaccination and Infection Experiments

Mouse immunogenicity and virus challenge experiments were conducted in ABSL-2
and ABL-3, respectively. The protocol was approved by the GSU IACUC (Protocol number
A24003) and BIOQUAL IACUC (Protocol number 21-024P).

A schematic overview of the in vivo vaccination protocol, virus challenge, and spec-
imen collection schedule for each group is provided in Supplementary Figure S1. For
immunogenicity studies, mice were immunized intramuscularly with PBS or 107 Plaque-
Forming Units (PFUs) of the GEO-CMO02 vaccine. The K18-ACE2 mice were vaccinated
with either a single dose (prime) or with prime and booster (prime-boost) doses, 28 days
apart. Mice were euthanized on day 28 (prime group) and day 55 (prime-boost group),
and samples was collected. Animals were monitored twice daily for symptoms following
vaccination to assess general toxicity.

For efficacy studies, K18-ACE2 mice were vaccinated and infected using intranasal
administration of PBS (mock) or 10° PFUs of SARS-CoV-2, as described previously, 28 days
following prime and prime-boost vaccinations [42]. We used B.1 Wuhan virus (BEL# 52281),
the B.1.351 variant (BEI# NR-54008), or the B.1.1.529 variant (BEI# NR-56461). Animals
were observed twice daily for weight loss, breathing or appetite changes, and neurological
signs. The designation for the health scores is as follows: 1, ruffled fur/hunched back;
2, slow /paresis; 3, difficulty walking/paralysis; 4, moribund/euthanized; and 5, dead. On
days 3 and 6 after infection, animals were euthanized, and different tissues were collected
for further analysis as described below.

2.3. Plaque Reduction Neutralization Test (PRNT)

Serum collected from the mice was used to quantify antibody production against
SARS-CoV-2 after vaccination using the plaque reduction neutralization test (PRNT) [43].
Serum was diluted serially from 1:10 to 1:5120 using 4-fold dilutions following an initial
10-fold dilution. Diluted serum was incubated with SARS-CoV-2 virus of known plaque
concentration to allow for neutralization prior to adding onto Vero 76 or Vero TMPRSS2
cell monolayers in 24-well plates for the plaque assay.

2.4. Binding Antibody

Total SARS-CoV-2 binding anti-S, M, and E IgG titers in sera from vaccinated mice
were measured by enzyme-linked immunosorbent assay (ELISA) [40]. Total antibody



Vaccines 2025, 13,411

40f18

binding concentration was calculated using a standard curve generated using total mouse
IgG used in ELISA.

2.5. T Cell Analysis

Intracellular cytokine (ICS) flow assay was used to detect the S and membrane-specific
cellular immune responses induced by the GEO-CMO02 vaccine as described previously [39].
Briefly, mice were vaccinated with two doses, 28 days apart. Mice were euthanized on day
28 (prime group) and day 55 (prime-boost group), and single-cell suspension of spleens
were prepared by homogenizing spleens and passing them through 70 pm cell strainers;
after RBC lysis, 10° splenocytes were stimulated with SARS-CoV-2 B.1 S or membrane
peptide pools (1 pg/mL) (JPT Peptide Technologies, Berlin, Germany). After 2 h at 37 °C,
brefeldin A and monensin were added (10 pg/mL), and incubation was continued for 6 h.
Cells were stained with Live/Dead FITC dye (ThermoFisher; L23101), CD3, CD4, CDS, IFN-
v, IL-2, and IL4 antibodies, each conjugated to a different fluorochrome for 30 min at 4 °C.
CD44 and CD62L antibodies were used to identify the naive (CD441°W, CD62Lhigh), effector
(CD44high CD62LI°W), and central (CD44M8h, CD621high) memory phenotype in unvac-
cinated and vaccinated mouse splenocytes. Approximately 100,000-200,000 lymphocytes
were acquired on the Attune NxT flow cytometer and analyzed for S or membrane-specific
CD4 and CD8 T cells using FlowJo™ 10 software.

2.6. Viral Load Analysis

The lungs and brain tissues were harvested from SARS-CoV-2 infected animals and
flash-frozen, following cardiac profusion with 1X PBS. The tissues were weighed and
homogenized in a Bead Mill Homogenizer (Fisherbrand, Cat# 15-340-163, Waltham, MA,
USA). Virus titers were measured by plaque assay using Vero E6 cells [42,44]. RNA
was isolated from various tissues using a Qiagen RNA extraction kit. To determine the
expression levels of the SARS-CoV-2 N1 gene, RT-qPCR was used [45]. The quantity of
viral N1 gene copies was determined by comparing them to a standard curve [46].

2.7. Immunohistochemistry

Lung and brain tissues were harvested and fixed in 4% Paraformaldehyde (PFA) for
24 h. Tissues were then embedded in OCT medium and stored in —80 °C. Then, 5 um
sagittal sections were cut from the brain or from the left lung collected from infected
mice. Lung tissue sections were stained with hematoxylin and eosin (H&E) (Abcam, Cat#
ab245880, Waltham, MA, USA) and anti-SARS-CoV-2 N protein antibody (Cell signaling
Technology, Cat# 26369 (HL344), Danvers, MA, USA), followed by incubation with Goat
anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555, for
1 h at RT (Thermo Fisher Scientific, Cat# A-21428, RRID AB_2535849, Waltham, MA,
USA). Additionally, lung tissue sections were incubated with CD45-Alexa Fluor® 488
(cell signaling technology, Cat# D3F8Q, Waltham, MA, USA) and Anti-Actin a-Smooth
Muscle-Cy3™ antibody (Sigma, Cat# C6198, St. Louis, MO, USA) overnight at 4 °C. Stained
sections were mounted with antifade mounting medium with DAPL Images were acquired
with the Invitrogen™- EVOS™ M5000 Cell Imaging System (Thermo Fisher Scientific,
Waltham, MA, USA) [44].

2.8. Luminex

Levels of proinflammatory cytokines and chemokines in the lung tissue of mock-
infected, saline-infected, and vaccine-infected mice were measured by a multiplex im-
munoassay using the MILLIPLEX MAP Mouse Cytokine/Chemokine kit (Millipore,
St. Louis, MO, USA) [44,47,48].
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2.9. Statistical Analysis

GraphPad Prism 10 was used to perform a Kaplan-Meier log-rank test to compare
survival curves. Body weight change p values were calculated using two-way analysis
of variance (ANOVA) with the post hoc Bonferroni test. Differences between antibody
binding, antibody neutralization, viral titers, and immune responses were determined
using the Mann-Whitney U test and unpaired Student ¢-test.

3. Results
3.1. Design and Characterization of Multi-Antigen MVA-VLP Vaccine Candidate

The MVA-based viral vector vaccine, GEO-CMO02, was developed to target SARS-
CoV-2 by incorporating the S protein with the M and E viral proteins. The co-expression
of these three structural proteins has been shown to result in the formation of VLPs,
validating GeoVax’s MVA-VLP vaccine platform technology. A schematic representation of
the viral vaccine constructs is provided in the Supplementary Materials (Figure S2A). The
recombinant viral vaccine was produced under aseptic conditions using specific-pathogen-
free chicken embryonic fibroblasts. Transgenes were inserted into the MVA genome via
homologous recombination, with expression driven by the modified H5 (PmH5) MVA
promoter. GEO-CMO02 encodes a prefusion-stabilized S protein, achieved by the substitution
of two proline residues at positions 986 and 987, in addition to the M and E proteins.
Representative images of VLP formation are shown in Supplementary Figure S2B. DF1
cells infected with the viral vaccine were fixed, embedded, and visualized using thin-
layer electron microscopy. The VLPs specifically stained for S, as indicated by positive
immunogold labeling. The recombinant was characterized for the expression of S and M
proteins using Western blotting (Supplementary Figure S2C,D). However, detection of the
E protein was not feasible due to the unavailability of specific reagents necessary for its
detection. However, the formation of VLPs suggest potential E protein production.

3.2. GEO-CMO02 Vaccination Elicits Neutralizing Antibodies and Functional T Cell Responses in
hACE2 Mice

The transgenic hACE2 mice were vaccinated with the GEO-CMO02 vaccine at days 0 and
28. Four weeks after the booster, binding antibody responses to the full-length S proteins of
the B.1, B.1.351, and B.1.1.529 variants were assessed using ELISA (Figure 1A-C). Sera from
GEO-CMO02-vaccinated mice on day 55 showed a robust total immunoglobulin G (IgG)
binding antibody response to the B.1 S protein, with similar binding levels to the B.1.351 and
B.1.1.529 variants. This finding is particularly interesting; most mutations in these variants
occurred in the RBD of the S protein. Despite this, GEO-CMO02-vaccinated mice maintained
high levels of S-binding antibodies, suggesting that the immune response may also be
targeting other parts of the S protein excluding the RBD region. However, we were not able
to detect binding antibodies specific to the M and E proteins (Supplementary Figure S3).

We next assessed the neutralizing capacity of sera collected following prime-boost
vaccination (day 55) of mice using live SARS-CoV-2 virus-neutralizing PRNT assay, mea-
suring 50% reduction in plaque formation (Figure 1D-F). Sera from GEO-CMO02-vaccinated
mice demonstrated strong neutralizing activity towards B.1 virus (Figure 1D). However,
neutralization capacity against the B.1.351 and B.1.1.529 variants reduced drastically, de-
spite the similar binding antibody responses to the S protein across all variants. We also
evaluated the neutralization activity of sera collected 28 days after the primary vaccine
dose. No significant levels of neutralizing antibodies against the B.1 variant were detected
in sera from mice that received only a single dose (Supplementary Figure S4).
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Figure 1. Humoral response after GEO-CM02 vaccination in hACE2 mice. (A-C) IgG binding
antibody titers. Binding Ab titers against B.1-, B.1351-, or B.1.1.529-specific S proteins were measured
in serum samples of vaccine and saline groups at day 0 (n = 14) and at days 43 or 55 (1 = 24) after
vaccination using ELISA. Data are presented as mean values & SEM. Each point represents an
individual mouse. One-way ANOVA test and Bonferroni’s test were used for determining statistical
significance. (D-F). Variant-specific NAD titers. NAD titers in vaccine and saline serum collected
at day 55 after vaccination were measured against B.1 (n = 14), B.1351 (n = 12), or B.1.1.529 (saline
n = 14, prime-boost n = 6) live virus by PRNT assay. Titers are expressed as PRNT50. Data are
presented as mean values £ SEM. Each point represents an individual mouse. Statistical significance
was determined by Mann-Whitney U test (** p < 0.01, **** p < 0.0001).

T cell functionality was evaluated by ICS using splenocytes collected 28 days following
saline or GEO-CMO02 prime or prime-boost vaccination (day 55). Cells were left unstim-
ulated or stimulated ex vivo with overlapping peptide pools peptides specific to the B.1
SARS-CoV-2 S and M proteins. Gating strategy is shown in Supplementary Figure S5. The E
protein was excluded from this analysis [24]. Compared to the saline control group, spleno-
cytes from GEO-CM02-vaccinated mice exhibited a significant increase in IFN-y-producing
spike and membrane-specific CD4+ and CD8+ T cells (Figure 2A,D). The vaccination also
induced an increase in IL-2-producing CD4+ and CD8+ T cells specific for the S protein
(Figure 2B,E). In contrast, little to no difference was observed between saline and vacci-
nated groups in CD4+ and CD8+ T cells producing IL-4 following peptide stimulation
(Figure 2C,F). These results suggest that GEO-CMO02 vaccination generates functional CD4+
and CD8+ T cells while favoring a Th-1 immune response (as indicated by the ratio of
IFEN-y+ to IL-4+ cells) over a Th-2 response.

Further analysis of central and effector memory T cell subsets was conducted on un-
stimulated splenocytes (Supplementary Figure S6). Naive cells were identified as CD441°%,
CD62L"8M central memory as CD44Msh, CD62LM8M and effector memory as CD44M8h, and
CD62L1°%. GEO-CMO2 vaccination led to an increase in effector memory CD4+ and CD8+
T cells after the prime dose, with further increases observed following the booster dose.
This indicates the presence of a memory T cell population and suggests the induction of
long-term cellular immune responses.
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Figure 2. Functional SARS-CoV-2-specific T cell response after GEO-CMO02 vaccination. Splenocytes
were isolated from spleens collected 4 weeks following saline or GEO-CMO02 prime or prime-boost
vaccination (day 55) of hACE2 mice. Cells were stimulated ex vivo with B.1-specific S or M peptide
pools, fixed, stained for cell surface markers (CD3, CD4, and CD8) and intracellular cytokines (IFNYy,
IL-2, and IL-4) and analyzed by flow cytometry. (A) Percentage of CD4+ IFNy* T cells. (B) Percentage
of CD4+ IL2+ T cells. (C) Percentage of CD4+ IL4* T cells. (D) Percentage of CD8+ IFNy* T cells.
(E) Percentage of CD8+ IL2+ T cells. (F) Percentage of CD8+ IL4+ T cells. Each point represents
an individual mouse. The middle horizontal bar indicates the mean, and error bars are - SEM
(n = 4). Statistical significance was determined by two-way ANOVA, followed by Tukey’s multiple
comparisons test. (* p < 0.05; ** p < 0.01; ** p < 0.001, **** p < 0.0001).

3.3. The GEO-CMO2 Vaccine Provides Protection Against Lethal SARS-CoV-2 Variants in
K18-hACE2 Mice

The GEO-CMO02 vaccine efficacy was evaluated by utilizing a well-established lethal
SARS-CoV-2 infection model using K18-hACE2 mice. A schematic presentation of the
conducted studies is shown in Supplementary Figure S1. Two groups of 14 mice were
vaccinated intramuscularly with either saline or 10” PFUs of GEO-CMO02 following a prime
or prime-boost regimen on days 0 and 28. Due to the lack of sufficient vaccinated an-
imals, a smaller GEO-CMO02 prime-only (1 = 5) group was evaluated for survival and
immunogenicity but not viral loads. Animals were infected intranasally with 10° PFUs
of the original SARS-CoV-2 B.1 (USA_WA1/2020) on 28 days post-prime or 56 days post-
prime-boost vaccination. Lungs were harvested from four euthanized animals in saline
and prime-boost groups 3 days after infection for the evaluation of viral loads. Animals
receiving saline exhibited significant weight loss by day 5 after infection and succumbed
to disease between days 6 and 8 after infection. In contrast, both GEO-CM02 prime-only-
and prime-boost-vaccinated animals were fully protected from weight loss and death
(Figure 3A,B). Animals receiving prime-boost GEO-CMO02 exhibited no clinical disease,
whereas health scores of saline animals ranged from 5 to 7 prior to death (Figure 3D). Mini-
mal clinical disease was observed in the prime dose group. Evaluation of lung homogenates
for live SARS-CoV-2 demonstrated that saline-vaccinated animals had very high viral loads
reaching 10° TCIDs /g, whereas viral loads in GEO-CMO02 prime-boost-vaccinated animals
remained at or near the limit of detection (Figure 3C).
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Figure 3. GEO-CMO02 vaccine efficacy in a lethal hACE2 mouse model. Mice were vaccinated with
one vaccine dose (prime) or two vaccine doses 28 days apart (prime-boost). Control group mice were
vaccinated with saline. Vaccinated mice were infected with B.1 on 28 days post-prime or 56 days
post-prime-boost vaccination and monitored daily for 2 weeks. (A) Percentage of body weight
change. Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test (saline and
prime-boost: n = 14; prime: n = 5) were used to determine statistical significance. (B) Survival.
Kaplan-Meier survival curve for B.1-infected hACE-2 mice. Log-rank (Mantel-Cox) test (saline and
prime-boost: 1 = 14; prime: n = 5) was used to determine the statistical significance. (C) Health
scores were recorded daily following infection. (D) Viral titers were determined by TCID50 assay
(TCID50/ gram) in infected lungs collected 3 days after infection. Data are expressed as TCID50/g
of tissue. The middle horizontal bar indicates the mean, and error bars are == SEM. To determine
statistical significance, an unpaired t test was used (n = 4 for each group) * p < 0.05, *** p < 0.001,
** p < 0.0001.

We also evaluated the efficacy of the GEO-CMO02 vaccine against the SARS-CoV-2
B.1.351 variant, which has been the most lethal variant to date [49]. Twelve to thirteen
mice per group were vaccinated with saline or prime-boost of GEO-CMO02 on days 0
and 28, then infected intranasally with 10° PFUs of the B.1.351 variant of SARS-CoV-
2 on 28 days post-prime or 56 days post-prime-boost vaccination. An additional four
animals per group were vaccinated, infected, and euthanized 3 days after infection for
the assessment of viral loads. B.1.351 infection was highly lethal in control hACE2 mice,
with all the animals dying between days 5 and 8 after infection (Figure 4A,B). However,
eighty percent of vaccinated animals survived B.1.351 lethal infection. Likewise, GEO-
CMO02-vaccinated animals exhibited minimal clinical disease after infection (Figure 4C).
On day 3 after infection, the live virus in the lungs of vaccinated animals was significantly
lower compared to the saline-vaccinated group (Figure 4D).
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Figure 4. GEO-CMO02 vaccine efficacy against the B.1.351 SARS-CoV-2 variant. Mice were vaccinated
with two vaccine doses 28 days apart (prime-boost) or given saline as control. Vaccinated mice were
infected with B.1.351 on 28 days post-prime or 56 days post-prime-boost vaccination. After infection,
mice were monitored daily for 2 weeks. (A) Percentage of body weight change. Statistical significance
was determined by Mann-Whitney U test (n = 12-13). (B) Survival. Kaplan-Meier survival curve for
B.1.351-infected hACE-2 mice. Statistical significance was determined by Log-rank (Mantel-Cox) test
(n =12-13). (C) Health scores were recorded daily following infection (D) Viral titers were determined
by TCID50 assay in infected lungs collected 3 days after infection. Data are expressed as TCID50/g of
tissue. Each point represents an individual mouse. The middle horizontal bar indicates the mean,
and error bars are &+ SEM. Mann-Whitney U test was used to determine statistical significance (n = 4
for each group). * p < 0.05, ** p < 0.01.

Efficacy against the SARS-CoV-2 B.1.1.529 variant was also investigated by infecting
6-8 mice with 10° PFUs on day 28 following prime and day 56 following the prime-boost
vaccinations. An additional 8-10 mice per group were vaccinated and infected for viral
titration and viral antigen detection. On days 3 and 6 after infection, 4-5 mice per group
were euthanized and assessed for viral loads. Vaccinated mice remained healthy with slight
weight loss at day 1 after infection, with recovery, as opposed to the saline only mice, which
exhibited significant weight loss starting at day 6 after infection (Figure 5A). Four animals in
the prime-boost- and seven of the prime-only-vaccinated animals displayed some clinical
disease (Figure 5C) with 100% recovery and survival (Figure 5B). In comparison, significant
clinical disease was observed in all the animals in the saline group.

Infection with the B.1.1.529 virus resulted in 45% mortality in saline-vaccinated mice
(Figure 5B). As expected, viral loads in the lung tissue of saline group were significantly
higher compared to both prime and prime-boost-vaccinated animals at days 3 and 6 after
infection (Figure 5D). RT-PCR was used to quantify the viral N1 gene in various tissues
from these animals including lungs, nasal turbinates, brain, and olfactory bulb at days 3 and
6 after infection (Figure 6A-D). Both prime- and prime-boost-vaccinated animals exhibited
a decrease in viral RNA levels at days 3 and 6 post infection in the lungs (Figure 6A), nasal
turbinates (Figure 6B), brain (Figure 6C), and olfactory bulb (Figure 6D).



Vaccines 2025, 13, 411 10 of 18
A B
& 1059 100 o
=
8 :|*
S 1004 ek < 807
= * 2
5 S 604
S 95— ‘,5,
= 40
> -e- Saline R
3 90 -o- Prime 20
[11] -e— Prime-boost
X 85 0 LN NS S N NN [N N N N |
‘; 3! é 5 1'2 1'5 2:) 0 2 4 6 8 10 12 14 16 18 20
Days after infection Days after infection
Virus infectivity titers (lung)
C D
108
10+ *
o %k %k
- 6.
o 8 5"
[*] Y= °
O 6 o E
b D 104 ° .
§ 2 C
8 Q - T
T | O 102 ° T ==
0+ 100 o o oo00 e o000
0 2 4 6 8 10 12 14 16 18 20 D3 D6

Days after infection
Days after infection

Figure 5. GEO-CMO02 vaccine efficacy against the B.1.1.529 SARS-CoV-2 variant. Mice were vaccinated
with one vaccine dose (prime) or two vaccine doses 28 days apart (prime-boost) or given saline
as control. Vaccinated mice were infected with B.1.1.529 on day 28 following prime and day 56
following the prime-boost vaccinations. Following infection, mice were monitored daily for 20 days.
(A) Percentage of body weight change. Statistical significance was determined by ordinary one-way
ANOVA followed by Dunnett’s multiple comparisons test (n = 6-8) (B) Survival. Kaplan—-Meier
survival curve for B.1.1.529-infected hACE-2 mice. Statistical significance was determined by Log-
rank (Mantel-Cox) test (1 = 6-8). (C) Health scores were recorded daily following infection. (D) Viral
titers were determined by plaque assay in infected lungs collected days 3 and 6 following infection.
Data are expressed as PFU/g of tissue. Each point represents an individual mouse. The middle
horizontal bar indicates the mean, and error bars are = SEM. Kruskal-Wallis followed by Dunn’s test
were used to determine statistical significance (n = 4-5, * p < 0.05, ** p < 0.01, *** p < 0.001).

These results demonstrate the efficacy of the GEO-CMO02 vaccine to protect hACE2
mice from both homologous and heterologous lethal SARS-CoV-2 infections. A very
important finding in these studies was the complete protection from death and a reduction
in viral titers with a single dose of GEO-CMO02.
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Figure 6. Viral titers of GEO-CMO02-vaccinated and B.1.1.529 SARS-CoV-2-variant-infected mice. Mice
were vaccinated with one vaccine dose (prime) or two vaccine doses 28 days apart (prime-boost) or
given saline as control. Vaccinated mice were infected with B.1.1.529. Viral load was determined in
(A) the lungs, (B) the nasal turbinates, (C) the brain, and (D) the olfactory bulb by RT-qPCR collected
at 3 and 6 days after infection. The data are expressed on the log scale of the genomic copies/ug of
RNA. The middle horizontal bar indicates the mean, and error bars are = SEM. Statistical significance
was determined by the Kruskal-Wallis test followed by Dunn’s test. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Dramatic Reduction in Lung Pathology and Inflammatory Markers in
GEO-CMO02-Vaccinated Mice

Analysis of infected lung and brain tissue showed an abundance of SARS-CoV-2
nucleocapsid protein distribution in the saline animals compared to the prime- and prime-
boost-vaccinated animals (Figure 7A). Lung injury was also evaluated by performing H&E
staining of the lung tissue collected at day 3 after infection (Figure 7B). Histopathology
revealed severe virus-induced pathology, characterized by immune cell infiltration and
alveolar space consolidation in the saline mice. The prime-vaccinated mice exhibited some
infiltration and consolidation, while the prime-boost-vaccinated animals had no detectable
immune cell infiltration or any other pathology (Figure 7B). Furthermore, analysis of the
CD45 antigen revealed abundant leukocytes in the lungs of saline animals. Consistent with
the H&E staining, very few CD45-positive cells were detected in the vaccinated animals
(Figure 7C).

Mock (lung) Saline (lung) Prime (lung) Prime-Boost (lung)
Mock (brain) Saline (brain) Prime (brain) Prime-Boost (brain)

Figure 7. Cont.
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Figure 7. Immunopathology following SARS-CoV-2 B.1.1.529 infection in K18-hACE2 mice. Mice
were vaccinated with one vaccine dose (prime) or two vaccine doses 28 days apart (prime-boost) or
given saline. Vaccinated mice were infected with B.1.1.529. (A) Lungs were collected at day 3 after
infection, and brains were collected at day 6 after infection. Infected tissues were labeled N protein
(red) and DAPI (blue). Representative images are shown for each group. Scale bar is 150 um. (B) Lung
samples were stained with H&E. Vascular thickening (green arrows) and immune infiltrates into
alveolar spaces (red arrows) are shown. Representative images are shown for each group. (C) Lung
sections were stained with DAPI (blue), Anti-Actin x-Smooth Muscle-Cy3™ (red), and CD45-Alexa
Fluor® 488 (green). Scale bars: 150 um and 75 um on the original and high-magnification images,
respectively. Representative images are shown for each group.

Finally, the induction of proinflammatory cytokines and chemokines following SARS-
CoV-2 infection in the lung tissues of saline and vaccinated groups was evaluated using a
multiplex immunoassay (Figure 8). Compared to saline-vaccinated animals, a significant
reduction in the protein levels of key proinflammatory cytokines and chemokines was
observed in the prime- and prime-boost-vaccinated animals. We detected a significant
decrease in the levels of IL-6, IP10, MCP1, MIP«, MIPf3, and GCSF in the prime- and
prime-boost-vaccinated animals.
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Figure 8. Cont.
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Figure 8. Lung inflammation following SARS-CoV-2 B.1.1.529 infection in hACE2 mice. Mice were
vaccinated with one vaccine dose (prime) or two vaccine doses 28 days apart (prime-boost) or given
saline. Lung homogenates were analyzed for cytokines and chemokines by Luminex assay using
antibody-conjugated beads specific to the indicated proteins. Selected immune markers are shown,
(A) IL-6, (B) IP10, (C) MIP1«, (D) MIP1p3, (E) MCP1, and (F) GCSFE. Results were quantified in pg/g
of tissue. Statistical significance was determined by one-way ANOVA test, followed by Bonferroni
multiple comparisons test. ** p < 0.01, ** p < 0.001, **** p < 0.0001.

4. Discussion

The development of SARS-CoV-2 vaccines presented unique challenges due to the
virus’s rapid evolution, which spurred new variants capable of evading neutralizing
antibodies generated by first-generation vaccines. These early vaccines, primarily focused
on the virus’s S protein, were effective against the initial strain and provided significant
protection [2-5]. However, as new variants with mutations arose, they reduced vaccine
effectiveness by partially evading these neutralizing antibodies. The GEO-CM02 vaccine
was designed to partially address this limitation through the expanded induction of T
cell responses to other structural proteins. GEO-CMO02 is a multi-antigen MVA-vectored
SARS-CoV-2 vaccine that targets three viral structural proteins: S, M and E. The vaccine is
designed to induce both humoral and cellular responses by targeting more conserved viral
regions less prone to mutation and is therefore more effective against emerging variants.
The study presented here assesses the efficacy of GEO-CMO02 using the hACE2 transgenic
mouse model, which allows for detailed analysis of immune responses and assessment of
protection against SARS-CoV-2 viral infection and its variants.

One of the critical findings that guided the development of multi-antigen vaccines was
that T-cell responses remained relatively conserved across variants, even as neutralizing
antibodies showed reduced efficacy. T-cell responses to SARS-CoV-2, notably to S, M, and
N proteins, are robust, and highly conserved T-cell epitopes are present [50-52]. Studies
indicate that T-cells play a critical role in protection, especially against VOCs, suggesting
the potential benefit of vaccines that induce broad T-cell responses. The MVA platform
is ideal for developing next-generation vaccines, as it can encode multiple immunogenic
proteins and targets antigen-presenting cells effectively, promoting both CD4+ and CD8+
T-cell responses.

The protective potential of the SARS-CoV-2 E and M proteins as vaccine targets has
been recently evaluated. Immunization with bovine-human parainfluenza virus type
3 expressing the S protein conferred protection against SARS-CoV, which was further
enhanced by co-expression of the M and E proteins [53]. Similarly, synthetic DNA vaccines
expressing either E or M provided modest protection, while co-immunization with both
E and M significantly improved protection against SARS-CoV-2 infection in mice [54].
Although the SARS-CoV-2 E protein exhibits limited capacity to induce a humoral immune
response, it plays a critical role in virion formation and assembly. Imaging studies have
shown that co-expression of E or M proteins leads to the relocalization of the S protein
to the Golgi apparatus. The contribution of E and M proteins in modulating S protein
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properties and facilitating VLP assembly has been previously reported [55]. More recently,
specific motifs within the E protein were found to be essential for SARS-CoV-2 particle
formation, further confirming its role in VLP release [56]. Consistent with these findings,
our GEO-CMO02 vaccine, which encodes the S, M, and E proteins, demonstrated successful
formation of VLPs.

The GEO-CMO02 vaccine was highly effective at inducing immune responses against
SARS-CoV-2, with the following notable results: GEO-CMO02 generated strong binding
antibody responses against S proteins from various SARS-CoV-2 strains, including B.1,
B.1.351, and B.1.1.529. On the other hand, we did not detect M- or E-specific antibodies,
suggesting a limited contribution of these proteins to humoral immunity. These findings
are consistent with previous reports showing minimal induction of IgG or neutralizing
antibodies against SARS-CoV-2 E and M proteins in mice [53,54]. Neutralizing antibody
activity against B.1.351 and B.1.1.529 was lower than that against the original B.1 virus,
suggesting that while antibody responses are present, they may not be the primary driver
of protection. Moreover, neutralizing antibodies against the B.1 variant were not detected
in sera from mice that received only a single dose. GEO-CMO02 effectively elicited functional
T-cell responses in both prime and prime-boost groups, as demonstrated by an increase in
IFN-y-producing CD4+ and CD8+ T-cells. These T-cells responded to both S and M protein
peptides, suggesting that the vaccine generates a broad cellular response targeting multiple
viral components. Additionally, the presence of IL-2-producing T-cells highlighted the vac-
cine’s potential to promote a lasting immune response. Analysis of T-cell memory subsets
showed a significant increase in effector memory CD4+ and CD8+ T cells after vaccination.
This indicates that GEO-CMO02 not only provides immediate protection but also induces a
long-term immune response, which is crucial for lasting protection against reinfection. In
infection studies with hACE2 mice, GEO-CMO02 provided complete protection against the
original B.1 virus and B.1.1.529 variant. The vaccines also provided 80% protection against
the B.1.351 variant, known for its increased lethality. GEO-CMO02 vaccination effectively
controlled the lung and brain viral burden and reduced inflammatory cytokines in the
lungs. A single dose of GEO-CMO02 conferred protection without detectable neutralizing
antibodies, suggesting that cellular immunity plays a significant role in vaccine efficacy.

Furthermore, the findings from GEO-CMO02 studies highlight the importance of in-
cluding antigens that are conserved across SARS-CoV-2 variants, such as the M protein.
This strategy may help future vaccines retain efficacy as the virus continues to evolve.
Additionally, the success of the MVA-VLP platform used in GEO-CMO02 supports the con-
tinued exploration of VLP-based vaccines, which may be effective not only for SARS-CoV-2
but also for other rapidly mutating viruses. Viral vectors inherently activate innate im-
mune pathways and are generally more effective at inducing robust and durable immune
responses, often without the need for adjuvants. Moreover, unlike adenoviral vectors,
MVA-based vaccination does not raise concerns related to vector immunity in the context
of repeated dosing.

5. Conclusions

GeoVax’s GEO-CMO02 vaccine represents a promising advancement in the fight against
SARS-CoV-2, showcasing the potential of multi-antigen vaccines to provide protection that
extends beyond the limitations of first-generation, S-only vaccines. Through its incorpora-
tion of the S, M, and E proteins, GEO-CMO02 achieves a balanced immune response that
combines both humoral and cellular immunity. This is critical as SARS-CoV-2 continues to
evolve, making single-antigen vaccines less effective over time. GEO-CM02’s performance
in preclinical studies, particularly its ability to protect against lethal SARS-CoV-2 infection,
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emphasizes the value of targeting multiple antigens to stimulate a broad and durable
immune response.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/vaccines13040411/s1, Figure S1: In vivo vaccination and infec-
tion schematic; Figure S2: Construction and characterization of GEO-CM02 SARS-CoV-2 vaccine;
Figure S3: Humoral response after GEO-CM02 vaccination in hACE2 mice; Figure S4: Neutralization
antibodies levels after only one dose of GEO-CMO02 in hACE2 mice; Figure S5: FCM Gate diagram;
Figure S6: Memory phenotype assessment after GEO-CMO02 vaccination in hACE2 mice.

Author Contributions: Conceptualization, M.K,, S.R.O. and M.N.; methodology, S.S., A.E., ].PN.,
J.D.B, SR.O., MH., AD,, PK.,, ZN., M.P. and B.B,; validation, S.S., A.E., SR.O., M.H. and M. K;;
formal analysis, S.S., A.E., SR.O., M.-H. and M.K.; resources, M.N. and M.K.,; writing—original
draft preparation, S.S., A.E., S.R.0., M.H. and M.K,; writing—review and editing, S.S., A.E., S.R.O.,
M.H., M.N. and M.K,; funding acquisition, M.N. and M.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Geovax and GSU Institutional funds.

Institutional Review Board Statement: This study was approved by the GSU IACUC (Protocol
number A24003) and BIOQUAL IACUC protocol number 21-024P.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: We thank the members of the GSU High Containment Core and the Department
for Animal Research for assistance with the experiments.

Conflicts of Interest: Authors J. D. Burleson, Mary Hauser, Arban Domi, Pratima Kumari, Mark
Newman and Sreenivasa Rao Oruganti were employed by the company GeoVax, Inc. Authors Maciel
Porto and Brian Backstedt were employed by the company BioQual, Inc. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

References

1. Singh, D.; Yi, S.V. On the origin and evolution of SARS-CoV-2. Exp. Mol. Med. 2021, 53, 537-547. [CrossRef] [PubMed]

2. FDA. COVID-19 Vaccines for 2023-2024. Available online: https://www.fda.gov/emergency-preparedness-and-response/
coronavirus-disease-2019-covid-19/covid-19-vaccines-2023-2024 (accessed on 1 January 2025).

3. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.
Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N. Engl. ]. Med. 2021, 384, 403—416. [CrossRef]

4. Corbett, K.S.; Edwards, D.K.; Leist, S.R.; Abiona, O.M.; Boyoglu-Barnum, S.; Gillespie, R.A.; Himansu, S.; Schifer, A.; Ziwawo,
C.T,; DiPiazza, A.T. SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen preparedness. Nature 2020, 586, 567-571.
[CrossRef] [PubMed]

5. Polack, EP; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.
Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N. Engl. ]. Med. 2020, 383, 2603-2615. [CrossRef]

6. McMahan, K;; Yu, J.; Mercado, N.B.; Loos, C.; Tostanoski, L.H.; Chandrashekar, A.; Liu, J.; Peter, L.; Atyeo, C.; Zhu, A. Correlates
of protection against SARS-CoV-2 in rhesus macaques. Nature 2021, 590, 630-634. [CrossRef]

7. Shen, X; Tang, H.; Pajon, R.; Smith, G.; Glenn, G.M.; Shi, W.; Korber, B.; Montefiori, D.C. Neutralization of SARS-CoV-2 variants
B. 1.429 and B. 1.351. N. Engl. J. Med. 2021, 384, 2352-2354. [CrossRef]

8.  Cui, Z,; Liu, P; Wang, N.; Wang, L.; Fan, K; Zhu, Q.; Wang, K.; Chen, R.; Feng, R;; Jia, Z. Structural and functional characterizations
of infectivity and immune evasion of SARS-CoV-2 Omicron. Cell 2022, 185, 860-871.e13. [CrossRef]

9.  Hachmann, N.P,; Miller, J.; Collier, A.Y.; Ventura, ].D.; Yu, J.; Rowe, M.; Bondzie, E.A.; Powers, O.; Surve, N.; Hall, K. Neutralization
escape by SARS-CoV-2 Omicron subvariants BA. 2.12. 1, BA. 4, and BA. 5. N. Engl. ]. Med. 2022, 387, 86-88. [CrossRef] [PubMed]

10. Cao, Y,; Yisimayi, A.; Jian, E; Song, W.; Xiao, T.; Wang, L.; Du, S.; Wang, J.; Li, Q.; Chen, X. BA. 2.12. 1, BA. 4 and BA. 5 escape

antibodies elicited by Omicron infection. Nature 2022, 608, 593-602. [CrossRef]


https://www.mdpi.com/article/10.3390/vaccines13040411/s1
https://www.mdpi.com/article/10.3390/vaccines13040411/s1
https://doi.org/10.1038/s12276-021-00604-z
https://www.ncbi.nlm.nih.gov/pubmed/33864026
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines-2023-2024
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines-2023-2024
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1038/s41586-020-2622-0
https://www.ncbi.nlm.nih.gov/pubmed/32756549
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1038/s41586-020-03041-6
https://doi.org/10.1056/NEJMc2103740
https://doi.org/10.1016/j.cell.2022.01.019
https://doi.org/10.1056/NEJMc2206576
https://www.ncbi.nlm.nih.gov/pubmed/35731894
https://doi.org/10.1038/s41586-022-04980-y

Vaccines 2025, 13, 411 16 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yang, J.; Han, M.; Wang, L.; Wang, L.; Xu, T.; Wu, L.; Ma, J.; Wong, G.; Liu, W.; Gao, G.F. Relatively rapid evolution rates of
SARS-CoV-2 spike gene at the primary stage of massive vaccination. Biosaf. Health 2022, 4, 228-233. [CrossRef]

Choi, SJ.; Kim, D.-U.; Noh, J.Y.;; Kim, S.; Park, S.-H.; Jeong, HW.; Shin, E.-C. T cell epitopes in SARS-CoV-2 proteins are
substantially conserved in the Omicron variant. Cell. Mol. Immunol. 2022, 19, 447-448. [CrossRef] [PubMed]

Primorac, D.; Brlek, P.; Matisi¢, V.; Molnar, V.; Vrdoljak, K.; Zadro, R.; Par¢ina, M. Cellular immunity—The key to long-term
protection in individuals recovered from SARS-CoV-2 and after vaccination. Vaccines 2022, 10, 442. [CrossRef] [PubMed]
Bertoletti, A.; Le Bert, N.; Qui, M.; Tan, A.T. SARS-CoV-2-specific T cells in infection and vaccination. Cell. Mol. Immunol. 2021, 18,
2307-2312. [CrossRef]

Liao, M,; Liu, Y,; Yuan, J.; Wen, Y,; Xu, G.; Zhao, J.; Cheng, L.; Li, ].; Wang, X.; Wang, F. Single-cell landscape of bronchoalveolar
immune cells in patients with COVID-19. Nat. Med. 2020, 26, 842-844. [CrossRef] [PubMed]

Oja, A.E,; Saris, A.; Ghandour, C.A.; Kragten, N.A.; Hogema, B.M.; Nossent, E.J.; Heunks, L.M.; Cuvalay, S.; Slot, E.; Linty, F.
Divergent SARS-CoV-2-specific T-and B-cell responses in severe but not mild COVID-19 patients. Eur. . Immunol. 2020, 50,
1998-2012. [CrossRef]

Moderbacher, C.R.; Ramirez, S.I.; Dan, ].M.; Grifoni, A.; Hastie, K.M.; Weiskopf, D.; Belanger, S.; Abbott, R.K.; Kim, C.; Choi, J.
Antigen-specific adaptive immunity to SARS-CoV-2 in acute COVID-19 and associations with age and disease severity. Cell 2020,
183, 996-1012.E19. [CrossRef]

Sekine, T.; Perez-Potti, A.; Rivera-Ballesteros, O.; Stralin, K.; Gorin, J.-B.; Olsson, A.; Llewellyn-Lacey, S.; Kamal, H.; Bogdanovic,
G.; Muschiol, S. Robust T cell immunity in convalescent individuals with asymptomatic or mild COVID-19. Cell 2020, 183,
158-168.E14. [CrossRef]

Tan, Y,; Liu, F; Xu, X,; Ling, Y.; Huang, W.; Zhu, Z.; Guo, M,; Lin, Y.; Fu, Z.; Liang, D. Durability of neutralizing antibodies and
T-cell response post SARS-CoV-2 infection. Front. Med. 2020, 14, 746-751. [CrossRef]

Ni, L.; Ye, E; Cheng, M.-L.; Feng, Y.; Deng, Y.-Q.; Zhao, H.; Wei, P; Ge, ]J.; Gou, M,; Li, X. Detection of SARS-CoV-2-specific
humoral and cellular immunity in COVID-19 convalescent individuals. Immunity 2020, 52, 971-977.E3. [CrossRef]

Altmann, D.M.; Boyton, R.J.; Beale, R. Immunity to SARS-CoV-2 variants of concern. Science 2021, 371, 1103-1104. [CrossRef]
Chiuppesi, F.; Nguyen, VH.; Park, Y.; Contreras, H.; Karpinski, V.; Faircloth, K.; Nguyen, J.; Kha, M.; Johnson, D.; Martinez,
J. Synthetic multiantigen MVA vaccine COH04S1 protects against SARS-CoV-2 in Syrian hamsters and non-human primates.
npj Vaccines 2022, 7, 7. [CrossRef] [PubMed]

Tan, A.T.; Linster, M.; Tan, C.W.; Le Bert, N.; Chia, W.N.; Kunasegaran, K.; Zhuang, Y.; Tham, C.Y.; Chia, A.; Smith, G.J. Early
induction of functional SARS-CoV-2-specific T cells associates with rapid viral clearance and mild disease in COVID-19 patients.
Cell Rep. 2021, 34, 108728. [CrossRef] [PubMed]

Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, J.; Dan, ]. M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;
Jadi, R.S. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19 disease and unexposed individuals.
Cell 2020, 181, 1489-1501.E15. [CrossRef] [PubMed]

Xu, R.; Shi, M.; Li, J.; Song, P,; Li, N. Construction of SARS-CoV-2 virus-like particles by mammalian expression system. Front.
Bioeng. Biotechnol. 2020, 8, 862.

Roldao, A.; Mellado, M.C.M,; Castilho, L.R.; Carrondo, M.].; Alves, PM. Virus-like particles in vaccine development. Expert Rev.
Vaccines 2010, 9, 1149-1176. [CrossRef]

Zepeda-Cervantes, J.; Ramirez-Jarquin, ].O.; Vaca, L. Interaction Between Virus-Like Particles (VLPs) and Pattern Recognition
Receptors (PRRs) From Dendritic Cells (DCs): Toward Better Engineering of VLPs. Front. Immunol. 2020, 11, 1100. [CrossRef]
Liu, L.; Chavan, R.; Feinberg, M.B. Dendritic cells are preferentially targeted among hematolymphocytes by Modified Vaccinia
Virus Ankara and play a key role in the induction of virus-specific T cell responses in vivo. BMC Immunol. 2008, 9, 15. [CrossRef]
Kastenmuller, W.; Drexler, I.; Ludwig, H.; Erfle, V.; Peschel, C.; Bernhard, H.; Sutter, G. Infection of human dendritic cells with
recombinant vaccinia virus MVA reveals general persistence of viral early transcription but distinct maturation-dependent
cytopathogenicity. Virology 2006, 350, 276-288. [CrossRef]

Altenburg, A.F; van de Sandt, C.E.; Li, B.W.; MacLoughlin, R.J.; Fouchier, R.A.; van Amerongen, G.; Volz, A.; Hendriks, RW.; de
Swart, R.L.; Sutter, G. Modified vaccinia virus Ankara preferentially targets antigen presenting cells in vitro, ex vivo and in vivo.
Sci. Rep. 2017, 7, 8580. [CrossRef]

Gasteiger, G.; Kastenmuller, W.; Ljapoci, R.; Sutter, G.; Drexler, I. Cross-priming of cytotoxic T cells dictates antigen requisites for
modified vaccinia virus Ankara vector vaccines. J. Virol. 2007, 81, 11925-11936. [CrossRef]

Shen, X.; Wong, S.; Buck, C.B.; Zhang, J.; Siliciano, R.F. Direct priming and cross-priming contribute differentially to the induction
of CD8+ CTL following exposure to vaccinia virus via different routes. J. Immunol. 2002, 169, 4222-4229. [CrossRef] [PubMed]
Goepfert, P.A.; Elizaga, M.L.; Sato, A.; Qin, L.; Cardinali, M.; Hay, C.M.; Hural, J.; DeRosa, S.C.; DeFawe, O.D.; Tomaras, G.D.
Phase 1 safety and immunogenicity testing of DNA and recombinant modified vaccinia Ankara vaccines expressing HIV-1
virus-like particles. J. Infect. Dis. 2011, 203, 610-619. [CrossRef]


https://doi.org/10.1016/j.bsheal.2022.07.001
https://doi.org/10.1038/s41423-022-00838-5
https://www.ncbi.nlm.nih.gov/pubmed/35043006
https://doi.org/10.3390/vaccines10030442
https://www.ncbi.nlm.nih.gov/pubmed/35335076
https://doi.org/10.1038/s41423-021-00743-3
https://doi.org/10.1038/s41591-020-0901-9
https://www.ncbi.nlm.nih.gov/pubmed/32398875
https://doi.org/10.1002/eji.202048908
https://doi.org/10.1016/j.cell.2020.09.038
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1007/s11684-020-0822-5
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1126/science.abg7404
https://doi.org/10.1038/s41541-022-00436-6
https://www.ncbi.nlm.nih.gov/pubmed/35064109
https://doi.org/10.1016/j.celrep.2021.108728
https://www.ncbi.nlm.nih.gov/pubmed/33516277
https://doi.org/10.1016/j.cell.2020.05.015
https://www.ncbi.nlm.nih.gov/pubmed/32473127
https://doi.org/10.1586/erv.10.115
https://doi.org/10.3389/fimmu.2020.01100
https://doi.org/10.1186/1471-2172-9-15
https://doi.org/10.1016/j.virol.2006.02.039
https://doi.org/10.1038/s41598-017-08719-y
https://doi.org/10.1128/JVI.00903-07
https://doi.org/10.4049/jimmunol.169.8.4222
https://www.ncbi.nlm.nih.gov/pubmed/12370352
https://doi.org/10.1093/infdis/jiq105

Vaccines 2025, 13, 411 17 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Goepfert, P.A.; Elizaga, M.L.; Seaton, K.; Tomaras, G.D.; Montefiori, D.C.; Sato, A.; Hural, J.; DeRosa, S.C.; Kalams, S.A.; McElrath,
M.]. Specificity and 6-month durability of immune responses induced by DNA and recombinant modified vaccinia Ankara
vaccines expressing HIV-1 virus-like particles. J. Infect. Dis. 2014, 210, 99-110. [CrossRef] [PubMed]

Salvato, M.S.; Domi, A.; Guzmén-Cardozo, C.; Medina-Moreno, S.; Zapata, ].C.; Hsu, H.; McCurley, N.; Basu, R.; Hauser,
M.; Hellerstein, M. A single dose of modified vaccinia Ankara expressing Lassa virus-like particles protects mice from lethal
intra-cerebral virus challenge. Pathogens 2019, 8, 133. [CrossRef] [PubMed]

Domi, A.; Feldmann, E; Basu, R.; McCurley, N.; Shifflett, K.; Emanuel, J.; Hellerstein, M.S.; Guirakhoo, F.; Orlandi, C.; Flinko, R. A
single dose of modified vaccinia Ankara expressing Ebola virus like particles protects nonhuman primates from lethal Ebola
virus challenge. Sci. Rep. 2018, 8, 864. [CrossRef]

Ramirez, J.C.; Gherardi, M.M.; Esteban, M. Biology of attenuated modified vaccinia virus Ankara recombinant vector in mice:
Virus fate and activation of B-and T-cell immune responses in comparison with the Western Reserve strain and advantages as a
vaccine. J. Virol. 2000, 74, 923-933. [CrossRef]

Ramirez, ]J.C.; Gherardi, M.M.; Rodriguez, D.; Esteban, M. Attenuated modified vaccinia virus Ankara can be used as an
immunizing agent under conditions of preexisting immunity to the vector. J. Virol. 2000, 74, 7651-7655. [CrossRef]

Brault, A.C.; Domi, A.; McDonald, E.M.; Talmi-Frank, D.; McCurley, N.; Basu, R.; Robinson, H.L.; Hellerstein, M.; Duggal, N.K,;
Bowen, R.A. A Zika vaccine targeting NS1 protein protects immunocompetent adult mice in a lethal challenge model. Sci. Rep.
2017, 7, 14769. [CrossRef]

Malherbe, D.C.; Domi, A.; Hauser, M.].; Meyer, M.; Gunn, B.M.; Alter, G.; Bukreyev, A.; Guirakhoo, F. Modified vaccinia Ankara
vaccine expressing Marburg virus-like particles protects guinea pigs from lethal Marburg virus infection. npj Vaccines 2020, 5, 78.
[CrossRef]

Wyatt, L.S.; Earl, PL.; Xiao, W.; Americo, ].L.; Cotter, C.A.; Vogt, J.; Moss, B. Elucidating and minimizing the loss by recombinant
vaccinia virus of human immunodeficiency virus gene expression resulting from spontaneous mutations and positive selection.
J. Virol. 2009, 83, 7176-7184. [CrossRef]

Kumari, P; Rothan, H.A.; Natekar, J.P; Stone, S.; Pathak, H.; Strate, P.G.; Arora, K.; Brinton, M. A.; Kumar, M. Neuroinvasion and
Encephalitis Following Intranasal Inoculation of SARS-CoV-2 in K18-hACE2 Mice. Viruses 2021, 13, 132. [CrossRef]

Kumar, M.; O’Connell, M.; Namekar, M.; Nerurkar, V.R. Infection with non-lethal West Nile virus Eg101 strain induces immunity
that protects mice against the lethal West Nile virus NY99 strain. Viruses 2014, 6, 2328-2339. [CrossRef]

Elsharkawy, A.; Stone, S.; Guglani, A.; Patterson, L.D.; Ge, C.; Dim, C.; Miano, ]. M.; Kumar, M. Omicron XBB.1.5 subvariant
causes severe pulmonary disease in K18-hACE-2 mice. Front. Microbiol. 2024, 15, 1466980. [CrossRef] [PubMed]

Stone, S.; Rothan, H.A.; Natekar, J.P.; Kumari, I.; Sharma, S.; Pathak, H.; Arora, K.; Auroni, T.T.; Kumar, M. SARS-CoV-2 variants
of concern infect the respiratory tract and induce inflammatory response in wild-type laboratory mice. Viruses 2021, 14, 27.
[CrossRef] [PubMed]

Rothan, H.A.; Stone, S.; Natekar, J.; Kumari, P.; Arora, K.; Kumar, M. The FDA-approved gold drug auranofin inhibits novel
coronavirus (SARS-CoV-2) replication and attenuates inflammation in human cells. Virology 2020, 547, 7-11. [CrossRef] [PubMed]
Kumar, M,; Roe, K,; Orillo, B.; Muruve, D.A.; Nerurkar, V.R.; Gale, M., Jr.; Verma, S. Inflammasome adaptor protein Apoptosis-
associated speck-like protein containing CARD (ASC) is critical for the immune response and survival in west Nile virus
encephalitis. J. Virol. 2013, 87, 3655-3667. [CrossRef]

Oh, S.-J.; Kumari, P.; Auroni, T.T; Stone, S.; Pathak, H.; Elsharkawy, A.; Natekar, ].P.; Shin, O.S.; Kumar, M. Upregulation of
Neuroinflammation-Associated Genes in the Brain of SARS-CoV-2-Infected Mice. Pathogens 2024, 13, 528. [CrossRef]

Callaway, E. Remember Beta? New data reveal variant’s deadly powers. Nature 2021. [CrossRef]

Soni, M.; Migliori, E.; Fu, J.; Assal, A.; Chan, H.T.; Pan, J.; Khatiwada, P; Ciubotariu, R.; May, M.S.; Pereira, M.; et al. The prospect
of universal coronavirus immunity: A characterization of reciprocal and non-reciprocal T cell responses against SARS-CoV2 and
common human coronaviruses. bioRxiv 2023. [CrossRef]

Guo, L.; Zhang, Q.; Gu, X;; Ren, L.; Huang, T,; Li, Y.; Zhang, H.; Liu, Y.; Zhong, ].; Wang, X.; et al. Durability and cross-reactive
immune memory to SARS-CoV-2 in individuals 2 years after recovery from COVID-19: A longitudinal cohort study. Lancet
Microbe 2024, 5, e24—e33. [CrossRef]

Arieta, C.M.; Xie, Y.J.; Rothenberg, D.A.; Diao, H.; Harjanto, D.; Meda, S.; Marquart, K.; Koenitzer, B.; Sciuto, T.E.; Lobo, A.;
et al. The T-cell-directed vaccine BNT162b4 encoding conserved non-spike antigens protects animals from severe SARS-CoV-2
infection. Cell 2023, 186, 2392-2409.E21. [CrossRef] [PubMed]

Buchholz, U.J.; Bukreyev, A.; Yang, L.; Lamirande, E.W.; Murphy, B.R.; Subbarao, K.; Collins, P.L. Contributions of the structural
proteins of severe acute respiratory syndrome coronavirus to protective immunity. Proc. Natl. Acad. Sci. USA 2004, 101, 9804-9809.
[CrossRef] [PubMed]

Chen, ].; Deng, Y.; Huang, B.; Han, D.; Wang, W.; Huang, M.; Zhai, C.; Zhao, Z.; Yang, R.; Zhao, Y.; et al. DNA Vaccines Expressing
the Envelope and Membrane Proteins Provide Partial Protection Against SARS-CoV-2 in Mice. Front. Immunol. 2022, 13, 827605.
[CrossRef] [PubMed]


https://doi.org/10.1093/infdis/jiu003
https://www.ncbi.nlm.nih.gov/pubmed/24403557
https://doi.org/10.3390/pathogens8030133
https://www.ncbi.nlm.nih.gov/pubmed/31466243
https://doi.org/10.1038/s41598-017-19041-y
https://doi.org/10.1128/JVI.74.2.923-933.2000
https://doi.org/10.1128/JVI.74.16.7651-7655.2000
https://doi.org/10.1038/s41598-017-15039-8
https://doi.org/10.1038/s41541-020-00226-y
https://doi.org/10.1128/JVI.00687-09
https://doi.org/10.3390/v13010132
https://doi.org/10.3390/v6062328
https://doi.org/10.3389/fmicb.2024.1466980
https://www.ncbi.nlm.nih.gov/pubmed/39417078
https://doi.org/10.3390/v14010027
https://www.ncbi.nlm.nih.gov/pubmed/35062231
https://doi.org/10.1016/j.virol.2020.05.002
https://www.ncbi.nlm.nih.gov/pubmed/32442105
https://doi.org/10.1128/JVI.02667-12
https://doi.org/10.3390/pathogens13070528
https://doi.org/10.1038/d41586-021-02177-3
https://doi.org/10.3389/fimmu.2023.1212203
https://doi.org/10.1016/S2666-5247(23)00255-0
https://doi.org/10.1016/j.cell.2023.04.007
https://www.ncbi.nlm.nih.gov/pubmed/37164012
https://doi.org/10.1073/pnas.0403492101
https://www.ncbi.nlm.nih.gov/pubmed/15210961
https://doi.org/10.3389/fimmu.2022.827605
https://www.ncbi.nlm.nih.gov/pubmed/35281016

Vaccines 2025, 13, 411 18 of 18

55. Boson, B.; Legros, V.; Zhou, B.; Siret, E.; Mathieu, C.; Cosset, FL.; Lavillette, D.; Denolly, S. The SARS-CoV-2 envelope and
membrane proteins modulate maturation and retention of the spike protein, allowing assembly of virus-like particles. J. Biol.
Chem. 2021, 296, 100111. [CrossRef]

56. Miura, K; Suzuki, Y.; Ishida, K.; Arakawa, M.; Wu, H.; Fujioka, Y.; Emi, A.; Maeda, K.; Hamajima, R.; Nakano, T.; et al. Distinct
motifs in the E protein are required for SARS-CoV-2 virus particle formation and lysosomal deacidification in host cells. J. Virol.
2023, 97, 0042623. [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/10.1074/jbc.RA120.016175
https://doi.org/10.1128/jvi.00426-23

	Introduction 
	Materials and Methods 
	Vaccine Construction and Characterization 
	In Vivo Mouse Vaccination and Infection Experiments 
	Plaque Reduction Neutralization Test (PRNT) 
	Binding Antibody 
	T Cell Analysis 
	Viral Load Analysis 
	Immunohistochemistry 
	Luminex 
	Statistical Analysis 

	Results 
	Design and Characterization of Multi-Antigen MVA-VLP Vaccine Candidate 
	GEO-CM02 Vaccination Elicits Neutralizing Antibodies and Functional T Cell Responses in hACE2 Mice 
	The GEO-CM02 Vaccine Provides Protection Against Lethal SARS-CoV-2 Variants in K18-hACE2 Mice 
	Dramatic Reduction in Lung Pathology and Inflammatory Markers in GEO-CM02-Vaccinated Mice 

	Discussion 
	Conclusions 
	References

