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Abstract: Various vaccine platforms have been approved for broad use to prevent the transmission
of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection. However, these
vaccines exhibit distinct differences in immunogenicity and efficacy, which decline after vaccination
and are further exacerbated by the emergence of virus variants and mutants. This study reports
the immunization outcomes against the SARS-CoV-2 virus by assessing the immune responses and
safety of different SARS-CoV-2 vaccines co-administered in BALB/c mice. Vaccine combinations
comprising mRNA/adenovirus26-vector, mRNA/inactivated, adenovirus26-vector/inactivated, and
mRNA/adenovirus26-vector/inactivated vaccines were prepared in optimized doses, and their activ-
ities upon immunization evaluated in comparison with individual mRNA, adenovirus26-vectored,
and inactivated vaccines. Fourteen- and 28-days post-immunization, we measured spike-specific IgG
response using Enzyme-Linked Immunosorbent Assay (ELISA), cytokine expression profiles through
Quantitative real-time polymerase chain reaction (RT-PCR), and evaluated safety through histopatho-
logical examination. The mRNA/Vector/Inactivated group exhibited slightly higher anti-spike IgG
levels, albeit not statistically significant (p > 0.132). Importantly, this regimen induced elevated
IL-6 and IFN-γ mRNA expression levels (p < 0.0001) compared to immunization with individual
vaccines. In summary, this study demonstrated that co-administering the mRNA/adenovirus26 vec-
tor/inactivated SARS-CoV-2 vaccines improved spike-specific IgG response, triggered significantly
enhanced IL-6 and IFN-γ mRNA expression levels, and proved safe in mice.

Keywords: mRNA vaccine; adenovirus26 vector vaccine; inactivated vaccine; SARS-CoV-2;
co-administration; immune responses; BALB/c mice

1. Introduction

The coronavirus disease 2019 (COVID-19), which emerged in late 2019, posed a global
health threat [1] and has led to high morbidity and mortality [2], impacting the global
macro-economy on a large scale [3]. The World Health Organization (WHO) reported
771,820,937 confirmed cases of COVID-19 as of 4 November 2023, including 6,978,175 deaths
globally [4]. The SARS-CoV-2 virus, characterized by its spherical shape and surface
spikes, belongs to β-coronaviruses and is an RNA virus with a single-stranded genome
of positive sense. The primary focus of SARS-CoV-2 vaccine development is centered
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around the spike glycoprotein, which serves as the main viral target [5]. In the fight against
COVID-19 infection, various strategies such as antiviral treatment and vaccination have
been implemented. As a result, antiviral drugs like Nirmatrelvir have shown efficacy
in mitigating the risk of SARS-CoV-2 progression. However, recent studies suggest a
negative impact of antiviral drugs on the development of long-term immune responses
against SARS-CoV-2 infection [6,7]. In addition, a variety of vaccines including mRNA,
adenovirus-vector, inactivated, protein subunit, DNA vaccines, and others were developed
and approved by the WHO [8].

Despite being designed to target the same virus and confer protection against COVID-
19 infection, these vaccine platforms exhibit significant variations in their immunogenic-
ity and efficacy profiles [9]. While adenovirus vector-based SARS-CoV-2 vaccines like
Ad26.COV2.S have shown initial antibody responses that are relatively lower with extended
sustainability [10], the mRNA-based vaccines like BNT162b2 and mRNA-1273 vaccines
are recognized for inducing higher initial antibody levels that decline over time following
vaccination [11]. Conversely, inactivated vaccines exhibit weaker, shorter-lasting antibody
responses, demonstrating reduced effectiveness in comparison to both adenovirus-vectored
and mRNA-based vaccines [12].

The BioNTech-Pfizer BNT162b2 mRNA vaccine was reported to have 65.5% effi-
cacy against the Omicron variant after one-month post-vaccination [13]. In contrast, the
AD26.CoV2.S vaccine demonstrated a vaccine efficacy of 52.9% [14] while the inactivated
BBIBP-CorV exhibited an efficacy of 78.10% [15]. Moreover, studies demonstrated that the
protective level of the BioNTech-Pfizer and Ad26.COV2.S vaccines declined by 21% over
six months following full vaccination [16], while the efficacy of the Sinopharm vaccine
decreased up to 64% at six months post-vaccination [17]. This reduced vaccine effectiveness,
exacerbated by the introduction of new variants of concern (VOCs) and mutations in the
spike glycoprotein-encoding viral gene [18], prompted the implementation of frequent
booster doses [19]. As a response, researchers have explored alternative strategies, such as
the prime-booster approach “mix and match approach”, involving different SARS-CoV-2
vaccines for initial and subsequent doses with acceptable side effects, which have shown
longer-lasting effects [18]. Nevertheless, the effective optimization of booster programs re-
mains an ongoing challenge requiring real-time management [9,20] and consequently, there
is a continued need for additional vaccination strategies to improve the immunogenicity
and efficacy of urgently developed COVID-19 vaccines and enhance their ability to provide
protection [21].

Importantly, tapping into the advantages of heterologous vaccination, and consid-
ering the challenges associated with frequent booster doses, it is desirable to combine
these benefits by co-administering different SARS-CoV-2 vaccines. This approach has
not been comprehensively evaluated. It is anticipated that this immunization strategy
could provide a holistic effect on both humoral and cellular immune responses, offering
long-term immune protection compared with the full-course immunization with individual
vaccines alone and, as a result, avert the regular booster programs. More interestingly,
the research underscores the growing significance of safely co-administering vaccines to
enhance global immunization efforts and actively promote the integration of new vaccines
into immunization programs [22]. Recent studies have shown improved immune responses
when COVID-19 vaccines were co-administered with seasonal inactivated influenza vac-
cine (SIIV) [23], as well as when BCG and H107 subunit vaccines were co-administered,
providing significant long-term protection against Mycobacterium tuberculosis [24]. In this
study, we, therefore, investigated the humoral and cell-mediated immune responses as well
as safety profiles of mRNA-based, adenovirus vector-based, and inactivated SARS-CoV-2
vaccines, along with co-administration regimens in a BALB/c mouse model.
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2. Materials and Methods
2.1. SARS-CoV-2 Vaccines Used in This Study

The CORMINATY mRNA, Janssen (Ad26.COV2.S), and Sinopharm inactivated vac-
cines (Table 1) were obtained from Kenya Medical Research Institute (KEMRI) and were
exclusively employed for research purposes.

Table 1. Details of SARS-CoV-2 vaccines used in the experiment.

SARS-CoV-2 Vaccines Platforms Doses Administered in Mice Studies
(per Mouse)

COMIRNATY COVID-19 (Pfizer-BioNTech)
vaccine. Lot Number: GN6343 mRNA (nucleoside modified) vaccine 5 µg [25,26]

Janssen (Ad26.COV2.S (recombinant))
vaccine. Lot number: ACB6959 Adenovirus26-vectored vaccine 4 × 109 VP [27,28]

SARS-CoV-2 vaccine (Vero Cell), Inactivated
(Sinopharm) Product Code: 2021071947

Inactivated vaccine 0.8 µg [21,29]

VP represents Viral particles.

2.2. Animal Model and Immunization Protocol

Thirty-two female BALB/c mice aged 6–8 weeks old were obtained from the Institute
of Primate Research (IPR) in Kenya, and acclimatized for 14 days at KEMRI animal facility
under standard conditions of temperature (23 ± 2 ◦C), humidity (40–70%), and a 12 h
light/dark cycle. They were clustered into 7 treatment groups and one control group com-
prising 4 mice each, and every mouse in the group received the vaccine via intramuscular
(IM) injection into either the left or right thigh muscle, or both, following the immunization
protocol shown in Table 2.

Table 2. Treatment formulations and animal immunization programs.

Treatment Groups Treatment and Immunization Protocol

mRNA 5 µg (50 µL) of Pfizer-BioNTech vaccine on D0 and D14
Vector 4 × 109 VP (40 µL) of Janssen vaccine on D0

Inactivated 0.8 µg (100 µL) of Sinopharm vaccine on D0 and D14
mRNA/Vector Coadministration of 5 µg (50 µL) Pfizer-BioNTech and 4 × 109 VP (40 µL) Janssen on D0

mRNA/Inactivated Coadministration of 5 µg (50 µL) Pfizer-BioNTech and 0.8 µg (100 µL) Sinopharm on D0
Vector /Inactivated Coadministration of 4 × 109 VP (40 µL) Janssen and 0.8 µg (100 µL) Sinopharm on D0

mRNA/Vector/Inactivated Coadministration of 5 µg of Pfizer-BioNTech (50 µL), 4 × 109 VP (40 µL) of Janssen and
0.8 µg (100 µL) of Sinopharm on D0

Unvaccinated 50 µL of 1× phosphate-buffered saline (PBS) on D0

D0: day 0, D14: day 14.

2.3. Sample Collection

Fifty microliters of blood samples were taken via tail vein puncture on day 14 and
day 28 post-immunization, mixed with 50 µL of heparin, and then centrifuged at 1000 rpm
for 15 minutes. The plasma was kept at −20 ◦C awaiting the SARS-CoV-2 spike-specific
IgG determination by using Enzyme-Linked Immunosorbent Assay (ELISA). On day 28
post-immunization, mice were euthanized by CO2 asphyxiation. The spleen tissues were
harvested and stored at −80 ◦C awaiting total RNA extraction. The heart and liver tissues
were harvested and placed in 10% formalin at room temperature for histopathological
examination.

2.4. ELISA for SARS-CoV-2 Spike-Specific IgG

Indirect ELISA was carried out to determine the anti-spike IgG antibodies using the
Mouse Anti-SARS-CoV-2 Spike Protein Antibody IgG Titer Serologic ELISA Kit (Solarbio
Science & Technology Co., Ltd., Beijing, China, catalog number KEPM-2061) according
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to the manufacturer’s instructions. The plates, pre-coated with SARS-CoV-2 (2019-nCoV)
spike glycoprotein protein, were utilized, and plasma samples were diluted at 1:200 using
sample dilution buffer. The ELISA plates were then read at 450 nm using the VersaMax™
ELISA Microplate Reader (Molecular Devices LLC, San Jose, CA, USA), and the Optical
density (OD450nm) readings were computed. An OD450nm of ≥0.1 indicated the presence of
mouse anti-spike(S) IgG antibodies.

2.5. Total RNA Extraction and cDNA Synthesis

Total RNA was isolated from BALB/c mice splenocytes using the Total RNA Extraction
Kit (Solarbio Science & Technology Co., Ltd., Beijing, China) according to the manufac-
turer’s instructions. Spleen tissues were homogenized in 1 mL of lysis buffer per 100 mg of
the sample using copper beads and the Fisherbrand™ Bead Mill 24 homogenizer (Thermo
Fisher Scientific, Waltham, MA, USA). The concentration and purity of the extracted RNA
were assessed using the NanoDrop™ 2000/2000c spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA) at an absorbance of 260/280 nm. Following the manufacturer’s
instructions, the complementary DNA (cDNA) synthesized from extracted total RNA sam-
ples was performed using a Universal RT-PCR Kit (Solarbio Science & Technology Co., Ltd.,
Beijing, China). The samples were then stored at −80 ◦C awaiting downstream analysis.

2.6. Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)

The mRNA expression profiles of IL-6 and IFN-γ were evaluated using Quantitative
Real-Time Polymerase Chain Reaction (RT-PCR). For RT-PCR setup, 5× HOT FIREPol
EvaGreen® (Solis-BioDyne, Tartu, Estonia) was used as per the manufacturer’s protocol to
make a final volume of 20 µL comprising 4 µL of HOT FIREPol EvaGreen® qPCR Mix Plus
(5×), 0.5 µL each of forward and reverse primers (10 µM), 2 µL of cDNA template, and 13 µL
of nuclease-free water. The amplification was carried out on the Applied Biosystems from
Quant Studio 5 platform (PE Applied Biosystems, Waltham, MA, USA) using the following
thermocycling protocol: one cycle of initial activation at 95 ◦C for 12 min, followed by
40 cycles of denaturation at 95 ◦C for 15 s, annealing at 62 ◦C for 25 s, and extension at
72 ◦C for 25 s. Specific target regions were amplified with specific primers listed in Table 3.
The delta-delta threshold (∆∆Ct) formula was then used to determine the relative gene
expression: ∆Ct = Ct (gene of interest) − Ct (housekeeping gene) with the unvaccinated
control group serving as the calibrator.

Table 3. Primer sequences of housekeeping and target genes used in RT-PCR experiment.

Gene of
Interest

Forward Primer
(5′-3′)

Reverse Primer
(5′-3′)

Amplicon
Size (bp) Tm (◦C) %GC NCBI Accession

IL-6 CCCACCAGGA
ACGAAAGTCA

ACTGGCTGGA
AGTCTCTTGC 70 59.89

59.96
55.00
55.00

https://www.ncbi.nlm.
nih.gov/nucleotide/93
0945755# (accessed on 5

September 2023)

IFN-γ GGATGCATTCA
TGAGTATTGC

CCTTTTCCGC
TTCCTGAGG 127 55.42

58.14
42.86
57.89

https://www.ncbi.nlm.
nih.gov/nucleotide/92
6657655# (accessed on 5

September 2023)

HPRT1 TGAAGTACTCATTG
ATAGTCAAGGGCA

CTGGTGAAAA
GGACCTCTCG 109 61.94

57.91
40.74
55.00

https://www.ncbi.nlm.
nih.gov/nucleotide/96
975137# (accessed on 5

September 2023)

Abbreviations: IL-6: Interleukin 6, IFN-γ: Interferon gamma, HPRT1: Hypoxanthine Guanine Phosphoribosyl
Transferase1, Tm: melting temperature, %GC: proportion of guanine(G) and cytosine(C) nucleotide base pairs.

https://www.ncbi.nlm.nih.gov/nucleotide/930945755#
https://www.ncbi.nlm.nih.gov/nucleotide/930945755#
https://www.ncbi.nlm.nih.gov/nucleotide/930945755#
https://www.ncbi.nlm.nih.gov/nucleotide/926657655#
https://www.ncbi.nlm.nih.gov/nucleotide/926657655#
https://www.ncbi.nlm.nih.gov/nucleotide/926657655#
https://www.ncbi.nlm.nih.gov/nucleotide/96975137#
https://www.ncbi.nlm.nih.gov/nucleotide/96975137#
https://www.ncbi.nlm.nih.gov/nucleotide/96975137#
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2.7. Histopathological Analysis

Histopathological examination was performed following the procedure outlined by
Kandeil et al. [30]. Heart and liver histopathology was conducted on immunized and
non-immunized BALB/c mice 28 days post-immunization. After euthanizing the mice,
the tissues were surgically removed, fixed in 10% neutral buffered formalin, and then
embedded in paraffin wax. The resulting tissue blocks were then cut into 5 µm sections and
stained with Harris’ hematoxylin and eosin (HE) staining method. The histopathological
alterations in the heart and liver sections were analyzed under a light microscope using
20×magnification with the help of an experienced Pathologist.

2.8. Statistical Analysis

The ELISA optical densities as well as the Ct values were initially recorded in Microsoft
Excel (2016). Statistical analysis was conducted using Graph Pad Prism version 8.0.2
software. One-way ANOVA and Student’s t-tests were used to determine the statistical
significance of differences, with a p-value < 0.05 considered as statistically significant for all
conducted tests.

3. Results
3.1. Determination of SARS-CoV-2 Spike-Specific IgG Antibodies at 14- and 28-Days
Post-Immunization

In this study, a qualitative indirect ELISA was carried out on days 14 and 28 after
immunization to ascertain whether experimental groups exhibited the production of anti-
SARS-CoV-2 spike IgG antibodies after immunization of mice with different SARS-CoV-2
vaccine platforms and co-administration regimens. The anti-spike IgG OD450nm mean
values for each treatment group are recorded in Table 4.

Table 4. SARS-CoV-2 spike-specific IgG OD450nm readings at 14- and 28-days post-immunization.

Treatment Groups
Day 14 Day 28

Mean SD CV (%) Mean SD CV (%)

mRNA 1.070 0.039 3.65 0.962 0.068 7.16
Vector 0.824 0.013 1.68 0.674 0.086 12.89

Inactivated 0.268 0.074 27.7 0.849 0.081 9.57
mRNA/Vector 0.851 0.031 3.66 0.790 0.171 21.68

mRNA/Inactivated 0.975 0.081 8.32 0.877 0.051 5.84
Vector/Inactivated 0.724 0.080 11.1 0.499 0.087 17.61

mRNA/Vector/Inactivated 0.633 0.125 19.8 0.897 0.276 30.77
Unvaccinated 0.063 0.023 37.4 0.060 0.021 35.49

Abbreviations: SD: Standard deviation, CV (%): Coefficient of variation.

The produced anti-spike IgG levels exhibited statistically significant differences be-
tween all the treatment groups on both days 14 and 28 post-immunization (p < 0.0001,
p < 0.0001, respectively). Additionally, a significant variation in spike-specific IgG anti-
bodies was observed among vaccine co-administration groups (mRNA/Vector, mRNA/
Inactivated, Vector/Inactivated, mRNA/Vector/Inactivated) at days 14 and 28 (p < 0.0006,
p < 0.0219, respectively). The mRNA/Inactivated group which elicited increased IgG anti-
bodies (OD = 0.975) in comparison to other co-administration regimens (Table 4) exhibited
a significant difference (p < 0.0001) compared to the Inactivated group but no statistical
significance was observed when compared to the mRNA and Vector groups (p > 0.505,
p > 0.076, respectively) as indicated in (Figure 1A).
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Figure 1. Humoral immune responses induced by different SARS-CoV-2 vaccine platforms
and co-administration regimens in BALB/c mice. (A) 14 days post-immunization using ELISA,
(B) 28 days post-immunization. (C) Comparison of anti-spike(S) IgG response generated 14 and
28 days after immunization among co-administration groups. The dashed line indicates the cut-off
value for the anti-spike IgG antibodies with positive OD450nm values. One-way ANOVA (A,B) and
Unpaired t-test (C) were conducted using GraphPad Prism software 8.0.2 to compare the statistical
differences. Error bars represent SEM (n = 4 mice per group)., ** p < 0.001, *** p < 0.0001, ns: p > 0.05.

Whereas a titer decrease was observed for the co-administration groups on day 28
post-immunization, the mRNA/vector/Inactivated group demonstrated an increase in
IgG levels (D14 = OD 0.633, D28 = OD 0.897). Nevertheless, the same group exhibited
no statistically significant difference in IgG levels (p > 0.05) compared to full-course ho-
mologous immunization with individual vaccines (Figure 1B). We further compared the
IgG response induced between both time points (day 14 and 28 after immunization) using
unpaired t-tests. As a result, the mRNA/Vector and mRNA/Inactivated groups exhib-
ited no statistically significant decline in the IgG levels 28 days after immunization, with
1.077-fold and 1.111-fold decreases, respectively (p > 0.514, p > 0.088, respectively). In
contrast, the Vector/Inactivated group demonstrated a significant decline in IgG levels
(1.450-fold decrease) with p < 0.009.

3.2. Evaluation of IL-6 and IFN-γ mRNA Expression Profiles in Immunized BALB/c Mice

Further, we explored the cell-mediated immune response of mice immunized with
homologous SARS-CoV-2 vaccines and their combined regimens. Here, the IL-6 and IFN-γ
cytokine expression levels from mice splenocytes were quantified using RT-PCR at day 28
post-immunization. A housekeeping gene (HPRT1 gene) was used to normalize the expres-
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sion profiles of genes of interest. The mRNA/Inactivated and mRNA/Vector/Inactivated
groups exhibited elevated IL-6 expression within the co-administration groups. However,
as compared to the mRNA/Inactivated group (p < 0.0001), the mRNA/Vector/Inactivated
group revealed a 1.240-fold increase. At the same time, BALB/c mice immunized with
the combination of mRNA, adenovirus26 vector, and inactivated vaccines expressed sig-
nificantly elevated levels of IL-6 (p < 0.0001) compared to immunization with individual
vaccines, as illustrated in (Figure 2A).
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administration regimens in BALB/c mice. (A) Relative quantification of IL-6 mRNA expression levels.
(B) IFN-γ mRNA expression levels. (C) Correlation analysis between IL-6 and IFN-γ expression
levels among co-administered regimens. One-way ANOVA (A,B) and Pearson Correlation analysis
(C) were conducted using GraphPad Prism software 8.0.2 to compare the statistical differences. Error
bars represent SEM, *** p < 0.0001, ns: p > 0.05.

On the contrary, the Vector/Inactivated and mRNA/Vector/Inactivated groups in-
duced an increased expression of IFN-γ in comparison with other co-administration groups.
However, the Vector/Inactivated group did not exhibit a significant expression of IFN-γ in
comparison to the mRNA/Vector/Inactivated group (p > 0.999). Notably, these combined
regimens demonstrated statistically significant IFN-γ expression when compared to a com-
plete course of immunization with the mRNA vaccine, adenovirus 26 vector vaccine, and
Inactivated vaccine (p < 0.0001). Taken together, the IL-6 and IFN-γ cytokine expression pro-
files demonstrated that the IL-6 was significantly downregulated in the Vector/Inactivated
group but upregulated in the mRNA/Vector/Inactivated group. Conversely, IFN-γ was
significantly downregulated in the mRNA/Inactivated group while being upregulated in
the Vector/Inactivated and mRNA/Vector/Inactivated groups. These findings demon-
strated the ability of the mRNA/adenovirus26 vector/inactivated SARS-CoV-2 vaccine
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combined vaccine to generate robust cellular immune responses compared to a complete
course of homologous immunization of mRNA vaccine, adenovirus 26 vector vaccine, and
Inactivated vaccine.

The correlation between cytokines among the co-administration groups was deter-
mined through Pearson correlation analysis (Figure 2C). Notably, a moderate negative
correlation was observed between IL-6 and IFN-γ expression levels (r = −0.393).

3.3. Safety Assessment

Histopathological examination in the heart and liver tissues was evaluated in all ex-
perimental groups at the end of the experiment (28 days after immunization). Photomicro-
graphs at 20×magnification of the BALB/c mice heart and liver tissue after immunization
with different SARS-CoV-2 homologous and combined vaccines are presented in Figure 3.
Microscopic examination of the heart and liver in both immunized and non-immunized
mice revealed cardiac muscle composed of benign myocytes. Similarly, microscopic analysis
of liver photomicrographs from all experimental groups revealed hepatic tissue composed
of trabeculae of benign hepatocytes with normal portal tracts and central veins. Notably,
the only exception was observed in the mice groups that received the co-administration
of 4 × 109 VP adenovirus26 vector /0.8 µg inactivated vaccine (Figure 3L) and the co-
administration of 5 µg mRNA/4× 109 VP adenovirus26 vector/0.8 µg inactivated vaccines
(Figure 3N), where the liver exhibited mild necrosis. Importantly, no remarkably significant
histopathological alterations in the heart and liver tissues were observed across all mice
immunized with SARS-CoV-2 vaccine co-administration regimens.
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Figure 3. Histopathology of heart and liver tissues from the immunized BALB/c mice. Histological
findings showing benign heart and liver tissues of mice immunized with 5 µg mRNA vaccine (A,B),
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4 × 109 VP adenovirus26 vectored vaccine (C,D), 0.8 µg inactivated vaccine (E,F), co-administration
of 5 µg mRNA/4 × 109 VP adenovirus26 vectored vaccines (G,H), co-administration of 5 µg
mRNA/0.8 µg inactivated vaccines (I,J). The microscopic findings in the mice immunized with
the co-administration of 4 × 109 VP adenovirus26 vectored/0.8 µg inactivated vaccines (K,L) and the
co-administration of 5 µg mRNA/4 × 109 VP adenovirus26 vectored/0.8 µg inactivated vaccines
(M,N) indicate mild necrosis in hepatic tissue and no histopathological changes in heart tissue. No
histopathological changes observed in either the heart or liver of unvaccinated control mice (O,P).

4. Discussion

SARS-CoV-2 vaccines have been demonstrated to induce diverse immune responses [31].
This study compared immune responses upon immunization with individual vaccines,
namely mRNA, adenovirus26 vector, and inactivated SARS-CoV-2 vaccines, and vaccine
combinations comprising mRNA/adenovirus26 vector, mRNA/inactivated, adenovirus26
vector/inactivated, and mRNA/adenovirus26 vector vaccines. The findings of this study
revealed that the inactivated vaccine induced lower spike-specific IgG levels among the
individual immunization groups at day 14. This finding aligns with a study conducted in
mice by Zhang et al. [21], who similarly reported at day 14 post-immunization that lower
immunogenicity of a single dose of inactivated vaccine was realized compared to one dose
of mRNA or one dose of adenovirus vector vaccine. However, their study did not extend
to day 28. He et al. [29] demonstrated that the spike-specific IgG levels induced by two
doses of inactivated vaccine were higher than a single dose of adenovirus vector vaccine
at day 35, which was in contrast to our findings at day 28. The differences in outcomes
may be attributed to the delivery system and antigen expression [32]. The viral vector
utilized in our study was a recombinant adenovirus26 vectored vaccine that expresses a
prefusion-stabilized spike protein, while their study employed a recombinant adenovirus
5 vaccine that expresses a full-length spike protein. Importantly, mRNA and adenovirus
vector-based vaccines have proven effective in generating strong humoral responses, as
supported by our findings demonstrating higher spike-specific IgG produced on days 14
and 28 post-immunization among individual immunization groups. However, both mRNA
and Vector groups exhibited a slower decline in IgG levels by day 28, aligning with findings
reported in previous studies [28,33].

The humoral and cell-mediated immune response of vaccine co-administration reg-
imens were assessed. The vaccine co-administration approach has been proven to be
effective and has been implemented for use worldwide. Moreover, the application of
heterologous vaccines has been effective in previous studies [23]. Considering the dis-
tinct immune characteristics associated with various SARS-CoV-2 vaccines, it is logical
to investigate innovative approaches for immunization against the virus. Recent stud-
ies demonstrated an improvement in immunogenicity when the DNA-based and inacti-
vated vaccines were co-administered in mice [34]. In the present study, we tested four
co-administration regimens, namely mRNA/adenovirus26 vector, mRNA/inactivated, ade-
novirus26 vector/inactivated, and mRNA/adenovirus26 vector/inactivated vaccines. The
results demonstrated improved immunogenicity and significant differences in IgG levels
among coadministration groups at days 14 or 28 post-immunization (p < 0.0006, p < 0.0219,
respectively) despite the decline observed at 28 days post-immunization. Physiological,
environmental, and immune system elements have been proven to impact vaccine effec-
tiveness [35]. For deeper comprehension, studies demonstrated that the waning immunity
may be linked to the negative immune interference among different vaccine platforms. No-
tably, interference was more pronounced when inactivated vaccines, such as for influenza,
were co-administered with COVID vaccines [36] as well as in heterologous prime-boost
approaches involving, for example, viral vector and mRNA vaccines [37]. Additionally,
pre-existing anti-vector antibodies [38] and shorter intervals between mRNA doses [39]
have been proposed as factors that may contribute to vaccine-induced interference.
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Interestingly, our study explored the elevated anti-spike IgG levels at day 28 in the
mRNA/Vector/Inactivated group, which was not significant compared to individual im-
munization groups (p > 0.5). Unlike other co-administration regimens that exhibited
a decrease in IgG levels, the reason behind the sustained IgG levels induced by the
mRNA/Vector/Inactivated regimen can be attributed to the antigenic mass presented
to the immune system. In addition, the respective strengths of each vaccine synergistically
complement one another. While mRNA vaccines possess inherent adjuvant properties, acti-
vating Toll-like receptor 7 (TLR-7) to swiftly initiate humoral immune responses compared
to other alternative vaccine methods [11], the adenovirus vector-based vaccines can lead to
long-term immune responses due to prolonged replication [40]. Inactivated vaccines, in
contrast, present the whole attenuated virus which mimics a natural infection, prompting
the body to elicit a strong, long-lasting immunity [30]. Moreover, adopting heterologous
vaccination has been a strategy suggested to alleviate the pre-existing anti-vector immunity
and non-spike protein immune responses, hence inducing long-term memory B cells and
wider SARS-CoV-2 spike-specific IgG antibodies [40,41]. However, we suggest further
investigation to acquire a comprehensive understanding of the mechanisms involved in
the stability of antibody generation.

To achieve a more effective vaccination strategy, it is imperative to establish a robust
and enduring cellular-mediated immune response. In this effort, the expression profiles
of IFN-γ and IL-6 were investigated. Previous studies have indicated that the adminis-
tration of various SARS-CoV-2 vaccines, including mRNA, adenovirus vector-based, and
inactivated vaccines, induces dynamic amounts of cytokines such as IFN-γ and IL-6, in
real-time [34,42]. In our experiment, the mRNA/adenovirus26 vector/inactivated vaccine
co-administration regimen exhibited higher expression levels of IL-6 compared to other
experimental groups. IL-6 has been observed to be an essential soluble regulator for fol-
licular helper T(Tfh) cells differentiation. The latter, identified as distinctive CD4+ T cells,
plays a crucial role in the differentiation process of B cells into memory B cells and durable
plasma cells, as mechanisms involved in the longevity of antibody response [43]. IFN-γ
is predominantly produced by natural killer T cells, CD4 T cells, and CD8 T cells. It is
suggested that IFN-γ does not activate B cells; rather, it exerts an inhibitory effect on B cell
division, particularly during the later phases of B cell proliferation and maturation [44].

The current study also demonstrated that the co-administration of adenovirus26 vec-
tor/inactivated vaccines and mRNA/adenovirus26 vector/inactivated vaccines induced
significantly higher levels of IFN-γ expression (p < 0.0001) compared with the other treat-
ment groups. We speculate that each vaccine synergistically complements one another. The
inactivated vaccines and nucleic acids-based vaccines like mRNA and adenovirus vector-
based vaccines have demonstrated the ability to engage diverse innate cellular sensors,
including Toll-like receptors, which further initiate innate immune responses and activate
IFN signaling pathways, ultimately resulting in the production of IFN-γ. This, in turn,
enhances adaptive immune responses [45,46].

People with genetic variations in the IFN-γ gene that negatively impact the activity
of IFN-γ are five times more likely to be susceptible to severe acute respiratory syndrome
(SARS) [46]. Given that IFN-γ has antiviral properties, its pivotal role in effective and
successful immunization is underscored [47]. Our study suggests that immunization with
co-administration regimens could lead to a robust ability to activate macrophages, enhance
MHC-1 antigen presentation, and consequently stimulate efficiently Th1 CD4 and CD8 T
cell responses [48].

To further assess the practicability of the immunization strategy, the safety of the SARS-
CoV-2 vaccine co-administration was assessed in BALB/c mice 28 days post-immunization.

Importantly, no mortality or alarming adverse reactions were observed in any exper-
imental group during this period. Histopathological examination of the heart and liver
tissues showed no significant histopathological changes compared to unvaccinated control
mice. The literature indicates that IL-6 is a key proinflammatory cytokine in the onset of
cytokine storms and acute respiratory distress syndrome (ARDS), leading to tissue damage,
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and ultimately, death [49]. In our study, we speculate that the observed mild necrosis of hep-
atocytes in mice immunized with adenovirus vector/inactivated and mRNA/adenovirus
vector/inactivated vaccines may be associated with the immune-inflammatory responses
provoked by the IL-6 cytokine. To enhance further safety assessment of the SARS-CoV-2 vac-
cine co-administration, biochemical and hematological analyses are highly recommended.

5. Conclusions

Despite the widespread use of mRNA-based, adenovirus vector-based, and inactivated
SARS-CoV-2 vaccines, they exhibit notable differences in their immunogenicity and efficacy,
with a decline in effectiveness after vaccination necessitating frequent booster doses. This
situation has underscored the necessity for additional novel vaccination strategies such as
SARS-CoV-2 vaccine co-administration, an area that requires critical investigation. This
study demonstrated that co-administering mRNA, adenovirus-vectored, and inactivated
SARS-CoV-2 vaccines in BALB/c mice improved spike-specific IgG response, and pro-
moted IFN-γ and IL-6 mRNA expression compared to the complete immunization with
individual vaccines alone. Importantly, co-administration regimens proved to be safe and
well tolerated in BALB/c mice. For further comprehensive understanding, studies are
recommended, including neutralization assays and cross-protection tests on SARS-CoV-2
variants of concern.
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