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Abstract
Introduction. In 2022, the World Health Organization declared monkeypox a public health emergency. The 
monkeypox virus (MPV) is part of the Orthopoxvirus genus within the Poxviridae family. During replication, 
orthopoxviruses produce two distinct forms of viral particles: the extracellular enveloped virion (EEV), released 
via exocytosis, and the intracellular mature virion (IMV), released through cell lysis. These forms differ in surface 
proteins composition, influencing their immunogenicity and infectivity.
Aim. To evaluate the immunogenic and protective activity of nine surface antigens of vaccinia virus.
Materials and methods . Recombinant human adenoviruses type 2 (rAd2) carrying surface antigens of vaccinia 
virus were obtained using homologous recombination in bacteria, followed by adenoviral particle assembly in 
HEK293 cells. The immunogenic and protective properties of these adenoviruses were tested in BALB/c mice. 
The presence of antibodies to the vaccinia virus was assessed using ELISA, and survival rates were evaluated in 
a lethal infection model after intranasal challenge with the vaccinia virus strain Western Reserve.
Results. The most immunogenic and protective antigens of the vaccinia virus within rAd2 were glycoprotein B5 of 
the EEV and membrane-associated protein H3 of the IMV, both showing 100% protective efficacy after intranasal 
immunization.
Conclusion. Using a panel of recombinant adenoviruses carrying genes of vaccinia virus surface proteins, it was 
shown that optimal protection is achieved using a combination of enveloped and mature virion antigens. This 
method could be used for development of new multivalent preparations against various viral infections.
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Аннотация
Введение. Всемирная организация здравоохранения в 2022 г. объявила оспу обезьян чрезвычайной си-
туацией в области здравоохранения. Вирус оспы обезьян (MPV) принадлежит к роду Orthopoxvirus семей-
ства Poxviridae. Ортопоксвирусы во время репликации образуют 2 отдельные формы вирусных частиц: 
экзоцитозом выделяется оболочечный внеклеточный вирион (EEV), а зрелый внутриклеточный вирион 
(IMV) высвобождается в результате лизиса клеток. У этих двух форм вирионов отличаются наборы поверх-
ностных белков, что обусловливает их различия в иммуногенности и инфекционности.
Цель работы — оценка иммуногенной и протективной активности 9 поверхностных антигенов вируса 
осповакцины.
Материал и методы. Геномы рекомбинантных аденовирусов человека 2-го серотипа, несущих поверх-
ностные антигены вируса осповакцины, получали методом гомологичной рекомбинации в бактериальных 
клетках с последующей сборкой аденовирусных частиц в клетках НЕК293. Иммуногенные и протективные 
свойства полученных рекомбинантных аденовирусов изучали на мышах BALB/c. Сыворотки крови после 
иммунизации животных исследовали методом иммуноферментного анализа на наличие антител к вирусу 
осповакцины. Протективные свойства оценивали на летальной модели инфекции мышей после интрана-
зального заражения вирусом осповакцины штамма Western Reserve.
Результаты. Наиболее иммуногенными и протективными антигенами вируса осповакцины в составе ре-
комбинантных аденовирусов человека 2-го серотипа были гликопротеин В5 оболочечного внеклеточного 
вириона и мембранно-ассоциированный белок Н3 зрелого внутриклеточного вириона. При изучении за-
щитной эффективности антигенов показана 100% эффективность В5 и Н3 при интраназальной иммуни-
зации. 
Заключение. При использовании панели рекомбинантных аденовирусных векторов, несущих гены по-
верхностных белков вируса осповакцины, показано, что оптимальная защита может быть достигнута с по-
мощью комбинации антигенов оболочечного и зрелого вирионов. Данный подход может быть использован 
при разработке новых поливалентных вакцин против различных вирусных инфекций.

Ключевые слова: вирус оспы обезьян, вирус осповакцины, рекомбинантный аденовирус, иммуноген-
ность, протективность
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Introduction
Orthopoxviruses belong to the Poxviridae fami-

ly, Chordopoxvirinae subfamily, Orthopoxvirus genus, 
which contains 13 species: Orthopoxvirus abatinoma-
cacapox, Orthopoxvirus akhmetapox, Orthopoxvirus 
camelpox, Orthopoxvirus cowpox, Orthopoxvirus ec-
tromelia, Orthopoxvirus monkeypox, Orthopoxvirus 
raccoonpox, Orthopoxvirus skunkpox, Orthopoxvirus 
taterapox, Orthopoxvirus vaccinia, Orthopoxvirus va-
riola, Orthopoxvirus volepox, and the unofficially clas-
sified Alaska smallpox virus1. Species are divided into 
2 related clades: Old World (Eurasian and African) and 
North American orthopoxviruses [1]. Many of these vi-
ruses can cause severe disease in domestic animals as 
well as zoonotic infections in humans. Human infection 
most commonly occurs through livestock rearing, con-
tact with domestic animals, and trade in exotic animals 
as a result of direct contact with them. When introduced 
into non-endemic regions, enzootic orthopoxviruses 
may pose a threat to native and endemic species [2–4].

Orthopoxviruses of different species are antigeni-
cally and immunologically close to each other. Vaccina-
tion against smallpox, for example, provides cross-pro-
tection against other members of the genus [5]. How-
ever, after the global eradication of smallpox in 1980, 
many countries began to phase out routine vaccination 
against the disease [6]. As a result, a significant pro-
portion of the population currently lacks immune pro-
tection to orthopoxviruses. This explains the increasing 
frequency of outbreaks in various regions of the world, 
among which monkeypox is particularly notable. The 
global outbreak that occurred in 2022 was recognized 
by the World Health Organization (WHO) as a public 
health emergency of international concern [7]. The 
ongoing epidemic of monkeypox in African countries 
may lead to accelerated viral evolution and adaptation 
to human-to-human transmission of the zoonotic dis-
ease [8]. Despite existing vaccines, WHO has recom-
mended the development of less reactive vaccines to 
improve the efficacy and duration of protection to get 
the current outbreak under control.

Orthopoxviruses have a large and complex pro-
teome containing more than 200 proteins, of which 
more than 30 are structural proteins [9, 10]. During 
infection, the virus exists in two antigenically distinct 
infectious forms [11–13]. Intracellular mature virions 
(IMV) are the main infectious viral particles and play 
a key role in human-to-human transmission. The sur-
face membrane of this form contains at least 11 pro-
teins: A14.5 (~10 kDa), E10 (12 kDa), I5 (13 kDa), A13  
(14 kDa), A27 (14 kDa), A9 (~18 kDa), A14  
(17–25 kDa), A17 (23–29 kDa), L1 (25–29 kDa), D8 
(34 kDa) and H3 (35 kDa) [9–13]. Extracellular envel-

1 ICTV. Subfamily: Chordopoxvirinae. Genus: Orthopoxvirus.
  URL: https://ictv.global/report/chapter/poxviridae/poxviridae/

orthopoxvirus

oped virions (EEVs) are formed from IMVs and have 
an additional lipoprotein membrane responsible for vi-
rus dissemination within the body [12]. EEV and IMV 
surface proteins ensure the infectivity of orthopoxvirus-
es and serve as major targets for the induction of pro-
tective immunity [14, 15]. Because antibodies that neu-
tralize IMV do not neutralize EEV, it is believed that 
immunization with antigens from both of these forms is 
necessary for maximal protection [16].

The immunodominant proteins to which antibo-
dies are produced, including virus-neutralizing anti-
bodies, are two EEV glycoproteins, A33 and B5, as 
well as IMV proteins: L1, H3, D8 and a complex of 
3 proteins of immature virion A14, A17 and D13 or a 
complex of A14, A17 and A27 of a mature virion [14, 
17–19]. Proteins A33 and B5 play a role in envelope 
virion formation and subsequent infection [14]. Among 
the surface proteins of the mature virion, 3 proteins me-
diate the attachment of the virus to the host cell. Protein 
D8 forms dimers on the viral membrane and ensures 
virion infectivity by binding to chondroitin sulfate on a 
cell membrane [20]. A27 and H3 proteins bind heparan 
sulfate. A27, a major membrane protein, is required for 
the formation of the enveloped extracellular virion and 
is involved in the attachment of the virus to the cell and 
subsequent fusion of the viral and cell membranes. A27 
forms a complex with the transmembrane proteins A14 
and A17, which are important structural elements of the 
mature virion membrane. A17 is also required for virus 
entry into the cell and serves as an anchor for A27 [21]. 
H3 binds to the cell surface via heparan sulfates and, 
like D8 and A27 proteins, is involved in virus entry into 
the cell. H3 is a major protein in the development of im-
mune response in humans [22]. L1 is a transmembrane 
protein that is essential for the formation of mature vi-
rions and is involved in virus entry into the cell [23].

Although most of these antigens (A27, L1, B5 and 
A33) have been studied as part of various polyvalent 
vaccines [18, 24, 25], certain immunodominant pro-
teins were not included in these studies. Furthermore, 
while orthopoxviruses are highly immunogenic, the 
antigens themselves have low immunogenicity. Vac-
cination with purified proteins or DNA encoding pro-
teins of vaccinia virus requires multiple immunizations 
for induction of a protective immune response [24, 26, 
27]. In contrast to DNA vaccines and subunit vaccines, 
vaccination with recombinant adenoviruses (rAd) has 
been shown to promote both a robust humoral and cel-
lular immune response and protective immunity after a 
single immunization [28–30]. Given the importance of 
rapid induction of protective immunity in a potential 
outbreak, we studied the possibility of a single immuni-
zation with rAd expressing the EEV and IMV antigens 
of the vaccinia virus.

The aim of this study was to evaluate the immu-
nogenic and protective activity of 9 surface antigens of 
vaccinia virus. To achieve this goal, rAd carrying genes 
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of surface proteins of mature (D8, H3, L1, A14, A17, 
A27 and D13) and extracellular (A33 and B5) virions 
of smallpox virus were constructed. Furthermore, in-
dividual immunogenic and protective properties of the 
obtained adenoviruses were investigated by intranasal 
and intramuscular methods of immunization. This ap-
proach can be used in the development of new polyva-
lent vaccines against various viral infections.

Materials and methods

Cell lines and viruses

The Vero E6 cell line (green monkey kidney) was 
cultured in DMEM medium (Cytiva) containing 4% 
fetal bovine serum (Gibco), 25,000 units of penicillin 
and 25 mg of streptomycin (Paneco) at 5% CO2. The 
HEK293 cell line (human embryonic kidney) was cul-
tured in DMEM medium (Cytiva) containing 10% fetal 
bovine serum (Gibco), 25,000 units of penicillin and  
25 mg of streptomycin (Paneco) at 5% CO2. 

Western Reserve strain of vaccinia virus (VACV 
WR) (GenBank #OP584857.1) was grown in Vero E6 
cells. Aliquots of virus-containing medium were stored 
at –80ºC. The biological activity of the virus was deter-
mined by standard titration method on cell culture by 
counting plaques [31].

Production of recombinant adenoviruses
rAd was constructed using the technology de-

scribed previously [32]. Vaccinia virus antigen genes 
were amplified from the VACV WR genome (GenBank 

#OP584857.1) using primers indicated in Table 1 and 
cloned under the control of the human cytomegalovirus 
promoter. Plasmid vectors with the human rAd genome 
of type 2 (rAd2) and the target antigen were obtained by 
homologous recombination in bacterial cells. The rAds 
were produced and grown in HEK293 cells. Viruses 
were purified and concentrated by ultracentrifugation in 
cesium chloride density gradient according to standard 
methods [33]. The number of virus particles was deter-
mined by the standard spectrophotometric method [34].

Animal models
Mice of the inbred line BALB/c, males and fe-

males, body weight 16–18 g, were obtained from the 
nursery of the Pushchino Nursery of laboratory ani-
mals, branch of the Institute of Bioorganic Chemis-
try of RAS. The animals were kept in the vivarium of  
N.F. Gamaleya NRCEM in accordance with the re-
quirements for keeping laboratory animals and had free 
access to food and water. The authors confirm compli-
ance with institutional and national standards for the 
use of laboratory animals in accordance with the “Con-
sensus Author Guidelines for Animal Use” (IAVES, 
23.07.2010). The study protocol was approved by the 
Biomedical Ethics Committee of the N.F. Gamaleya 
NRCEM of the Ministry of Health of Russia (protocol 
# 34 from 16.01.2023).

Immunization and infection of mice
Five-week-old BALB/c mice were immunized 

intranasally under mild inhalation anesthesia or intra-

Table 1. Primer sequences for amplification of vaccinia virus genes

Name Sequence

A33-F CACCGGCGGTCGACAGATCTGCCACCATGATGACACCAGAAAACGACG

A33-R GATATCTCTAGATTAACAAAAATACTTTCTAACTTCTTGTG

H3-F ACTAAGCTTATATGGCGGCGGCGAAAACT

H3-R ATCTAGATATCTG TTAGATAAATGCGGTAAC

B5-F CACCGGCGGTCGACAGATCTGCCACCATGAAAACGATTTCCGTTGTTACG

B5-R TCTAGATTACGGTAGCAATTTATGGAACTTATA

D8-F CACCGGCGGTCGACAGATCTGCCACCATGCCGCAACAACTATCTCCTATTAA

D8-R GATATCGCTAGCTTACTAGTTTTGTTTTTCTCGCGAATATCG

A14-F CACCGGCGGTCGACAGATCTGCCACCATGGACATGATGCTTATGATTGG

A14-R GATATCTCTAGATTATTAGTTCATGGAAATATCGCTATG

A27-F CACCGGCGGTCGACAGATCTGCCACCATGGACGGAACTCTTTTCCC

A27-R TCTAGATTATTACTCATATGGGCGCCGTC

L1-F CACCGGCGGTCGACAGATCTGCCACCATGGGTGCCGCGGCAAGCAT

L1-R GATATCTCTAGATTATCAGTTTTGCATATCCGTGGTAGC

A17-F CACCGGCGGTCGACAGATCTGCCACCATGAGTTATTTAAGATATTACAATATG

A17-R GATATCTCTAGATTATTAATAATCGTCAGTATTTAAACTG

D13-F CACCGGCGGTCGACAGATCTGCCACCATGAATAATACTATCATTAATTCTTTG

D13-R ACTAGTTTATTAGTTATTATCTCCCATAATCTTG
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muscularly with rAd at a dose of 2 × 1010 viral particles.  
The same adenoviruses were re-administrated at the 
same dose 3 weeks later. Serum samples were collected 
on day 28 after the 1st immunization. Immunized mice 
were subjected to intranasal infection with vaccinia 
virus strain WR at a dose of 16 LD50 (5 × 104 PFU)  
35 days after the 1st immunization. During 14 days 
after infection, the animals were examined daily and 
clinical symptoms of smallpox infection (decreased lo-
comotor activity, hunched, ruffled hair, conjunctivitis), 
changes in body weight, and death of mice were record-
ed. Animals were sacrificed if they lost more than 25% 
of their body weight.

Enzyme immunoassay
The titer of specific IgG antibodies to vaccinia vi-

rus in serum samples was determined by enzyme-linked 
immunosorbent assay. 96-well plates were coated with 
vaccinia virus WR (105 PFU/plate) diluted in carbon-
ate-bicarbonate buffer (pH 9.6) overnight at 4ºC. Se-
rum samples were serially diluted twice to 1 : 102,400, 
added to blocked 96-well plates and incubated at 37ºC 
for 1 h. The plates were then washed and secondary 
antibodies conjugated to a complex of recombinant 
streptavidin with horseradish peroxidase were added to 
each well. The plates were incubated for 1 h at 37ºC. 
Thereafter, tetramethylbenzidine hydrochloride was 
added to the plates. The reaction was stopped by adding 
H2SO4 and the absorbance (450 nm) was read using a 
Multiskan FC tablet photometer (ThermoFisher). The 
highest serum dilution with an optical density value 2 
or more times higher than the value in the correspond-
ing serum dilution of intact (unimmunized) mice was 
taken as the final titer. 

Statistical processing of data
Statistical processing of data and construction 

of diagrams were performed in the GraphPad Prism 8 
program. Statistical significance of differences between 
the studied groups was determined using the Wilcoxon 

T-test for dependent samples or Mann–Whitney U-test 
for independent samples. Differences were considered 
reliable at p < 0.05.

Results

Design and production of rAd expressing surface 
antigen genes

The main immunodominant proteins of the vac-
cinia virus are 2 glycoproteins of the enveloped extra-
cellular virion, A33 and B5, as well as proteins of the 
mature intracellular virion: D8, H3, L1, A14, A17, A27 
and D13. These antigens have a high degree of homo-
logy between different orthopoxvirus species (Table 2) 
[35–37]. 

The genes of the proteins described above were 
obtained from the genome of vaccinia virus and cloned 
into the rAd2 genome under the control of the human 
cytomegalovirus promoter (Fig. 1). The rAd2 genome 
carries a deletion of the E1 region that renders the ad-
enovirus replication-defective (an expression cassette 
with the target gene is cloned into this deletion site). 
To increase the packaging capacity, the E3 region was 
also deleted.

Thus, we obtained 9 rAd2, 2 of which carried sur-
face antigens of the enveloped virion (rAd2-B5 and 
rAd2-A33) and 7 of which carried antigens of the ma-
ture virion (rAd2-H3, rAd2-L1, rAd2-D8, rAd2-D13, 
rAd2-A14, rAd2-A17, and rAd2-A27).

rAd2 vectors induce humoral immune response in vivo 
To evaluate the immunogenicity of the obtained 

rAd (rAd2-A33, rAd2-B5, rAd2-H3, rAd2-L1, rAd2-D8, 
rAd2-D13, rAd2-A14, rAd2-A17, rAd2-A27), mice 
were immunized intramuscularly or intranasally with 
adenoviruses at a dose of 2 × 1010 viral particles once 
or twice. Titers of specific IgG antibodies to vacci-
nia virus were determined by enzyme-linked immu-
nosorbent assay on the 28th day after immunization  
(Figs. 2, 3). 

Table 2. Homology between proteins of different orthopoxvirus species

VACV antigen 
Antigen (% homology)

Orthopoxvirus monkeypox Orthopoxvirus cowpox Orthopoxvirus variola

L1 M1 (98,4%)  CPVX099 (98,4%) M1 (99,2%)

H3 H3 (93,83%) CPVX112 (94,46%) I3 (93,85%)

D8 E8 (94,41%) CPVX125 (97,37%) F8 (93,09%)

D13 E13 (98,91%) CPVX131 (98,73%) N3 (98,91%)

A14 А15 (100%)  CPVX146 (100%) A14 (97,78%)

A17 А18 (97,55%) CPVX150 (95,59%) A17 (97,55%)

A27 А29 94,55%) CPVX162 (95,45%) A30 (93,64%)

A33 А35 (92,47%) CPVX168 (91,49%) A36 (89,25%)

B5 В6 (96,53%) CPVX199 (93,69%) B7 (92,74%)
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Fig. 1. Scheme for the production of recombinant adenoviruses expressing surface antigens of the vaccinia virus.
L1 — myristoylated protein; H3 — membrane-associated protein p35 IMV; D8 — transmembrane carbonic anhydrase-like protein;  

D13 — IMV membrane protein; A14 — structural transmembrane protein p16 IMV; A17 — transmembrane protein IMV (morphogenesis 
factor); A27 — membrane protein IMV; B5 — type I membrane glycoprotein; A33 — type II membrane glycoprotein.

rAd2-A27    rAd2-B5  rAd2-A33 rAd2-H3 rAd2-L1 rAd2-D8 rAd2-A14 

Cloning of genes into rAd2 vector 

rAd2-A17 rAd2-D13 

EEV IMV 

L1 H3 D8 A33 B5D13 A14 A17 A27

Fig. 2. Immunogenicity of recombinant adenoviruses expressing surface antigens of the vaccinia virus after single (a)  
and double (b) intramuscular immunization.

The figures show the confidence at p < 0.05; *p < 0.0001. C — control.
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Protective efficacy of rAd2 in vivo

The next step was to test the protective efficacy 
of the antigens. After 35 days from the start of double 
immunization, mice were infected with a pathogenic 
WR strain at a dose of 16 LD50 (5 × 104 PFU). The in-
fectious dose was chosen based on preliminary experi-
ments to determine the LD50 in vivo [38]. Survival and 
body weight changes were recorded for 14 days after 
infection.

As expected, in the control group, pronounced 
clinical signs of the disease with a body weight loss of 
more than 13% were observed from day 4. As shown in 
Fig. 4, all control mice rapidly lost weight and died on 
the 5th–8th day after the infection.

After intramuscular immunization with rAd2-B5 
expressing the B5 EEV glycoprotein gene, we ob-
served 20% protection of animals from lethal infection 
(Fig. 4, a, b). Double intramuscular immunization with 
rAd2-D8 expressing the D8 IMV glycoprotein gene re-
sulted in 40% survival of animals. Animals immunized 
with rAd2 expressing other surface antigens lost 25% 
of their initial weight within 5–7 days of infection. The 
results of the study concluded that when using the in-
tramuscular route of administration, a single antigen is 
not sufficient for protection.

Interestingly, intranasal immunization significantly 
reduced the severity of infection and protected the an-
imals from both lethality and weight loss (Fig. 4, c, d). 

In particular, during immunization with rAd2-B5 
we observed 100% protective efficacy. It should be 
noted that in the group of animals immunized with 
rAd2-B5, insignificant weight loss (no more than 3%) 
on days 3-5 was observed in only half of the animals. 
In the rAd2-H3 group, the survival rate was 87.5% 
(out of the 8 mice, 1 did not survive). Furthermore, 
1 mouse had a weight loss of about 15% on day 5 
with gradual reco very by day 14. In the rAd2-A33, 
rAd2-L1, rAd2-D8 and rAd2-D13 groups, the sur-
vival rate was 75%. Temporary weight loss by day 5 
for the groups did not exceed 25%. The mice in the 
rAd2-A17 and rAd2-A27 groups had a 50% lethality 
with a weight loss of 15% or less. The mice immu-
nized with rAd2-A14 lost 21% of their initial weight 
within 5 days of infection. The survival rate in this 
group was only 25%.

These data indicate that rAd2-B5 and rAd2-H3 
are optimal vectors for protection against intranasal 
vaccinia virus infection, demonstrating the importance 
of B5 and H3 as protective antigens in this model of or-
thopoxvirus infection. Therefore, we further tested the 
efficacy of combined immunization (intramuscular +  
intranasal) for induction of both systemic and local re-
sponse. 

Mice were injected intramuscularly with rAd2-B5 
or rAd2-H3 at a dose of 2 × 1010 viral particles; 21 days 
later, the same adenoviral vector was administered in-
tranasally. After 35 days from the start of immuniza-

A single intramuscular immunization resulted in 
the formation of specific IgG antibodies in mice that 
received rAd2-B5, rAd2-H3, rAd2-D8, rAd2-D13, and 
rAd2-A14. The titer values in these groups had significant 
differences with the control group, where titers were less 
than 1 : 50 (Fig. 2, a). High levels of IgG antibodies were 
found in the group of mice immunized with rAd2-H3 
(geometric mean titers (GMT) 1 : 3676). Administration 
of rAd2-B5 resulted in the induction of IgG-antibodies 
with GMT = 1 : 348.2. Minimal levels of IgG antibodies 
were observed for rAd2-D8 (GMT = 1 : 100), rAd2-A14 
(GMT = 1 : 107.2) and rAd2-D13 (GMT = 1 : 57.43) 
groups with no significant differences between groups. 
Double immunization resulted in a significant increase 
in IgG antibody levels compared to single immunization 
only for the rAd2-H3 (GMT = 1 : 14703) and rAd2-B5  
(GMT = 1 : 2111) groups (Fig. 2, b). No significant dif-
ferences were found between the other groups.

After single intranasal immunization, specific IgG 
antibodies in serum were not detected in any group. Af-
ter double intranasal immunization, specific IgG anti-
bodies were detected in the serum of animals immu-
nized with rAd2-B5 and rAd2-H3. The titer values in 
these groups had significant differences with the control 
group, where titers were less than 1 : 50 (Fig. 3). High 
antibody levels were found in the group of mice immu-
nized with rAd2-H3 (GMT = 1 : 1902.73). Administra-
tion of rAd2-B5 resulted in induction of IgG antibodies 
with GMT = 1 : 183.4.

Fig. 3. Immunogenicity of recombinant adenoviruses 
expressing surface antigens of the vaccinia virus after  

two intranasal immunizations.
The figure shows the confidence at p < 0.05; *p < 0.0001. 
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Fig. 4. The protective efficacy of recombinant adenovirus vectors expressing the surface antigens of the vaccinia virus  
after intramuscular (a, b) or intranasal (c, d) immunization in a mouse model of lethal infection. 

a, c  — weight dynamics (the graph shows the average value and the standard error of the average value); b, d — survival. C– — control.

tion, animals were infected with the pathogenic WR 
strain at a dose of 16 LD50 (5 × 104 PFU). Survival and 
body weight changes were recorded for 14 days after 
infection (Fig. 5).

Combined immunization with rAd2-B5 or 
rAd2-H3 provided 100% protection of animals against 
lethal infection. No weight loss was recorded in the 
group of animals intramuscularly and intranasally 
immunized with rAd2-B5. However, in the rAd2-H3 
group, weight loss was about 23% on day 6 in 2 out of 
8 mice with gradual recovery by day 14.

Discussion
Since the use of vaccinia virus in the last century, 

concomitant vaccination is no longer available. Despite 
the eradication of smallpox, the world continues to face 
orthopoxvirus infections that require active actions. Se-
rious side effects following smallpox virus vaccination 

have emphasized the need to develop safer vaccine for-
mulations to combat current orthopoxvirus infections 
such as monkeypox.

Russian scientists have made a great contribution 
to the development of smallpox vaccines [39–41]. 
Currently, the least reactogenic and safe vaccine is 
the recently developed OrthopoxVac vaccine from 
the Vector Research Center of Rospotrebnadzor for 
the prevention of orthopoxvirus infections, which is 
an L-IVP strain of the vaccinia virus with 6 disrupted 
virulence genes [42].

A high degree of homology in the central region of 
the genome of monkeypox and vaccinia virus, amount-
ing to 96.3%, indicates their genetic similarity [35–37]. 
In particular, the MPV genes A35, B6, M1, E8, H3, 
A15, A18, A29 and E13 show significant conservation 
with orthologous orthopoxvirus genes, including small-
pox and vaccinia viruses [24]. 
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Several technologies have been used to develop 
orthopoxvirus vaccines: live vaccine, attenuated repli-
cation-defective virus, DNA-based vaccine and subunit 
vaccines. Each of them has its own disadvantages, such 
as serious adverse events with live vaccine, lower im-
munogenicity in attenuated non-replicating vaccines 
and DNA vaccines, and a long development cycle for 
recombinant proteins [24, 26, 43, 44].

rAd possess a number of key properties that make 
them good candidates for vector vaccine development. 
rAd are physically and genetically stable and effective-
ly induce innate and adaptive immune response by vari-
ous routes of administration, including delivery via mu-
cosal surfaces [45]. The latter is a significant advantage 
over other types of vaccines, since the effectiveness of 
vaccination depends on the site of administration and 
the recruitment of antigen-presenting cells [46]. Intra-
muscular immunization leads to stimulation of the sys-
temic immune response, but does not provide effective 
barrier immunity. Meanwhile, intranasal immunization 
can induce humoral and cellular immunity both on mu-
cosal membranes and systemically [47]. Thus, the de-
velopment of mucosal vaccines will help to meet the 
need for more effective protection against pathogens 
that penetrate through mucous membranes. 

Adenovirus technology provides a versatile plat-
form for the rapid development and deployment of vac-
cines to combat viral infections, including those with 
pandemic potential. In this study, we developed a panel 
of recombinant replication-defective vectors based on 
human adenovirus type 2 encoding genes of surface 
proteins of vaccinia virus. Two proteins of the extracel-
lular enveloped virion (A33 and B5) and 7 proteins of 
the intracellular mature virion (L1, D8, H3, A14, A17, 
A27, D13) were selected as target genes for cloning into 

the rAd2 genome. We evaluated the immunogenicity of 
9 EEV and IMV surface proteins, most of which have 
been shown to be effective in previous studies [15, 17, 
19, 24, 26, 27]. However, in our study, of the 9 surface 
antigens, only B5 and H3 induced an immune response 
in mice upon systemic and intranasal administration. 
We hypothesize that this may be due to the fact that 
both B5 and H3 proteins are glycoproteins. Glycopro-
teins contain epitopes that are recognized by immune 
system cells more efficiently than epitopes of other 
types of proteins. According to the literature sources, in 
silico predicted B- and T-cell epitopes for immunodom-
inant MPV proteins (M1, H3, E8, A29, A35 and B6) 
have been reported [48]. 

In experiments to study the protective efficacy of 
rAds, we demonstrated the efficacy of intranasal im-
munization. Intranasal immunization with rAd2-B5 ex-
pressing the B5 EEV glycoprotein gene provided the 
best protection (100%) with the least weight loss and 
fastest recovery. Intranasal immunization with rAd2-H3 
expressing IMV glycoprotein H3 gene provided 87.5% 
protection. Other surface proteins: EEV A33, IMV L1, 
D8 and D13 protected animals from lethal infection by 
75%. Administration of rAds with genes of IMV anti-
gens A17, A27 and A14 provided only partial protec-
tion against VACV by 25-50% depending on the an-
tigen. The efficacy of combined immunization (intra-
muscular + intranasal) with rAd2-B5 or rAd2-H3 was 
100%. Our data are consistent with the results of other 
studies; in which it was shown that specific immunity to 
EEV surface antigens is most important for protection 
against intranasal infection [49]. Antibodies specific to 
B5 play an important role against pulmonary or intra-
cerebral infection [50]. H3 protein activates dendritic 
cells, which leads to the secretion of cytokines such as 

Fig. 5. The protective efficacy of recombinant adenovirus vectors rAd2-B5 and rAd2-H3 after combined immunization (im+in) 
in a mouse model of lethal infection. 

a — weight dynamics; b — survival. C — control.
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interleukins-12p70, -10, -6 and tumor necrosis factor-α, 
which further induces proliferation of CD8+ T-lympho-
cytes, thereby destroying virus-infected cells [51].

These results demonstrate the protective potential 
of the selected antigens and provide valuable informa-
tion for the subsequent development of effective and 
safe polyvalent orthopoxvirus vaccines. Our study con-
firms that B5 and H3 have the highest protective poten-
tial, and in combination with other surface proteins of 
the mature virion can provide maximum efficacy. Fur-
ther study of the immunogenic and protective poten-
tial of different antigen combinations is required. This 
study lays a solid foundation for the subsequent optimi-
zation of vector vaccines by confirming the feasibility 
of combining different EEV and IMV surface antigens 
to achieve maximum protection against orthopoxvirus-
es, including monkeypox virus.

Conclusion
In this study, a panel of rAds carrying genes of 

vaccinia virus surface proteins was created and their 
immunogenicity and efficacy were evaluated. In our 
study, we found that in a lethal infection model in-
duced by the WR vaccinia virus strain, glycoproteins 
B5 and H3 showed the greatest protective activity 
when immunized intranasally. Furthermore, combi-
nation with other antigens can not only enhance the 
immune response but also generate cross-immunity 
to other members of the Orthopoxvirus genus causing 
infections in humans. These results provide insight 
into the protective mechanism of polyvalent vector 
vaccines and a basis for further development and in-
troduction of such vaccines aimed at enhancing pro-
tection against orthopoxviruses.
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