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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.

Keywords: monkeypox virus, vaccinia virus, recombinant adenovirus, immunogenicity, protective activity

Ethical approval. Authors confirm compliance with institutional and national standards for the use of laboratory animals
in accordance with «Consensus Author Guidelines for Animal Use» (IAVES, 23 July, 2010). The research protocol was
approved by the Biomedical Ethics Committee of the N.F. Gamaleya National Research Center for Epidemiology and
Microbiology (protocol No. 34, January 16, 2023).

Funding source. This study was not supported by any external sources of funding.

Conflict of interest. The authors declare no apparent or potential conflicts of interest related to the publication of this
article.

For citation: Zrelkin D.l., Zubkova O.V., Ozharovskaia T.A., Popova O., Voronina D.V., Goldovskaya P.P., Vavilova |.V.,
Chugunova A.S., Dolzhikova 1.V., Shcherbinin D.N., Shcheblyakov D.V., Logunov D.Y., Gintsburg A.L. Study of the
protective properties of immunodominant proteins of orthopoxviruses in various methods of immunization. Journal of
microbiology, epidemiology and immunobiology. 2025;102(1):18-30.

DOI: https://doi.org/10.36233/0372-9311-634

EDN: https://www.elibrary.ru/ONKJVE

# Authors of the article who made an equal contribution to the preparation of the publication.
© Zrelkin D.I., Zubkova O.V., Ozharovskaia T.A., Popova O., Voronina D.V., Goldovskaya P.P., Vavilova I.V., Chugunova A.S., Dolzhikova 1.V., Shcherbinin D.N.,
Shcheblyakov D.V., Logunov D.Y., Gintsburg A.L., 2025


https://crossmark.crossref.org/dialog/?doi=10.36233/0372-9311-643&domain=PDF&date_stamp=2025-03-30

KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIUI. 2025; 102(1)
DOI: https://doi.org/10.36233/0372-9311-643

19

OPUTVHANbHbBIE NCCJTIEAOBAHNA

OpuirnHanbHoe nccnefoBaHne
https://doi.org/10.36233/0372-9311-643

UccnepgoBaHne NpOTEeKTUBHbIX CBONCTB MMMYHOAOMUHAHTHDIX
6eNKoB OPTONOKCBUPYCOB NPW pasfNYHbIX cnocobax
MMMYHM3aLun

3penkuH [.1.%, 3y6koBa O.B.*™, OxxapoBckas T.A., Monosa O., BopoHuHa [1.B.,
lfonposckaa .M., BaBunosa WU.B., YyryHosa A.C., [lonxknkosa U.B.,
LWep6uHuH A.H., Lebnakos A.B., JloryHos A.10., TnHu6ypr AJl.

HavumoHanbHbI nccnefoBaTeNibCKUN LEHTP SMNMAEMUONOTN 1 MUKPOGUOnornm
MMeHU noyeTHoro akagemunka H.Q. lamaneun, Mocksa, Poccua

AHHOMauus

BBepeHue. BcemupHasi opraHmsauus 3apaBooxpaHeHms B 2022 r. ob6bsaBuna ocny 06e3bsH Ype3BblYanHOM Cu-
Tyaumen B obnactu sgpasooxpaHeHus. Bupyc ocnbl 06e3bsH (MPV) npunaanexut k pogy Orthopoxvirus cemen-
ctBa Poxviridae. OpTONOKCBMPYCbl BO BpeMs pennukaumMu obpasytoT 2 otaenbHble OpMbl BUPYCHbIX YacTuu:
3K30LMTO30M BbIAENAETCH 000NOYEYHbIN BHEKNETOYHbIM BUPWOH (EEV), a 3penbii BHYTPUKINETOYHbIA BUPUOH
(IMV) BbicBOGOXOaETCA B pedynbraTe nuanca KneTok. Y aTux AByx hopm BUPUOHOB OTNMYaKOTCA Habopbl NoBepX-

HOCTHbIX BENKOB, YTO 06ycnosnv|BaeT nx pasnnyma B UMMYHOI€HHOCTU n MHMEKLMOHHOCTN.

Llenb paboTbl — OLEHKA UMMYHOFEHHOW WM MPOTEKTUBHOM aKTUBHOCTU 9 MOBEPXHOCTHBLIX aHTUrEHOB BMpyca

ocnoBaKuUMHBbI.

Martepuan u metogbl. [eHOMbI peKkOMOMHAHTHBIX aJE€HOBUPYCOB YernoBeka 2-ro cepoTuna, HecyLLmMx noBepx-
HOCTHbIE aHTUIEHbl BMPYCa OCMOBAaKLUMHbI, MOy4Yany MeTO40M roOMOSIOrMYHOM peKkoMOMHaUmMn B GakTepmanbHbIX
KrneTkax c nocnegytoLuen cbopkon ageHoBMpYyCHbIX YacTuy B knetkax HEK293. MIMMyHOreHHble 1 NpOTEKTUBHbIE
CBOWCTBA NOMyYEeHHbIX PEKOMOWHAHTHBIX afleHOBMPYCOB M3y4anu Ha Mblwax BALB/c. CbiBopoTku KpoBu nocne
UMMYHM3aLUUN XXMBOTHbBIX MCCreaoBann MeEToA0M MMMYHOEPMEHTHOIO aHanuaa Ha Hanuunue aHTUTen K BUpycy
ocnoBakuUMHbI. [pOTEKTUBHbIE CBOMCTBA OLEHMBANM Ha NneTansHON Modeny MHEeKUUn Mblllen nocrne nHTpaHa-

3aribHOro 3apaxeHna BUMpyCoM OCnoBaKUUHbI lWWTaMMa Western Reserve.

PesynbraTtbl. Hanbonee MMMyHOreHHbIMU M NPOTEKTUBHBLIMW aHTUIEHaMU BUpyca OCMOBaKUMHbI B COCTaBe pe-
KOMBMHaHTHbBIX aJeHOBMPYCOB YeroBeka 2-ro cepotuna bbiny rmukonpotenH B5 060no4e4HOro BHEKNETOHHOTO
BMPUOHA N MeMBpaHHO-accoLMMpoBaHHbIn 6enok H3 3penoro BHYTPYKIETOYHOTO BUPUOHA. MNpu nsyveHun 3a-
LWMTHON adbpeKkTMBHOCTM aHTureHoB nokasaHa 100% adpektuBHoCTb B5 1 H3 npu nHTpaHasansHON UMMyHW-

3auun.

3akntouyeHune. [Npy Ncnonb3oBaHNM NaHENn pPekoMOMHAHTHBIX afeHOBUMPYCHBIX BEKTOPOB, HECYLUMX FeHbl Mo-
BEPXHOCTHbIX OEMKOB BUpPYCa OCMOBAKLMHbI, MOKa3aHO, YTO ONTUMasibHas 3alimMTa MOXET ObITb JOCTUrHyTa C Mo-
MOLLIbHO KOMOMHALMM aHTUreHOB 060N0YEYHOrO 1 3pEernoro BUPMOHOB. [laHHbI Noaxoa MOXeT 6bITb MCNOMb30BaH

npu paspa60TKe HOBbIX NONMBANEHTHbIX BaKUMH NMPOTUB PasimiMyHbIX BUPYCHbIX MHMEKLNIA.

KnioueBble crioBa: supyc ocribl 06e3bsiH, 8UPYC OCMOBaKUUHbI, PEKOMOUHaHMHBbIL adeHo8UPYC, UMMYHO2EH-

HOCMb, NPOMmMeKmueHoCcmb

Amuyeckoe ymeepOeHue. ABTOpblI MOATBEPXKAANT COGMIOAEHVWE WHCTUTYLMOHAmNbHBIX M HaUMOHAarbHbIX CTaH-
[apToB MO UCMOMb30BaHMIO NabopaTopHbIX XMBOTHLIX B cooTBeTCTBUM € «Consensus Author Guidelines for Animal
Use» (IAVES, 23.07.2010). Mpotokon wuccnepoBaHusi ogobpeH KomwuteTtom no 6uomeguumHckon atuke HALIOM

um. H.®. lamaneu (npotokon Ne 34 ot 16.01.2023).

HUcmoyHuk (f)UHaHCUpOsaHUH. ABTOpr 3aaBnsaT 06 OTCYTCTBUM BHELUHEro CbVIHaHCI/IpOBaHVIFl npu nposegeHun nc-

crnefoBaHus.

KOH(#)J'IUKm UHmMepecos. ABTOpr OEKNapupyT OTCYTCTBME ABHbIX U NMOTEHUWaNbHbIX KOHq)ﬂI/IKTOB NHTEepecoB, CBA-

3aHHbIX ¢ NyGnnKaumen HacTosLen cTaTbu.
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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 virus'. 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), Al4
(17-25 kDa), A17 (23-29 kDa), L1 (25-29 kDa), D8
(34 kDa) and H3 (35 kDa) [9-13]. Extracellular envel-

! ICTV. Subfamily: Chordopoxvirinae. Genus: Orthopoxvirus.
URL: https://ictv.global/report/chapter/poxviridae/poxviridae/
orthopoxvirus
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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 BS5, 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, BS 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 BS) 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% CO,. 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% CO.,.

Western Reserve strain of vaccinia virus (VACV
WR) (GenBank #0OP584857.1) was grown in Vero E6
cells. Aliquots of virus-containing medium were stored
at —80°C. 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 x 10'? viral particles.
The same adenoviruses were re-administrated at the
same dose 3 weeks later. Serum samples were collected
on day 28 after the 1* immunization. Immunized mice
were subjected to intranasal infection with vaccinia
virus strain WR at a dose of 16 LD, (5 x 10* 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 (10° PFU/plate) diluted in carbon-
ate-bicarbonate buffer (pH 9.6) overnight at 4°C. Se-
rum samples were serially diluted twice to 1 : 102,400,
added to blocked 96-well plates and incubated at 37°C
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 37°C.
Thereafter, tetramethylbenzidine hydrochloride was
added to the plates. The reaction was stopped by adding
H,SO, 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

ORIGINAL RESEARCHES

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 BS5, 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-DS,
rAd2-D13, rAd2-Al4, rAd2-A17, rAd2-A27), mice
were immunized intramuscularly or intranasally with
adenoviruses at a dose of 2 x 10'? viral particles once
or twice. Titers of specific IgG antibodies to vacci-
nia virus were determined by enzyme-linked immu-
nosorbent assay on the 28" day after immunization
(Figs. 2, 3).

Table 2. Homology between proteins of different orthopoxvirus species

Antigen (% homology)

VACYV antigen
Orthopoxvirus monkeypox Orthopoxvirus cowpox Orthopoxvirus variola
L1 M1 (98,4%) CPVX099 (98,4%) M1 (99,2%)
H3 H3 (93,83%) CPVX112 (94,46%) 13 (93,85%)
D8 E8 (94,41%) CPVX125 (97,37%) F8 (93,09%)
D13 E13 (98,91%) CPVX131 (98,73%) N3 (98,91%)
A14 A15 (100%) CPVX146 (100%) A14 (97,78%)
A17 A18 (97,55%) CPVX150 (95,59%) A17 (97,55%)
A27 A29 94,55%) CPVX162 (95,45%) A30 (93,64%)
A33 A35 (92,47%) CPVX168 (91,49%) A36 (89,25%)
(

B5 B6 (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
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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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A single intramuscular immunization resulted in
the formation of specific IgG antibodies in mice that
received rAd2-B5, rAd2-H3, rAd2-DS8, 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-BS5 resulted in induction of IgG antibodies
with GMT =1 : 183.4.

ORIGINAL RESEARCHES

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 LD, (5 x 10* PFU). The in-
fectious dose was chosen based on preliminary experi-
ments to determine the LD, 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 5"-8" 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, ¢, 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 recovery 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 x 10! viral particles; 21 days
later, the same adenoviral vector was administered in-
tranasally. After 35 days from the start of immuniza-
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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, ¢ — 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 LD, (5 x 10* 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 BS 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
BS5 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
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interleukins-12p70, -10, -6 and tumor necrosis factor-a,
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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