
МС 225ЖУРНАЛ МИКРОБИОЛОГИИ, ЭПИДЕМИОЛОГИИ И ИММУНОБИОЛОГИИ. 2023; 100(3) 
DOI: https://doi.org/10.36233/0372-9311-404

ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ

REVIEWS

Review
https://doi.org/10.36233/0372-9311-404

Live attenuated COVID-19 vaccines: approaches to development 
and prospects for clinical use
Ekaterina R. Korchevaya1 , Anastasiia V. Gracheva1, Ilya N. Dyakov1, 
Vitaly V. Zverev1, Evgeny B. Faizuloev1,2

1I. Mechnikov Research Institute for Vaccines and Sera, Moscow, Russia; 
2Russian Medical Academy of Continuous Professional Education, Moscow, Russia

Abstract
Although WHO declared an end to the pandemic, COVID-19 remains a significant public health concern worldwide. 
Modern vaccines often induce either only humoral or only cellular immunity. Furthermore, new emergent 
epidemiologically significant SARS-CoV-2 variants and their spread considerably reduce the effectiveness of 
preventive vaccination. Therefore, there is an urgent need to improve the existing vaccines against COVID-19. 
One of the promising approaches to the solution of the problem is creation of a "universal" vaccine that would have 
a cross-protective activity against different antigenic variants of the virus. In this respect, the development of live 
attenuated vaccine is of special interest, as it can activate not only humoral, but also cell-mediated components 
of immunity, providing long-term immune response and cross-protection against different variants of the virus.
This review highlights the existing approaches to producing attenuated SARS-CoV-2 strains and gives an 
assessment of their prospects for clinical use. Some researchers use methods of genetic engineering and reverse 
genetics such as site-directed mutagenesis and codon deoptimization for virus attenuation. Others tend to use 
traditional approaches focusing on producing virus mutants through extended passaging in cell culture under 
selective conditions. The gained experience demonstrates great prospects for development of highly effective 
live-attenuated vaccine against COVID-19.
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Аннотация
Несмотря на объявленное ВОЗ завершение пандемии, COVID-19 остаётся актуальной проблемой здра-
воохранения во всём мире. Современные вакцины зачастую формируют либо только гуморальный, либо 
только клеточный иммунитет. Кроме того, появление и распространение новых эпидемиологически значи-
мых вариантов SARS-CoV-2 значительно снижает эффективность вакцинопрофилактики. Всё это требует 
совершенствования существующих вакцин против COVID-19. Одним из возможных подходов к решению 
данной проблемы является создание «универсальной» вакцины, обладающей перекрёстной протектив-
ной активностью в отношении разных антигенных вариантов вируса. В связи с этим представляет интерес 
разработка живой аттенуированной вакцины, способной активировать не только гуморальное, но и клеточ-
ное звено иммунитета, обеспечивая продолжительный иммунный ответ и перекрёстную защиту от разных 
вариантов вируса.
В данном обзоре рассматриваются реализованные подходы к получению аттенуированных штаммов 
SARS-CoV-2 и оценивается потенциал их клинического применения. Одни авторы для аттенуации вируса 
используют методы генной инженерии и обратной генетики, такие как сайт-направленный мутагенез и 
деоптимизация кодонов. Другие используют традиционный подход, направленный на получение мутан-
тов вируса путём длительного пассирования в культуре клеток в селективных условиях. Накопленный на 
сегодняшний день опыт показывает большой потенциал создания высокоэффективной живой аттенуиро-
ванной вакцины против COVID-19. 

Ключевые слова: живые аттенуированные вакцины, SARS-CoV-2, COVID-19, обзор

Источник финансирования. Исследование выполнено за счёт гранта Российского научного фонда № 23-25-
00146, https://rscf.ru/project/23-25-00146/ 
Конфликт интересов. Авторы декларируют отсутствие явных и потенциальных конфликтов интересов, свя-
занных с публикацией настоящей статьи. 
Для цитирования: Корчевая Е.Р., Грачева А.В., Дьяков И.Н., Зверев В.В., Файзулоев Е.Б. Живые аттенуиро-
ванные вакцины против COVID-19: подходы к разработке и перспективы клинического применения. Журнал 
микробиологии, эпидемиологии и иммунобиологии. 2023;100(3):225–236.
DOI: https://doi.org/10.36233/0372-9311-404 EDN: https://www.elibrary.ru/psdxzr

Introduction
Although WHO declared an end to the pande mic, 

COVID-19 remains a significant public health con-
cern worldwide. Efforts unprecedented by their scale 
are being taken to reduce the burden of this disease, 
including mass vaccination, development of new and 
"retargeting" of existing pharmaceutical products. Viral 
vector, mRNA, recombinant protein subunit vaccines 
and inactivated whole-virion vaccines have been deve-
loped worldwide and are used for specific COVID-19 
prevention [1–5]. The application of these technology 
platforms shortens the time required for development 
of vaccines with high safety profile, helps prevent se-
vere COVID-19 cases or fatal outcomes caused by a 
homologous variant of the virus (i.e. the virus variant, 
based on which the vaccine is developed). The emer-
gence and wide spread of new epidemiologically sig-

nificant SARS-CoV-2 variants, especially the Omicron 
variant and its sublineages evading the immune protec-
tion developed against the Wuhan strain that was used 
in development of most of the approved vaccines, have 
considerably reduced the effectiveness of preventive 
vaccination [6–8]. Therefore, it is advisable to improve 
the existing vaccines and their match with the circulat-
ing SARS-CoV-2 variant to maintain the effectiveness 
of vaccination at high levels. One of the promising ap-
proaches to the solution of the problem is creation of a 
"universal" vaccine that would have a cross-protective 
activity against different antigenic variants of the virus. 
For example, good prospects are offered by the deve-
lopment of a live-attenuated vaccine (LAV) capable 
of activating not only humoral, but also cell-mediated 
components of immunity, providing long-term immune 
response and cross-protection against different variants 
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of the virus [9, 10]. It should be noted that currently the 
potential of LAVs in prevention of COVID-19 remains 
almost unrealized. 

Currently approved LAVs are highly effective and 
are successfully used for specific prevention of such 
diseases as poliomyelitis, measles, rubella, chicken 
pox, mumps, and influenza [11]. These vaccines were 
developed by obtaining mutant forms of the virus, 
which have reduced ability to replicate in human cell 
culture [12, 13], or by creating cold-adapted (ca) tem-
perature sensitive (ts) variants incapable of replication 
at human body temperature [14]. 

The purpose of this review is to highlight the ex-
isting approaches to SARS-CoV-2 attenuation and to 
assess the prospects for clinical use of LAVs against 
COVID-19.

Approaches to SARS-CoV-2 attenuation
Certain experience has been accumulated in pro-

ducing attenuated SARS-CoV-2 strains. Some research-
ers use methods of genetic engineering and reverse 
genetics such as site-directed mutagenesis and codon 
deoptimization for virus attenuation [15–20]. Others 
tend to use traditional approaches focusing on produc-
ing virus mutants through extended passaging in cell 
culture under selective conditions [21–24]. Currently, 
the only LAV against COVID-19 - CoviLiv™ vaccine 
(previously called COVI-VAC; developers: Codagenix 
(United States) and the Serum Institute (India) is un-
dergoing clinical trials; it is a virus with deoptimized 
codons in the S protein [5].

Classical (traditional) approaches to SARS-CoV-2 
attenuation

One of the classical approaches to virus attenua-
tion is virus adaptation to growth at low temperatures; 
usually, it is performed in cells of a different host. It was 
used for development of live vaccines against influen-
za, rubella, and measles [25–29], and such vaccines are 
widely used in different countries of the world. Cold 
adaptation is a process, by which the virus gradually 
adapts to growth in cell culture at low temperatures; it 
is often associated with reduced replication at 37ºC and 
higher temperatures. The adaptation of the virus to a 
new host and to the growth at low temperatures results 
in development of mutant forms of the virus, which are 
characterized by decreased replicative activity in a hu-
man body. For example, the virus having ca and ts-phe-
notypes is not able to replicate effectively and to cause 
pathological changes in the human body where the tem-
perature is higher than 37ºC (Fig. 1). The ca-phenotype 
represents the ability of the virus to replicate effective-
ly in cell culture at low temperatures compared to the 
parent strain. The ts-phenotype is characterized by the 
inability of the virus to replicate at 37ºC, 39ºC or 41ºC, 
while these temperatures are favorable for replication 
of the parent strain. 

For illustrative purposes, we can refer to the ex-
isting analog vaccine against the respiratory virus, 
namely the live-attenuated influenza vaccine (LAIV), 
which is administered intranasally. LAIV induces de-
velopment of not only systemic humoral and cell-me-
diated immunity, but also local mucosal immunity 
at the point of entry of the virus into the body (the 
"entrance gate" of infection) – the respiratory mucosa. 
LAIV is based on using the ca-strain – an attenuation 
donor bearing in "internal genes" mutations, which are 
responsible for the tsphenotype of the virus (the abil-
ity to replicate at 25–33ºC, but not at 37–39ºC) [30]. 
"Internal genes" encode all proteins of the influenza 
virus except for surface antigens –hemagglutinin and 
neuraminidase. Thus, when administered intranasal-
ly, ca/ts-strains of the influenza virus affect the upper 
respiratory tract (this specifies their immunogenicity), 
but they are not able to replicate in lungs and cause 
pneumonia. Vaccine strains for LAIV are obtained by 
reassortment between the donor strain and circulat-
ing strains, following which reassortant strains carry 
"internal genes" responsible for their attenuation (att) 
phenotype as well as hemagglutinin and neuramini-
dase genes responsible for protective properties of the 
virus [29–31]. Drawing on the experience gained in 
the LAIV development, several groups of researchers 
are working on LAV against COVID-19.

For SARS-CoV-2 attenuation, in some studies, the 
virus was adapted to growth at low temperatures com-
bined with change of the host [21, 22, 24, 32], while 
Li et al. achieved attenuation solely by changing the 
host [13]. The isolation and further cultivation of the 
virus were performed in monkey kidney cell culture 
(the Vero CCL-81 or Vero E6 cell line). To obtain ca
strains, the wild-type (parent) strain was passaged at 
the temperature gradually decreased to 21–23ºC. When 
the desired temperature was reached, the ca-virus went 
through a few more passages at the low temperature to 
secure the phenotype and was cloned using the plaque 
method [24] or the limiting dilution method [21, 32]. 
The randomly selected ca-clones obtained during the 
previous stage were examined for the presence of the 

Fig. 1. Virulence of the wild-type, cold-adapted (ca) and 
temperature-sensitive (ca/ts) strains of the respiratory virus. 
The wild-type strain can affect the upper and lower respiratory tract, 
causing pneumonia, while the ca-strain primarily affects the upper 

compartments, and ca/ts affects only the upper compartments of the 
respiratory tract.
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ts-phenotype [21, 24, 33], which, like the ca-pheno-
type, is a possible marker of the virus attenuation [14]. 

Seo et al. were the first to describe the develop-
ment of the attenuated cold-adapted SARS-CoV-2 vi-
rus [21]. The clinical isolate of SARS-CoV-2 was at-
tenuated by cold adaptation to 22ºC; each passage was 
performed at a lower temperature if pronounced CPE 
was demonstrated. The obtained attenuated strain had 
both ca and ts-phenotypes, which was associated with 
59 mutations present in genes of structural and non-
structural proteins, including 37 nonsynonymous sub-
stitutions. The K18-hACE2 transgenic mice expressing 
the gene of the human ACE2 receptor were immunized 
with the attenuated virus; after they were experimental-
ly infected with the wild-type SARS-CoV-2, they not 
only did not die, but also did not have any clinical signs 
of the disease compared to the animals from the control 
group. The att-phenotype of the ca-virus was confirmed 
by the absence of pronounced histopathology in mouse 
lungs and reduced replication in the internal organs 
on the 6th day after the immunization compared to the 
wild-type virus.

The study performed at the Mechnikov Research 
Institute of Vaccines and Sera was focused on the atten-
uation of the Dubrovka (D) strain of SARS-CoV-2 by 
cold adaptation (gradual decrease of the growth tem-
perature during 42 passages to 23ºC) in Vero CCL-81 
cells [32]. Two ca-clones of the D strain were obtained: 
The D-D2 variant having the ts-phenotype and capa-
ble of replication in Calu-3 human lung cells; and the 
D-B4 variant that did not have the ts-phenotype and lost 
the ability to replicate in Calu-3 human lung cells. The 
genome-wide genetic characterization of the D-D2 and 
D-B4 variants revealed up to 20 nucleotide and 18 ami-
no acid substitutions compared to the parent strain. In 
the intranasally infected Syrian hamsters, both ca-vari-
ants demonstrated reduced virulence; they did not slow 
down the weight gain, significantly more slowly repli-
cated in the lungs and other organs, caused significant-
ly less pronounced inflammatory changes in the lungs 
compared to the D strain. Thus, it was concluded that 
for ca-variants of SARS-CoV-2, the ts-phenotype was 
not critical for virulence reduction. For example, the 
D-B4 variant that did not have the ts-phenotype and 
lost its ability to infect Calu-3 human lung cells also 
demonstrated the reduced virulence in hamsters [23].

Xu et al. attenuated SARS-CoV-2 by passaging 
the virus in the Vero E6 cell culture at the gradually 
decreased temperature. When the temperature of 21ºC 
was reached, 5 passages were carried out, followed by 
cloning and assessment of the temperature sensitivity. 
Finally, the TS11 clone was chosen as having ca and 
ts-phenotypes. The whole-genome analysis of the TS11 
clone revealed the deletion leading to the loss of a 12 
amino-acid region of the protein in the furin cleavage 
site in the S protein, and the 371-nucleotide deletion 
involving ORF7bORF8 genes as well as several point 

mutations in nsp16, S, E, orf7a and N genes. After the 
intranasal infection with the TS11 clone, the Syrian 
hamsters continued to gain weight and did not demon-
strate any signs of the disease. TS11 successfully re-
plicated in the nasal cavity, but not in the lungs, causing 
only minor lesions in them. By the 20th day after the 
immunization, the histological analysis did not detect 
any traces of inflammation in the lungs [24].

Abdoli et al. also obtained the SARS-CoV-2 
ca-mutant by passaging the virus in the Vero cell cul-
ture at the gradually decreased temperature. The re-
searchers assume that the attenuation of the obtained 
KaraVac strain was caused by the double deletion in the 
S protein: at the S1/S2 junction (the PRRA motif) and at 
the S1-NTD site (the GTNGTKR motif). The  KaraVac 
strain replicated at 25ºC, 33ºC and 39ºC, though not at 
41ºC. Compared to the control group infected with the 
wild-type strain, the immunized Syrian hamsters did 
not have any weight loss and did not have any other 
signs of the disease [22]. 

At the same time, Li et al. developed an attenuated 
variant of SARS-CoV-2 by performing serial passag-
es in the Vero cell culture at 37ºC to obtain material 
for an inactivated vaccine. The developed strain was 
called VAS5 and had a deletion, which consisted of 21 
nucleotides encoding 7 amino acids, and was located 
upstream of the S1/S2cleavage site in the S gene. In 
the Caco-2 and Huh7 cell cultures as well as in human 
lung epithelial organoid cells, the VAS5 strain replica-
ted significantly more slowly than the wild-type strain. 
The immunized K18-hACE2 mice did not have any 
weight loss; no pathological changes were detected in 
the lungs; only few RNA copies were detected in the 
lung homogenates [13].

Genetic engineering-based approaches  
to SARS-CoV-2 attenuation

The development of an attenuated virus by using 
classical virological methods can take several months, 
thus posing a problem in the pandemic situation. The 
advances in genetic engineering promoted new ap-
proaches to fast development of vaccine strains using 
site-directed mutagenesis [34–36] or codon deoptimi-
zation [37, 38]. For example, the studies of Murine 
coronavirus (previously known as Murine hepatitis 
virus), which is a well-studied model coronavirus, 
have found that sequences of nonstructural NSP14 and 
NSP16 proteins, which are highly conserved for differ-
ent coronaviruses, are universal targets for site-direct-
ed mutagenesis aimed at reduction of virus virulence. 
Even a single amino acid substitution resulted in pro-
nounced virus attenuation in mice. At the same time, 
immunization of the mice with the mutant virus pro-
moted development of a long-term humoral and robust 
CD4+- and CD8+-T-cell-mediated immune response as 
well as full protection against infection with a lethal 
dose of the virus [39].
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Ye et al. also used the SARS-CoV-2 NSP16 gene 
as a target, introducing the D130A mutation into it. The 
NSP16 protein is a type I interferon antagonist and is 
critically important for methylation of the 5' terminal 
cap structure of viral mRNAs, while the D130A point 
mutation leads to inactivation of the NSP16 methyl-
transferase activity. The d16 mutant strain during the 
extended passaging in the Vero E6 cell culture re-
mained genetically stable and did not demonstrate any 
signs of virulence reversion. The Syrian hamsters and 
K18-hACE2 mice experimentally infected with the d16 
strain did not demonstrate any weight loss and did not 
develop the disease [20].

Liu et al. used genes of SARS-CoV-2 accessory 
proteins as a target, as they are associated with the regu-
lation of virus replication through interaction with host 
signaling pathways. Genes of the ORF3, ORF6, ORF7 
and ORF8 accessory proteins were removed from the 
genome, and the TRS ACGAAC fragment of the tran-
scription regulatory sequence was replaced with CCG-
GAT. The resulting attenuated ∆3678 virus replicated 
less efficiently in the primary culture of human lung 
epithelial cells compared to the parent strain, though it 
retained its replication ability in the Vero E6 cell cul-
ture. In the tests using BALB/c mice, the role of each 
gene in the SARS-CoV-2 attenuation was studied using 
the SARS-CoV-2 strain adapted to mice. It was found 
that the ORF3 (∆3a) deletion played an important role 
in the attenuation of the ∆3678 virus, which could be 
explained, as assumed by the researchers, by the impact 
of the ORF3 product on the signaling pathway of the 
type I interferon. The Syrian hamsters immunized in-
tranasally with the ∆3678 strain did not lose weight; the 
viral load in nasopharyngeal, tracheal and lung washes 
was significantly lower than the viral load in the control 
group infected with the wild-type strain. After the im-
munization, The K18-hACE2 mice did not lose weight 
and did not die even after they had received a high dose 
of the attenuated virus [18]. The similar results were 
obtained by Ye et al. in their studies [20].

To obtain an attenuated strain, Liu et al. made 
modifications in the SARS-CoV-2 (the WA1/2020 iso-
late) genome: They removed the sequence encoding 
the PRRA peptide upstream of the furin cleavage site, 
removed ORFs6-8s, which are interferon antagonists, 
introduced K164A/H165A mutations into the C-termi-
nal domain of the NSP1 protein. The developed strain 
WA1-ΔPRRA-ΔORF6-8-Nsp1N128S/K129E demonstrated 
poorer replication than the original virus in the MatTek 
EpiAirway human tracheal and bronchial epithelial cell 
culture and caused only mild lung lesions in infected 
K18-hACE2 transgenic mice and Syrian hamsters [19]. 

A slightly different approach was used by Yoshida 
et al. [17]. Using reverse genetics methods, they ob-
tained a library of 659 mutant clones based on the clin-
ical isolate of SARS-CoV-2 B.1.1 lineage (Pango). To 
identify the ts-phenotype, they grew clones using two 

temperature regimes – 32ºC and 37ºC, selecting clones 
that did not have a cytopathic effect at 37ºC for fur-
ther tests. The experimental infection of Syrian ham-
sters also confirmed the att-phenotype of the selected 
ts-strains, which was characterized by the absence of 
weight loss, reduced replicative activity of the virus in 
the respiratory tract, less pronounced pneumonia com-
pared to the original strain [17].

For the SARS-CoV-2 attenuation, some research-
ers used the codon deoptimization technique involving 
replacement of original codons with suboptimal ones 
while preserving amino acid sequences of viral proteins 
[38]. Such alterations have a direct effect on the rates of 
viral protein production and genome replication, being 
responsible for attenuation of the virus [38]. Using this 
technique, Trimpert et al. recoded most of the SARS-
CoV-2 genomic sequence and obtained several candi-
date vaccine strains. Codons that can be rarely found 
in the human genome were selected for deoptimization. 
The sCDP9 and sCDP10 strains selected for further 
tests replicated more poorly in the cell culture than the 
original strain and remained genetically stable during 
10 passages in the Vero E6 cell culture. The intranasally 
immunized Syrian hamsters had minor losses in weight, 
but quickly regained it; they did not demonstrate any 
signs of the disease, had less significant inflammatory 
changes in the lungs [15].

Using the codon deoptimization technique, Coda-
genix (United States) developed the CoviLiv™ vaccine 
[16]. The S gene served as a target for deoptimization. 
After the immunization with the vaccine strain, Syrian 
hamsters did not lose weight; the histological exami-
nation of the lungs on the 6th day detected only minor 
inflammatory changes. The infectious titer in the lungs 
of hamsters was measured at the limit of detection for 
this technique, thus being indicative of extremely low 
replicative activity of the vaccine strain in the lungs. 

The Table summarizes the experience of different 
research groups in the development of attenuated vari-
ants of SARS-CoV-2.

Immunogenic potential of live-attenuated vaccines 
against COVID-19

The protective activity demonstrated by most of 
the licensed vaccines against COVID-19, which are de-
signed to develop humoral immunity, depends on induc-
tion of neutralizing antibodies to nonstructural surface S 
protein of SARS-CoV-2 (Fig. 2, a). However, the pres-
sure of artificial selection induced by mass immunization 
makes this target highly variable, thus leading to virus 
evasion of immune surveillance and a rapid decrease in 
the efficacy of vaccines against re-emerging variants of 
SARS-CoV-2 [6, 7]. These vaccines do not provide steri-
lizing immunity [40] and robust mucosal immunity [41]. 

In natural infection with SARS-CoV-2, the im-
mune response is developed against all viral pro-
teins — both structural and nonstructural. The M and 
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N structural proteins are highly immunogenic and, to-
gether with nonstructural proteins, are more conserved 
than the S protein. In addition, many T-cell epitopes of 
phylogenetically related species of coronaviruses and 
different variants of SARS-CoV-2 are not located in the 
S protein [42, 43]. If an infected organism deve lops an 
effective T-cell-mediated immune response, they do not 
develop a systemic excessive inflammatory response, 
thus presenting a mild, sometimes asymptomatic case. 
If the development of the T-cell-mediated (and conse-
quently humoral) response is delayed, the dominant 
role is played by factors of the innate immunity, being 
manifested at the systemic level and causing a severe 
disease [44]. It should be noted that the protectivity of 
the T-cell-mediated immunity depends less on muta-
tions that occur in new variants of SARS-CoV-2, as it is 
targeted at more conserved viral antigens [45, 46]. 

The protective activity of live-attenuated vaccines 
for intranasal application (mucosal vaccines) employs 
the same mechanisms that participate in the develop-
ment of acquired immunity during natural infection 
(Fig. 2, b). When the respiratory virus enters nasal and/
or oral cavities, the lymphoid tissues associated with 
the mucosa of the respiratory and digestive tract turn 
into the first line of defense against viral infection. This 
process involves all components of innate upper res-
piratory immunity - cellular (neutrophils, macrophages, 
dendritic cells, resident microfold M cells, innate lym-
phoid cells, natural killer cells and mast cells) as well 
as soluble molecules (galectins, collectins, cytokines, 
etc.). The activation of the first line of defense is fol-

lowed by activation of dendritic cells in the focus of 
infection; they take up, process and present viral anti-
gens. Such activated dendritic cells "loaded" with vi-
ral antigens migrate to regional lymph nodes; antigens 
are presented to naïve T cells, thus triggering their fur-
ther differentiation and activation of adaptive immuni-
ty, which is accompanied by production of cytotoxic 
T cells and helper T cells. Specific naïve B cells rec-
ognize viral antigens either without any assistance or 
when they are presented by follicular dendritic cells as 
an antigen-antibody complex in a Fc-receptor-connect-
ed manner. The interaction of activated helper T cells 
and B cells triggers the humoral immune response. 
The simultaneous expansion of CD4+ helper T cells, 
CD8+ cytoto xic T cells in the focus of infection and 
production of antibodies by plasma cells is of critical 
importance for elimination of the virus [41, 47, 48]. 
The combined activation of humoral and cellular com-
ponents of the systemic and mucosal immune protec-
tion can provide effective protection against infection 
with SARS-CoV-2 [47].

LAVs are administered in different ways: vaccines 
against measles, rubella, mums and chicken pox are 
administered intramuscularly; polio and rotavirus vac-
cines are given by mouth; LAIV is administered intra-
nasally. The developers of LAVs against COVID-19 use 
the intranasal administration [15–24]. Different routes 
of administration have their advantages and disadvan-
tages. For example, intranasal and oral administration 
provides not only induction of systemic cell-mediated 
and humoral adaptive immune responses, but also mu-

Methodological approaches to SARS-CoV-2 attenuation after intranasal administration

Strain name Attenuation strategy Animal model on which the att phenotype was established Reference

D-D2 и D-B4 Cold adaptation in Vero cell culture up to 23ºС Syrian golden hamsters [23]

CoV-2-CNUHV03-
CA22⁰C

Cold adaptation in Vero cell culture up to 22⁰С K18-hACE2 mice [21]

Δ3678 ORF3, ORFs6-8 deletion, changing ACGAAC 
to CCGGAT in TRS

K18-hACE2 mice, Syrian golden hamsters [18]

KaraVac Cold adaptation in Vero cell culture up to 25ºС Syrian golden hamsters [22]

sCPD9 и sCPD10 Codon-pair deoptimization Syrian hamsters, Roborovski
dwarf hamster

[15]

VAS5 Serial passages in Vero cell culture K18-hACE2 mice, hamsters [13]

TS11 Cold adaptation in Vero cell culture up to 21ºС Syrian golden hamsters [24]

CoviLiv  
(COVI-VAC)

Codon-pair deoptimization of S-gene Syrian golden hamsters [16]

rTS-all Random mutagenesis and generation by 
reverse genetic methods strain with all 

nessessary ts-related mutations

Syrian golden hamsters [17]

WA1-ΔPRRA-
ΔORF6-8-
Nsp1K164A/H165A

ORFs6-8 deletion, removing PRRA upstream 
of the furin cleavage site, introducing  

K164A/H165A into the C-terminus of NSP1

K18-hACE2 mice, Syrian golden hamsters [19]

d16 Point mutation D130A in NSP16 gene K18-hACE2 mice, Syrian golden hamsters [20]



230 231ЖУРНАЛ МИКРОБИОЛОГИИ, ЭПИДЕМИОЛОГИИ И ИММУНОБИОЛОГИИ. 2023; 100(3) 
DOI: https://doi.org/10.36233/0372-9311-404

ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ

cosal (local) immunity, including secretion of specific 
IgA antibodies in the mucosa of the respiratory tract or 
intestines. In intranasal immunization followed by in-
fection with a virulent strain, specific secretory IgA an-
tibodies neutralize the virus directly in respiratory mu-
cosa, which is the "entrance gate" of the infection, by 
suppressing its adhesive ability and reducing transmis-
sion efficiency [47]. At the same time, if intranasal im-
munization is performed using an insufficiently attenu-

ated virus, there is a risk of damage that may be caused 
to the central nervous system through olfactory nerves 
[48]. For LAVs administered intramuscularly, there is 
no risk of brain damage; after the second dose of the 
vaccine, the seroconversion rate reaches 95–100% [49, 
50]. Mehla et al. found that when the vaccine strain of 
SARS-CoV-2 was administered intranasally, the titer of 
neutralizing antibodies in serum was significantly high-
er than after intramuscular administration [51].

Fig. 2. Mechanisms of induction of an immune response by the intramuscular immunization vaccine containing the S protein 
and by intranasal vaccination of LAV. 

a — vaccines against COVID-19, which are based on the S protein of SARS-CoV-2 (using the example of the viral vector vaccine), induce 
only a humoral response involving production of virus-neutralizing antibodies; b — LAV triggers the mechanisms inducing acquired immunity, 
which are similar to those engaged in natural infection, including activation not only humoral, but also cell-mediated immunity. In intranasal 

administration, the vaccine strain infects epithelial cells of the upper respiratory tract, thus inducing both local (mucosal) and systemic immune 
responses. The established protection including cellular and humoral components provides immunity both at the level of the entrance gate of 

the infection (mucosa) and at the systemic level. 
i/m — intramuscular injection; i/n — intranasal; APC — antigen-presenting cell; CTL — cytotoxic lymphocyte;  

MHC — major histocompatibility complex.

а b
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While, according to WHO1, the CoviLiv™ vaccine 
is going through phase III of clinical trials, no infor-
mation is available regarding the safety and efficacy of 
LAV against COVID-19 for people. At the same time, 
the official website of the vaccine developer has already 
announced that the requested report is going to be pub-
lished soon.2 The website confirms that the live-atten-
uated intranasal vaccine against COVID-19 CoviLiv™ 
is immunogenic, well tolerated by healthy adults, and 
induces protective cell-mediated immunity against 
all the known variants of SARS-CoV-2. A total of 48 
healthy adult individuals took part in the clinical trials. 
The company press release informs that the clinical tri-
als for the vaccine are included in the WHO-sponsored 
program – Solidarity Trial Vaccines, which is aimed to 
support development of second-generation COVID-19 
vaccines having a higher efficacy toward new epidemi-
ologically significant variants, longer protection, more 
simple storage requirements and a needle-free method 
of immunization.

The immunogenicity and protective activity of 
LAVs have been extensively studied only in animal 
models for coronavirus infection. The main models 
for preclinical studies of attenuated mutants of SARS-
CoV-2 were golden Syrian hamsters (Mesocricetus au
ratus), Roborovski dwarf hamsters (Phodopus robor
ovskii) and K18-hACE2 transgenic mice. In most of the 
studies, immunized animals developed a protective im-
mune response against the parent strain SARS-CoV-2, 
which was used for development of an attenuated 
strain. Syrian hamsters immunized with an attenuated 
virus and then experimentally infected with the parent 
strain did not lose weight and did not demonstrate any 
clinical signs of the disease; the titration of nasal wash-
es and long homogenates showed lower titers of the 
virus compared to the animals from the control group 
[17, 18, 22, 23]. Trimpert et al. noted that on the 2nd, 3rd 
and 5th day after the experimental infection, no infec-
tion activity was detected in the lung samples from the 
immunized animals, thus confirming the establishment 
of sterilizing immunity [15, 52]. Xu et al. also report-
ed that the hamsters immunized with the ts-strain did 
not demonstrate any signs of infection, even being ac-
cidentally cross-infected by the animals infected with 
the wild-type strain [24]. Liu et al. pointed out that 
the single-dose intranasal immunization of the Syrian 
hamsters with the Δ3678 att-strain of SARS-CoV-2 not 
only protected them against infection with the virulent 
strain, but also decreased the risk of virus transmission 
[18]. During their studies, Seo et al. found that the K18-
hACE2 mice immunized with the ca-strain not only re-
mained alive after the experimental infection, but also 
did not lose weight and did not have any clinical signs 
of the disease [21]. 

1 URL: https://covid19.who.int
2 URL: https://codagenix.com

Li et al. also assessed the risk of transmission of 
the SARS-CoV-2 virus from the previously immunized 
animals after they were infected. On the next day af-
ter the infection, the immunized hamsters were put into 
cages with the hamsters that had not been previous-
ly immunized and had not been exposed to the virus; 
washes were collected on the 3rd and 5th day. On the 3rd 
day, in non-immune hamsters, viral RNA was detected 
at the PCR detection limit; on the 5th day, RNA was not 
detected, thus being indicative of the absent virus trans-
mission through the close contact with the immunized 
and infected hamsters [13].

At the same time, Liu et al. pointed out possible 
limitations for immunogenicity assessment using K18-
hACE2 mice-based models: Encephalitis caused by the 
infection with att-SARS-CoV-2, which is followed by 
the death of animals, makes it difficult to interpret the 
results. To address the above limitation, nasal, lung and 
brain samples were collected on the 2nd, 4th and 6th day 
after the infection to measure the viral load. Curiously, 
even the most attenuated strain WA1-ΔPRRA-ΔORF6-
8-Nsp1N128S/K129E remained neurotropic and was detected 
in the brain of the K18-hACE2 mice at high levels on 
the 6th day after the infection [19]. In the studies per-
formed in Syrian hamsters, att-strains of SARS-CoV-2 
did not demonstrate such high neurotropism and patho-
logical changes in the brain.

LAVs against SARS-CoV-2 have a high potential 
of cross-protective activity against different variants 
of the pathogen, as the same mechanisms that are em-
ployed in natural infection with the virus are put into 
action. The natural infection with SARS-CoV-2 pre-
vented up to 90% of re-infection cases with Alpha, Beta 
or Delta variants [53, 54] and 56% of re-infection cases 
with the Omicron variant [55]. Most of the re-infec-
tion cases occurred one year after the primary disease 
[55]. Re-infection has become a common thing since 
the emergence of the Omicron variant and its further 
evolution. The study performed in Qatar demonstrates 
that the infection of people with SARS-CoV-2 variants 
preceding the omicron variant provided less than 60% 
of protection against re-infection with Omicron subva-
riants. At the same time, during re-infection with the 
Omicron variant, the protective effectiveness of the pri-
mary infection against development of severe disease 
forms or death reached 97.3% (95% CI, 94.9–98.6%) 
regardless of the virus variant that had caused the pri-
mary infection [56]. The extremely low percentage of 
severe and fatal cases after re-infection offers hope 
that LAVs against COVID-19 will be able to provide 
cross-protection against different variants of the virus.

Trimpert et al. demonstrated experimentally that 
when infected with att-strains of SARS-CoV-2, labo-
ratory animals develop immunity inducing cross-pro-
tection. After Roborovski dwarf hamsters had been im-
munized with the att-Wuhan-like strain, the researchers 
infected them with Alpha and Beta virus variants circu-

https://covid19.who.int/
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lating at the time of the study. The single-dose intrana-
sal immunization was sufficient to establish protection 
in the hamsters infected not only with the parent strain 
of the virus, but also with the unrelated Alpha and Beta 
variants [52]. The same researchers confirmed the de-
velopment of immunity providing cross-protection in 
Syrian hamsters immunized with the sCPD9 att-strain 
and then infected with the Delta strain [57].

Yoshida et al. immunized hamsters intranasally 
with attenuated and parent SARS-CoV-2 B.1.1 (Wu-
han-like) strains and then infected them with the Omi-
cron variant (the BA.1 lineage). In the nasal washes and 
lung homogenates from the immunized hamsters, the 
infectious titer was measured at the limit of detection 
and did not show any significant differences regard-
less of the strain selected for the immunization, thus 
being indicative of the development of cross-protection 
against phylogenetically distant strains, among other 
strains [17]. 

However, in hamsters immunized with wild-type 
strains of Beta and Omicron variants BA.1 and sub-
sequently infected with Wuhan-like, Beta, Delta and 
Omicron BA.1 strains, Ma et al. revealed low cross-ac-
tivity of antibodies in the hamsters infected with het-

erologous strains. At the same time, the hamsters pre-
viously infected with Omicron and then infected with 
heterologous Omicron strains demonstrated a booster 
effect on the production of neutralizing antibodies [58]. 
Thus, in the authors’ opinion, the two-dose infection 
with heterologous strains induces a strong antiviral im-
mune response, which should be taken into considera-
tion when designing vaccination schedules. 

Conclusion
Most of the studies performed using animal mod-

els for COVID-19 demonstrated safety and high effica-
cy of intranasal immunization of animals with att-vari-
ants of SARS-CoV-2 regardless of the chosen strategy 
of virus attenuation. The pilot studies confirmed the 
assumption about protective activity of att-strains of 
SARS-CoV-2 toward heterologous antigenic variants of 
the virus. The animal model-based findings reported by 
researchers regarding the virulence and immunogenic-
ity of candidate vaccine strains can hardly be extrapo-
lated to humans without clinical studies. Nevertheless, 
despite this limitation, the currently gained experience 
indicates promising prospects in the development of a 
highly effective LAV against COVID-19.
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