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Abstract—One of the most important steps in the development of drugs and vaccines against a new corona-
virus infection is their testing on a relevant animal model. The laboratory mouse, with well-studied immu-
nology, is the preferred mammalian model in experimental medicine. However, mice are not susceptible to
infection with SARS-CoV-2 due to the lack of human angiotensin-converting enzyme (hACE2), which is the
cell receptor of SARS-CoV-2 and necessary for the entry of the virus into the cell. In present work, it was
shown that intranasal administration of the adeno-associated vectors AAV9 and AAV-DJ encoding the
hACE2 provided a high level of expression of ACE2 gene in the lungs of mice. In contrast, the introduction
of the AAV6 vector led to a low level ACE2 expression. Infection with SARS-CoV-2 of mice expressing hACE2
in the lungs led to virus replication and development of bronchopneumonia on the 7th day after infection.
Thus, a simple method for delivering the human ACE2 gene to mouse lungs by intranasal administration of
the AAV vector has been proposed. This approach enabled rapid generation of mouse model for studying
coronavirus infection.
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For the development and testing of therapeutic and
prophylactic drugs against any infection, including the
new coronavirus infection, COVID-19, relevant ani-
mal models must be used. The most common and
available animals—laboratory mice—cannot be used to
model disease caused by the SARS-CoV-2 virus. This is
because SARS-CoV-2 virions need a cellular receptor,
human angiotensin-converting enzyme-2 (hACE2), to
enter the host cell and begin its infectious cycle. The
mouse orthologue of hACE2 (Ace2) is not recognized
by this coronavirus, that is, it does not serve as its
receptor, and therefore SARS-CoV-2 cannot infect
mouse cells. The emergence in 2021 of transgenic
mice in which the hACE2 gene, ACE2, is present in
the genome and expressed in lung cells, partly solves
this problem [1]. However, these animals are not
always available and, moreover, are limited to a line
with a specific genetic background, which does not
allow study of the influence of genetic characteristics

on the disease. A simpler and more affordable solution
could be to introduce a vector carrying the ACE2 gene
into mice lungs. Hassan A. et al. [2] showed that intra-
nasal administration of an adenoviral vector (AdV)
encoding hACE2 makes it possible to achieve the
expression of this protein in the lungs of mice and to
obtain animals susceptible to SARS-CoV-2 infection.
However, the introduction of AdV is accompanied by
an inflammatory process in the bronchi, which can
distort the picture of the course of COVID-19 infec-
tion during subsequent infection. The use of adeno-
associated viral vectors (AAV vectors) that do not
cause inflammation was also proposed for ACE2 gene
delivery, although in this case only intratracheal injec-
tion of the AAV vector into the respiratory tract of
mice proved to be effective [3, 4]. It should be noted
that intratracheal administration is an invasive
method which greatly complicates the production of
transduced animals. Based on these facts, we set our-
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selves the task of optimizing ACE2 gene delivery using
AAV vectors into the respiratory tract of BALB/c mice
and characterizing an experimental model of COVID-19
infection in these laboratory animals.

EXPERIMENTAL
Viruses, cells. HEK-293FT cells (Invitrogen,

United States) were cultured in DMEM medium
(Gibco, United States) containing 10% fetal bovine
serum (FBS; Gibco) and 0.01 M HEPES (Gibco).
Cell line Vero CCL81 (ATCC, USA) from the collec-
tion of the I.I. Mechnikov Research Institute of Vaccines
and Serums (Russia) was cultured in DMEM medium
with 5% FBS, 100 IU/mL penicillin, and 100 μg/mL
streptomycin. The Dubrovka SARS-CoV-2 laboratory
strain (GenBank Acc. No. MW161041.1) was isolated
on a Vero CCL81 cell culture from a nasopharyngeal
swab from a COVID-19 patient. The strain underwent
20 consecutive passages on Vero CCL81 cells and pro-
duced a pronounced cytopathic effect.

Construction of plasmid pAAV-hACE2. The plas-
mid pcDNA3-sACE2(WT)-Fc(IgG1) containing the
N-terminal part of the gene ACE2, encoding the
hACE2 protein, was obtained from Addgene
(Addgene plasmid #154104) [5]. Assembly of the
C-terminal part was carried out by overlap extension
PCR [6]. The overlapping N- and C-terminal regions
were amplified and assembled using PCR. The frag-
ment containing the complete gene was integrated into
the pAAV-GFP plasmid vector (CellBioLabs, Inc.,
USA) to obtain the pAAV-hACE2 plasmid, which was
validated by sequencing.

Preparation of AAV-hACE2 vector particles. The
helper plasmid pHelper (CellBioLabs, Inc.), the vec-
tor plasmid pAAV-hACE2, and one of the pAAV6-
RC6, pAAV9-RC, or pAAVDJ-RC plasmids encoding
AAV serotype 6, 9, or DJ capsid proteins were used to
generate AAV vectors (CellBioLabs, Inc.). Vector
particles were prepared and purified using the poly-
ethyleneimine transfection and polyethylene glycol
(PEG 8000) purification protocol described by
T. Kimura et al. [7].

AAV titer determination by PCR. To determine the
AAV titer (the number of vector genomes per 1 mL,
vg/mL), DNA was isolated from the sample using the
AmpliTest RIBO-prep reagent kit (Federal State Bud-
getary Institution “Center for Strategic Planning and
Management of Medical and Biological Health
Risks” Federal Medical and Biological Health Risk
Management Agency of Russia, Russia) in accordance
with the manufacturer’s recommendations. Real-time
PCR was performed on a RotorGene Q instrument
using primers for the AAV ITR region and an appro-
priate amplification program [8].

Experimental animals. The study used female mice
of the BALB/c line weighing 18‒20 g, which were
obtained from BioNursery STESAR (Russia).
Introduction of AAV-hACE2 vector. A suspension of
vector particles was administered intranasally to mice
in a total volume of 60 μL (30 μL in each nostril) under
light ether anesthesia, keeping the animals at an angle
of 45° with the mouth fixed in the closed position [9].

Infection of animals. Mice were infected with the
SARS-CoV-2 virus, taken in a titer of 3.2 ×
106 TCID50/mL, intranasally: total volume—60 μL
(30 μL in each nostril)—under light ether anesthesia.
Animals included in the comparison groups were
intranasally administered phosphate-buffered saline
in the same way and in the same volume.

Determination of the infectious titer of the virus in
the lungs. Hereinafter, the material for research was
obtained from animals humanely killed under anes-
thesia. Lungs were removed under sterile conditions,
which were homogenized and resuspended in phos-
phate-buffered saline. The suspension was clarified
by centrifugation. Vero CCL81 cells were seeded into
96-well plates (Costar, United States) at a density of
2 × 104 cells per well and cultured for 3 days. 10-fold
dilutions of virus samples from the lungs were pre-
pared, which were added to the wells of the plate
(200 μL/well) and incubated at 37°C for 5 days until a
cytopathic effect appeared in the virus control cells.
The calculation of the virus titer was carried out accord-
ing to the method described by MA Ramakrishnan [10]
and expressed in lg (TCID50/mL). The sensitivity limit
of the method was 1.5 lg.

Extraction of RNA from mouse lung samples. Lungs
were removed and homogenized under sterile condi-
tions in 1 mL of ExtractRNA solution (Evrogen, Rus-
sia). The lysate was clarified by centrifugation and the
RNA was extracted with chloroform. Next, RNA was
isolated using the AmpliTest RIBO-prep reagent kit
(Federal State Budgetary Institution “Center for Stra-
tegic Planning and Management of Medical and Bio-
logical Health Risks” of the Federal Medical and Bio-
logical Health Organization of Russia) according to
the manufacturer’s recommendations.

ACE2 gene expression analysis in the lungs of mice.
RNA samples were treated with DNase for 20 min,
after which they were heated at 70°C for 10 min. The
amount of hACE2 mRNA in the samples was deter-
mined by real-time PCR using the primers: 5'-CTG-
GGAATCCAACCAACTCTG-3', 5'-CCACTACAA-
TCACGTCCATC-3' and the probe 5'-Fam-CCAGC-
CCCCCGTTAGTATTTGGCTC-BHQ1-3'. As an
internal control, real-time PCR with primers for the
mouse beta-glucuronidase gene (Gusb) was used.

Determination of SARS-CoV-2 RNA in the lungs.
RNA samples were tested for the presence of SARS-
CoV-2 RNA using the AmpliTest SARS-CoV-2
reagent kit (Federal State Budgetary Institution “Cen-
ter for Strategic Planning and Management of Medi-
cal and Biological Health Risks” of the Federal Med-
ical and Biological Health Organization of Russia)
according to the manufacturer’s instructions.
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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Table 1. Mean threshold cycles (Ct) for the ACE2 gene in samples obtained from the lungs of mice after the introduction
of AAV vectors

a The dose is given in terms of AAV genomic equivalents administered to one animal. b The number of PCR-positive samples for which
the mean value of Ct was calculated.

Vector Dosea

Mean value of the threshold cycle, Ct

time, days

7 14 21

AAV9

6 × 1010 19.7 ± 0.8 19.2 ± 1.0 20.3 ± 0.1

2 × 1010 23.3 ± 1.8 20.4 ± 0.3 20.2 ± 0.3

6 × 109 21.0 ± 0.5 21.7 ± 0.4 20.1 ± 0.8

AAV6
2 × 1010 30.4 ± 1.6 30.2 (1 out of 3)b 30.5 ± 0.2 (2 out of 3)b

6 × 109 31.6 (1 out of 3)b 33.2 (1 out of 3) b 34.3 (1 out of 3)b

AAV-DJ
2 × 1010 21.7 ± 2.0 20.3 ± 1.4 21.1 ± 1.1

6 × 109 21.0 ± 0.5 23.0 ± 1.6 20.5 ± 0.5
Morphological study. The right lung of mice was
fixed in 10% neutral buffered formalin for 24 h, dehy-
drated, and embedded in Histomix (BioVitrum, Rus-
sia). At the pouring stage, the material was oriented
along the long axis. Serial sections 3 – 5 μm thick were
made on a Leica RM 2125 RTS rotary microtome
(Leica, Germany), then stained with hematoxylin and
eosin, and embedded in Canada balsam. Histological
preparations were examined under a BX 51 light
microscope (Olympus, Japan) with a material photo
registration system.

Statistical processing. For quantitative data, the
group arithmetic mean and standard error of the mean
were calculated. Statistical analysis was performed
using the Statistica 8.0 software. The significance of
differences between data groups was assessed using
Mann–Whitney U test. Differences were considered
significant for p < 0.05.

RESULTS

Expression of the ACE2 Gene in the Lungs of Mice
After the Introduction of the Vector

To obtain model mice with transient expression of
hACE2, it is necessary to deliver the ACE2 gene into
lung cells. Following intranasal administration, the
AAV vector, upon inhalation, enters the lower respira-
tory tract and transduces lung epithelial cells. ACE2
expression in these cells leads to the appearance of
hACE2 on their surface, and hence to the possibility of
binding the SARS-CoV-2 virus to them. After binding
to hACE2, the virus enters the cell and starts the rep-
lication cycle.

For intranasal administration, we used a modified
version of a technique by L. Santry et al. [9]. The first
experiment compared the expression of hACE2 in the
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
lungs of animals when used to deliver ACE2 AAV with
capsids of three different serotypes: AAV9, AAV6 and
AAV-DJ. AAV-vectors in the doses indicated in Table 1
were administered to mice according to the procedure
described above. The AAV vector of each serotype was
administered to a group of nine animals. On days 7, 14
and 21 after AAV administration, lungs from three
mice were harvested and the amount of hACE2
mRNA was assessed using reverse transcription (RT)
with real-time PCR. Also, to assess the efficiency of
RNA extraction and RT-PCR, the mRNA level of
mouse beta-glucuronidase (Gusb) was measured in
the samples. Average threshold cycle (Ct) for Gusb
mRNA was 18.4, and the standard deviation for Ct in
samples from different animals did not exceed 7%,
which made it possible to compare the results of mea-
suring hACE2 mRNA without normalization, using
Ct values as a comparison parameter for ACE2.

As can be seen from the data given in Table 1, intro-
duction ACE2 using the AAV6 vector led to the expres-
sion of this gene at a very low level in some animals,
while hACE2 mRNA could not be detected at all in
the rest. After the introduction of the ACE2 gene using
the AAV9 and AAV-DJ vectors, its stable expression in
the lungs was observed. ACE2 expression level did not
differ significantly when delivered by the AAV9 and
AAV-DJ vectors. When comparing the amount of
hACE2 mRNA in the lungs of mice with the introduc-
tion of different doses of vectors (from 6 × 109 up to
6 × 1010 for AAV9 vector and from 6 × 109 up to 2 ×
1010 for the AAV-DJ vector) it was found that the ACE2
expression differed slightly and remained at the same
level for up to 21 days. For further experiments, the
AAV-DJ vector was chosen, since it gave a higher yield
during production.



708 GLAZKOVA et al.

Table 2. Design of the experiment to infect mice with SARS-CoV-2

a Group number; b vector AAV-DJ-hACE2 at a dose of 2 × 1010 administered to mice intranasally; c mice were infected with the SARS-
CoV-2 virus; d (day post-infection)—day after infection; in each group, lungs were taken from three animals; e lungs were not taken;
f determination of SARS-CoV-2 RNA; g infectious titer of SARS-CoV-2.

No.a Number of mice

Time, days

1 10 14 (4 dpid) 17 (7dpid)

vector 
introductionb infectionc left lung right lung left lung right lung

1 3 – – n.t.e n.t. n.t. Histology

2 6 + – RNAf ITg RNA
IТ

Histology

3 6 + + RNA IТ RNA
IТ

Histology

4 6 – + RNA IТ RNA
IТ

Histology
Development of SARS-CoV-2 Infection
in Transduced AAV-DJ-hACE2 mice

The design of the experiment to study the develop-
ment of infection caused by SARS-CoV-2 in trans-
duced and non-transduced animals is presented in
Table 2.

On the 4th and 7th days after infection, the lungs
were taken from the animals to determine the infec-
tious titer of the virus, SARS-CoV-2 RNA and for his-
tological examination—in accordance with Table 2.

The results of measuring the infectious titer of
SARS-CoV-2 in the lungs are shown in Table 3. In
uninfected group 2, all samples were negative. In
group 3, transduced with AAV-DJ-hACE2, on the
fourth day after infection, the infectious titer lg
TCID50/mL averaged 3.08 ± 0.14 log. At the same time,
in animals of group 4—not transduced with the vector—
the titer was an order of magnitude lower and
amounted to 2.08 ± 0.14 log. In animals receiving
AAV-DJ-hACE2, the infectious titer decreased from
3.08 ± 0.14 log on the fourth day up to 2.17 ± 0.14 log
on the seventh day, and in group 4 on the seventh day
the virus was not detected at all.

When testing SARS-CoV-2 RNA using the SARS-
CoV-2 AmpliTest kit by real-time RT-PCR, RNA iso-
lation and analysis quality were assessed by internal
control, the spread of Ct did not exceed 1, which made
it possible to compare the values of Ct for SARS-CoV-2
RNA without normalization. On the fourth day, there
were no significant differences in the level of SARS-
CoV-2 RNA between groups 3 and 4. Samples from all
three mice in group 3 were positive—mean Ct was 26.7.
In group 4, one of the three samples was negative, for
the remaining groups the Ct values were 24.8 and 26.8.
SARS-CoV-2 RNA was not detected in the samples
obtained on the seventh day, with the exception of one
sample from group 3, where a low level was detected
(Ct = 29.1)

Morphological Study of the Lungs of Mice
On the 17th day of the experiment (7th day after

infection with SARS-CoV-2 of groups 3 and 4), a
morphological study of the lungs was performed in
some animals. It was shown that the lungs of intact
mice (group 1) and mice of group 2 (17 days after
administration of AAV-DJ-hACE2) had a normal
structure (Figs. 1a‒1d). On the 7th day after infection
with SARS-CoV-2 in mice from group 4 (not trans-
duced with AAV-DJ-hACE2), the histostructure of
the lungs was generally normal. However, in the wall
of individual bronchi and in the connective tissue
around individual vessels, small lymphohistiocytic
accumulations were detected (Figs. 1e, 1f).

In the microscopic examination of the lungs of
mice from group 3 (which received AAV-DJ-hACE2)—
on the 7th day after infection with SARS-CoV-2—in
two out of three mice, areas with pronounced alter-
ative and inflammatory changes were found. In the
lung of one mouse, airless foci and areas with reduced
airiness occupied 60‒70% of the cut area, and in
another, 25‒30% (Fig. 2a). Bronchial lumens in these
foci were filled with purulent exudate. The epithelial
lining of the bronchi contained cells with dystrophic
changes, some of the epitheliocytes were desquamated
into the lumen due to the cytopathic effect of the coro-
navirus. The lamina propria of the bronchial mucosa
was moderately infiltrated with lymphocytes, histio-
cytes and neutrophils (Fig. 2b). In the adventitial layer
of the bronchi, hyperplasia of broncho-associated
lymphoid tissue (BALT) was noted. In the peribron-
chial alveolar ducts, alveoli and perivascularly, a pro-
nounced inflammatory infiltration from lymphocytes
and histiocytes was detected, alternating with exten-
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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Table 3. Analysis of infectious titer and SARS-CoV-2 RNA in mouse lungs

a Not determined; b negative result.

Group mouse no.

Time, days

4dpi 7dpi

virus titer,
log(TCID50) Viral RNA, Ct

virus titer,
log(TCID50) Viral RNA, Ct

1
1 n.d.a n.d.

2 n.d. n.d.
3 n.d. n.d.

2
(+AAV-DJ-hACE2)

1 ‒b ‒ ‒ ‒

2 ‒ ‒ ‒ ‒
3 ‒ ‒ ‒ ‒

3
(+AAV-DJ-hACE2

+SARS-CoV-2)

1 3.25 28.4 2.25 29.1
2 3.0 24.1 2.25 ‒
3 3.0 275 2.0 ‒

Mean 3.08 ± 0.14 26.7 ± 2.3 2.17 ± 0.14

4
(+SARS-CoV-2)

1 2.0 ‒ n.d. ‒
2 2.25 24.8 n.d. ‒
3 2.0 26.8 n.d. ‒

Mean 2.08 ± 0.14
sive areas of purulent inflammation, in which the
lumen of the alveoli and interalveolar septa were not
determined (Fig. 2c). In areas outside of pneumonia,
hyperemia of blood vessels, pronounced hyperplasia
of BALT and perivascular lymphoid tissue were visible
(Fig. 2d). Thus, on the seventh day after intranasal
infection of SARS-CoV-2 mice expressing hACE2,
airless areas of the parenchyma were detected in the
lungs of animals, corresponding to bacterial-viral
bronchopneumonia, with the onset of abscess forma-
tion.

DISCUSSION

None of the animal models used today to simulate
COVID-19 can be considered ideal and fully reflect
the course of infection in humans. A widely used
model of the disease in Syrian hamsters supports the
replication of the virus and causes a pathological pro-
cess in the lungs of animals, but does not lead to death.
Using mice has its advantages. Mice are the most com-
mon small laboratory animals and are cheaper and
more convenient for large-scale research. An import-
ant advantage of mice is the ability to study in detail
the T-cell response, both in terms of its development
during COVID-19 infection and after vaccination
[11]. Of great interest is the “lethal model” of trans-
genic mice, in the genome of which the gene encoding
human ACE2—ACE2 is inserted but access to such
animals is limited.
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
Attempts to provide ACE2 transient expression
have been made to create a mouse model capable of
infection by both SARS-CoV-1 and SARS-CoV-2.
For ACE2 gene delivery an adenoviral vector or adeno-
associated vectors were used [2–4, 12]. C.-P. Sun et al.
[12] showed that intranasal administration of AAV6-
hACE2 to mice leads to low transduction rate, while
intratracheal administration leads to high efficiency of
transduction of lung cells. L. Santry et al. [9] proposed
a modified method of intranasal administration,
which allowed efficient delivery of the AAV6 vector
with the GFP marker gene to the lungs of mice. We
also used a modified technique for intranasal admin-
istration of AAV. However, administration of the
AAV6-hACE2 vector resulted in very low or undetect-
able levels of hACE2 expression in the lungs of mice.
At the same time, the use of vectors of other serotypes:
AAV9 and AAV-DJ—allowed successful transduction
of lung cells and a high and reproducible level of ACE2
expression. Thus, we managed to avoid the problems
associated with the use of intratracheal vector injec-
tion, a complex and invasive method that leads to large
variability in results.

When animals transduced with AAV-DJ-hACE2
were infected with SARS-CoV-2, the virus effectively
replicated in the lungs of model mice: the infectious
titer on day 4 was 3.08 log and on day 7 decreased to
2.17 log. These data are somewhat different from the
results obtained by B. Israelow et al. [3], who showed
complete elimination of the infectious virus from the
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Fig. 1. Morphological characteristics of the lungs of mice on the 17th day of the experiment. The lungs of animals from the control
group 1 (a, b), from group 2 (17 days after administration of AAV-DJ-hACE2) (c, d) and from group 4 (day 7 post infection with
SARS-CoV-2) (e, f) are shown. In the lungs of animals of groups 1 and 2 (a‒d) the lumen of the bronchi is free, single lympho-
cytes are visible in the wall, air gaps of the alveolar ducts and alveoli, and thin interalveolar septa. In group 4, small lymphohis-
tiocytic accumulations are located in the wall of the bronchus and perivascularly. Stained with hematoxylin and eosin; magnifi-
cation: ×40 (a, c, e) and ×200 (b, d, f).

(a) (b)

(c) (d)

(e) (f)

50 µm

50 µm

50 µm
lungs on day 7 using a similar model. An unexpected
result was the detection of infectious virus in a low titer
in animals that were not injected with AAV-hACE2,
on the 4th day after infection with SARS-CoV-2.
The data on the detection of viral RNA turned out
to be less informative than the results on the determi-
nation of the infectious titer: on the 4th day after infec-
tion, viral RNA was detected both in the group of mice
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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Fig. 2. Morphological characteristics of the lungs of mice from group 3 transduced with AAV-DJ-hACE2 and infected with
SARS-CoV-2 on the 17th day of the experiment. (a) Picture of bronchopneumonia; (b) the lumen of the large bronchus contains
purulent exudate, epithelium with dystrophic changes, leukopedesis, inflammatory infiltration of the wall; (c) the focus of bron-
chopneumonia: the lumen of the bronchi, bronchioles and alveoli are filled with purulent exudate with a significant admixture
of macrophages; (d) zone outside bronchopneumonia: muff-like perivascular lymphohistiocytic infiltrate, hyperplasia of BALT,
plethora of the vessel. Stained with hematoxylin and eosin. Increase: ×40 (a), ×200 (b), ×100 (c, d).

(a) (b)

(c) (d)

50 µm

100 µm100 µm
that received AAV-DJ-hACE2 and in the group with-

out AAV-DJ-hACE2. The fact that viral RNA can cir-

culate in mice that do not support SARS-CoV-2 repli-

cation was also demonstrated in previously published

works [3, 13].

Replication of SARS-CoV-2 in the lungs of ani-

mals transduced with AAV-DJ-hACE2 led to the

development of bacterial-viral bronchopneumonia on

the 7th day after infection, in contrast to animals that

did not receive AAV-DJ-hACE2. The addition of bac-

terial microflora was probably facilitated by an impair-

ment of the integrity of the mucociliary barrier of the

airways, due to the direct effect of the virus on the cil-

iated epithelium of the bronchi. No pathological

changes were found in the lungs of non-transduced

mice on the 7th day after infection with SARS-CoV-2.
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
Thus, our experiments demonstrated the possibil-

ity of quickly obtaining a relevant model of mice that

are susceptible to infection with SARS-CoV-2 and can

be used to study the effectiveness of vaccines and drugs

under development for the prevention and treatment

of COVID-19.

The model presented can be further improved to

obtain a “lethal model” of SARS-CoV-2 infection,

which is most in demand for the study of vaccines and

drugs. An interesting avenue for model optimization

could be the administration of AAV-hACE2 to

humanized mice. The use of such mice makes it possi-

ble to more accurately mimic the clinical manifesta-

tions of COVID-19 in humans, in particular, the

chronic disease course, the development of pulmo-

nary fibrosis, and systemic lymphopenia [13].
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