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Abstract: The efficacy of aprotinin combinations with selected antiviral-drugs treatment of influenza
virus and coronavirus (SARS-CoV-2) infection was studied in mice models of influenza pneumonia
and COVID-19. The high efficacy of the combinations in reducing virus titer in lungs and body
weight loss and in increasing the survival rate were demonstrated. This preclinical study can be
considered a confirmatory step before introducing the combinations into clinical assessment.
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1. Introduction

In December 2019 in Wuhan city, Hubei province, China, a new coronavirus was first
identified, causing coronavirus disease 2019 (COVID-19), then called SARS-CoV-2 due
to the similar symptoms to SARS from the coronavirus outbreak in 2003. On 11 March
2020, the World Health Organization (WHO) declared the COVID-19 pandemic because
of the extraordinary threat to public health worldwide [1]. As of 7 June 2022, 536,108,378
confirmed cases of people infected with COVID-19 were registered in the world, of which
6,321,883 deaths, including 86,637,487 confirmed cases and 1,033,830 deaths, were in
the USA [2].

To suppress the COVID-19 pandemic, various treatment or prevention strategies are
used: vaccination, the repurposing of already-known antiviral drugs, and the search for new
active molecules for the identified molecular targets of SARS-CoV-2. Small molecules remde-
sivir (RDV), molnupiravir (MOV), nirmatrelvir (NMV), and favipiravir (FVP) (Figure 1) have
emergency use authorization for the treatment of coronavirus disease in different countries.
However, several studies on the effectiveness of these drugs in monotherapy are highly
controversial [3,4]. These drugs are practically ineffective in the treatment of moderate,
severe, especially severe, and critical COVID-19 patients. They can be only recommended
for mild-to-moderate COVID-19 patients.

Influenza affects about 10% of the world’s population every year. The most common
complications of influenza include viral or bacterial pneumonia, which kills about half
a million people each year [5]. The Centers for Disease Control and Prevention (CDC)
estimates that flu has resulted in 29-41 million illnesses, 380,000-710,000 hospitalizations,
and 22,000-38,000 deaths annually between 2010 and 2020 [6,7].

Currently, the main anti-influenza drugs used are neuraminidase (NA) inhibitors:
oral oseltamivir, inhaled zanamivir, and intravenous peramivir. Adamantanes are not
recommended for the treatment of influenza due to the high resistance of influenza A to
these drugs [8]. Treatment with NA drugs is effective if started within a few days of the
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onset of flu symptoms. In addition, the rapid emergence of resistant strains to known
NA drugs and new resistant influenza strains remains a serious problem. Therefore, the
development of new anti-influenza drugs and new therapies for influenza pneumonia
remains an urgent task. Such a drug could be an analogue of oseltamivir, AV5080 (Figure 1),
which showed increased antiviral activity against several influenza strains, including
oseltamivir-resistant strains [9-11].
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Figure 1. Structural formulas of registered antiviral drugs for COVID-19 treatment and anti-influenza
drug candidate AV5080.

Recent studies have shown that aprotinin (APR) is able to inhibit the replication of
SARS-CoV-2[12]. APRis a natural protease inhibitor, with a long history of clinical use since
the 1960s and a good safety profile [13]. Initially, APR was used to treat acute pancreatitis,
then complex surgical interventions, such as heart and liver surgeries [14-16]. Since the
early 1980s, APR has been actively studied as an anti-influenza drug [17-21], and, in recent
years, protease inhibitors, including APR, have been actively studied as anti-coronavirus
drugs [12,22,23]. APR is a nonspecific inhibitor that competitively and reversibly inhibits
the activity of several different serine proteases, especially trypsin, chymotrypsin, plasmin,
and kallikrein. The inhibition of kallikrein leads to the inhibition of factor XIla formation,
the inhibition of the intrinsic coagulation pathway, fibrinolysis, thrombin generation, and
the attenuation of the pro-inflammatory response.

APR inhibits transmembrane serine protease 2 (TMPRSS2), which is actively involved
in the viral entry process [12,24-29], and also the cleavage of hemagglutinin (HA), which
is required for influenza virus fusion with a host cell and which can also be facilitated by
TMPRSS2 during viral egress and by the membrane-bound human airway-trypsin like
protease (HAT) prior to attachment to host cells [19,30-35].
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Previous studies have shown that APR inhibits a broad spectrum of influenza A
viruses (IAV) and influenza B viruses (IBV). Anti-influenza viral activity includes sea-
sonal human IAVs (HIN1 and H3N2 subtypes): A/CA/04/09 (HIN1) [34], A/PR/8/34
(HINT) [18,35,36], A/WSN/34 (H1N1) [37], A/CA/04/09 (pHIN1), A/Hamburg/05/2009
(pHINT1) [36], A/Aichi/2/68 (H3N2) [18,35,37], and A/PH/2/82 (H3N2) [35]; avian IAVs
A/AB/Kor/CN2/09 (H5N2), A/AB/Kor/CNO05/09 (H6N5) and A/Ck/Kor/01310/01
(H9N2) [35]; an oseltamivir-resistant IAV: A /Bris/10/07 H3N2 [37]; IBV B/Seoul /32 /2011 [35],
B/Hong Kong/73 [30], and B/Lee/40 [30]. It should be noted that the aprotinin-based
aerosol patented in 2010 for the treatment of viral respiratory infections [38] has been
approved in Russia for the treatment of influenza [19].

In our present study, we aimed to show the use of aprotinin (APR) in the combined
treatment of viral infections, primarily caused by influenza A virus (H1N1) and SARS-CoV-2.

2. Results

2.1. Efficacy of the Combinational Use of Aprotinin (APR) Is Higher Than Selected Antiviral
Drugs in a Model of Influenza Pneumonia in Mice Infected Intranasally with Influenza
A/CA/04/2009 (HIN1)

The results are shown in Table 1 and in Figure 2, from which it follows that drugs
combinations are significantly more effective than single components in terms of average
life expectancy increase, dynamics of weight loss, titer value of the influenza virus in the
mouse lungs 5 days after infection (1IgTCID50/mL), and mortality.
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Figure 2. Survival (a,b) and change in the body weight (c,d) of mice treated with the drugs when
infected with influenza virus A/California/04/2009 (H1IN1).

Table 1. Efficacy of drugs in the mouse influenza pneumonia model for infection with mouse-adapted
influenza A/CA/04/2009 (HIN1) virus.

Group . Life ¢
No. Drug “ Dose, mg/kg 8TCIDso/mL Alive € (p) Mortality, % Ex;:‘e,s::r%:y}gzys
1 Saline >7 0 100 7.6
2 APR 50,000 475 + 043 3 (0.0652) 70 10.7
3 RDV 5 4.33 £0.76 4 (0.0248) 60 10.8
4 MOV 5 4.17 £ 0.58 5 (0.0077) 50 11.4
5 Fvp 5 2.67 £0.29 6 (0.0017) 40 12.4
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Table 1. Cont.

Group . Life ¢
No. Drug “ Dose, mg/kg I8TCIDso/mL Alive € (p) Mortality, % Exl:‘elgjffy}]i)f:ys
6 AV5080 0.25 3924038 7 (0.0002) 30 13.0
7 APR + RDV 50,000 % + 5 35+0 5 (0.0077) 50 10.4
8 APR + MOV 50,0004 + 5 3.5+ 0.66 5 (0.0077) 50 11.8
9 APR + FVP 50,0004 + 5 2.08 +0.14 9 0 16.0
10 APR + AV5080 50,0004 +0.25 25+0.87 8 (0.00001) 20 14.0

? Group No. 1- Control, intragastric (IG) administration (ADMIN) saline; groups 2, 7, 8, 9, and 10 intraperitoneal
ADMIN of APR; groups 3,4, 5, 6,7, 8,9, and 10 IG ADMIN of AV5080, FVP, MOV, and RDV respectively. b A
titer value of the virus in the mouse lungs 5 days after infection. ¢ Out of 10 animals; p-value < 0.05 is statistically
significant. 4xIu/ kg.

2.2. Efficacy of the Combinatorial Use of Aprotinin (APR) Is Higher Than the Individual Use of
APR and Selected Antiviral Drugs in a Model of Coronavirus Infection Caused by SARS-CoV-2 in
Transgenic Mice

The results of the efficacy of the combinatorial use of APR and selected antiviral drugs
in a model of coronavirus infection caused by SARS-CoV-2 in transgenic mice are shown
in Table 2 and in Figure 3, from which it follows that the APR + MOV and APR + NMV
combinations are more effective than single components in the ability to reduce the virus
titer in lungs and the dynamics of body weight loss after 5 days, while the effectiveness
of the APR + FVP and APR + RDV combinations is comparable with their constituent
components.

Table 2. Efficacy endpoints in the mice model of COVID-19.

Cohorta
Median Time, Days (IQR) 17 b 3¢ 2d
to the elimination of SARS-CoV-2 3.5 (3-4) 7.5 (6-9) 4.5 (4-9) 9.0 (5-9)
to the normalization of CRP 3.5(3-5) 6.0 (6-6) 14.0 (5.5-14) 14.0 (14-14)
to the normalization of D-dimer 5.0 (4-5) 4.5 (3-6) NA NA
to the normalization of body temp. 1.0 (1-3) 3.0 (2-3) 2.0 (1-3) 4.0 (1-8)

to an improvement in clinical status
by 2 points on the WHO-OSCI

“ (1): IV APR + PO avifavir (FVP) + standard of care (SOC). ? (2): IV APR + PO hydroxychloroquine (HCQ) + SOC.
¢ (3): PO avifavir (FVP) + SOC. ? (4): PO HCQ + SOC.
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Figure 3. Weight change in drug-treated SARS-CoV-2 infected patients when used monotherapy
(A) and combination therapy (B).
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3. Discussion

Given the unique therapeutic profile (anti-influenza, anti-inflammatory, and anti-
thrombotic) of APR, we expected a synergistic and/or additive effect from the combined
treatment including APR and selected antiviral drugs. As the latter, we used anti-influenza
drugs AV5080 [11], FVP [39,40], MOV [41-43], and an anti-SARS-CoV-2 drug RDV [44,45],
which has no activity against influenza viruses [46]. AV5080, FVP, MOV, and RDV were
used as reference drugs, and saline was used as a control.

The efficacy data of the treatment with drug combinations of APR and the antiviral
drugs in a model of influenza pneumonia in mice infected with IAV A/CA /04/2009 (HIN1)
are presented in Table 1 and Figure 2.

In this study, we used combinations of APR + AV5080, APR + FVP, APR + MOV,
and APR + RDV. The effectiveness of APR, AV5080, FVP, MOV, and RDV were studied in
parallel as references, and saline was used as a control.

As can be seen from Table 1, all combinations of APR + AV5080, APR + FVP, APR + MOV,
and APR + RDV provided a decrease in the virus titer in the lungs of mice 5 days after
infection by 3.5-4.98 orders of magnitude compared with the control group and by 0.59-2.67
orders of magnitude compared with control groups treated with individual APR, AV5080,
FVP, MOV, and RDV drugs included in combination treatments. These data indicate the
high efficiency of combination therapy with APR and the selected antiviral drugs.

The average life-expectancy groups of animals receiving combined therapy was higher
than in the control group and the corresponding comparison groups. For example, in
monotherapy groups #1, #2, #3, #4, #5, and #6, it was 7.6, 10.7, 10.8, 11.4, 12.4, and 13.0 days,
respectively, and in combination therapy groups #7, #8, #9, and #10, it was 10.4, 11.8, 16.0,
and 14.0 days, respectively (see Table 1). An exception can be seen in the combined group
APR + RDV No. 7, for which the average life expectancy was 10.4 days, which is slightly
lower than in the comparison groups APR No. 2 (10.7 days) and RDV No. 3 (10.8 days).

In groups No. 10 and No. 9 of animals receiving combined therapy, compared with
the control group No. 1 and comparison groups No. 2, No. 6, and No. 5, there was a
lower mortality of animals (20%, 0%, 100%, 70%, 30%, and 40%, respectively). In groups
No. 8 and No. 7 of animals receiving combined therapies APR + MOV and APR + RDV,
compared with comparison groups No. 4 and No. 3, comparable animal mortality was
observed (Table 1).

Coronavirus disease-2019 (COVID-19) is caused by SARS-CoV-2, which is a new
member of the coronavirus family. Various antiviral drugs have been researched for
COVID-19 treatment including RDV, MOV, FVP, and NMV [47].

The APR prophylactic treatment of healthcare personnel provided 93.3% protection.
Only 2 out of 30 workers (6.7%) were infected with SARS-CoV-2. At the same time, it has
been reported that the average level of infection among medical workers can reach 29% [48].

A prospective clinical study showed the high efficacy of APR in the inhaled and in-
travenous treatment of hospitalized patients with moderate pneumonia associated with
COVID-19 [49]. The median time to the normalization of the elimination of SARS-CoV-2,
body temperature, CRP, and D-dimer was 3 to 9 days (IQR = 2-9 days) [50]. Later, these results
were convincingly confirmed by a full-fledged phase III randomized clinical trial evaluating
the safety and efficacy of APR in the treatment of patients with moderate COVID-19 [51].

It should be noted that all reported clinical studies on the prevention and treatment
of COVID-19 with APR administration were not accompanied by any adverse events
or reactions [49,50].

Combination therapy with APR and inhibitors of the RNA virus is currently repre-
sented by only one prospective single-center clinical study, which examined the effective-
ness of the combination of APR and FVP [5]. This combination therapy has been shown to be
highly effective in the treatment of hospitalized patients with moderate COVID-19-related
pneumonia. The median of time to the elimination of SARS-CoV-2, the normalization
of CRP concentration, D-dimer level, and body temperature, as well as improvement in
clinical status by 2 points on the WHO-OSCI, were from 1 to 5 days, while in comparison,
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cohorts 2, 3, and 4 had median values that varied from 3 to 11 days, 2 to 14 days, and 4 to
14 days, respectively (Table 2).

In this work, we studied the efficacy of combinations that include, along with APR,
the well-known SARS-CoV-2 antiviral agents, including MOV, NMYV, FVP, and RDV in a
transgenic mouse model that uses the mouse-adapted SARS-CoV-2 strain.

As can be seen from Figure 4, in groups of mice that received combinations of
APR + MOV or APR + NMYV, the titer value of the virus in the mouse lungs of animals
(TCID50/mL) 4 days after infection was 4.2 and 3.2 orders of magnitude lower than in the
group of untreated animals. Compared to the comparison groups, groups APR and MOV,
in the APR + MOV group, the 1gTCID50/mL value was reduced by 2.72 and 0.43 units,
respectively. In the APR + NMYV group, compared to groups APR and NMYV, gTCID50/mL
was reduced by 1.68 and 0.85 orders, respectively.
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Figure 4. The titer value of the virus in the mouse lungs 4 days after infection (IgTCID50/mL)
in a model of transgenic mice infected with the mouse-adapted SARS-CoV-2 strain when used
monotherapy (a) and combination therapy (b).

In groups that were treated with combinations of APR + FVP and APR + RDV, the
lgTCID50/mL value was lower by 1.33 and 0.74 than in the group of untreated animals.
However, under the conditions studied, in groups FVP and APR + FVP, the IgTCID50/mL
values were almost the same (7.33 and 7.43, respectively) and, in group APR + RDV, the
lgTCID50/mL values were even higher (7.03) than in the comparison group (6,37).

Due to the short observation period (4 days), it is difficult to reliably interpret the
change in the body weight of animals infected with SARS-CoV-2 and treated (Figure 2).
However, it can be noted that these changes are consistent with the above data on the virus
titer in the lungs of animals.

4. Materials and Methods
4.1. Drugs

The following antiviral drugs and their combinations were used in the work: APR with
an activity of 5400 KIU/mg from Wanhua Biochem (Nanchang, China), MOV from Jiangsu
Zenji Pharmaceuticals Ltd. (Huaian, China), NMV from Shanghai XingMo Biotechnology
Co. Ltd. (Shanghai, China), FVP from Zenji Pharmaceuticals (Suzhou) Ltd. (Suzhou,
China), RDV from Zenji Pharmaceuticals (Suzhou) Ltd. (Suzhou, China), APR + MOV,
APR + NMV, APR + FVP, 1and APR + RDV. Table 3 shows methods for preparing medicines
for intraperitoneal administration to mice and drug doses. The prepared medicines were
stored at room temperature and in the dark for no more than 8 h.
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Table 3. Methods of medicine preparation for intraperitoneal administration to mice and drug doses

in the mouse influenza pneumonia model and in a model of coronavirus infection caused.

Drug

Preparing of Medicines

Conc.

Daily Dose for 2.1

Saline

sodium chloride in distilled water

0.9%

5mL/kg

APR

A total of 1852 mg APR
(5400 KIU/mg) in 1 mL of saline is
stirred with ultrasound until complete
dissolution.

10,000 KIU/mL

50,000 KIU / kg

AV5080

A total of 0.05 mg AV5080 in 1 mL of
saline is stirred with ultrasound until
complete dissolution.

0.05 mg/mL

0.25 mg/kg

Fvp

A total of 50 mg FVP and 24 mg
L-lysine monohydrate in 1 mL of
saline are stirred with ultrasound until
complete dissolution before the
addition of ~25 pl. 10 N NaOH; it is
then stirred with ultrasound until
complete dissolution and pH 7-8 are
achieved.

50 mg/mL

250 mg/kg

MPV

A total of 5 mg MPV in 1 mL of saline
is stirred with ultrasound until
complete dissolution.

5mg/mL

25 mg/kg

RDV

A total of 5 mg RDV in 1 mL of saline
is stirred with ultrasound until
complete dissolution.

5mg/mL

25 mg/kg

NMV

A total of 20 mg NMV in 1 mL of
saline is stirred with ultrasound until
complete dissolution.

20 mg/mL

100 mg/kg

APR + AV5080

A total of 1 mL APR (10,000 KIU/mL)
and 0.05 mg AV5080 are stirred with
ultrasound until complete dissolution.

0.05 mg/mL

50,000 KIU /kg
+0.25 mg/kg

APR + FVP

A total of 1 mL APR (10,000 KIU/mL)
and 50 mg FVP + 24 mg L-lysine
monohydrate are stirred with
ultrasound until complete dissolution
before the addition of ~25 uL 10 N
NaOH; it is then stirred with
ultrasound until complete dissolution
and pH 7-8 are achieved.

10,000 KIU/mL
+50 mg/mL

50,000 KIU / kg
+ 250 mg/kg

10

APR + MPV

A total of 1 mL APR (10,000 KIU/mL)
and 5 mg MPV are stirred with
ultrasound until complete dissolution.

10,000 KIU/mL
+5mg/mL

50,000 KIU / kg
+25mg/kg

11

APR + RDV

A total of 1 mL APR (10,000 KIU/mL),
5 mg RDV and 300 mg SBECD are
stirred with ultrasound until complete
dissolution.

10,000 KIU/mL
+5mg/mL

50,000 KIU /kg
+25mg/kg

12

APR + NMV

A total of 1 mL APR (10,000 KIU/mL)
and 20 mg NMYV are stirred with
ultrasound until complete dissolution.

10,000 KIU/mL
+20 mg/mL

50,000 KIU /kg
+100 mg/kg

4.2. Mice

In the model of influenza pneumonia, BALB/c mice females weighing 12-14 g were
infected with the influenza A/CA/04/2009 (H1N1) virus. The mice were obtained from
the animal facility Stezar (Vladimir, Russia).
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In the model of COVID-19, BALB/ c female transgenic 6-8 weeks old mice of line B6.Cg-
Tg(K18-ACE2)2Prlmn/HEMI hemizygous for Tg(K18-ACE2)2Prlmn weighing 19-24 g
were infected with SARS-CoV-2. The mice were obtained from Jackson Immunoresearch
(West Grove, PA, USA).

More details on mice handling in the study are available in Supplementary Materials
Section S1.

4.3. Virus and Cell Lines

In the model of influenza pneumonia in mice, the influenza A/CA/04/2009 (pnm
HIN1 2009) virus obtained from WHO and adapted to mice was used to infect animals. To
prepare the infecting material, three mice were infected intranasally with an allantoic virus,
and, after the manifestation of signs of the disease, they were euthanized, and a lung tissue
homogenate was obtained under sterile conditions. Further, this homogenate was used to
infect 9-day-old chicken embryos, from which the allantoic virus was obtained, and after
titration in mice, it was used to infect animals. In the experiments, a pool of virus was used,
which was obtained in October 2021, and aliquots were stored at —80 °C. For virus titration,
a culture of MDCK cells (transplantable dog kidney cells) obtained from WHO (storage of
cultures in liquid nitrogen) was used. The work with the specified virus was carried out in
the conditions of laminar boxes of the BSL2 facilities using disposable consumables.

In a model of COVID-19 in transgenic mice, we used a pool of laboratory strain SARS-
CoV-2 “Dubrovka” strain (identification number GenBank: MW161041.1), passaged with
Vero CCLS obtained in December 2020. The determination of the infectious titer of the SARS-
CoV-2 virus in the Vero CCLS81 cell culture showed that it was 107.5 x TCID50/0.1 mL.

To determine the dose of virus to infect mice, they were challenged with the following
dilutions of the SARS-CoV-2 virus: whole, 1:10, 1:20, 1:50, and 1:100, 30 uL in each nostril
under light anesthesia. On the 4th day after infection in each group, one animal was
euthanized, and its lungs and brain were taken for the determination of virus content.

The data on observation of animals for 7 days are presented in Table 4. From these data,
100% death of the animals was observed in all groups; however, in the group of animals
infected with the SARS-CoV-2 virus at a dilution of 1:100, it was delayed up to 7 days,
while in other groups the animals died 4-5 days after infection. Determination of the virus
titer in the lungs in the Vero CCLS81 cell culture also showed that, in all groups, it exceeds
6 1gTCID50/mL. In the lungs of mice that died as a result of infection, a high concentration
of viral RNA, more than 9 1g RNA copies/mL of homogenate, was detected by quantitative
RT-PCR which is consistent with the virus titration data. Taking into account the obtained
data and literature reports on determining the lethal dose in mice, we chose an infecting
dose of 103.5 x TCID50 (1:1000 dilution) for infection with SARS-CoV-2.

Table 4. Determination (MLD) of the minimum lethal dose (MLD50) in mice infected with the
SARS-CoV-2 Vero «Dubrovka» virus.

Conc. of Viral RNA in

ecimgDesd Moy Lung g RNA
Whole 0/2 100 >6 9.3
1:10 0/2 100 >6 10.3
1:20 0/2 100 >6 9.7
1:50 0/2 100 >6 10.3
1:100 0/2° 100 >6 NA Y

? Delayed death. * Not analyzed.
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4.4. Study Design
4.4.1. Study Design of the Combinatorial Use of APR and Inhibitors of RNA Viruses in a
Model of Influenza Pneumonia in Mice

In the experiment, 10 groups of BALB/c female mice were formed, 13 animals per
group, of which 10 mice were tested for survival and 3 mice were tested for the virus titer
in lungs (1gTCID50/mL).

Mice were randomized into groups and then were infected intranasally with influenza
A/CA/04/2009 (HIN1) virus under light anesthesia at a dose of SMLD50/mL (25 pL in
each nostril—104.5TCID50/mL).

Mice were treated according to the following scheme: in the morning of day 1, the
drug was administered to mice intraperitoneally immediately after the virus infection and
in the evening (~8-12 h after infection); days 2-5: treatment two times a day. Mice survival
was monitored for 16 days. The measurement of the virus titer in the lungs was carried out
on the 6th day after the last administration of the drug.

Obtaining mouse lung samples for the study and the determination of viral titer were
performed as described in Supplementary Materials Section S2.

The activity of the compounds in the model of influenza pneumonia in mice was
evaluated according to the following criteria: animal survival, increase in average life
expectancy, dynamics of weight loss, and decrease in virus titer in the lungs of animals on
the 6th day after infection.

The percentage of mortality was determined as the ratio of the number of dead animals
to the total number of infected animals in the group. The average life expectancy of animals
was determined from the calculation of the total number of days of observation of animals
(after infection) according to the formula: MSD =} f(d — 1)/n, where f is the number of
mice that died on day d, and the surviving mice are also included in f and d; in this case, n,
is the number of mice in the group [51].

Mice were weighed before the administration of the test substances every other day.
The decrease or increase in weight was calculated separately for each mouse and expressed
as a percentage. In this case, the weight of the animal before infection was taken as 100%.
For all mice in one group, the average value of the percentage of weight loss or weight gain
was determined.

The criterion for the antiviral effect was considered to be a statistically significant
increase in the survival of animals (p < 0.05), an increase in their life expectancy and
a statistically significant decrease in the viral titer in the lungs of infected animals (on
average > 1.75 1gTCID50) after the administration of experimental samples compared to
the control group of infected and untreated animals. The obtained data were subjected to
statistical processing in the Statistica 8.0” software. The comparison of survival in groups
of mice was performed using a one-way analysis of variance (ANOVA) in “Statistica
8” software.

4.4.2. Study Design of the Combinatorial Use of APR and Inhibitors of RNA Viruses in a
Model of Coronavirus Infection Caused by SARS-CoV-2 in Transgenic Mice

In the experiment, 10 groups of transgenic female mice with 4 animals per group were
formed. The effectiveness of APR + MOV, APR + NMV, APR + FVP, and APR + RDV
combinations were studied in parallel with the control group (saline) and comparison
single-component groups: APR, MOV, NMV, FVP, and RDV (Figures 3 and 4).

The treatment regimen for transgenic mice was as follows: parenteral (intraperitoneal)
administration of drugs 2 times a day; day 0-1 h before infection with mouse-adapted
SARS-CoV-2 and 6-8 h after infection; days 1, 2, 3—2 times a day, for a total of 4 days
(days 0, 1, 2, 3); day 4—lung sampling from all animals to assess the virus titer in the lungs,
visual assessment of the lungs, and the transfer of the lungs for histology; days 0—4—daily
assessment of the body weight and condition of mice.
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On day 0, animals from all groups were infected with the SARS-CoV-2 “Dubrovka”
strain (103.5 TCID50/mL). All mice were infected intranasally under light ether anesthesia
in a volume of 30 uL for both nostrils.

On day 4 post infection with the virus, the animals in each group were sacrificed,
and the lungs were removed under sterile conditions. One lung was fixed in formalin for
further histology, and the second lung was prepared to measure the virus titer. Obtaining
mouse lung samples for study and the determination of the viral titer was performed as
described in Supplementary Materials Section 52.

The obtained data were statistically processed using Statistica 8.0 software.

The results are presented in Table 2 and in Figure 4, from which it follows that the
APR + MOV and APR + NMV combinations are more effective than their single components
in reducing the virus titer in the lungs and the dynamics of body weight loss after 5 days,
while the effectiveness of combinatorial preparations APR + FVP and APR + RDV is
comparable with their constituent components.

5. Conclusions

Based on the data, we can conclude that combination treatment with APR and antiviral
drugs improved outcomes in mice infected with influenza virus and SARS-CoV-2, as it
drastically reduced the virus titer value in the lungs of animals. Apparently, with a
high probability, this is due to the therapeutic profile of aprotinin and, above all, its anti-
inflammatory and antithrombotic properties.

These results represent the next promising step for the clinical evaluation of combina-
tion therapy with APR and antiviral drugs (RDV, MOV, FVP and NMYV) in diseases caused
by influenza viruses and coronaviruses, in particular pneumonia.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27154975/s1. Supplementary Materials contain protocols
about a model of influenza pneumonia in mice and obtaining mouse lung samples for study and
determination of viral titer.
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