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ABSTRACT

The K18-hACE2 transgenic mice, a model animal having human ACE receptors,
is employed in studies against the SARS-CoV-2 virus all over the world. Aged
Balb/C mice utilized during the SARS-CoV outbreak were compared to non-T-cell,
immunosuppressive Nude mice often employed in cancer research and K18-hACE2
transgenic mice used as a model animal against the SARS-CoV-2 virus challenge assay.
At the same time, the role of the model animal K18-hACE2 transgenic mice in organs
other than the lung was studied. The BSL3 facility was used for the challenge experiment
in this study. In three groups, 105 TCID50 SARS-CoV-2 virus B.1.1.7 (the alpha variant
was gavaged and intranasally administered to mice under anesthesia. The experiment
was ended on the tenth day, and gross pathology was done. The viral load of SARS-
CoV-2 was determined by RT-PCR after collecting the target organ lungs from all mice
as well as the spleen, liver, heart, and kidneys from the K18-hACE2 transgenic mouse
group. In comparison to Balb/C and Nude mice, the K18-hACE2 transgenic mouse
model animal has been shown to be a suitable model against the SARS-CoV-2 virus
in our study. At the same time, when the organs of K18-hACE2 transgenic mice were
compared, viral load retention occurred in the target organ, the lung, with no significant
retention in other organs.
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INTRODUCTION

The SARS-CoV-2 virus, which infected 767 million
individuals and killed 6.9 million people globally,
was identified as the causal agent of COVID-19 [,
Coronaviruses (CoVs) are members of the Coronaviridae
family, the Nidovirales order, and the genus Coronavirus.
Coronaviridae, the biggest group of viruses, is divided
into two subfamilies: Coronavirinae and Torovirina.
Coronavirinae is further subdivided into four generations:
alpha, beta, gamma, and delta coronaviruses ®#. SARS-
CoV, a coronavirus that emerged in 2002-2003 with a
10% mortality rate, manifested itself as a lethal disease
that caused severe acute respiratory syndrome (ARDS).
Middle East respiratory syndrome coronavirus (MERS-
CoV), discovered in Saudi Arabia nearly a decade later,
caused similar devastation and loss, with a 35% mortality
rate. SARS-CoV-2, a third member of the Coronaviridae
subfamily, emerged as a new deadly disease in December
2019 and was declared a pandemic by the World Health
Organization 9.,

Humans with SARS-CoV-2 infection have developed a
variety of diseases, some of which are asymptomatic and

occasionally show serious symptoms. Severe COVID-19
symptoms typically include progressive respiratory failure
that necessitates hospitalization and ventilation. The
disease’s lethal state has been caused by ARDS, which
is associated with inflammation and thrombosis, often
resulting in multiple organ failure !>, Epidemiological
studies have shown that age, gender, diabetes, and
obesity are all risk factors for the development of severe
COVID-19 12],

Based on rapidly evolving data, the National Institutes
of Health (NIH) and the Infectious Diseases Society
of America (IDSA) have developed the most recent
COVID-19 Treatment Guidelines ). More than 40
vaccines, hyperimmune serums, numerous drugs, and
therapeutic molecules are being studied in clinical trials,
with another 150 being studied in preclinical studies 4.
Before entering the clinical stage, the final efficacy of all
types of protective and therapeutic products is evaluated
with an in vivo challenge test. Although different animal
models are used in COVID-19 in vivo studies, mice are the
most preferred model in terms of accessibility and cost.
Model animal studies for Corona viruses began during
the SARS-CoV and MERS-CoV epidemics. Different
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mouse breeds (Balb/C, C57BL/6, B6, and 129S) have been
investigated in these diseases, but the expected response
could not be obtained. Balb/C mice vaccinated with
SARS-CoV showed no clinical symptoms and some virus
recovery, despite gaining weight. Although viral RNA was
found in the lungs and intestines of these mice, there was
no mortality ">, SARS-CoV studies employed Balb/C
mice at 21 weeks of age to capture clinical signs 7. In
MERS CoV experiments, however, it was found that aged
Balb/C mice did not exhibit appropriate clinical signs, and
the virus titer remained low. Because of the incompatibility
of spike (S) protein with mouse ACE2, conventional
laboratory mice did not support MERS-CoV, SARS-
CoV, and SARS-CoV-2 infections, which have entered
our lives. As a result, a new transgenic mouse model has
been developed to replicate human disease as well as
for pathogenesis investigations and the development of
antiviral treatments '¢1*°], K18-hACE2 transgenic mice
may express the human ACE2 receptor, which is utilized
by SARS-CoV-2 221 The hACE gene is expressed in
epithelial cells in these transgenic mice under the control
of the cytokeratin 18 promoter *?*. The development of
model mice distinct from Balb/C and C57BL/6 mice has
been critical for understanding the mechanisms of SARS-
CoV-2 and developing treatment strategies.

K18-hACE2 transgenic mice are produced and sold at
few sites around the world. However, many experimental
animal facilities that desire to conduct SARS-CoV-2
research do not have this mouse strain. In this study, the
Balb/C mouse and Nude mouse strains, both of which
are widely available in Tirkiye, were compared to K18-
hACE2 transgenic mouse strains against the SARS-CoV-2
virus. The Balb/C mouse research carried out during the
SARS and MERS CoV outbreaks was replicated in this
investigation under current settings. Another aim of our
research was to compare the quantity of virus uptake in
various organs and the lung of a SARS-CoV-2 virus model
animal, the K18-hACE2 transgenic mouse.

MATERIAL aANpD METHODS
Ethics Statement

All experimental procedures with animals were approved
by TUBITAK (Marmara Research Center) MRC, Life
Sciences, Medical Biotechnology Unit in Kocaeli, TURKIYE.
All procedures in this study involving animals were reviewed
and approved by the Institutional Biosafety Committee
and Institutional Animal Care and Use Committee
(HADYEK-16563500-111-3026); all the experiments
were conducted in compliance with all relevant ethical
regulations. The experiments were conducted in BSL3
and animal BSL3 (ABSL3) facilities at TUBITAK MRC
Life Sciences.

Animals

The transgenic K18-hACE2 [B6.Cg-Tg(K18-hACE2)
2Prlmn/]] mice used in this study were provided by the
Jackson Laboratory in the United States. TUBITAK MRC
Life Sciences Experimental Animals Unit has rights for
the production of K18-hACE2 transgenic mice. All of
the experiments were conducted in a biocontainment
isocage, which is part of ABSL 3. 16-18 week-old female
Balb/C and Nude mice and 8-10 week-old female K18-
hACE2 transgenic mice were used, and 4 mice (20-30
g body weight) were used for each group. The animals
kept in an environment with a temperature of 20-24°C,
with a controlled light cycle (12 h light and 12 h dark)
and consumption of SPF solid food and water ad libitum
throughout the experimental period. There were three
groups in this study: the Balb/C mice group, the nude
mice group, and the K18-hACE2 transgenic mice group.

Challenge Method for SARS-CoV-2 Infection in Mouse
Models

SARS-CoV-2 virus strain B.1.1.7 (alpha variant) was
isolated from patients by the Ministry of Health Directorate
of Public Health and provided to us for this study. All virus
growth was done in biosafety level 3 (BSL-3) labs at the
TUBITAK Marmara Research Center (TUBITAK MRC),
Life Sciences, and Medical Biotechnology Unit in Kocaeli,
TURKIYE. This laboratory had all the international
certificates needed to work with SARS-CoV-2.

In the BSL 3 facility, Balb/C, Nude, and K18-hACE2 mice
were housed in biocontainment cages for a challenge
experiment with the SARS-CoV-2 virus B.1.1.7 with a
TCIDs, value of 10°. It was kept in the laboratory for two
days for adaptation to the environment. In the study’s
model, 1x10° TCIDs, virus was administered to the
animals via gavage and intranasal administration. For
the first three days of the experiment, the animals were
given SARS-CoV-2 virus orally via gavage, followed by 50
uL of 10° TCIDs, intranasally under anesthesia (Fig. 1).
The mice’s gavage dosage was modified according to their

Fluorescence

Fig 1. Representation schematic of the in vivo challenge experiment.
Balb/C, Nude, and K18 hACE2 mice were administered the SARS-CoV-2
(Alpha) virus for three days. On the tenth day of the experiment, autopsy-
collected lungs were analyzed by PCR to ascertain the amount of viral
RNA (n = 4/group)
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weight, however the maximum quantity they may aspirate
with intranasal administration is 50 pL. As a result, all
mice received the same doses of virus intranasally. The
experiment lasted a total of ten days. After being infected
with the virus, mice were monitored on a daily basis
for morbidity (body weight) and mortality. Mice that
lost more than 25% of their baseline body weight were
considered to have reached the experimental endpoint
and were exterminated. Pathological examinations were
performed after the animals were sacrificed. Allabdominal
organs and thoracic cavity organs were examined with the
naked eye during gross pathology. Each mouse lung was
used to compare viral load by real-time PCR analysis %7,
During gross pathology, samples were taken to compare
how much of the SARS-CoV-2 virus was absorbed into
the lung, heart, spleen, liver, and kidneys of K18-hACE2
transgenic mice.

The lungs were evaluated and scored with the naked eye in
terms of color, tissue integrity, appearance, and size during
gross pathology. Organs that were clean and free of lesions
received a score of 0 (zero), while organs with lesions such
as edema, hyperemia, and pneumonia received a score
ranging from 1 to 5 (one to five) 2%,

Tissue Homogenization

The mice’s lungs and other organs were sonicated for
viral RNA analysis. The organ tissues were homogenized
separately in 2 mL of PBS using an ultrasonic homogenizer
at 70% amplitude for 90 sec (Bandelin HD2200.2,
Germany) for viral isolation. Tissue homogenates were
centrifuged at 21.500 x g for 10 min, and supernatants
were collected into 15-mL falcon tubes.

Viral RNA Isolation and RT-PCR

Viral RNA was extracted with the QIAamp Viral RNA
Mini Kit, Cat. No. 52906 (QIAGEN, USA) according to the
instructions of the manufacturer. The viral RNA detection
was performed using SARS-CoV-2 nucleocapsid-specific
primers and probes detailed below with the One Step
PrimeScript III RT-PCR Kit (Takara, Japan). All reactions
were performed on a CFX96 Touch instrument (BioRad,
USA) with the following Real-Time PCR conditions: 52°C
for 5 min, 95°C for 10 sec, then 44 cycles of 95°C for 5 sec
and 55°C for 30 sec. The primer and probe sequences that
are used for RT-PCR are CDC-recommended and FDA-
approved (EUA) NC1 and NC2 primer-probe sets whose
target region is the Nucleocapsid (NC) gene of SARS-
CoV-2. (Primer and probe sequences are: N1 Forward:
5-GAC CCC AAA ATC AGC GAA AT-3) N1 Reverse: 5-
TCT GGT TAC TGC CAG TTG AAT CTG-3, N1 Probe:
5-FAM-ACC CCG CAT TAC GTT TGG TGG ACC-
BHQI-3 N2 Forward: 5-TTA CAA ACA TTG GCC GCA
AA-3’ N2 Reverse: 5°-GCG CGA CAT TCC GAA GAA-3
N2 Probe: 5-FAM-ACA ATT TGC CCC CAG CGCTTC
AG-BHQ1-3) !

Statistical Analysis

An unpaired one-way ANOVA was used for comparison
between three groups. A two-sided P value <0.05 was
considered statistically significant. Statistical analyzes and
graphs was performed with GraphPad Prism 5 programs.

RESULTS
Clinical Evaluation

Throughout the study, the weight and clinical symptoms of
the mice in all three groups were monitored. K18-hACE2
transgenic mice were the most affected clinically. Weight
loss began in virus-infected mice on the fifth day of the
trial, and by the end of the experiment, approximately 17-
29% live weight reduction was seen. The animals in the
nude mouse group had a slight clinical effect. Two out
of four mice lost approximately 6.5% of their live weight,
whereas the other two mice lost no weight. The Balb/C
mouse group was not clinically affected. One mouse lost
3.5% of its body weight, whereas the other mice gained
weight (Fig. 2).

Gross Pathology

On the tenth day of the study, the animals in the experiment
were sacrificed using the cervical dislocation procedure,
and gross pathology was done. Pneumonia was observed
in the lungs of two mice in the K18-hACE2 transgenic
mouse group, and hemorrhagic regions occurred in
the lungs of the remaining two mice, depending on
erythrocyte density. Hemorrhagic regions have been found
in the lungs of two naked mice and one Balb/C mouse. In
Nude and Balb/C mice, no abnormal signs were found in
the lungs or other organs of the remaining animals. Fig.
3-A shows the gross pathology-related appearance of the
animal lungs that were obtained, and Fig. 3-B shows the
score graph.

Viral Load Assessment by RT-PCR

In this study, the presence of the virus was determined
using RT-PCR and viral RNA from the lungs and other

Animal Weight Change
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Fig 2. Graph demonstrating the mean change in body weight of challenged
mice over a 10-day period. Only the K18 hACE2 group showed a
significant response after seven days. One-way ANOVA test was used for
statistic (P<0.0001), between-group variation was found to be significant
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Fig 3. A) Gross pathology images of experimental mice’s lungs a) Pneumonia-formed lung of K18 hACE2 transgenic
mouse; b) hyperemic lung of nude mouse; ¢) Less hyperemic lung of Balb/C mouse; and d) intact, healthy lung of
Balb/C Mouse, B) Gross pathological inflammation score graph of lungs from three groups of mice. Lung inflammation
was graded on a scale of 0 to 5 (0 for no inflammation, 1 for low-level hyperemia, 2 for significant pathological lesion-
hyperemia, and 3-5 for various stages of pneumonia). One-way ANOVA test was used for statistic (P<0.0020), but the
findings were determined to be non-significant
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Fig 4. Viral loads in lung and other organs determined by Real Time PCR targeting two distinct regions of
the SARS-CoV-2 Nucleocapsid gene. One-way ANOVA test was used for statistics. A) Results for the viral
loads in the lung were significant (p<0.0001), according to RT-PCR, B) Comparing viral loads in other
organs, however, was not shown to be significantly distinct (P<0.4096)

organs. CT measured between 16 to 21 in the K18-hACE2  organs are as follows: heart 36%, spleen 38%, liver 38%,
transgenic mice group. CT measured between 37 to 40  and kidney 37% (Fig.4-A,B).

in the Nude and Balb/C mice groups. In the K18-hACE2
transgenic group, between 33 to 40 viral CTs were acquired DISCUSSION

from different organs of mice. The CT averages for these =~ Many studies with K18-ACE2 transgenic mouse models
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against COVID-19 disease have been published in the
literature. According to Winkler et al.**! following intra-
nasal infections of K18-ACE2 mice at 4 dpi (Day Post
Injection) and 7 dpi, the animals lost significant weight
and had high virus loads at 2 dpi, 4 dpi, and 7 dpi.
According to this study, the most virus was found in the
lungs of hACE2 mice at 3 dpi, followed by a decrease at
5 dpi and a continued decrease at 7 dpi . The results
of these studies have demonstrated that if K18-ACE2
transgenic mice are exposed to the virus every other day,
the viral load begins to decline after the fifth day, becomes
minimal after 7-9 days, and the virus disappears within
a few days. According to the literature, we used a 3 dpi
for the groups in our study ?*¥). The study contrasted
the Balb/C mouse strain, which was used in the past for
MERS-CoV and SARS-CoV infections, as well as the
immunosuppressed CD1-nude (Foxnlnull) mouse race
and K18-ACE2 transgenic mice, which are model animals.
Furthermore, the heart, spleen, liver, and kidneys of mice
in the hACE2 group were collected, and the role of the
SARS-CoV-2 virus was investigated 2>,

When the clinical symptoms of 1x10° B.1.1.7 strains
and different breeds of mice were studied in this study,
Balb/C mice had no effects at all, and the animals even
gained weight at the end of the experiment. At the end of
the investigation, naked mice lost about 1.5 g of weight,
but no additional clinical signs were observed. K18-
ACE2 transgenic mice, on the other hand, experienced
significant weight loss as well as clinical signs such as put-
off movements, abdominal breathing, stooped posture,
and eye burrs.

In their study of K18 hACE2 transgenic mice, Oladunni
et al.?Y investigated the histological changes and gross
pathology changes of organs such as the lung, brain,
liver, and spleen in 2 dpi and 4 dpi groups. They linked
neutrophil and lymphocyte infiltration into the alveolar
regions to the emergence of slight pneumonia at 2 dpi.
At 4 dpi, the pneumonia rate increased fourfold, the
alveolar gaps narrowed with hemorrhagic hemorrhages,
and inflammatory cell infiltration increased. In terms of
gross pathology, there is no significant pathological lesion
in the lungs or other organs of Balb/C or Nude mice.
Erythrocyte and lymphocyte infiltration of the lungs was
seen in one Balb/C mouse and two Nude mice. In four
K18-ACE2 transgenic mice, pneumonia was shown to be
graded 2-4 in the lungs .

In this study, the presence of virus in the lungs was
determined by RT-PCR, and viral density was calculated
using CT values. CT ranged from 16 to 21 in the K18-
hACE2 transgenic mice. Early CT values indicate a large
number of viruses in this group of animals. Nude and
Balb/C mice, on the other hand, produced 37-40 CT. CTs
of 30 or above show that there is very little viral RNA

(Fig.4-A). As a result, even though CT values were found
in the Nude and Balb/C groups, the results were deemed
negative %2, Because there was no viral load in the target
organ lungs of Balb/C and Nude mice, only K18-hACE2
transgenic animals were studied for viral uptake in other
organs. When comparing CT averages from organs other
than the lung, low positive viral results were obtained, as in
the studies of Sun et al.”! and Johansen et al.'*.. According
to our results, when we compared the viral involvement
of the organs, they were heart > kidney > spleen > liver,
respectively (Fig. 4-B).

This investigation compared prior investigations using
Balb/C, Nude, and K18-hACE2 transgenic mice groups.
Older Balb/C mice employed in this study, on the other
hand, displayed a substantially lower, non-significant
response to the SARS-CoV-2 virus. This study showed
that Balb/C experiments against Coronaviruses are not
scientifically sufficient at the present time. But we don’t
knowifthisisjusttied tothe SARS-CoV-2virusorifitwould
have responded similarly to the SARS-CoV virus today. It
was revealed that CD1 nude mice, an immunosuppressive
mouse strain, did not respond to SARS-CoV-2 tries as
expected. With this study I demonstrated that only the
K18-hACE2 transgenic mouse line should be utilized
in COVID-19 mouse model experiments to produce
accurate results. Despite the presence of SARS-CoV-2
virus in other organs in this study, necropsy showed that
it did not cause clinical damage in these organs due to its
low level virus.

Availability of Data and Materials

The datasets generated and/or analysed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgements

I want to thank MSc Irem ABACI and my technician colleagues
Hasan Ulugbey, Nuray Samdanli, and Mustafa Cakir for their
ongoing encouragement in my work.

Funding Support

This research was supported by the TUBITAK 1004 Projects
Research Fund (Project No. 18AG020, 2020-2023).

REFERENCES

1. Word Health Organization: COVID-19. https://covid19.who.int;
Accessed: 23.06.2023.

2. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si HR, Zhu Y, Li
B, Huang CL, Chen HD, Chen J, Luo Y, Guo H, Jiang RD, Liu MQ, Chen
Y, Shen XR, Wang X, Zheng XS, Zhao K, Chen QJ, Deng E, Liu LL, Yan
B, Zhan FX, Wang YY, Xiao GF, Shi ZL: A pneumonia outbreak associated
with a new coronavirus of probable bat origin. Nature, 579 (7798): 270-273,
2020. DOI: 10.1038/s41586-020-2012-7

3. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi
W, Lu R, Niu P, Zhan F, Ma X, Wang D, Xu W, Wu G, Gao GEF, Tan W,
China Novel Coronavirus Investigating and Research Team: A novel
coronavirus from patients with pneumonia in China, 2019. N Engl ] Med,
382 (8): 727-733, 2020. DOI: 10.1056/NEJM0a2001017


https://covid19.who.int
https://www.nature.com/articles/s41586-020-2012-7
https://www.nature.com/articles/s41586-020-2012-7
https://www.nature.com/articles/s41586-020-2012-7
https://www.nature.com/articles/s41586-020-2012-7
https://www.nature.com/articles/s41586-020-2012-7
https://www.nature.com/articles/s41586-020-2012-7
https://www.nejm.org/doi/10.1056/NEJMoa2001017
https://www.nejm.org/doi/10.1056/NEJMoa2001017
https://www.nejm.org/doi/10.1056/NEJMoa2001017
https://www.nejm.org/doi/10.1056/NEJMoa2001017
https://www.nejm.org/doi/10.1056/NEJMoa2001017

694
In Vivo SARS-CoV-2 Challenge Mouse Model

Kafkas Univ Vet Fak Derg

4. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, Ren R, Leung KSM, Lau
EHY, Wong JY, Xing X, Xiang N, Wu Y, Li C, Chen Q, Li D, Liu T, Zhao
J, Liu M, Tu W, Chen C, Jin L, Yang R, Wang Q, Zhou S, Wang R, Liu H,
Luo Y, Liu Y, Shao G, Li H, Tao Z, Yang Y, Deng Z, Liu B, Ma Z, Zhang Y,
Shi G, Lam TTY, Wu JT, Gao GE, Cowling BJ, Yang B, Leung GM, Feng
Z: Early transmission dynamics in Wuhan, China, of novel coronavirus-
infected pneumonia. N Engl ] Med, 382 (13): 1199-1207, 2020. DOI: 10.1056/
NEJMo0a2001316

5. Maier HJ, Erica B, Paul B: Coronaviruses: Methods and protocols. 1282
(1): 1-282, 2015. DOI: 10.1007/978-1-4939-2438-7

6. CuiJ, Li E, Shi ZL: Origin and evolution of pathogenic coronaviruses. Nat
Rev Microbiol, 17 (3): 181-192, 2019. DOI: 10.1038/541579-018-0118-9

7. Pal M, Berhanu G, Desalegn C, Kandi V: Severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2): An update. Cureus, 12:¢7423, 2020.
DOI: 10.7759/cureus.7423

8. Arias-Reyes C, Zubieta-DeUrioste N, Poma-Machicao L, Aliaga-
Raduan F, Carvajal-Rodriguez F, Dutschmann M, Schneider-Gasser EM,
Zubieta-Calleja G, Soliz J: Does the pathogenesis of SARS-CoV-2 virus
decrease at high-altitude? Respir Physiol Neurobiol, 277:103443, 2020. DOI:
10.1016/j.resp.2020.103443

9. Mostafa A, Kandeil A, Shehata M, El Shesheny R, Samy AM, Kayali G,
Ali MA: Middle East Respiratory Syndrome Coronavirus (MERS-
CoV): State of the science. Microorganisms, 8:991, 2020. DOI: 10.3390/
microorganisms8070991

10. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, Wang T, Zhang X,
Chen H, Yu H, Zhang X, Zhang M, Wu S, Song J, Chen T, Han M, Li S,
Luo X, Zhao J, Ning Q: Clinical and immunological features of severe and
moderate coronavirus disease 2019. J Clin Invest, 130 (5): 2620-2629, 2020.
DOI: 10.1172/]JCI137244

11. Paranjpe I, Russak AJ, De Freitas JK, Lala A, Miotto R, Vaid A,
Johnson KW, Danieletto M, Golden E, Meyer D, Singh M, Somani S,
Kapoor A, O’Hagan R, Manna S, Nangia U, Jaladanki SK, O’Reilly P,
Huckins LM, Glowe P, Kia A, Timsina P, Freeman RM, Levin MA, Jhang
J, Firpo A, Kovatch P, Finkelstein J, Aberg JA, Bagiella E, Horowitz CR,
Murphy B, Fayad ZA, Narula J, Nestler EJ, Fuster V, Cordon-Cardo C,
Charney D, Reich DL, Just A, Bottinger EP, Charney AW, Glicksberg BS,
Nadkarni GN: Retrospective cohort study of clinical characteristics of 2199
hospitalised patients with COVID-19 in New York City. BMJ, 10:e040736,
2020. DOI: 10.1136/bmjopen-2020-040736

12. Richardson S, Hirsch JS, Narasimhan M, Crawford JM, McGinn T,
Davidson KW; the Northwell COVID-19 Research Consortium;
Barnaby DP, Becker LB, Chelico JD, Cohen SL, Cookingham J, Coppa
K, Diefenbach MA, Dominello AJ, Duer-Hefele J, Falzon L, Gitlin J,
Hajizadeh N, Harvin TG, Hirschwerk DA, Kim EJ, Kozel ZM, Marrast LM,
Mogavero JN, Osorio GA, Qiu M, Zanos TP: Presenting characteristics,
comorbidities, and outcomes among 5700 patients hospitalized with
COVID-19 in the New York City Area. JAMA, 323, 2052-2059, 2020. DOI:
10.1001/jama.2020.6775

13. Nhean S, Varela ME, Nguyen YN, Juarez A, Huynh T, Udeh D, Tseng
AL: COVID-19: A review of potential treatments (corticosteroids,
remdesivir, tocilizumab, bamlanivimab/etesevimab, and casirivimab/
imdevimab) and pharmacological considerations. J Pharm Pract, 36 (2):
407-417,2023. DOI: 10.1177/08971900211048139

14. da Costa CBP, Martins FJ, da Cunha LER, Ratcliffe NA, Cisne de
Paula R, Castro HC: COVID-19 and hyperimmune sera: A feasible plan B
to fight against coronavirus. Int Immunopharmacol, 90:107220, 2021. DOI:
10.1016/j.intimp.2020.107220

15. Subbarao K, McAuliffe J, Vogel L, Fahle G, Fischer S, Tatti K, Packard
M, Shieh WJ, Zaki S, Murphy B: Prior infection and passive transfer of
neutralizing antibody prevent replication of severe acute respiratory
syndrome Coronavirus in the respiratory tract of mice. J Virol, 78 (7): 3572-
3577,2004. DOI: 10.1128/jvi.78.7.3572-3577.2004

16. Johansen MD, Irving A, Montagutelli X, Tate MD, Rudloff I, Nold
ME, Hansbro NG, Kim RY, Donovan C, Liu G, Faiz A, Short KR, Lyons
JG, McCaughan GW, Gorrell MD, Cole A, Moreno C, Couteur D,
Hesselson D, Triccas ], Neely GG, Gamble JR, Simpson SJ, Saunders BM,
Oliver BG, Britton WJ, Wark PA, Nold-Petry CA, Hansbro PM: Animal

and translational models of SARS-CoV-2 infection and COVID-19. Mucosal
Immunol, 13 (6): 877-891, 2020. DOI: 10.1038/s41385-020-00340-z

17. Roberts A, Paddock C, Vogel L, Butler E, Zaki S, Subbarao K: Aged
BALB/c mice as a model for increased severity of severe acute respiratory
syndrome in elderly humans. J Virol, 79 (9): 5833-5838, 2005. DOI: 10.1128/
jvi.79.9.5833-5838.2005

18. Roberts A, Deming D, Paddock CD, Cheng A, Yount B, Vogel L,
Herman BD, Sheahan T, Heise M, Genrich GL, Zaki SR, Baric R,
Subbarao K: A mouse-adapted SARS-coronavirus causes disease and
mortality in BALB/c mice. PLoS Pathog, 3 (1):5, 2007. DOI: 10.1371/
journal.ppat.0030005

19. Dinnon KH 3rd, Leist SR, Schifer A, Edwards CE, Martinez DR,
Montgomery SA, West A, Yount BL Jr, Hou YJ, Adams LE, Gully KL,
Brown AJ, Huang E, Bryant MD, Choong IC, Glenn JS, Gralinski LE,
Sheahan TP, Baric RS: A mouse-adapted model of SARS-CoV-2 to test
COVID-19 countermeasures. Nature, 586 (7830): 560-566, 2020. DOI
10.1038/s41586-020-2708-8

20. McCray PB Jr, Pewe L, Wohlford-Lenane C, Hickey M, Manzel L, Shi
L, Netland J, Jia HP, Halabi C, Sigmund CD, Meyerholz DK, Kirby P, Look
DC, Perlman S: Lethal infection of K18-hACE2 mice infected with severe
acute respiratory syndrome coronavirus. J Virol, 81 (2): 813-821, 2007. DOI:
10.1128/jvi.02012-06

21. Oladunni FS, Park JG, Pino PA, Gonzalez O, Akhter A, Allué-Guardia
A, Olmo-Fontanez A, Gautam S, Garcia-Vilanova A, Ye C, Chiem K,
Headley C, Dwivedi V, Parodi LM, Alfson K], Staples HM, Schami A,
Garcia JI, Whigham A, Platt RN 2nd, Gazi M, Martinez ], Chuba C,
Earley S, Rodriguez OH, Mdaki SD, Kavelish KN, Escalona R, Hallam
CRA, Christie C, Patterson JL, Anderson TJC, Carrion R Jr, Dick EJ Jr,
Hall-Ursone S, Schlesinger LS, Alvarez X, Kaushal D, Giavedoni LD,
Turner J, Martinez-Sobrido L, Torrelles JB: Lethality of SARS-CoV-2
infection in K18 human angiotensin-converting enzyme 2 transgenic mice.
Nat Commun, 11 (1):6122, 2020. DOI: 10.1101/2020.07.18.210179

22. Jia W, Wang J, Sun B, Zhou J, Shi Y, Zhou Z: The mechanisms and
animal models of SARS-CoV-2 infection. Front Cell Dev Biol, 9:578825,
2021. DOI: 10.3389/fcell.2021.578825

23. Winkler ES, Bailey AL, Kafai NM, Nair S, McCune BT, Yu J, Fox JM,
Chen RE, Earnest JT, Keeler SP, Ritter JH, Kang LI, Dort S, Robichaud
A, Head R, Holtzman MJ, Diamond MS: SARS-CoV-2 infection in the
lungs of human ACE2 transgenic mice causes severe inflammation, immune
cell infiltration, and compromised respiratory function. bioRxiv [Preprint],
10:2020.07.09.196188, 2020. DOI: 10.1101/2020.07.09.196188

24. Fumagalli V, Rava M, Marotta D, Di Lucia P, Laura C, Sala E, Grillo
M, Bono E, Giustini L, Perucchini C, Mainetti M, Sessa A, Garcia-
Manteiga JM, Donnici L, Manganaro L, Delbue S, Broccoli V, De Francesco
R, D’Adamo P, Kuka M, Guidotti LG, Iannacone M: Administration
of aerosolized SARS-CoV-2 to K18-hACE2 mice uncouples respiratory
infection from fatal neuroinvasion. Sci Immunol, 7 (67):eabl9929, 2022.
DOI: 10.1126/sciimmunol.abl9929

25. Sun SH, Chen Q, Gu HJ, Yang G, Wang YX, Huang XY, Liu SS, Zhang
NN, Li XF, Xiong R, Guo Y, Deng YQ, Huang WJ, Liu Q, Liu QM, Shen
YL, Zhou Y, Yang X, Zhao TY, Fan CF, Zhou YS, Qin CE, Wang YC: A
mouse model of SARS-CoV-2 infection and pathogenesis. Cell Host Microbe,
28 (1): 124-133.e4, 2020. DOTI: 10.1016/j.chom.2020.05.020

26. Kayabolen A, Akcan U, Ozturan D, Ulbegi-Polat H, Sahin GN,
Pinarbasi-Degirmenci N, Bayraktar C, Soyler G, Sarayloo E, Nurtop E,
Ozer B, Guney-Esken G, Barlas T, Yildirim IS, Dogan O, Karahuseyinoglu
S, Lack NA, Kaya M, Albayrak C, Can F, Solaroglu I, Bagci-Onder T:
Protein scaffold-based multimerization of soluble ACE2 efficiently blocks
SARS-CoV-21nfection in vitro and in vivo. Adv Sci (Weinh), 9 (27):2201294,
2022. DOI: 10.1002/advs.202201294

27. Ulbegi Polat H, Serhatli M, Tas Ekiz A, Abaci i, Aksoy 0, Cakirca G,
Tekin §, Al-Zendani AAH, Al-Zendani MAA, Korkmaz 0, Peru C:
Investigation of the antiviral effects of Saussurea lappa root extract against
SARS-CoV-2 virus. Mol Nutr Food Res, 11:¢2200804, 2023. DOI: 10.1002/
mnfr.202200804

28. Kalyoncu S, Yilmaz S, Kuyucu AZ, Sayili D, Mert O, Soyturk H, Gullu
S, Akinturk H, Citak E, Arslan M, Taskinarda MG, Tarman IO, Altun GY,


https://www.nejm.org/doi/10.1056/NEJMoa2001316
https://www.nejm.org/doi/10.1056/NEJMoa2001316
https://www.nejm.org/doi/10.1056/NEJMoa2001316
https://www.nejm.org/doi/10.1056/NEJMoa2001316
https://www.nejm.org/doi/10.1056/NEJMoa2001316
https://www.nejm.org/doi/10.1056/NEJMoa2001316
https://www.nejm.org/doi/10.1056/NEJMoa2001316
https://www.nejm.org/doi/10.1056/NEJMoa2001316
https://link.springer.com/protocol/10.1007/978-1-4939-2438-7_1
https://link.springer.com/protocol/10.1007/978-1-4939-2438-7_1
https://www.nature.com/articles/s41579-018-0118-9
https://www.nature.com/articles/s41579-018-0118-9
https://www.cureus.com/articles/29589-severe-acute-respiratory-syndrome-coronavirus-2-sars-cov-2-an-update
https://www.cureus.com/articles/29589-severe-acute-respiratory-syndrome-coronavirus-2-sars-cov-2-an-update
https://www.cureus.com/articles/29589-severe-acute-respiratory-syndrome-coronavirus-2-sars-cov-2-an-update
https://www.sciencedirect.com/science/article/pii/S1569904820301014?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1569904820301014?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1569904820301014?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1569904820301014?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1569904820301014?via%3Dihub
https://www.mdpi.com/2076-2607/8/7/991
https://www.mdpi.com/2076-2607/8/7/991
https://www.mdpi.com/2076-2607/8/7/991
https://www.mdpi.com/2076-2607/8/7/991
https://www.jci.org/articles/view/137244
https://www.jci.org/articles/view/137244
https://www.jci.org/articles/view/137244
https://www.jci.org/articles/view/137244
https://www.jci.org/articles/view/137244
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://bmjopen.bmj.com/content/10/11/e040736
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://jamanetwork.com/journals/jama/fullarticle/2765184
https://journals.sagepub.com/doi/10.1177/08971900211048139
https://journals.sagepub.com/doi/10.1177/08971900211048139
https://journals.sagepub.com/doi/10.1177/08971900211048139
https://journals.sagepub.com/doi/10.1177/08971900211048139
https://journals.sagepub.com/doi/10.1177/08971900211048139
https://www.sciencedirect.com/science/article/pii/S1567576920336870?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1567576920336870?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1567576920336870?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1567576920336870?via%3Dihub
https://journals.asm.org/doi/10.1128/jvi.78.7.3572-3577.2004
https://journals.asm.org/doi/10.1128/jvi.78.7.3572-3577.2004
https://journals.asm.org/doi/10.1128/jvi.78.7.3572-3577.2004
https://journals.asm.org/doi/10.1128/jvi.78.7.3572-3577.2004
https://journals.asm.org/doi/10.1128/jvi.78.7.3572-3577.2004
https://www.mucosalimmunology.org/article/S1933-0219(22)00256-2/fulltext
https://www.mucosalimmunology.org/article/S1933-0219(22)00256-2/fulltext
https://www.mucosalimmunology.org/article/S1933-0219(22)00256-2/fulltext
https://www.mucosalimmunology.org/article/S1933-0219(22)00256-2/fulltext
https://www.mucosalimmunology.org/article/S1933-0219(22)00256-2/fulltext
https://www.mucosalimmunology.org/article/S1933-0219(22)00256-2/fulltext
https://www.mucosalimmunology.org/article/S1933-0219(22)00256-2/fulltext
https://journals.asm.org/doi/10.1128/jvi.79.9.5833-5838.2005
https://journals.asm.org/doi/10.1128/jvi.79.9.5833-5838.2005
https://journals.asm.org/doi/10.1128/jvi.79.9.5833-5838.2005
https://journals.asm.org/doi/10.1128/jvi.79.9.5833-5838.2005
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030005
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030005
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030005
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030005
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030005
https://www.nature.com/articles/s41586-020-2708-8
https://www.nature.com/articles/s41586-020-2708-8
https://www.nature.com/articles/s41586-020-2708-8
https://www.nature.com/articles/s41586-020-2708-8
https://www.nature.com/articles/s41586-020-2708-8
https://www.nature.com/articles/s41586-020-2708-8
https://journals.asm.org/doi/10.1128/jvi.02012-06
https://journals.asm.org/doi/10.1128/jvi.02012-06
https://journals.asm.org/doi/10.1128/jvi.02012-06
https://journals.asm.org/doi/10.1128/jvi.02012-06
https://journals.asm.org/doi/10.1128/jvi.02012-06
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.biorxiv.org/content/10.1101/2020.07.18.210179v1
https://www.frontiersin.org/articles/10.3389/fcell.2021.578825/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.578825/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.578825/full
https://www.biorxiv.org/content/10.1101/2020.07.09.196188v1
https://www.biorxiv.org/content/10.1101/2020.07.09.196188v1
https://www.biorxiv.org/content/10.1101/2020.07.09.196188v1
https://www.biorxiv.org/content/10.1101/2020.07.09.196188v1
https://www.biorxiv.org/content/10.1101/2020.07.09.196188v1
https://www.biorxiv.org/content/10.1101/2020.07.09.196188v1
https://www.science.org/doi/10.1126/sciimmunol.abl9929
https://www.science.org/doi/10.1126/sciimmunol.abl9929
https://www.science.org/doi/10.1126/sciimmunol.abl9929
https://www.science.org/doi/10.1126/sciimmunol.abl9929
https://www.science.org/doi/10.1126/sciimmunol.abl9929
https://www.science.org/doi/10.1126/sciimmunol.abl9929
https://www.science.org/doi/10.1126/sciimmunol.abl9929
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(20)30302-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312820303024%3Fshowall%3Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(20)30302-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312820303024%3Fshowall%3Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(20)30302-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312820303024%3Fshowall%3Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(20)30302-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312820303024%3Fshowall%3Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(20)30302-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312820303024%3Fshowall%3Dtrue
https://onlinelibrary.wiley.com/doi/10.1002/advs.202201294
https://onlinelibrary.wiley.com/doi/10.1002/advs.202201294
https://onlinelibrary.wiley.com/doi/10.1002/advs.202201294
https://onlinelibrary.wiley.com/doi/10.1002/advs.202201294
https://onlinelibrary.wiley.com/doi/10.1002/advs.202201294
https://onlinelibrary.wiley.com/doi/10.1002/advs.202201294
https://onlinelibrary.wiley.com/doi/10.1002/advs.202201294
https://onlinelibrary.wiley.com/doi/10.1002/mnfr.202200804
https://onlinelibrary.wiley.com/doi/10.1002/mnfr.202200804
https://onlinelibrary.wiley.com/doi/10.1002/mnfr.202200804
https://onlinelibrary.wiley.com/doi/10.1002/mnfr.202200804
https://onlinelibrary.wiley.com/doi/10.1002/mnfr.202200804
https://www.nature.com/articles/s41598-023-32021-9
https://www.nature.com/articles/s41598-023-32021-9

Kafkas Univ Vet Fak Derg

695

ULBEGI POLAT

Ozer C, Orkut R, Demirtas A, Tilmensagir I, Keles U, Ulker C, Aralan G,
Mercan Y, Ozkan M, Caglar HO, Arik G, Ucar MC, Yildirim M, Yildirim
TC, Karadag D, Bal E, Erdogan A, Senturk S, Uzar S, Enul H, Adiay C,
Sarac E, Ekiz AT, Abaci I, Aksoy O, Polat HU, Tekin S, Dimitrov S, Ozkul
A, Wingender G, Gursel I, Ozturk M, Inan M: Process development for
an effective COVID-19 vaccine candidate harboring recombinant SARS-
CoV-2 delta plus receptor binding domain produced by Pichia pastoris. Sci
Rep, 13 (1):5224, 2023. DOI: 10.1038/s41598-023-32021-9

29. Centers for Disease Control and Prevention: CDC 2019-Novel
Coronavirus (2019-NCoV) Real-Time RT-PCR Diagnostic Panel. www.

cdc.gov/coronavirus/2019-ncov/downloads/rt-pcr-panel-primer-probes;
Accessed: 07.12.2022.

30. Bao L, Deng W, Huang B, Gao H, Liu J, Ren L, Wei Q, Yu L Xu Y, Qi E,
QuY, Li E Lv Q, Wang W, Xue ], Gong S, Liu M, Wang G, Wang S, Song
Z, Zhao L, Liu P, Zhao L, Ye F, Wang H, Zhou W, Zhu N, Zhen W, Yu H,
Zhang X, Guo L, Chen L, Wang C, Wang Y, Wang X, Xiao Y, Sun Q, Liu
H, Zhu F, Ma C, Yan L, Yang M, Han J, Xu W, Tan W, Peng X, Jin Q, Wu
G, Qin C: The pathogenicity of SARS-CoV-2 in hACE2 transgenic mice.
Nature, 583 (7818): 830-833, 2020. DOI: 10.1038/541586-020-2312-y


https://www.nature.com/articles/s41598-023-32021-9
https://www.nature.com/articles/s41598-023-32021-9
https://www.nature.com/articles/s41598-023-32021-9
https://www.nature.com/articles/s41598-023-32021-9
https://www.nature.com/articles/s41598-023-32021-9
https://www.nature.com/articles/s41598-023-32021-9
https://www.nature.com/articles/s41598-023-32021-9
https://www.nature.com/articles/s41598-023-32021-9
http://www.cdc.gov/coronavirus/2019-ncov/downloads/rt-pcr-panel-primer-probes
http://www.cdc.gov/coronavirus/2019-ncov/downloads/rt-pcr-panel-primer-probes
https://www.nature.com/articles/s41586-020-2312-y

https://www.nature.com/articles/s41586-020-2312-y

https://www.nature.com/articles/s41586-020-2312-y

https://www.nature.com/articles/s41586-020-2312-y

https://www.nature.com/articles/s41586-020-2312-y

https://www.nature.com/articles/s41586-020-2312-y

https://www.nature.com/articles/s41586-020-2312-y





