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Abstract: The emergence and re-emergence of pathogens with pandemic potential has been a persistent issue
throughout history. Recent decades have seen significant outbreaks of zoonotic viruses from members of the
Coronaviridae, Filoviridae, Paramyxoviridae, Flaviviridae, and Togaviridae families, resulting in widespread
infections. The continual emergence of zoonotic viral pathogens and associated infections highlights the need
for prevention strategies and effective treatments. Central to this effort is the availability of suitable animal
models, which are essential for understanding pathogenesis and assessment of transmission dynamics. These
animals are also critical for evaluating the safety and efficacy of novel vaccines or therapeutics and are essential
in facilitating regulatory approval of new products. Rapid development of animal models is an integral aspect
of pandemic response and preparedness; however, their establishment is fraught by several rate-limiting steps,
including selection of a suitable species, the logistical challenges associated with sharing and disseminating
transgenic animals (e.g., the time-intensive nature of breeding and maintaining colonies), availability of
technical expertise, as well as ethical and regulatory approvals. A method for rapid development of relevant
animal models that has recently gained traction is the use of gene therapy vectors to express human viral
receptors in readily accessible laboratory animals to enable virus infection and development of clinical disease.
These models can be developed rapidly on any genetic background making mechanistic studies and
accelerated evaluation of novel countermeasures possible. In this review, we will discuss important
considerations for the effective development of animal models using viral vector approaches and review the
current vector-based animal models for studying viral pathogenesis and evaluating prophylactic and
therapeutic strategies.

Keywords: adeno-associated virus vector; animal models; zoonotic infections; pandemic potential; viral
countermeasures; prophylactic and therapeutic strategies

1. Introduction

With the continued emergence of zoonotic viral pathogens, many with known or possible
pandemic potential, there is great urgency to develop effective treatment and prevention strategies.
For this to happen, scientists need access to suitable animal models that mimic natural infection and
recapitulate important aspects of human disease in order to understand the pathogenesis of the virus,
transmission dynamics, identify correlates of protection and ultimately, to evaluate novel vaccines
and therapeutics [1].

2. Conventional Methods for Development of Mouse Models to Study Human Virus Infections

Replication of human viruses in non-native hosts, such as laboratory mice, can be impeded at
several stages in the virus life cycle. The first step in the virus life cycle is attachment to a receptor on
the cell surface and delivery of the viral genome and associated proteins into the cytoplasm.[2] There
are several examples of a human viruses, including poliovirus (CD155[3]), human rhinovirus
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(ICAM114]), hepatitis C virus (HCV; CD81 and occludin [5-7]), SARS-CoV (ACE2 [8]), and MERS-
CoV (hDPP4[9]), among others, that have drastically decrease receptor affinity to the mouse orthologs
of human host cell receptors due to amino acid differences, ultimately preventing entry into the cell.
Moreover, in some cases the primary attachment receptor is insufficient to mediate infection alone,
and a co-receptor, as in the case of HIV, is necessary for productive virus entry.[10] Lastly, even if
entry is achieved, cells may not be permissive due to differences in the cellular machinery of the new
host, which might not fully support viral replication due to species-specific variations in intracellular
processes and pattern recognition receptors [10]. Nonetheless, in many instances, mice become
susceptible to human viruses when they artificially express the proper human receptors, making
permissivity considerations less stringent.[11]

Microinjection of recombinant DNA (i.e. transgene) in the pronucleus of a fertilized egg (i.e.,
pronuclear microinjection) is the most widely used method for creating transgenic mammals [12],
even as several new techniques have been developed.[13] Importantly, this technique was used to
produce a mouse model for severe acute respiratory syndrome (SARS) caused by SARS coronavirus
(SARS-CoV). This was accomplished by introducing the human angiotensin-converting enzyme 2
(hACE2) coding sequence under the control of the human cytokeratin 18 (K18) promoter into a
C57BL/6 background allowing for productive infection with SARS-CoV and the development of a
rapidly fatal respiratory and neurological disease.[8] Microinjection, which originated almost 40
years ago, has remained valuable in the gene editing field as it is able to deliver multiple components
into embryos, such as DNA, zinc fingers, and CRISPR Cas9, which can be extensively used to modify
the mouse genome. The CRISPR Cas9 approach was employed to generate a mouse model for MERS-
CoV, whereby gene editing was used to modify the murine dipeptidyl peptidase 4 receptor (DPP4)
to encode two amino acids (positions 288 and 330) to match the human ortholog sequence, making
mice susceptible to MERS-CoV infection and replication.[14]

Another approach to studying human viruses in laboratory animals is to species adapt the virus
to the model host through serial passaging. There are several examples of human viruses that have
been “mouse-adapted” including Ebola virus (MA-EBOV), Marburg virus (MA-MARYV), and SARS-
CoV-2 (MA-SARS-CoV-2), to name a few. [15-18] In some cases, however, human viruses need to be
serially passaged in transgenic mice that express the human receptor, as was the case for MERS-
CoV.[19] While species-adapted viruses are important tools for studying virus biology and
countermeasures; the process is time consuming with the major drawback being that any novel
therapeutic would not be tested using the wild-type virus.

Creating transgenic mice or mouse-adapted viruses is both technically demanding and time-
consuming, requiring specialized expertise and equipment.[12,20] In the event of a pandemic,
alternative and complementary methods for rapid development of translational models, such as
vectorized expression of receptor molecules in non-germinally transgenic animals, may need to be
mobilized.[21]

3. Viral Vectored Receptor Expression as an Alternative Method for Infectious Disease Animal
Model Development

Viral vectors have been extensively utilized for in vivo gene delivery, not only for therapeutic
applications but also for the development of animal models of viral infections. Given their remarkable
flexibility, researchers can, in a time- and cost-effective manner, use viral vectors to express
transgenes, including virus attachment proteins, at different doses, targeting diverse tissues across
different ages and species, to model and study the infection of human viruses in laboratory animals.
Compared to generating germinally transgenic mice, using viral vectors to create animal models of
infection is both quicker and more versatile. As with all model systems, there are both advantages
and disadvantages that must be considered and these are briefly described in the table below.
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Table 1. Summary of the advantages and disadvantages of viral vectored receptor expression for developing

models of viral infection.

Advantages

Limitations

Rapid model development: simply need to
synthesize and clone the receptor gene and produce
viral vector

Ability to use any strain of commercially available
laboratory mice, including old mice and transgenic
mice e.g. IENR+, STAT1+, Sting"-, which can quickly
and easily be purchased in large numbers if
necessary. Can also use other animal species
including Syrian hamsters, ferrets, etc.

Ability to perform sophisticated immunological
studies due to the plethora of reagents readily
available for studies involving mice

Can use authentic/natural virus isolates without
having to go through the lengthy process of mouse
or other species adaptation

Use of authentic virus in challenge studies allows for
more accurate testing of antibody therapies that
target the receptor binding domain (RBD) of the

virus

Ability to express more than one protein involved in
the virus life cycle, for example hACE2 and
TMPRSS2 in the case of SARS-CoV-2.

Ability to administer vector via any route of
administration and with inducible promoters for
controlled receptor expression

Possible to evaluate co-infection in a mouse model

by using vectored delivery of two virus receptors,

e.g. hACE2 and hDPP4 to study SARS-CoV-2 and
MERS-CoV co-infection

Requires a priori knowledge of the receptor
molecule(s) that the virus uses to enter
cells

Targeting specific organs, such as the
lungs, liver, or brain, is better suited for
vectored receptor expression strategies

compared to those that necessitate
widespread or blood cell receptor
expression

This approach will not be able to overcome
intracellular blocks to virus replication
unless there are readily available
transgenic mice that already have this
block to virus replication knocked out.
However, this would also be a limitation
in transgenic models as well.

Potential for mouse-to-mouse variation in
transgene expression, as well as variability
in transgene expression between tissues

Mild bronchial inflammation associated
with AdV delivery

For the development of animal models susceptible to human viral infections, adeno-associated
virus (AAV) and adenovirus (AdV) gene therapy vectors are the preferred gene delivery vehicles.[22]

3.1. Adeno-Associated Virus Vectors for In Vivo Gene Delivery

Adeno-associated virus (AAV) is a non-enveloped helper-dependent virus belonging to the
Parvoviridae family. AAV is currently the leading platform for in vivo gene transfer, with eight
approved therapies on the market: Glybera[23], Luxturna[24], Zolgensma[25], Hemgenix[26],
Elevidys[27], Roctavian[28], Upstaza [29] and Beqvez[30]. AAV is comprised of a single-stranded
DNA genome approximately 4.7 kb in length encoding a rep and cap gene flanked by two inverted

d0i:10.20944/preprints202409.2154.v1


https://doi.org/10.20944/preprints202409.2154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024 d0i:10.20944/preprints202409.2154.v1

terminal repeats (ITR) that form hairpin-like structures at the 5" and 3’ ends of the genome. Rep refers
to the replication gene, and Cap refers to the capsid gene required for viral replication and virion
packaging, respectively. The rep and cap genes are removed from AAV vectors to make space for the
transgene and necessary regulatory elements, and these proteins are provided in trans during
manufacturing, typically in HEK 293 suspension cells, to allow for genome replication and
packaging.[31] AAV mediates sustained transgene expression from its episomal genome[32] and is
known to be minimally immunogenic, making this vector highly attractive for in vivo gene
delivery.[33,34] Currently, there are at least 13 AAV serotypes with varying tissue tropism and
transducing properties.[35] AAV has been used in hundreds of clinical trials targeting the brain, liver,
eye, lung, muscle, and other tissues, making it one of the most well-studied in vivo gene delivery
systems.[36]

3.2. Adenovirus Vectors for in Vivo Gene Delivery

Adenoviruses (AdV) are non-enveloped double-stranded DNA viruses that infect a broad range
of vertebrate species and are known to cause mild respiratory and gastrointestinal infections. Most
infections with adenoviruses in humans occur in the upper respiratory tract, causing symptoms such
as the common cold and tonsillitis. Human adenoviruses (HAd) are classified into 50 serotypes,
divided into six subgroups (A to F) based on cross-neutralization by antibodies. AdV serotype 5 (Ad5)
has been used as a viral vector for gene transfer due to its highly efficient infectious properties;
though, its immunogenic nature makes it less safe, especially the first-generation vector
design.[37,38] However, third-generation or “gutted” helper-dependent AdV (HD-Ad) vectors are
far less immunogenic and mediate long-term transgene expression.[39,40]

3.3. Comparison of AAV vs Adenovirus Vectors for in Vivo Receptor Gene Delivery

While AdV vectors are useful for applications requiring high-level, short-term transgene
expression, AAV vectors are preferred for achieving longer-term transgene expression due to their
lower immunogenicity and more stable genome presence. From the point of view of kinetics of
transgene expression, AdV tends to reach peak transgene expression faster than AAV, thus shortening
the lead time between administration of the receptor expressing vector and virus infection (See Tables
2 and 3 for a comparison of time intervals between vector administration and virus challenge). One
advantage of AdV over AAV is its packaging capacity; while AAV vectors are generally limited to 4.7
kb, HD-Ad vectors can accommodate between 28-38 kb.[41] Despite this, the higher immunogenicity
of AdV vectors can develop background inflammation and immune activation, complicating the
interpretation of results of infectious disease studies.[42] In terms of tissue tropism, there are
numerous serotype options for AAV vector pseudotyping, many of which have well defined
tropisms, and when combined with tissue specific promoters can allow for targeted delivery and
expression of viral host receptors.

Producing HD-Ad vectors, which lack all viral coding sequences, relies on the use of a helper
virus for replication and packaging.[43] A significant challenge of HD-Ad vector production is helper
virus contamination and ensuring the separation of HD-Ad from the helper virus requires precise
and efficient methods to minimize contamination and ensure purity.[43,44] Production of AAV
vectors, on the other hand, is more straightforward and depends on transfection of the AAV genome,
packaging, and helper plasmids to produce virus particles which are then purified using affinity
chromatography or ultracentrifugation.[45] Since AAV does not require the use of a helper virus, no
additional purification steps are needed.

Both AAV and AdV vectors have their unique advantages and the choice between them depends
on the specific requirements of the animal model, including the desired duration of gene expression,
the target tissue characteristics, and the expertise of the lab.

4. Examples of Viral Vectored Expression for Rapid Development of Animal Models of Human
Virus Infections

4.1. MERS-CoV

The Middle East respiratory syndrome (MERS)-coronavirus is a betacoronavirus first identified
in humans in Saudi Arabia and Jordan in 2012.[46] Camelids are a known reservoir of MERS-CoV,
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but other species may act as hosts.[47] Known to cause severe pneumonia in humans, MERS-CoV has
case fatality rate of approximately 36%. Since April 2012, and as of August 2024, a total of 2622 cases
of MERS, including 953 deaths, have been reported by health authorities of 27 different countries
(World Health Organization, 2024). This zoonotic pathogen can be spread human-to-human raising
the concern of pandemic potential, especially considering three lethal zoonotic diseases that have
emerged in the last 17 years have all been caused by betacoronaviruses.[48] Shortly after the
emergence of MERS-CoV, Raj et al. identified dipeptidyl peptidase 4 (DPP4) as a functional receptor
for MERS-CoV using an immunoadhesin comprised of the S1 domain of MERS-CoV spike protein
fused to the Fc region of human IgG in a pulldown assay.[49] Zhao et al. then went on to investigate
whether exogenous expression of human DPP4 (hDPP4) would render mice susceptible to MERS-
CoV infection. To do this, the researchers engineered a replication-defective adenovirus to express
the hDPP4 receptor (Ad5-hDPP4) in mice.[50] The ability of Ad5-hDPP4 to render mice susceptible
to MERS-CoV infection was tested in 6- to 12-wk-old and 18- to 22-mo-old C57BL/6 and BALB/c mice
5 days post intranasal administration of 2.5x108 PFU Ad5-hDPP4, as the authors showed that any
innate responses triggered by the Ad vector had largely dissipated by this time point. The Ad5-hDPP4
sensitized mice showed clinical signs of MERS-CoV infection, viral replication in lung tissue reaching
~107 pfu/g lung tissue by 2-3 days post challenge and evidence of immune cell infiltration and
interstitial pneumonia. Using various strains of commercially available knockout mice, the
investigators demonstrated that innate (Ad5-hDPP4-transduced IFNAR*, MAVS~-, and MyD88--
mice), antibody (Ad5-hDPP4-transduced recombination activating gene 17/ (RAGI+) severe
combined immunodeficiency (SCID) mice), and T-cell (Ad5-hDPP4-transduced T-cell receptor o=~
(TCRa")] mice) mediated responses are important for protection against MERS-CoV. To further
address the role of IFN signaling in MERS-CoV protection, Ad5-hDPP4-senstized C57BL/6 mice were
pre-treated with poly I:C, IFN-{3, or IFN-y 6 h before MERS-CoV challenge. Poly I:C and IFN- were
found to accelerate virus clearance. The ability to employ vectorized expression of a receptor
molecule to rapidly develop a mouse model that supports MERS-CoV infection and allows for
detailed analysis of pathogenic mechanisms highlights the many advantages of this approach.

4.2. SARS-CoV-2
4.2.1. AAV Vectorized Expression of hACE2

Severe acute respiratory syndrome coronavirus (SARS-CoV) was first reported in humans in late
2002 and although the outbreak was over in roughly nine months, it infected more than 8000 people
causing 774 deaths in 30 countries.[1,51] Global efforts to study the pathogenesis of SARS-CoV and
to evaluate therapies and vaccine candidates were hindered due to the lack of animal models and the
fact that it took several months to screen animal species for susceptibility to SARS-CoV. Although
SARS-CoV was not highly transmissible and thus did not lead to a pandemic, this experience
highlighted the need for the rapid development of animal models in the context of emerging diseases.
SARS-CoV-2 was first reported in China in December 2019 and unlike SARS-CoV, resulted in a world-
wide pandemic.[52] SARS-CoV-2 is closely related to SARS-CoV and utilizes the same cell entry
receptor, the angiotensin converting enzyme 2 (ACE2). Despite utilizing the same cellular receptor
for virus entry into cells, these two viruses differ from each other in terms of pathogenesis and
transmissibility, whereby SARS-CoV-2 induces milder lung lesions, has a lower fatality rate, exhibits
less neutralizing antibody generation, and is more transmissible than SARS-CoV.[53,54] Mice are not
susceptible to infection with SARS-CoV or SARS-CoV-2 since mouse ACE2 does not serve as a
receptor for these viruses.[55] While hACE2 transgenic mice are susceptible to infection and clinical
disease, these mice were limited in availability at the beginning of the coronavirus disease 2019
(COVID-19) pandemic and are restricted to a single genetic background.[8] Although other animal
models have been shown to be susceptible to authentic SARS-CoV[56] and SARS-CoV-2[57] such as
hamsters, ferrets, and non-human primates (NHPs), these species present challenges due to their
relatively high costs, limited availability, housing complexities, and, in certain instances, limited
reagent availability relative to that of mice. The first report describing vectored expression of hACE2
as a way to permit SARS-CoV-2 replication in wild type mice was in late 2020. Israelow et al.,
administered 1x10! vector genomes (vg) AAVI-CMV-hACE2 vector intratracheally to C57BL/6 mice
and challenged them with 1.5x10®° PFU of ancestral SARS-CoV-2 two weeks later.[58] Lung
homogenates from AAV9-hACE2 transduced mice showed a >200-fold increase in SARS-CoV-2 RNA


https://doi.org/10.20944/preprints202409.2154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024 d0i:10.20944/preprints202409.2154.v1

6

compared to control mice transduced with AAV-GFP or PBS, as well as the presence of infectious
virus at 2 and 4 days post-infection. Histopathological analysis of lung tissue showed the presence of
mild diffuse peribronchial infiltrates in the AAV9-hACE2 mice, which was negligible in control mice,
as well as evidence of SARS-CoV-2 N protein expression within alveolar epithelia. The authors went
on to demonstrate the power of this vectored receptor expression approach to interrogate
mechanisms of pathogenesis by transducing interferon-a receptor—deficient B6/] mice (IFNAR~-) and
IFN regulatory transcription factor 3/7 double KO mice with AAV9-hACE2. The authors
demonstrated that the absence of type I interferon signaling did not affect SARS-CoV-2 replication in
vivo. However, it significantly impaired the recruitment of inflammatory cells to the lungs, indicating
that type I IFN signaling plays a role in the pathological immune response observed during SARS-
CoV-2 infection.

Tailor et al., used a modified AAV6 capsid, termed AAV6.2FF to deliver the hACE2 gene to the
lungs of mice via intranasal administration and render wild type mice susceptible to SARS-CoV-2
infection.[59] BALB/c and C57BL/6 mice of different ages and sexes were administered 1x10" vg of
AAV6.2FF-hACE2 or AAV6.2FF-Luciferase via a modified-intranasal administration method.[60] Ten
days after AAV transduction, mice were inoculated with 105 TCIDso of SARS-CoV-2 and were
sacrificed at 2-, 4-, or 28-days post infection. Mice transduced with AAV-hACE2 yielded high SARS-
CoV-2 titers in the lungs and nasal turbinates, developed an IgM and IgG antibody response, and
showed a modulation of the cytokine profiles in the lung and nasal turbinate tissues, further
suggesting the development of the successful mouse model. The authors found that while age and
sex did not affect SARS-CoV-2 infection characteristics, although there were significant strain-related
differences between BALB/c vs. C57BL/6 mice.

Gary and colleagues were the first to use a model of AAV vectorized expression of hACE2 to test
a vaccine against SARS-CoV-2.[61] In this case, BALB/c mice were prime-boost vaccinated
intramuscularly with plasmid DNA encoding the SARS-CoV-2 Spike glycoprotein (INO-4800) or a
control gene. After vaccination, and 14 days prior to challenge with SARS-CoV-2, mice were
intranasally administered 1x10'vg of a lung-tropic AAV6.2FF vector expressing hACE2 from the
composite CASI promoter. Assessment of viral load in the lungs of vaccinated mice four days post-
challenge revealed that a single dose of vaccine resulted in 50% of animals with no detectable virus
in the lungs, whereas a prime-boost immunization was completely protective. This study highlights
the utility of the AAV-hACE2 mouse model for preclinical evaluation of novel SARS-CoV-2 vaccines.

Sun et al. employed a dual-AAV-serotype, multi-route transduction approach to promote
widespread expression of hACE2 for rapid development of a mouse model for SARS-CoV-2. [62]
C57BL/6 mice were transduced with 3x10" vg of AAV6-CMV-hACE2 intratracheally (I.T.) and 1x10"2
vg of AAV9-CMV-hACE2 intraperitoneally (I.P.) to ensure systemic expression of hACE2 and render
mice susceptible to SARS-CoV-2. Robust expression of hACE2 was detected in the lung, heart, and
liver as early as one week-post transduction and persisted systemically for at least 28 weeks. AAV-
mediated hACE2 expression rendered wild-type mice susceptible to SARS-CoV-2 infection leading
to high levels of virus replication in the lung and other extrapulmonary tissues, moderate to severe
pathology in the lungs with features similar to those observed in patients with severe COVID-19, and
significant weight loss. Moreover, this novel and adaptable approach for the rapid development of a
mouse model for an emerging infectious disease was achievable within one month.

Using the same combinatorial approach as described above [62], Wang et al., evaluated the
efficacy of a novel RBD-protein/peptide vaccine. Vaccinated mice were challenged two weeks post
dual vector administration (AAV6-hACE2 I.T. and AAV9-hACE2 L.P.) [59] The high dose vaccine
group displayed significantly lower viral loads in the lung and a significant reduction in lung
pathology compared to mock transduced mice. The success of this preclinical mouse model led to the
subsequent evaluation of this promising vaccine candidate in a non-human primate model, which
also demonstrated dose-dependent protection.

The AAV-hACE2 model has also been used to evaluate the efficacy of antiviral agents against
SARS-CoV-2. Li et al. tested the efficacy of the remdesivir metabolite GS-441524 in mice
intratracheally administered 5x10" vg of AAV9-hACE2 and challenged 30 days later with SARS-CoV-
2. Mice administered GS-441524 intraperitonially one day prior to infection and for eight days after
treatment showed significantly reduced SARS-CoV-2 replication in vivo.[63]
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Several other groups have published studies involving AAV-vectorized expression of
hACE2.[62,64-67] For a summary of the AAV-hACE2 models used to study SARS-CoV-2 infection,
pathogenesis, and various intervention strategies see Table 2.

Table 2. Summary of publications that have employed the AAV-vectorized expression of hACE2 mouse model
of SARS-CoV-2 infection.

AAV

Dose (vg), route of
administration and
time between AAV-

Interventions

Serotype Promoter hACE? transduction Strain of mice tested Reference
and SARS-CoV2
challenge
Male and
female
1x10" vg IT and
C57BL/6] (B6]), Israelow et al.,
AAV9 CMV challenged 2 weeks IFNAR' IRF3/7 NA 2020[58]
later
double
knockout
1x10" vg IN and
Male and . Gary et al.,
AAV6.2FF CASI challeniletcel3 1r2 weeks female BALB/c DNA vaccine 2021[61]
Cocktail of
3x101 vg IT (AAV6) C57BL/6], chimeric anti-
AAV6 and CMV and 1x10™2 vg IP BALB/c SARS-CoV-2 Sun et al.,
AAV9 (AAV9) challenged 2 spike RBD 2021[62]
weeks later monoclonal
antibodies
1.6x101 vg I
Not Not Chzﬁei o lev:zli C57BL/6J Nlrp3- NLRP3 specific ~ Zeng et al.,
provided provided %ater - inhibitor MCC950  2022[65]
5x10" vg IT and Remdesivir .
t Lietal.
AAV9 r(l)\k; ded challenged 30 days BALB/c metabolite GS- ’ (;262[23’]
prov later 441524
4x101 vg IT and 6
/-
AAVS hours later with 4x10!! C57BL/6, TLR7 Yang et al.,
CAG , NOD2+, NA
vg IN IENAR- 2022[64]
challenged 1 week later
AAV6, 2-6x10' vg IN and
t lazk t
AAV9, r::: ded challenged 10 days BALB/c NA Sl a; 025?66‘3]
aavpy P later v
3x10" vg IT (AAV6)
AAV6 and and 1x1012 vg IP Subunit vaccine Wang et al.,
MV BALB
AAV9 C (AAV9) and challenged fe UB-612 2022[68]
2 weeks later
Male, femal
1x10t vg IN and Olda :I’lde;:i;’g Tailor et al
AAV6.2FF CASI challeni;ae;lrlo days C57BL/6 and NA 2022[59]
BALB/c
CMV
3x10" vg IT and the .
enhancer/beta- | Anti-PD-L1 ~ Huangetal,
AAVI t 1 bet AAV 7BL,
6 actin(cp) Imtervalbetween C57BL/6 antibody 2023[67]

promoter and SARS-CoV-2
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challenge was not
provided

vg = vector genomes, IN = intranasal, IT = intratracheal, IP = intraperitoneal.

4.2.2. Adenovirus Vectorized Expression of hACE2

Sun et al., described one of the first uses of adenovirus vectored expression of hACE?2 to sensitize
mice to SARS-CoV-2 infection.[69] In this study, several strains of WT (C57BL/6, BALB/c) and KO
mice (IFNAR", STAT17, IFN-y"") were intranasally administered 2.5x108 PFU of replication defective
Ad5-hACE2 and five days later, challenged with SARS-CoV-2. Weight loss and high titer virus
replication was detected in the Ad5-hACE2-sensitized mice in addition to severe pulmonary
pathology indicative of pneumonia. The contribution of type I and type II IFN signalling to COVID-
19 lung disease was investigated in Ad5-hACE2-transduced IFNAR~- and IFN-y/- mice, respectively.
While the absence of type I IFN signalling delayed virus clearance and diminished inflammation, lack
of type II IFN signalling had no apparent effect on clinical signs, virus replication, or pathological
changes in the lung. SARS-CoV-2 infection of Ad5-hACE2-sensitized STAT17 mice on the other hand
resulted in greater weight loss, enhanced immune cell infiltration into the lungs, and delayed virus
clearance. Another advantage of the vectorized hACE2 approach in mice is the easy access to reagents
that can be used to deplete specific subsets of immune cells to evaluate their contribution to viral
pathogenesis and vaccine efficacy. Depletion of CD4+ and CD8+ T cells individually or in
combination from Ad5-hACE2-sensitized mice revealed a dependence on both cell types for optimal
SARS-CoV-2 clearance was required. Passive transfer of serum from vaccinated mice revealed the
requirement for neutralizing antibodies in SARS-CoV-2 clearance from infected lungs. Finally, the
authors interrogated the efficacy of SARS-CoV-2 therapeutics including remdesivir and convalescent
sera from human patients who had recovered from SARS-CoV-2 infection using the Ad5-hACE2-
transduced mouse model.

In a coordinated publication with Sun et al.,[69] Hassan et al.,[70] described similar findings
using the Ad5-hACE2-sensitized mouse model. In this instance, an anti-IFNAR1 monoclonal
antibody was used to transiently inhibit type I IFN signaling in Ad5-hACE2-transduced BALB/c mice,
again highlighting the rapid and flexible nature of this alternative mouse model for SARS-CoV-2
infection. In a follow up publication from the same group, the Ad5-hACE2-sensitized mouse model
was used to evaluate the efficacy of a VSV-vectored vaccine expressing the SARS-CoV-2 spike protein.
Intraperitoneal administration of the VSV-eGFP-SARS-CoV-2 vaccine induced high-titer neutralizing
antibodies and protected against lung infection, inflammation, and pneumonia highlighting the
important role that vaccine-induced neutralizing antibodies play in mediating protection. [71]

Following these initial publications, several groups reported using the Ad5-hACE2-sensitized
mouse model for detailed pathogenesis studies,[72-75] testing vaccine candidates and evaluating the
efficacy of various therapeutic agents, including receptor binding domain (RBD) blocking
antibodies.[76] The details of these studies are summarized in Table 3.

Table 3. Summary of publications that have employed the adenovirus-vectorized expression of hACE2 mouse
model of SARS-CoV-2 infection.

Dose (vg), route of
administration and

AdV time between AAV- ] . Interventions

Promoter . Strain of mice Reference

Serotype hACE2 transduction tested

and SARS-CoV2
challenge
Venezuelan

BALB/c equine

Ads cpy | 25¥10°PFUINand Cs7BL/6 elrf:sghzl;:liles Sun et al,,
1 1
challenged 5 days later IFNAR STAT1- " P o P 2020[69]

(VRPs)
expressing the
SARS-CoV-2

/-
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Ad5

Ad5

Ad5

Ad5

Ad5

Ad5

Ad5

Ad5

Ad5

Ad5

Ad5

MV

MV

MV

CMV/K18

Not
provided

Not
provided

Not
provided

Not
provided

Not
provided

Not
provided

CMV

2.5x108 PFU IN and
challenged 5 days later
2.5x108 PFU IN and
challenged 5 days later
7.5x107, 1x108, or
2.5x108 PFU IN and
challenged 5 days later

2.5x108 PFU IN and
challenged 5 days later

1.5x10° PFU
oropharyngeal
challenged
5 days later
2.5x108 PFU IN
interval between
transduction and
challenge not
specified

2.5x108 PFU IN and
challenged 5 days later

4x108 TCID50 IN and
challenged 5 days later

1.5x10° PFU
oropharyngeal

challenged

5 days later

2.5x108 PFU IN and
challenged 5 days later

2.5x108 PFU IN and
challenged 5 days later

BALB/c

BALB/c

BALB/c
C57BL/6

BALB/c
C57BL/6

C57BL/6

BALB/c

BALB/c
C57BL/6

IFNAR-

C57BL/6

BALB/c

BALB/c

spike (VRP-S),
transmembrane
(VRP-M),
nucleocapsid
(VRP-N), and
envelope (VRP-E)
proteins,
human
convalescent
plasma, two
antiviral therapies

(poly I.C and
remdesivir
Anti-SARS- Hassan et al.,
CoV-2 mAb 1B07 2020[70]
VSV-eGFP-SARS- Case et al.,
CoV-2 vaccine 2020[71]
Wong et al.,
A
N 2020[72]
Rathnasinghe et
NA al., 2020[73]
Han et al,,
NA 2021[74]
SARS-CoV-2
neutralizing Geetal,,
antibody 2021[76]
P2C-1F11
Zhuang et al.,
NA 2021[75]
SARS-CoV-2
neutralizing Fuetal,,
antibody 2021[77]
PR1077
Liu et al.
A 4
N 2021[78]
Serine protease
inhibitors
(camostat Lietal,
mesylate and 2021[79]
nafamostat
mesylate)
Anti-SARS-CoV-2 Du et al,,
mAb NC0321 2022[80]
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expressed from
IN administered
rSIV.F/HN
lentiviral vector
2.5x108 PFU IN and C57BL/6 Yang et al.,
Ad5 CMV NA
challenged 5 days later 2022[81]
8 - -
Ad5 CMV 2.5x108 PFU IN and C57BL/6 IgY- RBD El-Kafrawy et
challenged 5 days later antibody al., 2022[82]
2.5x108 PFU IN and D. Liu et al.
A MV ’
d5 S challenged 5 days later 2023
Investigated
whether pre-
existing
immunity to
2.5x108 PFU IN and Amanat et al.
Ad5 CMV 1CoV !
challenged 5 days later seasonalt-o 2023[83]

spikes could have
a protective effect
against SARS-
CoV-2

vg = vector genomes, IN = intranasal, IT = intratracheal, IP = intraperitoneal.

4.3. Common Cold Coronaviruses (CCCoV)

In addition to the newly emerged coronaviruses that cause respiratory infections in humans,
there are four common cold coronaviruses (CCCoV), namely HCoV-229E, HCoV-OC43, HCoV-NL63,
and HCoV-HKUT1 that have been endemic in the human population for a long period of time and are
typically associated with mild upper respiratory infections.[84] As with other human coronaviruses,
mice are not naturally susceptible to these viral infections due to the absence of appropriate viral
receptors. As was done for MERS-CoV and SARS-CoV-2, Amanat et al. established mouse models for
HCoV-229E and HCoV-NL63 by introducing their respective receptors, human aminopeptidase N
(hAPN) and human angiotensin-converting enzyme 2 (hACE2), via intranasal instillation of
adenoviral vectors.[85] These models proved to be valuable for studying T cell responses and
identifying immunodominant epitopes, as well as testing Venezuelan equine encephalitis replicon
particle vaccine candidates expressing spike protein of 229E and NL63, both of which accelerated
viral clearance in these mice. Finally, Ad5-hAPN- and Ad5-hACE2-sensitized mice infected with 229E
or NL63 exhibited partial protection against SARS-CoV-2 infection, which through immune cell
depletion studies was found to be mediated in part by T cells.

4.4. Hepatitis B Virus

Chronic hepatitis B virus (HBV) infection represents a significant public health burden.
Although effective vaccines became available in 1998, there remains 250 million individuals suffering
from chronic HBV worldwide.[86] Due to the asymptomatic nature of HBYV, it has been estimated by
the Centers for Disease Control (CDC) that 1/3 or less of all HBV infected individuals in the USA are
aware of their infection.[87] Notwithstanding HBV’s asymptomatic nature, it remains an important
cause of hepatocellular carcinoma (HCC) worldwide.[88] Attempts to control HBV infections is
complicated by the fact that there are currently 10 genotypes with varying distribution throughout
the world.[89] Because of this, research efforts are ongoing to find an effective cure for HBV.
Currently, mice are limited in their utility as a model for HBV since there is they do not fully replicate
the spread of HBV infection within the mouse liver and they exhibit minimal or mild signs of
hepatitis.[90] Mice are not naturally susceptible to HBV infection, ostensibly due to the lack of
functional HBV receptors on mouse hepatocytes. Since no other rodent laboratory models are readily
available, there are limited options for pre-clinical therapeutic testing against this virus. While HBV
transgenic mice with a chromosomally-integrated viral genome produce infectious HBV, these mice
are a poor model due to development of immune tolerance to viral antigens and thus lack of
inflammatory liver disease.[91] In 2011, the development of a novel HBV mouse model using AAV


https://doi.org/10.20944/preprints202409.2154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024 d0i:10.20944/preprints202409.2154.v1

11

was reported. Unlike the previously described approaches for human coronaviruses, which
vectorized the viral receptor, Huang et al. vectorized the HBV genome in an effort to bypass the
attachment and entry step allowing for initiation of the HBV replication cycle in a mouse model.[92]
To satisfy safety requirements, the authors used a trans-splicing approach whereby the HBV genome
was split into two AAV vectors each containing approximately half of the HBV genome flanked with
splice donor or acceptor sequences.[93] It was hypothesized that head to tail intermolecular
concatamerization of the cotransduced vectors would result functional HBV genomic and messenger
RNAs and reconstitution of the HBV genome. Co-transduction of BALB/c mice intravenously with
trans-splicing AAV vectors resulted in the sustained production of HBV DNA and virions in the
serum in a dose dependent manner. Production of HBV virions and corresponding proteins was
further confirmed in the liver and blood in all four different strains of immunocompetent mice
transduced with AAV/HBV, with antigen production and antibody profiles similar to that observed
in chronic HBV patients. Importantly, 12-16 months post-AAV/HBV administration, all 12 AAV/HBV-
transduced mice developed macroscopically visible liver-tumor nodules. Ten of the 12 tumors were
characterized as having typical HCC features. This AAV/HBV-induced HCC model presents a
valuable platform for investigating the pathogenic mechanisms underlying HBV-associated HCC
and for facilitating the development of therapeutic interventions targeting HCC.

4.5. Hantavirus

Hantaviruses are a family of viruses (Hantaviridae) that are found world-wide and that cause the
human diseases hemorrhagic fever with renal syndrome (HFRS) and hantavirus cardiopulmonary
syndrome (HCPS).[94] Hantaviruses are rodent-borne viruses and reservoir hosts are infected
throughout their lifetime often with little to no disease development.[95] Hantavirus infection
become well known during the Korean War from 1950-1953. There are about 40 species of hantavirus
that have been identified, 22 of which are pathogenic to humans, and all have rodents as
reservoirs.[96,97] Old World Hantaviruses found in Europe and Asia cause HFRS and have a
mortality rate of approximately 1-15%. Old World viruses include Puumala virus, Dobrava-Belgrade
virus, and Hantaan virus. New World Hantaviruses exist in Americas and cause HCPS. HCPS has a
higher mortality rate, ranging from 25-40% depending on the causative virus. New World viruses
include Sin Nombre virus (SNV), Choclo virus, and Andes virus (ANDV). Although there is a vaccine,
Hantavax, approved for use in China and Korea for Hantaan virus [98], there are currently no FDA-
approved vaccines nor antivirals for hantaviruses and treatments and preventative measures for
HCPS are sorely needed. Currently, the only small animal model of HCPS is the Andes virus model
in Syrian hamsters.[99,100] In terms of NHPs, cynomolgus monkeys are susceptible to infection with
wild-type Puumala virus, an old-world Hantavirus, and Rhesus macaques are susceptible to Sin
Nombre virus infection resulting in HCPS development.[101-103] Wild-type laboratory mice are not
susceptible to New World Hantavirus infection however there are Hantaan virus infection models in
mice, including immunocompromised or newborn mice or with mouse-adapted virus passaged in
newborn mouse brains.[104-107] Historically, experiments aimed at identifying receptors for
hantavirus entry identified av{3s integrins, which were shown to be critical for entry of pathogenic
hantaviruses, while avp1 integrins facilitates entry of non-pathogenic hantaviruses. However, recent
studies have identified protocadherin-1 (PCDH1) as a critical host factor for New World
hantaviruses.[108] Protocadherin-1 is a cadherin superfamily member and although its precise role
remains to be elucidated, it represents a new antiviral target and a possible candidate for vectorized
receptor expression.[109] To date, no studies evaluating vectorized expression of PCDHI as a method
to develop a hantavirus infection model in mice have been published. However, it has recently been
shown that introducing human PCDHI1 into primary murine lung microvascular endothelial cells
(MLMEGCs) increased infection of vesicular stomatitis virus (VSV) pseudotyped with the GPC from
Sin Nombre virus (VSV-SNV-Gn/Gc) suggesting that a molecular mismatch between Sin Nombre
GPC and murine PCDH1 might be partially accountable for the entry restriction observed in murine
cells.[109] Indeed, a single amino acid residue in extracellular domain of PCDH1 was found to
influence the host species-specificity of SNV glycoprotein-PCDHI1 interaction and cell entry.[109]
These findings suggest that using AAV or AdV to express the human PCDH1 in mice might facilitate
the generation of a mouse model for New World Sin Nombre and Andes hantaviruses and is a line
of research that our laboratory is actively pursuing. Given the high rates of mortality caused by
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hantaviruses, their ability to spread via aerosol transmission, and the lack of existing treatments, it is
of high importance that reliable and easily accessible mouse models supporting hantavirus infection
are developed to facilitate rapid and efficacious hantavirus vaccines.[110]

5. Conclusions

In conclusion, the establishment of animal models for researching viral diseases holds immense
significance, enabling the assessment of vaccine and therapeutic safety and efficacy before advancing
to clinical trials. The lack of suitable animal models for certain viruses imposes considerable
challenges to researchers looking to pursue this area of research since the cost of developing,
producing, and breeding transgenic animal models is high. Immediately following the development
of a suitable animal model is the costly and lengthy development process of producing a therapeutic
or prophylactic. Currently, AAV and AdV vectors are the gold standard for in vivo gene delivery and
provide researchers with a tool to render mice or other animal species susceptible to infection with
viruses that otherwise lack natural hosts or readily available models. Notably, viruses like SARS-
CoV-2 and MERS-CoV, which do not naturally infect mice, have been made permissive to mice using
vectored expression of hACE2 or hDPP4, respectively, thereby facilitating evaluation of various
prophylactic and therapeutic treatments. Although this approach has not yet been investigated for
hantaviruses it is highly likely that vectored expression of the human PCDHI1 receptor will increase
the permissiveness of mice to this virus. Ideally, other high-consequence pathogens can be evaluated
in mouse models using this vectorized receptor expression approach, thereby allowing for the rapid
development of versatile mouse models of infection using any strain of mouse, including knockout
mice (e.g. IFN receptor knockout mice), or animal species that is transducible by AAV or AdV vectors.

Author Contributions: Writing —original draft preparation, MMG, ELH.; writing—review and editing, SKW,
LS, BMW; supervision, SKW.

Funding: VIDO receives operational funding from the Government of Saskatchewan through. Innovation
Saskatchewan and the Ministry of Agriculture and from the Canada Foundation for Innovation through the
Major Science Initiatives Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Rong, N.; Liu, J. Development of animal models for emerging infectious diseases by breaking the barrier
of species susceptibility to human pathogens. Emerg Microbes Infect 2023, 12, 2178242,
d0i:10.1080/22221751.2023.2178242.

2. Maginnis, M.S. Virus-Receptor Interactions: The Key to Cellular Invasion. ] Mol Biol 2018, 430, 2590-2611,
doi:10.1016/j.jmb.2018.06.024.

3. Ren, RB.; Costantini, F.; Gorgacz, EJ.; Lee, ].J.; Racaniello, V.R. Transgenic mice expressing a human
poliovirus receptor: a new model for poliomyelitis. Cell 1990, 63, 353-362, d0i:10.1016/0092-8674(90)90168-
e.

4.  Bartlett, N.W.; Walton, R.P.; Edwards, M.R.; Aniscenko, J.; Caramori, G.; Zhu, J.; Glanville, N.; Choy, K.J.;
Jourdan, P.; Burnet, J.; et al. Mouse models of rhinovirus-induced disease and exacerbation of allergic
airway inflammation. Nat Med 2008, 14, 199-204, d0i:10.1038/nm1713.

5. Ding, Q.; von Schaewen, M.; Hrebikova, G.; Heller, B.; Sandmann, L.; Plaas, M.; Ploss, A. Mice Expressing
Minimally Humanized CD81 and Occludin Genes Support Hepatitis C Virus Uptake In Vivo. | Virol 2017,
91, doi:10.1128/JV1.01799-16.

6.  Dorner, M.; Horwitz, J.A.; Donovan, B.M.; Labitt, R.N.; Budell, W.C.; Friling, T.; Vogt, A.; Catanese, M.T;
Satoh, T.; Kawai, T.; et al. Completion of the entire hepatitis C virus life cycle in genetically humanized
mice. Nature 2013, 501, 237-241, d0i:10.1038/nature12427.

7. Lindenbach, B.D.; Evans, M.].; Syder, A.].; Wolk, B.; Tellinghuisen, T.L.; Liu, C.C.; Maruyama, T.; Hynes,
R.O.; Burton, D.R.; McKeating, ].A.; et al. Complete replication of hepatitis C virus in cell culture. Science
2005, 309, 623-626, doi:10.1126/science.1114016.


https://doi.org/10.20944/preprints202409.2154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024 d0i:10.20944/preprints202409.2154.v1

13

8. McCray, P.B.; Pewe, L.; Wohlford-Lenane, C.; Hickey, M.; Manzel, L.; Shi, L.; Netland, J.; Jia, H.P.; Halabi,
C.; Sigmund, C.D.; et al. Lethal infection of K18-hACE2 mice infected with severe acute respiratory
syndrome coronavirus. | Virol 2007, 81, 813-821, doi:10.1128/JV1.02012-06.

9. Iwata-Yoshikawa, N.; Okamura, T.; Shimizu, Y.; Kotani, O.; Sato, H.; Sekimukai, H.; Fukushi, S.; Suzuki,
T.; Sato, Y.; Takeda, M.; et al. Acute Respiratory Infection in Human Dipeptidyl Peptidase 4-Transgenic
Mice Infected with Middle East Respiratory Syndrome Coronavirus. | Virol 2019, 93, doi:10.1128/JV1.01818-
18.

10. Lee, S.H.; Dimock, K.; Gray, D.A.; Beauchemin, N.; Holmes, K.V.; Belouchi, M.; Realson, J.; Vidal, S.M.
Maneuvering for advantage: the genetics of mouse susceptibility to virus infection. Trends Genet 2003, 19,
447-457, d0i:10.1016/50168-9525(03)00172-0.

11. Takaki, H.; Oshiumi, H.; Shingai, M.; Matsumoto, M.; Seya, T. Development of mouse models for analysis
of human virus infections. Microbiol Immunol 2017, 61, 107-113, d0i:10.1111/1348-0421.12477.

12. Larson, M.A. Pronuclear Microinjection of One-Cell Embryos. Methods Mol Biol 2020, 2066, 27-33,
doi:10.1007/978-1-4939-9837-1_2.

13. Gurumurthy, C.B. Lloyd, K.CK. Generating mouse models for biomedical research: technological
advances. Dis Model Mech 2019, 12, d0i:10.1242/dmm.029462.

14. Cockrell, A.S.; Yount, B.L.; Scobey, T.; Jensen, K.; Douglas, M.; Beall, A.; Tang, X.C.; Marasco, W.A.; Heise,
M.T.; Baric, R.S. A mouse model for MERS coronavirus-induced acute respiratory distress syndrome. Nat
Microbiol 2016, 2, 16226, d0i:10.1038/nmicrobiol.2016.226.

15. Bray, M,; Davis, K.; Geisbert, T.; Schmaljohn, C.; Huggins, J. A mouse model for evaluation of prophylaxis
and therapy of Ebola hemorrhagic fever. | Infect Dis 1998, 178, 651-661.

16. Bader, S.M.; Cooney, J.P.; Sheerin, D.; Taiaroa, G.; Harty, L.; Davidson, K.C.; Mackiewicz, L.; Dayton, M.;
Wilcox, S.; Whitehead, L.; et al. SARS-CoV-2 mouse adaptation selects virulence mutations that cause TNF-
driven age-dependent severe disease with human correlates. Proc Natl Acad Sci U S A 2023, 120,
€2301689120, doi:10.1073/pnas.2301689120.

17.  Qiu, X;; Wong, G.; Audet, J.; Cutts, T.; Niu, Y.; Booth, S.; Kobinger, G.P. Establishment and characterization
of a lethal mouse model for the Angola strain of Marburg virus. J Virol 2014, 88, 12703-12714,
doi:10.1128/JV1.01643-14.

18. Dinnon, KH,; Leist, S.R.; Schéfer, A.; Edwards, C.E.; Martinez, D.R.; Montgomery, S.A.; West, A.; Yount,
B.L;, Hou, YJ; Adams, LE.; et al. A mouse-adapted model of SARS-CoV-2 to test COVID-19
countermeasures. Nature 2020, 586, 560-566, doi:10.1038/s41586-020-2708-8.

19. Li, K.; McCray, P.B. Development of a Mouse-Adapted MERS Coronavirus. Methods Mol Biol 2020, 2099,
161-171, d0i:10.1007/978-1-0716-0211-9_13.

20. Liu, C; Xie, W.; Gui, C.; Du, Y. Pronuclear microinjection and oviduct transfer procedures for transgenic
mouse production. Methods Mol Biol 2013, 1027, 217-232, d0i:10.1007/978-1-60327-369-5_10.

21. Brockhurst, J.K.; Villano, ].S. The Role of Animal Research in Pandemic Responses. Comp Med 2021, 71, 359-
368, doi:10.30802/A ALAS-CM-21-000062.

22. Bulcha, J.T.; Wang, Y.; Ma, H.; Tai, PW.L,; Gao, G. Viral vector platforms within the gene therapy
landscape. Signal Transduct Target Ther 2021, 6, 53, d0i:10.1038/s41392-021-00487-6.

23.  Gaudet, D.; Méthot, ]J.; Déry, S.; Brisson, D.; Essiembre, C.; Tremblay, G.; Tremblay, K.; de Wal, J.; Twisk,
J.; van den Bulk, N.; et al. Efficacy and long-term safety of alipogene tiparvovec (AAV1-LPLS447X) gene
therapy for lipoprotein lipase deficiency: an open-label trial. Gene Ther 2013, 20, 361-369,
doi:10.1038/gt.2012.43.

24. Maguire, A.M.; Simonelli, F.; Pierce, E.A.; Pugh, E.N.; Mingozzi, F.; Bennicelli, J.; Banfi, S.; Marshall, K.A;
Testa, F.; Surace, E.M.; et al. Safety and efficacy of gene transfer for Leber's congenital amaurosis. N Engl |
Med 2008, 358, 2240-2248, doi:10.1056/NEJMo0a0802315.

25. Mendell, J.R.; Al-Zaidy, S.; Shell, R.; Arnold, W.D.; Rodino-Klapac, L.R; Prior, T.W.; Lowes, L.; Alfano, L.;
Berry, K.; Church, K;; et al. Single-Dose Gene-Replacement Therapy for Spinal Muscular Atrophy. N Engl
J Med 2017, 377, 1713-1722, d0i:10.1056/NEJMo0a1706198.

26. Pipe, S.W.; Leebeek, F.W.G.; Recht, M.; Key, N.S.; Castaman, G.; Miesbach, W.; Lattimore, S.; Peerlinck, K,;
Van der Valk, P.; Coppens, M.; et al. Gene Therapy with Etranacogene Dezaparvovec for Hemophilia B. N
Engl | Med 2023, 388, 706-718, d0i:10.1056/NEJMoa2211644.

27. Hoy, S.M. Delandistrogene Moxeparvovec: First Approval. Drugs 2023, 83, 1323-1329, doi:10.1007/s40265-
023-01929-x.

28. Ozelo, M.C,; Mahlangu, J.; Pasi, KJ.; Giermasz, A.; Leavitt, A.D.; Laffan, M.; Symington, E.; Quon, D.V,;
Wang, ].D.; Peerlinck, K.; et al. Valoctocogene Roxaparvovec Gene Therapy for Hemophilia A. N Engl ] Med
2022, 386, 1013-1025, doi:10.1056/NEJMoa2113708.

29. Tai, C.H,; Lee, N.C.; Chien, Y.H.; Byrne, B.J.; Muramatsu, S.I.; Tseng, S.H.; Hwu, W.L. Long-term efficacy
and safety of eladocagene exuparvovec in patients with AADC deficiency. Mol Ther 2022, 30, 509-518,
doi:10.1016/j.ymthe.2021.11.005.


https://doi.org/10.20944/preprints202409.2154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024 d0i:10.20944/preprints202409.2154.v1

14

30. Dhillon, S. Fidanacogene Elaparvovec: First Approval. Drugs 2024, 84, 479-486, doi:10.1007/s40265-024-
02017-4.

31. Li, C; Samulski, R.J. Engineering adeno-associated virus vectors for gene therapy. Nat Rev Genet 2020, 21,
255-272, doi:10.1038/s41576-019-0205-4.

32. Muhuri, M,; Levy, D.L; Schulz, M.; McCarty, D.; Gao, G. Durability of transgene expression after rAAV
gene therapy. Mol Ther 2022, 30, 1364-1380, doi:10.1016/j.ymthe.2022.03.004.

33. Kuzmin, D.A.; Shutova, M.V.; Johnston, N.R.; Smith, O.P.; Fedorin, V.V.; Kukushkin, Y.S.; van der Loo,
J.C.M.; Johnstone, E.C. The clinical landscape for AAV gene therapies. Nat Rev Drug Discov 2021, 20, 173-
174, d0i:10.1038/d41573-021-00017-7.

34. Rapti, K.; Grimm, D. Adeno-Associated Viruses (AAV) and Host Immunity - A Race Between the Hare and
the Hedgehog. Front Immunol 2021, 12, 753467, doi:10.3389/fimmu.2021.753467.

35. Issa, S.S.; Shaimardanova, A.A.; Solovyeva, V.V.; Rizvanov, A.A. Various AAV Serotypes and Their
Applications in Gene Therapy: An Overview. Cells 2023, 12, d0i:10.3390/cells12050785.

36. Wang, J.H,; Gessler, D.J.; Zhan, W.; Gallagher, T.L.; Gao, G. Adeno-associated virus as a delivery vector for
gene therapy of human diseases. Signal Transduct Target Ther 2024, 9, 78, d0i:10.1038/s41392-024-01780-w.

37. Danthinne, X.; Imperiale, M.J. Production of first generation adenovirus vectors: a review. Gene Ther 2000,
7,1707-1714, doi:10.1038/sj.gt.3301301.

38. Rity, J.K; Lesch, H.P.; Wirth, T.; Yla-Herttuala, S. Improving safety of gene therapy. Curr Drug Saf 2008, 3,
46-53, d0i:10.2174/157488608783333925.

39. Piccolo, P.; Brunetti-Pierri, N. Challenges and Prospects for Helper-Dependent Adenoviral Vector-
Mediated Gene Therapy. Biomedicines 2014, 2, 132-148, doi:10.3390/biomedicines2020132.

40. Cots, D.; Bosch, A.; Chillén, M. Helper dependent adenovirus vectors: progress and future prospects. Curr
Gene Ther 2013, 13, 370-381, doi:10.2174/156652321305131212125338.

41. Ricobaraza, A.; Gonzalez-Aparicio, M.; Mora-Jimenez, L.; Lumbreras, S.; Hernandez-Alcoceba, R. High-
Capacity Adenoviral Vectors: Expanding the Scope of Gene Therapy. Int ] Mol Sci 2020, 21,
d0i:10.3390/ijms21103643.

42. Arjomandnejad, M.; Dasgupta, I; Flotte, T.R.; Keeler, A.M. Immunogenicity of Recombinant Adeno-
Associated Virus (AAV) Vectors for Gene Transfer. BioDrugs 2023, 37, 311-329, doi:10.1007/s40259-023-
00585-7.

43. Palmer, D.J.; Ng, P. Methods for the production of helper-dependent adenoviral vectors. Methods Mol Biol
2008, 433, 33-53, d0i:10.1007/978-1-59745-237-3_3.

44. Parks, R].; Chen, L.; Anton, M.; Sankar, U.; Rudnicki, M.A.; Graham, F.L. A helper-dependent adenovirus
vector system: removal of helper virus by Cre-mediated excision of the viral packaging signal. Proc Natl
Acad Sci U S A 1996, 93, 13565-13570, doi:10.1073/pnas.93.24.13565.

45. Rghei, A.D.; Stevens, B.A.Y.; Thomas, S.P.; Yates, ].G.E.; McLeod, B.M.; Karimi, K.; Susta, L.; Bridle, BW;
Wootton, S.K. Production of Adeno-Associated Virus Vectors in Cell Stacks for Preclinical Studies in Large
Animal Models. | Vis Exp 2021, doi:10.3791/62727.

46. Zaki, AM.; van Boheemen, S.; Bestebroer, T.M.; Osterhaus, A.D.; Fouchier, R.A. Isolation of a novel
coronavirus from a man with pneumonia in Saudi Arabia. N Engl ] Med 2012, 367, 1814-1820,
doi:10.1056/NEJMoal1211721.

47. Vergara-Alert, J.; Vidal, E.; Bensaid, A.; Segalés, ]. Searching for animal models and potential target species
for emerging pathogens: Experience gained from Middle East respiratory syndrome (MERS) coronavirus.
One Health 2017, 3, 34-40, d0i:10.1016/j.onehlt.2017.03.001.

48. Memish, Z.A.; Perlman, S.; Van Kerkhove, M.D.; Zumla, A. Middle East respiratory syndrome. Lancet 2020,
395, 1063-1077, doi:10.1016/S0140-6736(19)33221-0.

49. Raj, V.S;; Mou, H.; Smits, S.L.; Dekkers, D.H.; Miiller, M.A_; Dijkman, R.; Muth, D.; Demmers, J.A.; Zaki,
A.; Fouchier, R.A.; et al. Dipeptidyl peptidase 4 is a functional receptor for the emerging human
coronavirus-EMC. Nature 2013, 495, 251-254, doi:10.1038/nature12005.

50. Zhao, J.; Li, K.; Wohlford-Lenane, C.; Agnihothram, S.S.; Fett, C.; Gale, M.].; Baric, R.S.; Enjuanes, L.;
Gallagher, T.; McCray, P.B.; et al. Rapid generation of a mouse model for Middle East respiratory
syndrome. Proc Natl Acad Sci U S A 2014, 111, 4970-4975, doi:10.1073/pnas.1323279111.

51. Gong, S.R; Bao, L.L. The battle against SARS and MERS coronaviruses: Reservoirs and Animal Models.
Animal Model Exp Med 2018, 1, 125-133, doi:10.1002/ame2.12017.

52. Markov, P.V,; Ghafari, M.; Beer, M.; Lythgoe, K.; Simmonds, P.; Stilianakis, N.I; Katzourakis, A. The
evolution of SARS-CoV-2. Nat Rev Microbiol 2023, 21, 361-379, d0i:10.1038/s41579-023-00878-2.

53. Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell entry mechanisms of SARS-CoV-2.
Proc Natl Acad Sci U S A 2020, 117, 11727-11734, d0i:10.1073/pnas.2003138117.

54. Petersen, E.; Koopmans, M.; Go, U.; Hamer, D.H.; Petrosillo, N.; Castelli, F.; Storgaard, M.; Al Khalili, S.;
Simonsen, L. Comparing SARS-CoV-2 with SARS-CoV and influenza pandemics. Lancet Infect Dis 2020, 20,
€238-e244, doi:10.1016/51473-3099(20)30484-9.


https://doi.org/10.20944/preprints202409.2154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024 d0i:10.20944/preprints202409.2154.v1

15

55. Glazkova, D.V.; Bogoslovskaya, E.V.; Urusov, F.A.; Kartashova, N.P.; Glubokova, E.A.; Gracheva, A.V;
Faizuloev, E.B.; Trunova, G.V.; Khokhlova, V.A.; Bezborodova, O.A.; et al. [Generation of SARS-CoV-2
Mouse Model by Transient Expression of the Human ACE2 Gene Mediated by Intranasal Administration
of AAV-hACE2]. Mol Biol (Mosk) 2022, 56, 774-782, d0i:10.31857/S0026898422050068.

56. Gretebeck, L.M.; Subbarao, K. Animal models for SARS and MERS coronaviruses. Curr Opin Virol 2015, 13,
123-129, doi:10.1016/j.coviro.2015.06.009.

57. Lee, C.Y.; Lowen, A.C. Animal models for SARS-CoV-2. Curr Opin Virol 2021, 48, 73-81,
doi:10.1016/j.coviro.2021.03.009.

58. Israelow, B.; Song, E.; Mao, T.; Lu, P.; Meir, A.; Liu, F.; Alfajaro, M.M.; Wei, ].; Dong, H.; Homer, R.J.; et al.
Mouse model of SARS-CoV-2 reveals inflammatory role of type I interferon signaling. | Exp Med 2020, 217,
doi:10.1084/jem.20201241.

59. Tailor, N.; Warner, B.M.; Griffin, B.D.; Tierney, K.; Moffat, E.; Frost, K.; Vendramelli, R.; Leung, A,;
Willman, M.; Thomas, S.P.; et al. Generation and Characterization of a SARS-CoV-2-Susceptible Mouse
Model Using Adeno-Associated Virus (AAV6.2FF)-Mediated Respiratory Delivery of the Human ACE2
Gene. Viruses 2022, 15, d0i:10.3390/v15010085.

60. Santry, L.A; Ingrao, J.C.; Yu, D.L.; de Jong, ].G.; van Lieshout, L.P.; Wood, G.A.; Wootton, S.K. AAV vector
distribution in the mouse respiratory tract following four different methods of administration. BMC
Biotechnol 2017, 17, 43, doi:10.1186/s12896-017-0365-2.

61. Gary, E.N.; Warner, B.M.; Parzych, EM.; Griffin, B.D.; Zhu, X; Tailor, N.; Tursi, N.J.; Chan, M.; Purwar,
M.; Vendramelli, R.; et al. A novel mouse AAV6 hACE2 transduction model of wild-type SARS-CoV-2
infection studied using synDNA immunogens. iScience 2021, 24, 102699, doi:10.1016/j.is¢i.2021.102699.

62. Sun, C.P.;]Jan, ].T.; Wang, LH.; Ma, H.H.; Ko, H.Y.; Wu, P.Y.; Kuo, T.J.; Liao, H.N.; Lan, Y.H.; Sie, Z.L.; et
al. Rapid generation of mouse model for emerging infectious disease with the case of severe COVID-19.
PLoS Pathog 2021, 17, €1009758, doi:10.1371/journal.ppat.1009758.

63. Li, Y,; Cao, L; Li, G; Cong, F.; Sun, J.; Luo, Y.; Chen, G.; Wang, P.; Xing, F.; Ji, Y.; et al. Remdesivir
Metabolite GS-441524 Effectively Inhibits SARS-CoV-2 Infection in Mouse Models. | Med Chem 2022, 65,
2785-2793, d0i:10.1021/acs.jmedchem.0c01929.

64. Yang, M.S,; Park, M.],; Lee, J.; Oh, B.; Kang, KW _; Kim, Y.; Lee, S.M.; Lim, ].O,; Jung, T.Y,; Park, ].H.; et al.
Non-invasive administration of AAV to target lung parenchymal cells and develop SARS-CoV-2-
susceptible mice. Mol Ther 2022, 30, 1994-2004, doi:10.1016/j.ymthe.2022.01.010.

65. Zeng,].; Xie, X.; Feng, X.L.; Xu, L.; Han, ].B.; Yu, D.; Zou, Q.C.; Liu, Q.; Li, X.; Ma, G.; et al. Specific inhibition
of the NLRP3 inflammasome suppresses immune overactivation and alleviates COVID-19 like pathology
in mice. EBioMedicine 2022, 75, 103803, d0i:10.1016/j.ebiom.2021.103803.

66. Glazkova, D.V.; Bogoslovskaya, E.V.; Urusov, F.A.; Kartashova, N.P.; Glubokova, E.A.; Gracheva, A.V;
Faizuloev, E.B.; Trunova, G.V.; Khokhlova, V.A.; Bezborodova, O.A.; et al. Generation of SARS-CoV-2
Mouse Model by Transient Expression of the Human ACE2 Gene Mediated by Intranasal Administration
of AAV-hACE2. Mol Biol (Mosk) 2022, 56, 774-782, d0i:10.31857/50026898422050068.

67. Huang, H.C; Wang, S.H.; Fang, G.C.; Chou, W.C;; Liao, C.C.; Sun, C.P.; Jan, ].T.; Ma, H.H.; Ko, H.Y.; Ko,
Y.A,; et al. Upregulation of PD-L1 by SARS-CoV-2 promotes immune evasion. | Med Virol 2023, 95, 28478,
doi:10.1002/jmv.28478.

68. Wang, S.; Wang, C.Y.; Kuo, HK,; Peng, W.J.; Huang, ] H.; Kuo, B.S,; Lin, F.; Liu, Y.J.; Liu, Z.; Wu, H.T,; et
al. A novel RBD-protein/peptide vaccine elicits broadly neutralizing antibodies and protects mice and
macaques against SARS-CoV-2. Emerg Microbes Infect 2022, 11, 2724-2734,
d0i:10.1080/22221751.2022.2140608.

69. Sun,].;Zhuang, Z.; Zheng, J.; Li, K.; Wong, R.L.; Liu, D.; Huang, J.; He, ].; Zhu, A.; Zhao, | ; et al. Generation
of a Broadly Useful Model for COVID-19 Pathogenesis, Vaccination, and Treatment. Cell 2020, 182, 734-
743.e735, doi:10.1016/j.cell.2020.06.010.

70. Hassan, A.O.; Case, ].B.; Winkler, E.S.; Thackray, L.B.; Kafai, N.M.; Bailey, A.L.; McCune, B.T.; Fox, J]M,;
Chen, R.E.; Alsoussi, W.B.; et al. A SARS-CoV-2 Infection Model in Mice Demonstrates Protection by
Neutralizing Antibodies. Cell 2020, 182, 744-753.e744, doi:10.1016/j.cel1.2020.06.011.

71. Case, ].B.; Rothlauf, P.W.; Chen, R.E.; Kafai, N.M.; Fox, ]. M.; Smith, B.K,; Shrihari, S.; McCune, B.T.; Harvey,
I.B.; Keeler, S.P.; et al. Replication-Competent Vesicular Stomatitis Virus Vaccine Vector Protects against
SARS-CoV-2-Mediated Pathogenesis in Mice. Cell Host Microbe 2020, 28, 465-474.e464,
doi:10.1016/j.chom.2020.07.018.

72. Wong, LR;; Li, K;; Sun, J.; Zhuang, Z.; Zhao, J.; McCray, P.B.; Perlman, S. Sensitization of Non-permissive
Laboratory Mice to SARS-CoV-2 with a Replication-Deficient Adenovirus Expressing Human ACE2. STAR
Protoc 2020, 1, 100169, doi:10.1016/j.xpro.2020.100169.

73. Rathnasinghe, R.; Strohmeier, S.; Amanat, F.; Gillespie, V.L.; Krammer, F.; Garcia-Sastre, A.; Coughlan, L.;
Schotsaert, M.; Uccellini, M.B. Comparison of transgenic and adenovirus hACE2 mouse models for SARS-
CoV-2 infection. Emerg Microbes Infect 2020, 9, 2433-2445, d0i:10.1080/22221751.2020.1838955.


https://doi.org/10.20944/preprints202409.2154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024 d0i:10.20944/preprints202409.2154.v1

16

74. Han, K; Blair, R.V.;Iwanaga, N.; Liu, F.; Russell-Lodrigue, K.E.; Qin, Z.; Midkiff, C.C.; Golden, N.A.; Doyle-
Meyers, L.A.; Kabir, M.E.; et al. Lung Expression of Human Angiotensin-Converting Enzyme 2 Sensitizes
the Mouse to SARS-CoV-2 Infection. Am ] Respir Cell Mol Biol 2021, 64, 79-88, doi:10.1165/rcmb.2020-
03540C.

75. Zhuang, Z; Lai, X;; Sun, J.; Chen, Z.; Zhang, Z; Dai, ].; Liu, D.; Li, Y.; Li, F.; Wang, Y.; et al. Mapping and
role of T cell response in SARS-CoV-2-infected mice. ] Exp Med 2021, 218, doi:10.1084/jem.20202187.

76. Ge, ].; Wang, R.; Ju, B.; Zhang, Q.; Sun, J.; Chen, P.; Zhang, S; Tian, Y.; Shan, S.; Cheng, L.; et al. Antibody
neutralization of SARS-CoV-2 through ACE2 receptor mimicry. Nat Commun 2021, 12, 250,
do0i:10.1038/s41467-020-20501-9.

77. Fu,D.; Zhang, G.; Wang, Y.; Zhang, Z.; Hu, H.; Shen, S.; W, ].; Li, B.; Li, X,; Fang, Y.; et al. Structural basis
for SARS-CoV-2 neutralizing antibodies with novel binding epitopes. PLoS Biol 2021, 19, 3001209,
doi:10.1371/journal.pbio.3001209.

78. Liu, F; Han, K; Blair, R.; Kenst, K.; Qin, Z.; Upcin, B.; Worsdorfer, P.; Midkiff, C.C.; Mudd, J.; Belyaeva, E.;
et al. SARS-CoV-2 Infects Endothelial Cells In Vivo and In Vitro. Front Cell Infect Microbiol 2021, 11, 701278,
doi:10.3389/fcimb.2021.701278.

79. Li, K;; Meyerholz, D.K,; Bartlett, ].A.; McCray, P.B. The TMPRSS2 Inhibitor Nafamostat Reduces SARS-
CoV-2 Pulmonary Infection in Mouse Models of COVID-19. mBio 2021, 12, 0097021,
d0i:10.1128/mBi0.00970-21.

80. Du, Y.;Zhang, S.; Zhang, Z.; Miah, KM.; Wei, P.; Zhang, L.; Zhu, Y.; Li, Z; Ye, F.; Gill, D.R;; et al. Intranasal
Lentiviral Vector-Mediated Antibody Delivery Confers Reduction of SARS-CoV-2 Infection in Elderly and
Immunocompromised Mice. Front Immmunol 2022, 13, 819058, d0i:10.3389/fimmu.2022.819058.

81. Yang, S.; Cao, L; Xu, W.; Xu, T.; Zheng, B.; Ji, Y.; Huang, S.; Liu, L.; Du, J.; Peng, H.; et al. Comparison of
model-specific histopathology in mouse models of COVID-19. | Med Virol 2022, 94, 3605-3612,
doi:10.1002/jmv.27747.

82. El-Kafrawy, S.A.; Odle, A.; Abbas, A.T.; Hassan, A.M.; Abdel-Dayem, U.A.; Qureshi, A.K,; Wong, L.R;;
Zheng, ].; Meyerholz, D.K.; Perlman, S.; et al. SARS-CoV-2-specific immunoglobulin Y antibodies are
protective in infected mice. PLoS Pathog 2022, 18, 1010782, doi:10.1371/journal.ppat.1010782.

83. Amanat, F.; Clark, J.; Carreno, J.M.; Strohmeier, S.; Yellin, T.; Meade, P.S.; Bhavsar, D.; Muramatsu, H.; Sun,
W.; Coughlan, L.; et al. Inmunity to Seasonal Coronavirus Spike Proteins Does Not Protect from SARS-
CoV-2 Challenge in a Mouse Model but Has No Detrimental Effect on Protection Mediated by COVID-19
mRNA Vaccination. ] Virol 2023, 97, 0166422, d0i:10.1128/jvi.01664-22.

84. Human Coronavirus-229E, -OC43, -NL63, and -HKU1 (Coronaviridae). Encyclopedia of Virology 2021, 428—
440, doi:10.1016/B978-0-12-809633-8.21501-X.

85. Liu, D.; Chen, C,; Chen, D.; Zhu, A.; Li, F.; Zhuang, Z.; Mok, CK.P.; Dai, J.; Li, X; Jin, Y.; et al. Mouse models
susceptible to HCoV-229E and HCoV-NL63 and cross protection from challenge with SARS-CoV-2. Proc
Natl Acad Sci U S A 2023, 120, 2202820120, doi:10.1073/pnas.2202820120.

86. Nguyen, M.H.; Wong, G.; Gane, E.; Kao, ].H.; Dusheiko, G. Hepatitis B Virus: Advances in Prevention,
Diagnosis, and Therapy. Clin Microbiol Rev 2020, 33, d0i:10.1128/CMR.00046-19.

87. Le,M.H,; Yeo, Y.H,; Cheung, R.; Henry, L.; Lok, A.S.; Nguyen, M.H. Chronic Hepatitis B Prevalence Among
Foreign-Born and U.S.-Born Adults in the United States, 1999-2016. Hepatology 2020, 71, 431-443,
doi:10.1002/hep.30831.

88. Yang, J.; Pan, G,; Guan, L; Liu, Z,; Wu, Y.; Lu, W,; Li, S,; Xu, H.; Ouyang, G. The burden of primary liver
cancer caused by specific etiologies from 1990 to 2019 at the global, regional, and national levels. Cancer
Med 2022, 11, 1357-1370, d0i:10.1002/cam4.4530.

89. Lin, CL, Kao, J.H. Natural history of acute and chronic hepatitis B: The role of HBV genotypes and
mutants. Best Pract Res Clin Gastroenterol 2017, 31, 249-255, doi:10.1016/j.bpg.2017.04.010.

90. Du, Y.;Broering, R.; Li, X.; Zhang, X.; Liu, J.; Yang, D.; Lu, M. Mouse Models for Hepatitis B Virus Infection
and Their Application. Front Immunol 2021, 12, 766534, doi:10.3389/fimmu.2021.766534.

91. Guidotti, L.G.; Matzke, B.; Schaller, H.; Chisari, F.V. High-level hepatitis B virus replication in transgenic
mice. | Virol 1995, 69, 6158-6169, doi:10.1128/JV1.69.10.6158-6169.1995.

92. Huang, Y.H,; Fang, C.C,; Tsuneyama, K.; Chou, H.Y.; Pan, W.Y.; Shih, Y.M.; Wu, P.Y.; Chen, Y.; Leung,
P.S.; Gershwin, MLE,; et al. A murine model of hepatitis B-associated hepatocellular carcinoma generated
by adeno-associated virus-mediated gene delivery. Int ] Oncol 2011, 39, 1511-1519, doi:10.3892/ij0.2011.1145.

93. Lai, Y. Yue, Y,; Liu, M,; Ghosh, A.; Engelhardt, J.F.; Chamberlain, J.S.; Duan, D. Efficient in vivo gene
expression by trans-splicing adeno-associated viral vectors. Nat Biotechnol 2005, 23, 1435-1439,
doi:10.1038/nbt1153.

94. Brocato, R.L.; Hooper, ].W. Progress on the Prevention and Treatment of Hantavirus Disease. Viruses 2019,
11, doi:10.3390/v11070610.

95. Munir, N.; Jahangeer, M.; Hussain, S.; Mahmood, Z.; Ashiq, M.; Ehsan, F.; Akram, M.; Ali Shah, S.M.; Riaz,
M.; Sana, A. Hantavirus diseases pathophysiology, their diagnostic strategies and therapeutic approaches:
A review. Clin Exp Pharmacol Physiol 2021, 48, 20-34, doi:10.1111/1440-1681.13403.


https://doi.org/10.20944/preprints202409.2154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024 d0i:10.20944/preprints202409.2154.v1

17

96. Vial, P.A,; Ferrés, M.; Vial, C.; Klingstrom, J.; Ahlm, C.; Lopez, R.; Le Corre, N.; Mertz, G.J. Hantavirus in
humans: a review of clinical aspects and management. Lancet Infect Dis 2023, 23, e371-e382,
doi:10.1016/51473-3099(23)00128-7.

97. Manigold, T.; Vial, P. Human hantavirus infections: epidemiology, clinical features, pathogenesis and
immunology. Swiss Med Wkly 2014, 144, w13937, d0i:10.4414/smw.2014.13937.

98. Song, J.Y.; Woo, HJ.; Cheong, H.J.; Noh, J.Y.; Baek, L.J.; Kim, W.]. Long-term immunogenicity and safety
of inactivated Hantaan virus vaccine (Hantavax™) in healthy adults. Vaccine 2016, 34, 1289-1295,
doi:10.1016/j.vaccine.2016.01.031.

99. Brocato, R.L.; Hammerbeck, C.D.; Bell, T.M.; Wells, ].B.; Queen, L.A.; Hooper, ].W. A lethal disease model
for hantavirus pulmonary syndrome in immunosuppressed Syrian hamsters infected with Sin Nombre
virus. | Virol 2014, 88, 811-819, d0i:10.1128/JVI1.02906-13.

100. Vergote, V.; Laenen, L.; Vanmechelen, B.; Van Ranst, M.; Verbeken, E.; Hooper, ].W.; Maes, P. A lethal
disease model for New World hantaviruses using immunosuppressed Syrian hamsters. PLoS Negl Trop Dis
2017, 11, e0006042, doi:10.1371/journal.pntd.0006042.

101. Sironen, T.; Klingstrom, J.; Vaheri, A.; Andersson, L.C.; Lundkvist, A.; Plyusnin, A. Pathology of Puumala
hantavirus infection in macaques. PLoS One 2008, 3, €3035, doi:10.1371/journal.pone.0003035.

102. Groen, ].; Gerding, M.; Koeman, J.P.; Roholl, P.J.; van Amerongen, G.; Jordans, H.G.; Niesters, H.G.;
Osterhaus, A.D. A macaque model for hantavirus infection. | Infect Dis 1995, 172, 38-44,
d0i:10.1093/infdis/172.1.38.

103. Safronetz, D.; Prescott, J.; Feldmann, F.; Haddock, E.; Rosenke, R.; Okumura, A.; Brining, D.; Dahlstrom,
E.; Porcella, S.F.; Ebihara, H.; et al. Pathophysiology of hantavirus pulmonary syndrome in rhesus
macaques. Proc Natl Acad Sci U S A 2014, 111, 7114-7119, doi:10.1073/pnas.1401998111.

104. Wichmann, D.; Grone, H.J.; Frese, M.; Pavlovic, J.; Anheier, B.; Haller, O.; Klenk, H.D.; Feldmann, H.
Hantaan virus infection causes an acute neurological disease that is fatal in adult laboratory mice. ] Virol
2002, 76, 8890-8899, d0i:10.1128/jvi.76.17.8890-8899.2002.

105. Yoshimatsu, K.; Arikawa, J.; Ohbora, S.; Itakura, C. Hantavirus infection in SCID mice. | Vet Med Sci 1997,
59, 863-868, doi:10.1292/jvms.59.863.

106. Ebihara, H.; Yoshimatsu, K.; Ogino, M.; Araki, K.; Ami, Y.; Kariwa, H.; Takashima, I.; Li, D.; Arikawa, J.
Pathogenicity of Hantaan virus in newborn mice: genetic reassortant study demonstrating that a single
amino acid change in glycoprotein Gl is related to virulence. | Virol 2000, 74, 9245-9255,
doi:10.1128/jvi.74.19.9245-9255.2000.

107. Wei, Z.; Shimizu, K,; Sarii, R.S.; Muthusinghe, D.S.; Lokupathirage, S.M.W.; Nio-Kobayashi, J.; Yoshimatsu,
K. Pathological Studies on Hantaan Virus-Infected Mice Simulating Severe Hemorrhagic Fever with Renal
Syndrome. Viruses 2022, 14, doi:10.3390/v14102247.

108. Jangra, R.K,; Herbert, A.S.; Li, R.; Jae, L.T.; Kleinfelter, L.M.; Slough, M.M.; Barker, S.L.; Guardado-Calvo,
P.; Roman-Sosa, G.; Dieterle, M.E.; et al. Protocadherin-1 is essential for cell entry by New World
hantaviruses. Nature 2018, 563, 559-563, d0i:10.1038/s41586-018-0702-1.

109. Slough, M.M.; Li, R.; Herbert, A.S.; Lasso, G.; Kuehne, A.L; Monticelli, S.R.; Bakken, R.R.; Liu, Y.; Ghosh,
A_; Moreau, A.M.; et al. Two point mutations in protocadherin-1 disrupt hantavirus recognition and afford
protection against lethal infection. Nat Commun 2023, 14, 4454, d0i:10.1038/s41467-023-40126-y.

110. Safronetz, D.; Hegde, N.R.; Ebihara, H.; Denton, M.; Kobinger, G.P.; St Jeor, S.; Feldmann, H.; Johnson, D.C.
Adenovirus vectors expressing hantavirus proteins protect hamsters against lethal challenge with andes
virus. | Virol 2009, 83, 7285-7295, d0i:10.1128/JVI1.00373-09.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202409.2154.v1

