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SUMMARY

The emergence and rapid spread outside of monkeypox virus (MPXV) to non-
endemic areas has led to another global health emergency in the midst of the
COVID-19 pandemic. The scientific community has sought to rapidly develop
in vitro and in vivo models that could be applied in research with MPXV.
In vitro models include two-dimensional (2D) cultures of immortalized cell lines
or primary cells and three-dimensional (3D) cultures. In vitro models are consid-
ered cost-effective and can be done in highly controlled conditions; however,
they do not always resemble physiological conditions. In this way, several in vivo
models are being characterized to meet the growing demand for new studies
related to MPXV. In this review, we summarize the main MPXV models that
have already been developed and discuss how they can contribute to advance
the understanding of its pathogenesis, replication, and transmission, as well as
identifying antivirals to treat infected patients.

INTRODUCTION

The etiologic agent of zoonotic monkeypox disease (MPX) is the monkeypox virus (MPXV). Belonging to the
family Poxviridae and the genus Orthopoxvirus, this virus was isolated for the first time in 1958 from vesico-
pustular lesions of infected cynomolgus monkeys kept for research.’ The virus can be divided into two viral
clades: the Congo Basin (clade |) and the West African (clade Il). The Congo Basin viruses are more virulent,
with human case fatality rates during outbreaks in parts of Africa estimated to be around 10%. Although
monkeypox is so named because researchers first detected it in monkeys, the virus is believed to be trans-
mitted by wild animals such as rodents or infected people.” These animals can transmit the disease to hu-
mans and secondarily the disease is limited through person-to-person transmission.”

Patients affected by the disease may initially present with fever, headache, back pain, asthenia, myalgia, rash,
and lymphadenopathy. Lymphadenopathy is a distinctive feature of the disease that can be used to differen-
tiate it from other infections that have similar clinical presentation at onset (chickenpox, measles, smallpox).® In
more severe cases, monkeypox complications can cause pneumonitis, encephalitis, vision hazard keratitis, and
secondary bacterial infections.”” Previous studies show that mortality rates vary substantially and are vulnerable
to case finding bias.® Historically, the case fatality rate of monkeypox ranges from 0% to 11%, with young chil-

drenbeingthe most vulnerable group. Inthe recent epidemics, the case fatality ratio has varied from 3% to 6%.”

Since the first human monkeypox infection was reported in 1970, most outbreaks have been confined to
central Africa. The first significant outbreak outside Africa occurred in 2003 in the U.S. and was epidemio-
logically linked to imported exotic pets (Gambian pouched rats and dormice) from Ghana that spread the
virus to pet prairie dogs and from them to humans.” In recent years, both travel-related and non-travel-
related cases have been reported outside of West and Central Africa, which are considered endemic areas.
Europe, North America, Australia, and Asia had records of the disease.® However, the number of cases
registered outside endemic areas has increased considerably. As of November 7, 2022, more than 78 thou-
sand cases of monkeypox with 43 fatalities have been reported in a total of 109 countries (102 non-endemic
and 7 endemic countries).” On July 23, 2022, World Health Organization (WHO) declared the current
monkeypox epidemic represents a Public Health Emergency of International Concern (PHEIC)."”

Since its discovery to date, several research models have already been developed mimicking the patho-
physiology of the disease. In this review, we summarize the main models in vitro (2D and 3D cell culture)
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and in vivo developed to study monkeypox biology and discuss its advantages, disadvantages, and how
these models can contribute to coping with the disease.

IN VITRO MODELS

In order to study viral infections, tools rather than the natural host are needed due to the impact and
lethality of the disease caused by viruses.'" As a solution, Renato Dulbecco and Marguerite Vogt proposed
the use of cell lineages in viral research in late 1950, which revolutionized how knowledge is acquired by
facilitating the study of viral infection and its replication kinetics.'*'® It also resulted in the evolution of
the previous time-consumption drug discovery process to an optimized and high selective one,'* added
to the alignment with the ethical desire for reducing animal use.'” In this context, it is possible to hypoth-
esize the importance of knowing the most suitable cell culture model to be applied in the studying of the
MPXV pathogenesis or to the screening and identification of active molecules that might be capitalized
into the clinical treatment of the disease. The in vitro assays have shown that the cells Vero, Vero 76,
Vero E6, LLC-MK2, BSC-40, BSC-1, PEK, HEP-2, HelLa, MA-104, HFF, and Balb/3T3 clone A31 are suscep-
tible and capable of maintaining the MPXV replication, resulting in a high titer stock of virus, added of inter-
ested applicability into antiviral identification. The cell culture models, their characteristics, as well as their
advantages and disadvantages are detailed below and summarized in Table 1.

CELL LINEAGES DIRECTLY EMPLOYED IN THE MPXV STUDY

MPXV was isolated in non-human primates in 1958 from pustules present on cynomolgus monkeys.' For
this, HelLa, monkey kidney, and human amnion cells were incubated with the supernatant of the emulsified
pustules. The presence of cytopathic effect was observed 2-3 days after infection. The three types of in-
fected cells were characterized by presenting alterations in their morphological structure.’

In humans the MPXV was first isolated from a human host in 1970 in the Democratic Republic of the Congo
by material collected from skin lesions.'® The isolation and characterization of the cytopathic effect were
performed by infecting four immortalized cell lines Vero (African green monkey kidney), PEK (pig embry-
onickidney cells), and HEP-2 (Homo sapiens epithelial carcinoma cells) with a 10-fold TCIDsg serial dilution
of MPXV and analyzed up to 7 days post-infection (d.p.i.). In Vero cells, the MPXV formed larger plates than
the variola virus with a pattern of internal structure characteristic of other MPXV isolated from monkeys. In
addition, when comparing all cell lines, Vero cells were more sensitive to MPXV when compared with
HEP-2, and PEK, producing higher titers (about 107 to 108 TCIDsg). The MPXV can be distinguished from
variola and vaccinia viruses in PEK cells by its lower replication and the lack of hemadsorption phenomena.

In the attempt to identify antiviral molecules capable of inhibiting the MPXV replication cycle as well as un-
derstanding its replication mechanism, several methodologies were employed throughout the literature.
Baker and coworkers used Vero 76 (African green monkey kidney), Vero Eé (African green monkey kidney
deficient in type | interferon [IFN-I]), LLC-MK2 (Rhesus monkey kidney cells), and BSC-40 cells. The BSC-40
is a continuous cell line derived from BSC-1 cells (Vervet monkey kidney cell)'®?" and is suitable for ampli-
fication and isolation of large viruses such as the poxviruses due to their resemblance with the natural host.
Therefore, this cell lineage was used by the authors for inoculation and amplification for 5 days and
collected by centrifugation associated with freeze-thaw cycles. As for the title of the MPXV, Vero E6 cells
were employed because it is deficient in an IFN-I pathway and might favor viral replication.*” The protocol
used by the authors was based on incubating the virus with cells for 2 h, adding a medium with carboxy-
methyl cellulose (CMC), analyzed for up to 3 or 5 days p.i. through fixation with crystal violet staining solu-
tion (1.3 mg/mL crystal violet, 5% ethanol, 30% formalin), and plaques counted visually. For antiviral assays,
the authors employed the neutral red uptake assay, an absorbance technique to assess cell viability where
healthy, uninfected cells will take up neutral red dye through pinocytosis, whereas cells infected with a cyto-
pathic virus will not. The Vero 76 and LLC-MK2 cell lines were infected with MOI of 0.01, 0.1, and 1 in the
presence of serial dilutions of each one of the 24 compounds analyzed in 96 well plates. The incubation
period was related to the presence of CPE in virus-infected and untreated cell control, and the assessment
of the potential compounds by ICsg values was better visualized in 5-day incubation and MOI of 0.1. Alter-
natively, the plaque-forming assay was also used, and the MPXV took 4-5 days to produce plaques of
similar size in Vero 76, Vero Eé, or BSC-40 cells, whereas other poxviruses produced small plaques after
5-6 days with lower cytopathic effect. Following the technical protocol of plaque reduction assay, Rogers
and collaborators (2008) evaluated the effect of silver nanoparticles against MPXV, however employing only
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Table 1. Cells models used in the study of MPXV

Cell/tissue type

Virus strain

Viral cultivation

Main applications

Reference

Vero

PEK, and HEP-2

LLC-MK2

Vero 76

Vero E6

MA-104

Congo-8 virus; VARV-UK-
60/Ind-3a, MPXV-
Copenhagen/Z79-1-005,
VACV- Copenhagen,
CPXV-Grishak, and ECTV-
K-1

Congo-8 virus; VARV-UK-
60, MPXV-Copenhagen/
Liberia-1/Liberia-2/V-70
1266
MPXV-V79-1-005-Scab/
Katako Kombe and
MPXV-GFP

MPXV-V79-1-005-Scab,
VACV-Elstree/
Copenhagen, CPXV-
Marina/Brighton, and
CMLV-Somalia

MPXV-V79-1-005-Scab,
MPXV-GFP-tdTR, Katako
Kombe and MPXV-GFP

MPXV-GFP-tdTR/Z79-I-
005

Cells were cultured in
RPMI-1640 or MEM
supplemented with 2-10%
fetal bovine serum, at 37°C
in a 5% CO2 atmosphere.
Some authors mentioned
the use of antibiotics and

antimycotics

a

Cells were cultured in
RPMI-1640 or OPTI-MEM-I
supplemented with 2-10%
fetal bovine serum, with
antibiotics and
antimycotics, at 37°Cin a
5% CO2 atmosphere. Cells
were infected with an MOI
of0.001,0.01,0.1, or 1 and
incubated for 1-8 days
Cells were cultured in
RPMI-1640 supplemented
with 2 or 10% fetal bovine
serum or Eagle’'s EMEM
with Hanks' salts and 5%
fetal calf serum,
supplemented with
antibiotics and
antimycotics, at 37°Cin a
5% CO2 atmosphere. Cells
were infected with an MOI
of 0.01-1 or with 100
plaque-forming units (p.f.u)
of virus/well and incubated
for 3-6 days

Cells were cultured in
RPMI-1640, EMEM, or
DMEM supplemented with
2%-10% fetal bovine
serum, with antibiotics and
antimycotics, at 37°C in a
5% CO2 atmosphere. Cells
were infected with an MOI
of 0.1 or 5 and incubated
for 1-5 days

Cells were cultured in MEM
supplemented with 10%
fetal bovine serum, with
antibiotics and
antimycotics, at 37°C in a
5% CO2 atmosphere. Cells

were infected with an MOI

Virus isolation, plaque-
forming assay, virus
amplification, infection
characterization,
evaluation of host
responses, and evaluation

of antiviral activity

Cell susceptibility

Plaque-forming assay,
neutral red uptake assay,
MTT assay, virus
amplification, virus
isolation, infection
characterization,
evaluation of host
responses, evaluation of
antiviral activity, and siRNA
transfection

Plaque-forming assay,
neutral red uptake assay,
virus amplification, virus
isolation, infection
characterization,
evaluation of host
responses, and evaluation

of antiviral activity

Plaque-forming assay,
neutral red uptake assay,
virus amplification, virus
isolation, infection
characterization,
evaluation of host
responses, evaluation of
antiviral activity, and

transfection

Infection characterization,
evaluation of host
responses, evaluation of

antiviral activity

(Marennikova et al.'é;

Rogers et al."’)

(Marennikova et al."®)

(Baker et al.'®;
Alkhalil et al."?)

(Baker et al.’®;
Yang and Schneller,”’;

Smee et al.,”")

(Baker et al.'®; Johnston
et al.?%; Alkhalil et al.'?)

(Johnston et al.??)

(Continued on next page)
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Table 1. Continued

Cell/tissue type

Virus strain

Viral cultivation

Main applications

Reference

Hela

Balb/3T3 clone A31

BSC-40

BSC-1

A549

RK 13

MPXV-GFP-tdTR/Z79-1-
005

CPXV-Brighton Red,
VACV-WR-GFP/NLS/WR-
A4-YFP/LUC and AKMV

MPXV-Z79-1005, VARV-
Copenhagen, CPXV-
Brighton, and CMLV-

Somalia

MPXV-V79-1-005-Scab)/
V70-1-266/V78-1-3945/V81-
1-179/V77-1-823/N1979-1-
005/2003-RCG-358/2003-
USA-039/2003-USA-044/
RCG2003-RCG-358,
VARV-SOM77-ali/NEP73-
175/BSH74-s0l/SUD47-
juba/SLN68-258/BRZ66-
39,

CPXV-Brighton Red,
VACV-WR-GFP/NLS/WR-
A4-YFP/LUC, and AKMV

CPXV-Brighton/
GER_1990_2/
GER_1991_3/
GER_2002_MKY/CPXV-Br
(ATCC VR-302)/CPXV-
GFP,
MPXV-276/Z79-1-005/
MSF6 B16R,

VACV -WR (ATCC VR-
1354)/IHD-J/MVA (ATCC
VR-1508)/WR B18,
VARV-BSH1975 B17R

MPXV 2003-USA-044/
RCG2003-RCG-358

MPXV WR-7-61

of 0.01 or 5 and incubated
for 24 h

Cells were cultured in
DMEM supplemented with
2%-10% fetal bovine
serum or calf serum, at
37°Cina 5% CO2
atmosphere. Some authors
mentioned the use of
antibiotics and
antimycotics. Cells were
infected with an MOI of
0.01 or 5 and incubated for
16-24 h

Cells were cultured in
medium supplemented
with 2% serum and infected
with 100 plaque-forming
units (p.f.u) of virus/well
and incubated for 3-6 days

Cells were cultured at 37°C
in a 5% CO2 atmosphere,
in Opti-MEM (Invitrogen)
or DMEM/RPMI-1640
supplemented with 2%—
10% fetal bovine serum,
antibiotics, and
antimycotics. Cells were
infected with an MOI of 0.1
or 10 PFU/cell and
incubated for 2-5 days

DMEM, RPMI
supplemented with 2%—
10% fetal bovine Serum or
with 5%-10% fetal calf
serum. Cells were infected
with an MOI of 0.01 or 1

DMEM with 5%-10% fetal

calf serum

Cells were maintained in

MEM supplemented with
5% fetal bovine serum, at
37°C with 5% CO2

MPXYV isolation, plaque-
forming assay, infection
characterization,
evaluation of host
responses, evaluation of
antiviral activity,
immunofluorescent cell
staining, transfection, IFN |

response analysis

Plaque-forming assay,
neutral red uptake assay,
infection characterization,
evaluation of host
responses, evaluation of
antiviral activity
Plaque-forming assay,
neutral red uptake assay,
virus amplification,
infection characterization,
evaluation of host
responses, evaluation of
antiviral activity,

transfection

Plaque-forming assay,
infection characterization,
analysis of the virus-cell
fusion process, evaluation
of host responses,
evaluation of antiviral
activity, and yield

reduction assay

Transfection, IFN-III

response analysis

Plaque-forming assay

(Magnus et al.’;
Johnston et al.??;
Priyamvada et al.z;
Fernandez de

Marco et al.”%)

(Smee et al.”")

(Baker et al.'®;
Smith et al.”;
Priyamvada et al.”*;
Fernandez de
Marco et al.”*:

Fogg et al.*9)

(Altmann et al.?’+?;

Bengali et al.”’;
Fernandez de

Marco et al.?%)

(Fernandez de

Marco et al.”%)

(Arndt et al.>%)

®Not reported; VARV: variola virus; MPXV: monkeypox virus; VACV: vaccinia virus; CPXV: cowpox virus; ECTV: ectromelia virus; CMLV: camelpox virus; AKMV:
Akhmeta virus; MOI: MOI; p.f.u: plaque formation unit.
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the Vero cells in 12 well plates. The cells were infected with 50 p.f.u/well for 1 h and further treated with a
serial dilution of the compound diluted into the medium with methylcellulose for 72 h."’

In another study, BSC-40 cells were also infected with MPXV V70-1-266 (Sierra Leone) to propagation final-
ity, but also for the antiviral screening protocols. The cells were seeded in 96 well plates, infected with MOI
of 0.1 for 1 h, removed, and replaced with ST-246 in 8 concentrations. After 3 days, the plate was stained
with 2x crystal violet, and absorbance was measured at 570 nm, where the intensity of treatment was
compared with the virus-infected control.”® Alternatively, the plaque reduction assay was performed by in-
fecting BSC-40 cells in six-well plates with 25 p.f.u for 1 h, added of media with CMC with the compound in
five concentrations for 3 days, fixed with 10% formalin, and submitted to immunohistochemistry polyclonal
rabbit anti-variola virus antibody and goat anti-rabbit immunoglobulin G-horseradish peroxidase conju-
gate. The effect of the compound ST-246 was observed by the protection of reducing the CPE, which
was seen even in low concentrations (0.015 pM). The BSC-40 was also employed by the authors in further
studies to confirm and evaluate results encountered in vivo and in clinical trials to find viral titer, evaluate
drug resistance, and perform serological analysis following the same protocols cited earlier.®***
Differently, other authors employed the original BSC-1 cell line instead of the BSC-40 with interesting resuilts.
The BSC-1 cells seeded in 24 well plates were infected with 100 PFU for 1 h, overlaid with agarose 2% in the
presence or absence of EB peptide (NH,- RRKKAAVALLPAVLLALLAP-COOH) to assess the reduction effect
on plague formation. To this, BSC-1 cells were infected at an MOI of 0.01 with the MPXV or with an inoculum
containing the virus pre-treated with EB. Three days post-infection, cells were harvested by scraping, lysed
by repeated cycles of freezing and thawing, and tittered on BSC-1 cells. As a result, the MXPV infectivity was
significantly inhibited by the EB peptide, mainly in its attachment stage.”” To confirm, the authors based on
the fact orthopoxvirus cores are only accessible to antibodies after being released into the cytoplasm, which
allows the differentiation between attached and entered viruses using virion-specific or core-specific
antibodies, respectively.”” To examine whether EB was disrupting virus attachment or entry into the cells,
the number of attached and entered viruses per cell for 100 cells in the absence or presence of EB at 100 pM
was quantified in a fluorescence microscope. Samples for attachment staining were fixed with 4% paraformal-
dehyde, quenched for 5 min with 100 mM glycine, blocked with 10% FBS in PBS, and stained with 1:200 anti-
VACPXV antibody. Even if the compound is not capitalized in the clinic, it possesses the greatest potential
as a novel in vitro tool to study the poorly characterized early steps in infection with poxviruses.

Further studies conducted by Altmann and collaborators also employed the BSC-1 cells in the assays with
MPXV.?® Because the MXN is an intercalating agent and inhibits topoisomerase Il function resulting in
impaired cellular DNA replication and RNA synthesis,*® the authors suggested the possibility of inhibiting
MPXV replication. Interestingly, to identify the activity of the MXN, a growth curve with MPXV at an MOl of 3
in the presence of the mitoxantrone (MXN) at 1 uM was generated. The supernatant was collected in time
intervals of 1, 2, 6, 12, 24, and 36 h post-infection (h.p.i.). The authors also used an MPXV containing a GFP
marker with MOI 1 in the presence of the serial dilutions of the MXN, which resulted in inhibition of MPXV
replication with a low ECsg (0.25 pM). In addition, Bengali et al. (2012) used BSC-1 cells to analyze and
compare characteristics involved in the cellular invasion of some orthopoxviruses strains in vitro, including
MPXV. For this, MPXV expressing luciferase was constructed, and its expression was measured during the
entry of the virus into the cell, using a luminometer. The authors observed that MPXV utilizes a low pH-
dependent endocytic pathway during cell invasion.”’

Johnston and coworkers took a different approach and employed several cell lineages: Vero-E6, Hela, and
MA-104. The Vero Eé cells were infected with MPXV and then transfected with a DNA plasmid containing
the GFP from the early viral synthetic E/L promoter and tandem dimer Tomato Red (TR). The assay resulted
in the production of MPXV-GFP-tdTR. After harvesting, the virus was amplified in MA-104 cells. These are
non-human primate cells isolated from a pure cell population of African green monkey kidneys, which are
also derived from the MPXV's natural host. Further, the Hela cells, naturally non-producing IFN-B cells®38
were pre-treated with IFN- in serial dilutions and then infected with the MPXV-GFP-tdTR in high (5) or low
(0.01) MOls. The effect was assessed by titration in a plaque reduction assay and resulted in the identifica-
tion that MPXV is susceptible to IFN-B, even in low concentrations.””

In an attempt to identify antiviral molecules capable of inhibiting the MPXV replication cycle, Alkhalil and
coworkers evaluated the RNAi pathway as a new approach in drug discovery against poxviruses. For
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antiviral screening, siRNAs targeted against various monkeypox viral proteins were developed and
transfected into LLC-MK2 cells. The morphology of the transfected cells was analyzed with phase-contrast
light microscopy after transfection, and no signs of cytotoxicity were observed in cells treated with
the siRNA pools. The antiviral properties of the most potent siRNA constructs were characterized by
transfecting LLC-MK2 cells with a single serial dilution of each construct at six concentrations between
40 and 1.25 nM. Later, the transfected cells were infected with 100 p.f.u/well of MPXV, and viral replication
was examined at 48 h.p.i. The siAé-a siRNA was able to inhibit completely the MPXV infection at concen-
trations of >20 nM. The antiviral effects of siAé-a target the virus directly, silencing gene expression or
interfering with vDNA replication without disrupting host cell biology. The study of chemical modification
and the development of a siRNA delivery system are necessary before the evaluation of siA6-a in animal
models."”

Yang and Schneller (2005) investigated the antiviral potential of S-adenosyl-L-hemocosteine (AdoHcy) hy-
drolase inhibitors, important for interrupting methylation reaction processes essential for viral replication.
The experiments were performed using Vero 76 cells, MPXV, and 5’"Homoaristeromycin inhibitor. The au-
thors observed that the use of 5’homoaristeromycin 0.12 ng/mL showed satisfactory results against MPXV
replication.””

To assess the antiviral activity of ribavirin and mycophenolic acid, Vero 76 and Balb/3T3 clone A31 cells
were infected with MPXV (Zaire strain). The reduction effect on plaque formation was observed from cells
infected with 100 plaque-forming units (p.f.u) of virus per well incubated for 1.5-2 h. Antivirals were incu-
bated for 6 days, and plate sizes were analyzed.2w In addition, Priyamvada et al. (2021) used Hela cells
to test the antiviral effects of methylene blue derivatives against orthopoxviruses, including the MPXV
WA clade. For the plaque reduction assay, Hela cells were incubated with MPXV and treated with PAV-
164 derived from PAV-866, a methylene blue analog, for 24 h. PAV-164 demonstrated efficiency in inhibiting
viral replication at concentrations of 5 uM and 1.6 uM.**

It has been reported that poxvirus evades the immune response through the expression of secreted inter-
feron (IFN) decoy receptors such as IFNa/B-binding protein (IFNa/BBP). These proteins prevent the inter-
action of IFN with cell receptors. Thus, de Marco et al. (2009) investigated the expression of IFNa/BBP in
MPXYV, using BSC-1 cells. For this analysis, BSC-1 cells were infected with RCG or USA MPXV strains, and
after 40 h of incubation, their supernatant was collected and analyzed using the western blotting technique.
It was observed that MPXV secretes proteins with type | IFN inhibitory activity, which leads to a failure in the
antiviral response and disease progression. Furthermore, the antiviral activity induced by hIFNea-2b, hIF-
Na-A, or hIFNB was inhibited.?” In addition, Arndt et al. (2015) observed that in RK13 (rabbit kidney cells)
and BSC-40 cells treated with IFN-a. A/D and infected with MPXV, viral replication was not affected. Similar
result was found in cells treated and infected with VACV.*

BSC-40 cells were used in a study to investigate the neutralizing potential of monkey sera previously immu-
nized with recombinant VACV protein. The results showed that MPXV incubated with monkey serum were
neutralized and had their ability to spread prevented.”®

From what has been presented here, itis possible to suggest that MPXV can infect several mammalian cell
lineages independently of being a primate or non-primate host. This agrees with previous data described
in literature because poxviruses do not need specific receptors for attaching and entering the cells,*” as
they can interact with glycosaminoglycans or components of the extracellular matrix,"°*% and thus cytokine
receptors may favor the infection.”” In this context, poxviruses can enter permissive and restrictive cells, but
what will differentiate the establishment of infection will be the presence of machinery that can control
downstream intracellular events to favor or abort viral replication. It was demonstrated by Marennikova
and coworkers that HEP-2 and PEK cells produced low viral titer when compared with Vero cells, confirming
that those would not be a good fit for viral isolation, amplification, or research purposes.’® What is more
interesting is that a tissue-cell lineage is permissible and has the machinery needed for viral replication,
which can result in a good fit for in vitro infection; however, in normal conditions, the vertebrate species
might not be considered a permissive host.>” Therefore, the appropriated cell choice will be dependent
on the purpose and/or hypothesis to be evaluated. Given the continuous accelerated evolution of
MPXV, new studies with the currently circulating strains will contribute to understanding of viral infection
mechanism.
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IN VIVO MODELS

What is expected of an ideal animal model is that it can develop the viral infection in a similar way to what
occurs in humans, taking into account the pathogenesis of the disease and the clinical signs presented by
patients. It is possible to elucidate virus biology and the mechanisms of infection using in vivo approaches;
such findings are important for the definition of a suitable animal model for the development of studies
aimed at the search for new preventive and therapeutic therapies. Although each animal species has
some limitations as to inoculation route, dose, and age, in vivo experimental studies have demonstrated
a wide variety of species capable of efficiently modeling the cycle of infection caused by MPXV.**> The
main animal models already used in monkeypox studies will be detailed below, and their main character-
istics are summarized in Tables 2, 3, 4, 5, and 6. Because some of these studies were done with past MPXV
strains, these data should be interpreted with caution in the context of emerging viral lineages and strains.

MURINES

The mouse (Mus musculus) has been a widely used model since the discovery of MPXV. The pathogenesis
of the disease has been modeled largely from animal studies, with mice initially used in the evaluation of
ectromelia infection and to make kinetic observations of the spread of some viruses.”®

Initial studies were devoted to investigating the susceptibility of mice to MPXV. In these tests, adult mice
were inoculated intracerebrally with MPXV recovered from infected monkeys. After infection, the animals
showed signs of encephalitis followed by 100% lethality. The brains of the animals were collected, pro-
cessed, and the supernatant reinoculated into a new group of animals, and all these succumbed to infec-
tion. A group of two-day-old suckling mice was also evaluated in this study. The animals were inoculated
intranasally. Both the virus passed into monkeys, and the virus passed into mice killed 100% of the animals.'
Mortality rates related to contemporary strains of MPXV are low compared with data with past strains.”’
Lethal models certainly helped to elucidate the mechanisms that lead patients to death and contributed
to the prophylactic measures that are available. It should also be considered that the current mortality
rate may be underestimated considering the lack of adequate surveillance in some countries, in addition
to the possibility of new, more virulent variants as the virus circulates. For all these possibilities, lethal
models may contribute to further investigations on MPXV. Still, there is a need to develop new non-lethal
characterized models for studies of current circulating strains. Recently, Warner and coworkers demon-
strated that CAST/EiJ mice, a wild-derived inbred strain, does not succumb to infection with the 2022 circu-
lating strain following intranasal exposure, although they are highly susceptive to clade 1 and 2 MPXV and
developed fatal disease upon challenge.”

The subcutaneous paw pad inoculation route in adult mice was not efficient in infecting the A129, C57BL/6,
DBA, A/Ncr, C3HelJ, IFNyR’/’, and IFN-a/BR ™/~ strains. In animals characterized as not responding to IFN-
1-dependent or type 2 signaling pathways, on the other hand, infection occurred satisfactorily induced by
strain line 1 in C57BL/6 stat1 ™/~ and 129 stat1~'~ mice. Twenty-five percent death was observed in female
C57BL/6 stat1 ™'~ mice 21 days post-infection, whereas 50% death was observed in male mice 12 days post-
infection. When infected at the higher dose (4,700 p.f.u), all animals died within 9 days post-infection
showing high viral titers in the lung. The immunodeficient SCID (severe combined immunodeficient) strain
was susceptible to an intranasal MPXV infection, as were C57BL/6 and 129 stat1 ~/=, which are due to their
failure to respond to STAT1 induced by IFN type 1 and 2 pathway signaling. Overall, high mortality was a
feature observed in STAT1-deficient mice, in addition to weight loss and viral presence in internal organs.*®
Stabenow et al. (2010) showed a gender effect on MPXV-induced mortality in STAT1-deficient C57BL/é
mouse, with males showing higher mortality rate than females. New studies are needed to assess the
role of sex in monkeypox susceptibility and may elucidate mechanisms of host-pathogen interaction.

The importance of IFN in protection against MPXV infection has also been demonstrated by intranasal
administration of the cytokine in CAST/EiJ mice, which led to protection against MPXV. In addition,
C57BL/6 mice with inactivation of the IFN gene or the IFN receptor gene show increased sensitivity to
the disease.”” Interferon knockout mice are historically known as suitable models in studies of viral infec-
tions. Many viruses have infection mechanisms that can be easily interrupted by the natural defense of
mice with an intact immune system; this can be considered one of the reasons why the characterization
of immunocompetent models for studies on the development of antivirals and vaccines is still a difficult
task. For this reason, knockout models and/or immunocompetent mice at an age when the immune system

¢? CellPress
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Table 2. Mice used in the study of MPXV

Animal species

Strain

Age

Viral strain

Route of infection/
dose

Major findings

Reference

Mouse (Mus muscullus)

a

C57BL/6, SCID, DBA,
A/Ncr, C3HeJ, IFN-
yR—/—, BALB/c, IFN-a/
BR—/—, 129 stat1—/—,
C57BL/6 stat1—/—

CAST/EiJ, C57BL/6,
B6.129S7-IFNy, BALB/
G

Adults and 2-day-old

6- to 12-week-old

a

Egg passage material

of the monkey agent

MPXV-ZAI-79

MPXV-Z79-1-005 and
MPXV-Z79-CB2

Intracerebral and
intranasal/agent
diluted 10*

Intranasal/® and
footpad 10%-10* p.f.u/
mL

Intranasal10?-10°

p.f.u/mL

Adult mice inoculated
intracerebrally showed
signs of encephalitis
followed by 100%
lethality. Two-day-old
infant mice inoculated
intranasally showed
100% lethality

Footpad inoculation in
adult mice was not
efficient in infecting
strains characterized as
not responding to
IFN-1 or type-2-
dependent signaling
pathways, on the other
hand, infection
occurred satisfactorily
in C57BL/6 stat1—/—
and 129 stat1—/—
mice. In contrast, the
immunodeficient SCID
strain was susceptible
to an intranasal MPXV
infection, as were
C57BL/— and 129
stat1—/— 129 stat1—/
—. Overall, high
mortality was a feature
observed in STAT1-
deficient mice, in
addition to weight loss
and viral presence in
internal organs

MPXYV replicated in the
lungs to previous titers
from other sites in
CAST/EiJ mice.
Surprisingly, lung titers

(Magnus et al.")

(Stabenow et al.*%)

(Earl et al.*’)

(Continued on next page)
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Table 2. Continued

Animal species

Strain

Age

Viral strain

Route of infection/
dose

Major findings

Reference

2-, 8-, 12-, and 15-day-
old

Copenhagen

Intraperitoneal and
intranasal/1,2x10°

p.f.u/mL, footpad/
6x102 p.f.u/mL and

oral/®

in dose-infected BALB/
c mice were similar to
titers in CAST/EiJ mice,
although all mice
survived. Animals
without IFN-y, treated
by gravity, or left by
weight presented an
upright posture and
became moribund. In
contrast, similar
disease symptoms
were delayed and
markedly less
pronounced in the
animals that received
IFN-y, and these
animals fully
recovered. Inoculation
of IFN in CAST/EiJ
mice led to protection
against MPXV. In
addition, C57BL/6
mice with inactivation
of the IFN gene or the
IFN receptor gene are
more sensitive to the
disease

When inoculated
intraperitoneally, all
animals showed similar
symptoms and
occurred as a result of
infection, whereas 50%
died infected via the
footpad and 40% died
orally. Sequential
evaluations showed

that the virus can be

(Marennikova and
Seluhina,*®)

(Continued on next page)

92UBI0GI

SSaicl®) ¢

©)
3
m
Z
>
(@)
(@)
m
n
"




€202 ‘0z Krenuer ‘z0/501 ‘9z @2udIdS!

Table 2. Continued

Animal species

Strain

Age

Viral strain

Route of infection/
dose

Major findings

Reference

BALB/c and SCID

CAST/EiJ and BALB

3- to 4-week-old

9-week-old

MPXV-2003-USA-044
and MPXV-Congo-
Luc+

MPXV-z06 and MPXV-
279-CB2

Intraperitoneal/”

Intranasal/®

found in the blood,
lungs, liver, spleen, and
kidneys, with
considerable amounts
of virus detected in the
lungs and other organs
in the acute phase of

the disease

In BALB/c mice, the
luminescent signal had
the highest peaks
between 96 and 120 h.
Greater replication and
faster dissemination
were observed mainly
to organs of the
peritoneal cavity, with
eventual dissemination
to axillary lymph. In
SCID mice, a more
intense luminescent
light was observed
after 96 h. It was spread
to organs and tissues in
the regions of the
abdominal, thoracic,
and axillary lymph
nodes, in addition to
showing visible signs in
the tail, feet, and nasal
region. Biophotonic
images also revealed
the tropism of MPXV
for ovarian tissues
High luminescence in
the nasal area with a
peak between 7 and
12 days after infection

was observed in the

(Osorio et al.*?)

(Earl et al.””)

(Continued on next page)
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Table 2. Continued

Animal species

Strain

Age

Viral strain

Route of infection/
dose

Major findings

Reference

ICR

12951/SvimJ, A/J,
BALB/cByJ, C3H/HeJ,
C57BL/6J, CAST/EiJ
(WD), DBA/2J, FVB/
NJ, SJL/J, SPRET/EiJ
(WD), AKR/J, C57 L/J,
C58/J, MOLF/EiJ (WD),
NOD/ShilLtJ, NZB/
BINJ, PERA/EIJ(WD),
PL/J, SM/J, SWR/J,
BUB/BnJ, C57BL/10J,
C57BLKS/J, CBA/J,
CZECHII/EiJ (WD), LP/

8- to 10-day-old

4-to 8- week-old and 5-
to 11-month- old

MPXV-Z79-1-005

MPXV-Z79-1-005 and
MPXV-USA-2003-044

Intranasal/10%-10°

p.f.u/mL

Intranasal and
intraperitoneal/10%-
10° p.f.u/mL

animals. With the
recombinant strain
MPXV-z79-CB2, CAST/
EiJ mice infected
intranasally showed
lethargy, hunched
posture, ruffled hair,

and severe weight loss

Mice by MPXV
accumulations of nasal,
lung, and brain
pathogens. The
presence and
replication in primary
target cells and
traditional
observations of MPXV
(mononuclear
phagocytic cells and
tract epitheliocytes) are
present, as well as
some other cell types
(endothelial cells,
reticular cells,
connective tissue cells)
were also observed
Thirty-eight inbred
mouse strains were
tested for MPXV
susceptibility. Three
strains were
developed, from which
CAST/ were
developed. CAST/EiJ
exhibit weight loss,
morbidity, and death in
a dose-dependent
manner, whereas there

were no deaths of

(Sergeev et al.”")

(Americo et al.”?)

(Continued on next page)
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Table 2. Continued

Route of infection/

Animal species Strain Age Viral strain dose Major findings Reference
J, RIIIS/J, WSB/EiJ BALB/c mice at high
(WD), BTBR T+ tf/J, doses. Both routes of
C57BR/cdJ, CE/J, inoculation resulted in
I/LnJ, MA/MyJ, NON/ replication in the
ShilLtJ, NZW/LacJ, spleen
PWK/PhJ (WD), SEA/
GnJ and BALB/c
CAST/EiJ, C57BL/6, 9- to 13-week-old MPXV-z06 Intraperitoneal/® Administration of IL-15 (Earl et al.>)

B6:129X1-
I115ratm1Ama/J and
B6-129X1

C57BL/6J, CAST/EiJ,
MOLF/EiJ, C58/J,
NZW/Lacj, CASA/Rkj
and BALB/c

MPXV-Z79-CB2 and
MPXV-Z79-005

Intranasal/10%-10°

p.f.u/mL

to CAST mice
transiently increased
NK and CD8" T cells
that could express IFN-
v, indicating that
progenitor cells were
able to respond to
cytokines. However,
the number of NK cells
rapidly decreased,
indicating a defect in
their homeostasis. In
addition, antibodies to
interferon-y abrogated
the protection by
activated NK cells.
Thus, the inherent
susceptibility of CAST
mice to
orthopoxviruses may
be explained by a low
level of natural killer
(NK) cells

NZW/Lac and C58
mice exhibited more
weight loss than other
classical inbred strains,
but all survived
intranasal MPXV
challenges. Mice from

three naturally derived

(Earl et al.>)

(Continued on next page)
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Table 2. Continued

Animal species

Strain

Age

Viral strain

Route of infection/
dose

Major findings

Reference

C57BL/6 and BALB/c

CAST/EiJ mice

6- to 7-week-old

4- to 6-week-old

MPXV-2003-044 and
MPXV-2003-358

2022 MPXYV isolate
(SP2833)

Footpad and
intranasal/ 10 p.f.u/mL

Inhalation/10% or
10® PFU

strains, in addition to
CAST, exhibited severe
weight loss and died or
were euthanized

Mice inoculated on the
footpad with the
Congo Basin strain
showed clinical signs of
the disease, with BALB/
c mice showing greater
edema compared with
C57BL/6 mice. One
mouse of the BALB/c
strain showed weight
loss, whereas no
mouse of the C57/BL6
strain showed this
clinical sign. When
inoculation took place
intranasally, weight
loss was observed in
both strains of mice.
On the other hand,
mice inoculated on the
footpad with MPXV
from West Africa
showed only mild
swelling at the
inoculation site. None
of the mice in the
group inoculated with
intranasal MPXV from
West Africa developed
any obvious signs of
morbidity

Although the virus
replicated efficiently in
the respiratory tract,
mice did not succumb

to the infection

(Hutson et al.**)

(Warner et al.”)

*Not reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: monkeypox virus.
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Table 3. Non-human primates used in the study of MPXV

Animal specie Age Viral strain

Route of infection/dose

Major findings

Reference

a

Cynomolgus (Macaca Virus strain isolated from

fascicularis) pustules of naturally infected

animals

° MPXV- Z79-005

Strain recovered from naturally
infected monkey (Strain 1744)

Strain recovered from the
blood of an infected monkey
(Strain 10,001)

Intradermally/*

Intravenous/5x10° and 5x107

p.f.u/mL

Intravenous, intradermally and

subcutaneous/?

Intramuscular/10~'-107¢

The infected animal developed
a local pustule surrounded by
edema 7 days after inoculation.
Body temperature increased
slightly between the 5th and
9th day after inoculation, but
no propagation of the eruption
occurred

Unimmunized monkeys
became seriously ill with fever
and weight loss, with between
575 and 820 skin lesions. There
were fewer lesions in 65-140
immunized monkeys each, and
they were generally smaller
and atypical, developed less
synchronously, and healed
quickly

Acute disease was observed,
characterized by marked facial
swelling that extends to the
cervical region. Severe
difficulty in breathing, papular
eruptions throughout the
body, ulcerative lesions of the
oral mucous membrane, and

generalized lymphadenopathy

After inoculation of graduated
doses of MPVX, the clinical
features emerging from the
infection at each dilution were
visibly indistinguishable. The
mortality rate reached 30%,
and a more intense rash was
observed in these animals,
followed by progressive
disease, prostration,
hypothermia, and collapse.
Severe illness lasted from 4 to

11 days; during this time the

(Magnus et al.”)

(Fogg et al.?%)

(Prier and Sauer,’®; Prier

etal.”’)

(Wenner et al.*®)

(Continued on next page)
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Table 3. Continued

Animal specie

Age

Viral strain

Route of infection/dose

Major findings

Reference

Immature

6.2 + 0.7 year-old

MPXV- Z79-005

Intravenous, intramuscular,
intradermally or intradermally
combined and conjunctival

routes/”

Intramuscular/®

Intravenous/5x10” p.f.u/mL

animals became progressively
dehydrated and lost weight. In
some cases, there was

evidence of pyoderma

The main events during the
course of the infection were
fever and cutaneous and oral
mucosal lesions. Some animals
developed a generalized
smallpox rash, whereas in
others only a few scattered

pustules were seen

The skin lesions progressed
rapidly through the papular
and vesicular stages. The
pustular phase was of short
duration with formation of hard
crusts. Pustules were observed
on the scrotum of males,
lesions on the oral mucosa, on
the amygdala with histological
characteristics similar to those
described for the skin and
lymph nodes. Generalized
lymphadenopathy developed
during the first week and lasted
until the 3rd week of the
disease; there was moderate
enlargement of the spleen,
histological and cytological
changes in a combination of
diffuse and follicular
hyperplasia, reticular
lymphoblast proliferation
MPXV infection caused a
vesiculopustular rash, fever,
lymphadenopathy,
splenomegaly, pulmonary

edema, increased white blood

(Wenner et al.*?)

(Wenner et al.®)

(Huggins et al.®")

(Continued on next page)
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Table 3. Continued

Animal specie

Age

Viral strain

Route of infection/dose

Major findings

Reference

3- to 6-year-old

MPXV- Z79-005

MPXV- Z79-005

MPXV- Z79-005

MPXV- Z79-005

Intravenous/5x107 p.f.u/mL

Intravenous/5x10” p.f.u/mL

Intravenous/5x107 p.f.u/mL

Intravenous/5x10° and 5x107

p.f.u/mL

cells, and the death of some

animals

Infected animals developed
severe clinical syndromes
consisting of anorexia,
extremely low temperature,
shock, disseminated
intravascular coagulation, or
respiratory distress leading to
death. Severe pathology was
characterized by generalized
smallpox lesions on the skin
and oral mucosa, notable
lymphadenopathy and
splenomegaly, and pulmonary
congestion/edema with gross

lesions

All infected and untreated
animals presented skin lesions
observed first in the mouth and
head that spread to the rest of
the body, progressive signs of
the disease that led to their
death

Although the PCR data
suggested a low viremia, all
immunized animals remained
clinically well, whereas the non-
immunized animals became
extremely ill with fever, weight
loss, and decreased activity in
addition to having a large
number of smallpox skin
lesions that exhibited a

pustular progression

A large number of skin lesions
appeared in control animals in
the first few days, coinciding
with high viremia, but
disappeared in 4 out of 6

(Wei et al.%%)

(Jordan et al.®%)

(Earl et al.?%)

(Earl et al.?)

(Continued on next page)
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Table 3. Continued

Animal specie

Age

Viral strain

Route of infection/dose

Major findings

Reference

Adults

2- to 8-year-old

MPXV- Z79-005

MPXV- Z79-005

MPXV- Z79-005

Intravenous/1 mL 2x107 p.f.u/
mL

Intravenous/5x107 p.f.u/mL

Intravenous/1,65x107 and 5,
4x107 p.f.u/mL

Exposure to aerosols/®

animals. Four untreated
animals had severe illness
requiring euthanasia. Although
treated animals had a high
lesion count, the viral load was
much lower than that of

unvaccinated animals

Clinical symptoms and post-
challenge survival, lesion
counts, and viral loads were
analyzed. Unvaccinated
animals exhibited typical signs
of the disease, depression,
lethargy, pustule lesions, and
high peaks of viral load after

challenge

Even the vaccinated animals
showed signs of the disease.
Untreated animals showed
increased body temperature,
weight loss, and a high number
of skin lesions succumbing to

the infection

After the lethal challenge with
MPXV, the unvaccinated
control animals succumbed to
monkeypox 11 days after the
challenge, numerous lesions
were observed throughout the
body and a weak primary
immune response when
compared with the treated
animals

The first sign of infection after
exposure was a rise in
temperature. From the 4th or
5th day after exposure, cough,
runny nose, apathy, and loss of
appetite were observed. Mild
rash with papules or pustules

(Buchman et al.?%)

(Denzler et al.’)

(Russo et al.®)

(Hahon and McGavran,®?)

(Continued on next page)
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Table 3. Continued

Animal specie

Age

Viral strain

Route of infection/dose

Major findings Reference

2-4 years-old

Youth to adults

MPXV- Z79-005

MPXV- Z79-005

Exposure to aerosols/2,6x10°
p.f.u/mL

Exposure to aerosols/”

limited to face and hands is
observed. Histologically,
ulcerative bronchiolitis,
bronchitis, and peribronchitis
were observed; in addition,
fibrinous necrosis was found in
the bronchial walls,
peribronchial lymphoid tissues,
and bronchopulmonary lymph
nodes

Untreated animals showed (Hatch et al.”®)
severe infection, weight
decline, progressive
depression, dyspnea, and
nasal discharge. Skin lesions,
first appearing on day 6 after
challenge, live virus, and viral
DNA were detected in the
throats of all challenged
animals. Most of the tissues
analyzed were positive for the
virus, and there were
histological changes consistent
with focal acute necrotizing
bronchitis and
bronchopneumonia; focal,
fibrinous necrotizing alveolitis
often accompanied by edema;
and acute focal vasculitis,
sometimes accompanied by
thrombosis and perivascular

edema

The animals presented (Zaucha et al.”")
exanthema, enanthema, mild

anorexia, fever, cough, nasal

secretion, cutaneous, oral, and

gastrointestinal lesions.

Dyspnea, depression, severe

anorexia, and signs of

weakness were evident in all

(Continued on next page)
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Table 3. Continued

Animal specie

Age

Viral strain

Route of infection/dose

Major findings

Reference

2- to 4-year-old

MPXV- Z79-005

MPXV-MSF#6 (Isolated human)

MPXV- Z79-005

MPXV- Z79-005

Intratracheal/3,42x 109, 8,
37%10° and 3,53x 107 p.f.u/

mL

Intratracheal/10” p.f.u i/5 mL

Exposure to aerosols/3 x10%,
1x10°, 3x10° and 9% 10°
p.f.u/mL

Exposure to aerosols/4x10*,
1%10°% 4x10° and 1x10°
p.f.u/mL

animals. Clinical signs
progressed to the animals’

natural death or euthanasia

Animals challenged with the
lowest dose had fever, weight
loss, pustular skin lesions, and
lymphadenopathy. Animals
exposed to the 8.37 x 106
p.f.u dose showed similar clear
signs but with some animals
dying and animals exposed to
the higher dose had a similar
disease course but with an
accelerated progression to
death

Severe morbidity, extensive
skin lesions, dyspnea, and low
saturation were observed in all
control animals. Treated
animals showed mild morbidity
despite the typical signs of the
disease

Lesions appeared 6 days after
exposure in two animals at the
highest dose. One animal
succumbed with no apparent
injury and a single animal had
severe injuries. Another animal
that died presented
histopathologically with
pneumonia and intranuclear
inclusion bodies consistent
with smallpox infection.
Discoloration of the lung and
enlargement of the bronchial
lymph nodes were also
observed

Clinical signs observed were
fever, decreased appetite and

activity, drowsiness,

(Goff et al.”?)

(Stittelaar et al.”®)

(Barnewall et al.”%)

(Nalca et al.”®)

(Continued on next page)
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Table 3. Continued

Animal specie Age

Viral strain

Route of infection/dose

Major findings

Reference

2- to 7-year-old

2-year-old

MPXV- Z79-005

MPXV- Z79-005

MPXV- Z79-005

Exposure to aerosols/1x10°

p.f.u/mL

Exposure to aerosols/1x10°
p.f.u/mL

Intravenous/5x10% to 5x107
p.f.u/mL and
Intrabronchial/5x10* to 5x10°
p.f.u/mL

depression, inguinal and
axillary lymphadenopathy, and
macules that progressed to
pustules. Necrotizing lesions
were also present on the skin,
gastrointestinal tract, mucosal
surfaces, and gonads. The
histological findings of animals
sacrificed during acute illness
were similar to those previously
reported for aerosolized MPXV

Challenged animals showed
typical signs of the disease,
fever, weight loss, papules and
pustules, weight loss, and
viremia detected in the first
day’s post infection. When
treated, they have a greater
survival with rapid

improvement of clinical signs

Typical signs of the disease
were observed, which included
increased weight loss,
dyspnea, anorexia and a spike
in body temperature. Viral RNA
was also identified in body
tissues such as lungs, spleen,
amygdala, tongue, kidney,
heart, cerebrospinal fluid, and
mediastinal lymph nodes.
Histological changes were
restricted to the respiratory
bronchioles in the lungs

Both routes of inoculation
resulted in a rapid spread of
the virus; typical signs of the
disease from moderate to
severe were observed. Disease
progression was twice as rapid
for animals infected via the

(Russo et al.”%)

(Tree et al.”’)

(Johnson et al.”®)

(Continued on next page)
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Table 3. Continued

Animal specie Age

Viral strain

Route of infection/dose

Major findings

Reference

Rhesus (Macaca mullata)

2-5 years-old

4- to 9-year old

Virus strain isolated from
pustules of naturally infected

animals

Strain recovered from naturally
infected monkey (Strain 1744)

MPXV- Z79-005

MPXV- Z79-005

Intradermally/®

Intravenous, Intradermally and
Subcutaneous/®

Intramuscular/®

Intravenous/1,65x10” and 5,
4x107 p.f.u/mL

Intrabronchial/2x 10 p.f.u/mL

intravenous route compared
with those infected via the
intrabronchial route. All
challenged animals resolved
the infection

After inoculation none of the
challenged animals developed

any signs of disease

Intravenous infection resulted
in generalized rashes, the
subcutaneous one produced a
similar granuloma, and the
intracutaneous one caused
local lesions without spreading

to other parts of the body

Signs of typical disease in
cynomolgus were much less
pronounced in rhesus;
however, rash, dermal lesions,
and short-lived exanthema
were observed. None of the
animals looked remarkably
sick, and none specifically died
of the disease, but all
developed antibodies against

the virus

Lethally challenged with
MPXV, the animals showed the
typical clinical signs of the
disease, skin lesions, strong
anamnestic responses to the
challenge, and a weak primary
immune response when
compared with treated
animals. Treated animals were
protected from lethal
challenge with MPXV

The challenge resulted in the
appearance of numerous

disseminated lesions, initially

(Magnus et al.")

(Prier and Sauer,”®; Prier

etal.”’)

(Wenner et al.”?)

(Russo et al.®)

(Estep etal.””)

(Continued on next page)
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Table 3. Continued

Animal specie Age

Viral strain Route of infection/dose

Major findings

Reference

Sagui (Callithrix jacchus) Adults

Adults

MPXV- Z79-005 Intravenous/2,4x10,” 9,5 x 10°,
7.8 x 10%, 5x10,% 510 or 48
p.f.u/mL

MPXV- Z79-005 Intranasal/100, 1000, 5000
p.f.u/mL

as pustules on the skin and oral
mucosa and then progressing
from pustular stages to crusts.
The animals also developed
coughing, symptoms of
labored breathing, and fever
All animals developed a similar
disease course and died or
were sacrificed. The different
doses also showed different
clinical progression, mainly the
temporal onset of the disease
and the phenotypic
presentation of rash. In
general, all animals had a skin
rash, significant
lymphadenopathy, and
pronounced lethargy, some of
which needed to be euthanized

The disease progressed in all
animals; the animals became
increasingly unresponsive and
lay down until they were
sacrificed or succumbed to the
disease. Other signs included
light sensitivity, swelling, runny
nose, swelling around the eyes,
skin lesions, papules,
petechiae, and crusts. They
also showed an increase in
white blood cells, a decrease in
platelets, lymphocytes, and
very high neutrophils

SS300V N3dO

(Mucker et al.®%)

(Mucker et al.®")

*Not reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: Monkeypox virus.
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Table 4. Prairie dogs used in the study of MPXV

Animal specie

Age

Viral strain

Route of infection/dose

Major findings

Reference

Prairie dog (Cynomys
ludovicianus)

3-year-old

Adults

3-year-old

2-year-old

MPXV ROC-2003-358

MPXV-USA-2003-044

MPXV-USA-2003-044 and
MPXV-ROC-2003-358

MPXV-USA-2003-044 and
MPXV-ROC-2003-358

Intranasal/10° p.f.u/mL

Intraperitoneal/10x"> p.f.u/mL
and intranasal/10x p.f.u/mL

Intranasal/10%, 10°, and 10°
p.f.u/mL

Intranasal and intradermal by

scarification/10%® p.f.u/mL

Infected and untreated group:
facial swelling, nasal discharge,
nasal crust, bloody nose,
inappetence, weight loss,
pustular lesions, petechial rash,
mouth breathing. The treated
groups: prophylaxis (0) and
post-infection (3) did not
present symptoms of the
disease, whereas the
therapeutic group (after

the appearance of lesions)
presented facial swelling, nasal
discharge, nasal crust, bloody
nose, lack of appetite, weight

loss, pustular lesions

Animals infected by the
intraperitoneal route died
approximately 8-11 days after
infection and no mucosal or
cutaneous lesions were
observed. Via the intranasal
route, 60% died similarly to the
animals in the intraperitoneal
group, and the survivors had
vesicular lesions on the lips and
tongue, along with nasal
congestion and mucopurulent

nasal secretion, but recovered

Clinical signs were dose
dependent, ranging from
inappetence, facial edema,
forced breathing, nasal pus,
crusty nose, nasal blood,
swollen paws, crusted lesion on
the face, and death

The animals presented skin
lesions on the head, limbs, and
trunk. Animals infected with the

Congo strain showed a greater

(Smith et al.*%)

(Xiao et al.??)

(Hutson et al.®%)

(Hutson et al.?%

(Continued on next page)
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Table 4. Continued

Animal specie

Age

Viral strain Route of infection/dose

Major findings Reference

2- to 4- year-old

2-year-old

20-month-old

MPXV-USA-2003-044 Intranasal/8,8x10° p.f.u/mL

MPXV-USA-2003-044 Intranasal/5x10* p.f.u/mL
(actual dose confirmed by
5.9x10* p.f.u/10 uL of WT and
4.3x10* p.f.u/10 pL of luc+

MPXV)

MPXV-USA-2003-044 Intranasal/9x10° p.f.u/mL

increase in temperature and a
tendency to lose weight
compared with the African

strain

SS300V N3dO

(Hutson et al.?®)

It was observed that animals
from all groups began to show
clinical signs about 8 days after
infection; among these signs
are inappetence, decreased
activity with recumbency and
reluctance to move, as well as
skin lesions; in addition, some
animals needed to be
euthanized due to clinical
condition. The survival rate of
the animals varied according to
the time of initiation of
treatment; the earlier it was
started, the greater the
effectiveness

West African (WA) MPXV can

be visualized using in vivo

(Weiner et al.?®)

imaging in the nose, lymph
nodes, intestines, heart, lung,
kidneys, and liver at day 6 post-
infection. On day 9, lesions
became visible on the skin and,
in some cases, the spleen. After
day 9 post-infection, the
luminescent signal
representing replication either
increased, indicating a
progression to what would be a
fatal infection, or decreased as
the infection resolved

(Hutson et al.?’)

Sharing contaminated bedding
led to all healthy animals

developing the disease. In the
group in which healthy animals

were in contact with the

92UBI0GI
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Table 4. Continued

Animal specie

Age

Viral strain

Route of infection/dose

Major findings

Reference

2-3-years-old

10-month-old

MPXV-USA-2003-044 and
MPXV-ROC-2003-358

MPXV-USA-2003-044 and
MPXV-ROC-2003-358

Intranasal/é6x10° and 5x10°
p.f.u/mL

Intranasal/8x10° p.f.u/mL

challenged animal, clinical
signs of the disease also
developed. All four animals
that were experimentally
challenged recovered from the
infection. The euthanized
animals had severe diarrhea
and countless skin lesions

Animals challenged with the
West African strain developed
skin lesions, crusty noses,
dehydration, and inappetence.
In the group challenged with
Congo Basin, all animals
showed inappetence,
dehydration, nasal congestion,
pus/blood in the mouth,
breathing difficulties, facial
edema, pus in the genitals, and
swollen paws, in addition to
skin lesions

Animals infected with the
Congo Basin (CB) strain had
virus recovered from the nasal
mucosa, oropharyngeal lymph
nodes, and spleen in animals
challenged with on day 4 and in
animals challenged with the
West African (WA) strain on day
6. For In both groups, primary
viremia was observed from
days 6-9 to day 17. The CB
strain spread faster and
accumulated at higher levels,
causing greater morbidity in
the animals when compared
with the WA strain. The viral
antigen was abundant in all
organs tested, except for the

brain. Splenocytes were

(Hutson et al.®®)

(Hutson et al.®%)

(Continued on next page)
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SS300V N3dO

Table 4. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference
labeled positive for apoptosis
more often than hepatocytes in
both groups
Adults MPXV-ROC-2003-358 Intranasal/4,3x10° and 2, The incubation period (Shannon Keckler et al.”®)

25x10% p.f.u/mL

presented by prairie dogs were
similar to that observed in
humans with systemic
orthopoxvirus infection.
Regarding the clinical signs
observed in the animals, the
occurrence of inappetence and
weight loss, as well as
cutaneous and mucosal
lesions, varying in degree of

intensity, stands out

Not reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: monkeypox virus.
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Table 5. Squirrels used in the study of MPXV

Animal specie

Age

Viral strain

Route of infection/dose

Major findings

Reference

Squirrel (S. tridecemlineatus)

Adults

MPXV-USA-2003-044

MPXV-ZAI-1979-005 and MPXV-
USA-2003-044

MPXV-ZAI-1979-005

Intraperitoneal/10>" and
intranasal/10%" p.f.u/mL

Subcutaneous/3,7x10% and 1,
8x10* p.f.u/mL

Subcutaneous/10% p.f.u/mL

The infection caused severe and
fatal disease in all animals in both
inoculation routes. High rate of
viral load and wide distribution of
the virus through the organs. The
squirrels were lethargic and
anorexic within 4 or 5 days, with
death within 9 days. No apparent
skin lesions were observed;
however, severe liver and spleen
lesions were seen in both groups;
in addition, necrosis of
peribronchial lymphoid tissue and
lymph nodes from other sites was
also observed in the group

challenged by the intranasal route

Clinical symptoms were earlier and
more severe in animals that
received strain Z79 and mortality in
these animals occurred between
days 6 and 11; on the other hand,
despite presenting a milder
symptomatology, death in animals
that received strain USO3 occurred
in a very similar period. Animals
infected with the Z79 virus strain
showed consistently higher viral
titer in blood and lung tissue
compared with those infected with
USO03 virus alone, but it was also
possible to identify virus titers in
the spleen and liver of these

animals

Infected and untreated animals
show signs of disease on day 4
post-infection, and all died
between 6 and 9 days post-
infection. The animals had a high
viral load; however, none of the
challenged and treated squirrels

developed detectable viremia

(Tesh et al.”")

(Sbrana et al.”?)

(Sbrana et al.”)

(Continued on next page)

92UBI0GI

SSalc|l9) &

©)
T
m
Z
>
O
(@)
m
0
)




€202 ‘0z Krenuer ‘z0/501 ‘9z @2udIdS!

Table 5. Continued

Route of infection/dose

Major findings Reference

Animal specie Age Viral strain
Squirrel (Marmota bobak) 1-2-year-old MPXV-ZAI-1979-005
Squirrel (Funisciurus anerythrus) ° Congo Basin MPXV/Luc+

Subcutaneous/2.6, 4.1, 5.6, 7.1
log10 p.f.u/mL and intranasal/1.8,
0.2,2.2,3.7,4.2,5.0,6.6 and 7.8
log10 p.f.u/mL

Intranasal and intradermal/10°
p.f.u/mL

Virus was recovered from nasal (Sergeev et al.”
mucosa, oropharyngeal lymph

nodes, and spleen in animals

challenged by MPXV Congo Basin

(CB) on day 4 and in animals

challenged with the West African

(WA) strain on day 6. For both

groups, viremia primary was seen

from days 6-9 through day 17.

Although the histopathology and

SS300V N3dO

immunohistochemistry findings
were similar, CB MPXV spread
faster and accumulated to higher
levels, causing greater morbidity in
animals when compared to WA
MPXV. Two animals that
succumbed to the disease showed
abundant viral antigen in all organs
tested, except the brain.
Interestingly, splenocytes were
labeled positive for apoptosis
more often than hepatocytes in
both MPXV groups

MPXV infection in these animals (Falendysz et al.”)
caused moderate to severe
morbidity and mortality, with
clinical signs including smallpox
lesions on the skin, eyes, mouth,
and nose, dyspnea, and profuse
nasal discharge. Both intranasal
and intradermal exposures
induced high levels of viremia,
rapid systemic spread, and long
periods of viral shedding. The
sentinel animal showed clinical
signs of infection including
increased respiratory rate, nasal
discharge and mouth lesions,
respiratory problems, weight loss,

and severe lethargy

“Not reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: Monkeypox virus.
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Table 6. Rabbits used in the study of MPXV

Animal species Age

Viral strain

Route of infection/
dose

Major findings

Reference

Rabbit (Oryctolagus Adults and 2-day -old

cuniculus)

Adults

Adults and 2-day-old

Serial dilutions of virus
recovered from

infected monkeys

Copenhagen and
MPXV-6-7255

Intradermal,
scarification, and

intracutaneous/”

Scarification,
intravenous,
intradermally, and

subcutaneous/”

Intradermally/*

Intracerebral and
intradermally/®

Intradermal inoculation
led to severe
hemorrhagic reactions,
but unlike what is
observed with the
vaccinia virus, pustules
followed by necrosis
were also observed.
Lesions and pustules
were also observed by
scarification. Infection
was fatal for two-day-
old rabbits after
scarification or
intracutaneous

inoculation

Scarification produced
confluent lesions
according to the
concentration used.
The virus was also
infectious by the
intravenous,
intradermal, and
subcutaneous routes.
The intradermal rout
caused after pulse
lesions followed by
secondary pustules
and the intravenous
route resulted in
generalized disease
although the animals
recovered
Intradermal infection
led to hemorrhagic-
necrotic lesion in
rabbits

All strains caused
hemorrhagic necrotic
skin lesions.
Intracerebral infections
in adult and 2-day-old
rabbits were fatal with
the development of
adult

meningoencephalitis

(Magnus et al.”)

(Prier and Sauer,”’;
Prier et al.”’)

(Gispen and Brand-
Saathof,”)

(Gispen et al.”’)

(Continued on next page)
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Table 6. Continued

Animal species Age Viral strain

Route of infection/
dose

Major findings

Reference

Rabbit (Oryctolagus 10-day-old

cuniculus domesticus)

Copenhagen

Intravenous/10” p.f.u
and scarification/10°
and 10° p.f.u/0, 1 mL.
Oral route/1,4 x 10°;
107; 108, 10° p.f.u/
2mL.

Animals inoculated
with MPXV generally
had a generalized
process of fever,
conjunctivitis, rhinitis,
rash on the skin and
mucous membranes,
and weight loss.
Papules also appeared
that developed into
pustules and in some
cases became
hemorrhagic, with
younger animals being

more susceptible than

adults

(Marennikova and
Seluhina,*®)

°Not reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: monkeypox virus.

is still immature are well accepted. However, the use of these models increases the chances that the tests
were underestimated due to the absence of the antiviral defense of the model.

To address the limitation of using immunocompetent mice and to allow assessment of susceptibility and
the course of infection in this model, S. S. Marennikova and E. M. Seluhina, inoculated 1-, 2-, 8-, 12-, and
15-day-old mice with the Copenhagen strain of MPXV. The 8-day-old animals showed clinical signs such
as asthenia and loss of appetite when inoculated intraperitoneally or intranasally. Besides these signs,
the animals inoculated via plantar cushion showed edema in the foot. In these inoculation routes, all ani-
mals died as a result of infection, whereas the intradermal route resulted in the death of 50% of the inoc-
ulated animals. Mice inoculated orally became flabby and lost their appetite, leading to a 40% mortality
rate in the infected group. For 12-day-old mice, mortality occurred in only 14% of cases. On the other
hand, 100% mortality was observed in 15-day-old animals after intranasal inoculation. Sequential evalua-
tions showed that the virus could be found in the blood, lungs, liver, spleen, and kidneys, with a consider-
able amount of virus detected in the lungs and other organs in the acute phase of the disease.’® The fact
that young mice succumb to the disease caused by MPXV suggests the possibility of using this model for
viral adaptation, which would allow the development of an immunocompetent adult mouse capable of
modeling the disease. Serial passage studies of MPXV in young mice with intact immune system could
result in selection of an adapted strain that would cause disease in adult animals, considering the high
rate of viral mutation and adaptation by natural selection. These studies will be useful for the development
of challenge models for antivirals and vaccines testing using contemporary strain of MPXV.

The progression of infection caused by MPXV was also compared in mice with an intactimmune system and
in immunodeficient mice using viruses with MPXV engineered to express luminescent markers. Viral infec-
tion of Balb/c (immunocompetent) and SCID (immunodeficient) mice was monitored using biophoton im-
aging. In BALB/c mice, the luminescent signal was visualized in the first 24 h extending to 96-120 h, where
higher peaks were detected. Higher replication and faster dissemination were observed mainly to organs in
the peritoneal cavity, with eventual dissemination to axillary lymph. After 240 h, the animals were able to
clear the infection. Balb/c mice have an immune response skewed toward a Th2 profile that not only nega-
tively regulates the secretion of Th1 cytokines but also inhibits and counteracts the activating actions of
IFNYy and tumor necrosis factor alpha (TNF-a), deactivating the transcription and translation of several
genes in macrophages. Furthermore, interleukin-10 (IL-10) acts by negatively controlling the immune
response in general and mainly the inflammatory response and tissue damage.'%%'%" Therefore, although
they are immunocompetent mice, it is possible to observe the infection cycle with the appearance of some
disease phenotypes. In SCID mice, luminescence indicative of MPXV infection was also visible at 24 h and
limited to the peritoneal cavity. A more intense luminescent light was observed, and after 96 h it had
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already spread to other organs and tissues in the abdominal, thoracic, and axillary lymph node regions, in
addition to showing visible signs in the tail, feet, and nasal region when the evaluation reached 264 h. At
168 h after inoculation the animals died, biophotonics images also revealed the tropism of MPXV for

ovarian tissues.*’

A study by Duggal and collaborators demonstrated the presence of MPXV in the interstitial cells and sem-
iniferous tubules of the testes, as well as in the lumen of the epididymis, which are the sites of sperm pro-
duction and maturation, in non-human primates.'%” These findings, together with the work of Osorio et al.
(2009), support the potential sexual transmission of MPXV. New studies addressing the questions are ur-
gently needed. Studies carried out with Zika virus, a virus known to be sexually transmitted, can help as
a basis for investigations for MPXV. Viral load should be quantified in vaginal washes and semen from
male testes to have a better understanding of viral tropism for cells of the genitourinary system. Once
this potential has been identified, crossovers between infected and healthy mice should be performed
to determine the possibility and rates of sexual transmission. Vertical transmission also deserves attention.
Murine models may also help to discover whether contemporary strains of MPXV can infect fetuses and
what the consequences of infection to the offspring are.

Also using bioluminescence imaging, Earl et al. found high luminescence in the nasal area peaking
between 7 and 12 days post-infection, moving on to the lung. Using the recombinant strain MPXV-z79-
CB2, the study also demonstrated that CAST/EiJ mice infected intranasally showed lethargy, arched
posture, raised hairs, and severe weight loss.™”

Intact 8- to 10-day-old male and female ICR mice were also challenged intranasally with MPXV showing no
lethality; however, after day 7 post-infection, clinical signs of disease such as purulent conjunctivitis,
blepharitis, and raised hairs were observed, which disappeared after 11-13 days.”’

The CAST/EiJ mouse also proved to be an efficient model of MPXV infection, among 37 mouse strains eval-
uated. In addition to CAST/Eij, MOLF/EiJ and PERA/EiJ also succumbed to the disease. Females between
5 and 11 weeks of age inoculated intranasally showed weight loss and lethality of 100%, 75%, and 40%,
respectively. CAST/EiJ mice showed greater sensitivity to MPXV when infected intraperitoneally. Both
routes of inoculation resulted in MPXV replication in the lung, spleen, and liver of the infected animals.>”
Intranasal infection in CAST/EiJ mice also led to viral replication in lungs and dissemination to other organs
(liver, spleen, kidneys, and brain).*’

The inherent susceptibility of CAST/EiJ mice can be explained by a low level of NK cells.”® Crossing of
CAST/EiJ mice with C57BL/6 or BALB/c was performed to investigate whether resistance or sensitivity to
MPXV is a dominant factor. The F1 progeny was relatively resistant to MPXV. However, there was a sex dif-
ference; some crossbred male mice succumbed to the disease, whereas all females survived.”

Mice were also models used in evaluations of phylogenetically distinct strains of MPXV. Hutson and co-
workers infected 6- to 7-week-old mice subcutaneously in the footpad or intranasally with a dose of 10.5
West African or Congo Basin MPXV strain. Mice inoculated in the footpad with the Congo Basin strain
showed edema in the inoculation region, which led to impaired locomotion of some animals, and BALB/
¢ mice had greater edema compared with C57BL/6 mice. BALB/c mice showed weight loss, whereas no
mice from the C57/BL6 strain showed this clinical sign. In general, 13 days after infection, the animals
had already recovered from the disease. When inoculation took place intranasally, weight loss was
observed in both strains of mice. Although weight loss has been verified, no obvious signs of morbidity
(ie, lesions) were observed, and all mice survived. On the other hand, mice inoculated in the footpad
with MPXV from West Africa showed mild swelling in the inoculation site. None of the animals lost weight
over the course of the study or developed some lesion, and all animals in this group survived the infection.
None of the mice in the group inoculated with intranasal MPXV from West Africa developed any obvious

signs of morbidity.'”

NON-HUMAN PRIMATE MODELS

Reports of MXPV infection in non-human primates (NHPs) have been described in several studies, most of
which were carried out in cynomolgus (Macaca fascicularis) and rhesus (M. mulatta) monkeys,'~>° but there
are studies with Macaca philippinensis'®* and Callithrix jacchus.®*®!
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MPXV was first identified and isolated in 1958 in Copenhagen, Denmark, following the observation of two
non-fatal outbreaks of a disease in Asian macaques (mainly M. fascicularis) that had come from Singapore
forresearch of polio vaccines. The infected animals presented generalized petechial eruption in the skin that
quickly evolved to a maculopapular eruption, with lesions observed throughout the body, particularly abun-
dant and developed on the palms of the hands and soles of the feet.” Magnus et al. (1959), after isolating the
virus from these animals, intradermally inoculated the palm of M. fascicularis with 0.2 mL of tissue culture
material from the pustules, which developed a local pustule surrounded by edema 7 days after inoculation
and elevation of body temperature between the fifth and the ninth day, but without propagation of the rash.

In 1960, Prier et al. confirmed the findings of Magnus et al. by performing challenges through the intrader-
mal, subcutaneous, and intravenous routes and demonstrated again the susceptibility of cynomolgus mon-
keys to MXPV infection. Intravenous inoculation resulted in generalized eruptions; the subcutaneous one

developed a granuloma and the intracutaneous one generated only local lesions.>7:1%°

Subsequently, a series of experiments with non-human primate models were conducted. In the first exper-
iment, immature cynomolgus monkeys (M. fascicularis) were inoculated by the intravenous, intramuscular,
intradermal, or intradermal combined and conjunctival routes, and in the second experiment the monkeys
were inoculated by the intramuscular route. Assessed daily, the animals developed a typical papular rash
observed throughout the body, buccal mucosa, and soft palate.®®°

Cynomolgus monkeys infected with MPXV intravenously developed a uniformly lethal disease and had le-
sions like what is seen in human infection. After challenge, the animals developed a generalized vesiculo-
pustular eruption including fever, elevated white blood cell count, lymphadenopathy, splenomegaly, and
pulmonary edema that led to death between 7 and 15 days after infection.®’ Severe pathology character-
ized by disseminated lesions, lymphadenopathy, pulmonary edema, and splenomegaly was also observed
in vaccine studies performed.“? In a drug trial in cynomolgus monkeys, similar results were found; untreated
infected animals had disease progression presenting the main phenotypes and a high mortality rate.®®

In human smallpox vaccine research, non-human primates are often challenged for MPXV, and cynomolgus
are the most used animal model. In the studies carried out, the animals were infected by the intravenous
route; those previously immunized were healthy without the appearance of lesions or with the appearance
of few and small lesions of rapid healing, unlike the non-immunized monkeys (control), which became seri-
ously ill with depression, lethargy, fever, weight loss, high number of lesions, high viremia, lymphadenop-

athy, even death. 2648

In studies carried out with aerosolized virus, these animals showed clinical signs of the disease and eleva-
tion of body temperature, cough, coryza, anorexia, eruptions, papules, and deaths in addition to histolog-
ical changes such as focal acute necrotizing bronchitis and bronchopneumonia; focal, fibrinous necrotizing
alveolitis often accompanied by edema; and acute focal vasculitis, sometimes accompanied by thrombosis
and perivascular edema.?”’? Animals also showed exanthema and enanthema, depression, and anorexia in
addition to weakness and progression to natural death or euthanasia.”’

Because of the efficiency of MPXV infection by aerosol exposure, new studies were carried out. In one of the
studies, the virus was deposited directly in the tracheal carina of the animals, whereas in others, aerosol
exposure systems were used for infection. In general, cynomolgus of both sexes with different ages and
weights succumb to the disease and develop similar signs such as decreased appetite and activity, eleva-
tion of body temperature, respiratory stress followed by bronchopneumonia, vesiculopustular lesions,
crusted skin lesions, oral ulcers, enlarged and proliferative peripheral lymph nodes, and necrotizing or ul-
cerative lesions in the esophagus, stomach, and urinary bladder. In addition, some animals still presented
subpleural hemorrhage and testicular hemorrhage, reaching death. In all animals, the presence of MPXV

was identified in blood, tissues, and mucosal smears.”*”’

A comparison of the disease course after an intravenous and intrabronchial inoculation in cynomolgus
monkeys was performed using serial doses of MPXV. In both inoculation routes, a classic smallpox-like dis-
ease was observed. Animals infected by the intravenous route showed fever, appearance of lesions, peak
viremia, and viral shedding in nasal and oral smears while intrabronchial exposure beyond typical signs led
to the development of pneumonia and increased disease progression. The development of cutaneous
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lesions in relation to viremia also demonstrated that both routes of inoculation resulted in a rapid spread of
the virus to surrounding tissues, resulting in moderate to severe lesional disease.”®

As identified in cynomolgus, Magnus et al. (1959) also observed a generalized picture of the disease in rhe-
sus monkeys. These animals showed the same signs, petechial eruption with evolution to maculopapular
eruption and lesions throughout the body, but when performing the same challenge intradermally inocu-
lating the palm of two rhesus monkeys with 0.2 mL of tissue culture material from the pustules, the animals
did not develop any signs of the disease.’

Rhesus monkeys challenged by inoculating the virus by intradermal, subcutaneous, and intravenous routes
resulted in generalized and/or local rashes and granulomas.”®>’'% In intramuscular inoculations, after
daily evaluation, it was observed that the animals developed less evident cutaneous eruptions along the
body and oral mucosa and short-lived exanthema. Although apparently healthy, all animals developed an-
tibodies against the virus.””

When inoculated intravenously, rhesus monkeys challenged with MPXV were shown to be highly suscepti-
ble to the disease. The animals presented a severe condition with all the typical signs and progressive
death. Viral titers were detected in the blood of all animals.®

To understand the differences in pathogenicity of Congo Basin (clade I) and the West African (clade II) viruses,
Estep and collaborators deleted the MPXV inhibitor of complement enzymes (MOPICE) from the MPXV-Zaire
strain, which is not expressed by viruses of the West African clade and infected rhesus monkeys (n = 4) with wild
type and a virus lacing MOPICE through the intrabronchial route. Typical signs of the disease were observed in
both groups and, in general, the disease manifestations associated with both viruses were similar. However,
infection with the recombinant MPXV lacking MOPICE resulted in lethal disease in one animal, and all animals
in the wild type group survived infection. Analysis of viral loads in infected animals showed similar patterns
between bronchial alveolar lavage and whole blood samples, but viral load levels were higher in animals

infected with the virus lacking, suggesting that this protein is not the sole virulence factor of clade | viruses.””

Another animal model of non-human primates is the marmoset (C. jacchus). Adult males infected intrave-
nously through the tail vein, or through the saphenous vein, develop the normal course of the disease
caused by MPXV and died 15 days post-infection. Marmosets that receive higher doses show definable clin-
ical signs already on the second day post-infection in addition to decreased activity. Rash, significant
lymphadenopathy and pronounced lethargy were also observed in marmosets experimentally infected
with MPXV. In contrast, lymphadenopathy and rash in the lower-dose infected group were not observed.
Lesions in this group were much more discrete and were flat, well-defined lesions and never progressed
through the typical stages of the disease. In addition, later examinations showed high viremia, decreased
platelets, and an abbreviated acute phase, reflecting early type hemorrhagic smallpox.®

New experiments by Mucker et al. (2018) with adult male and female marmosets infected via the intranasal route
were performed. All animals showed signs of disease and were euthanized or succumbed to the disease 15 days
after exposure. The only animal that was exposed to a dose of 5,000 p.f.u had dyspnea, a runny nose, and atem-
perature rise of about 0.5°C above the pre-exposure temperature. Animals that received doses of 1,000 p.f.u
had different degrees of dyspnea. In general, all animals, regardless of the dose received, showed other signs
such as sensitivity to light, swelling around the eyes, some signs of photophobia, and skin lesions. Subsequent
immunological evaluations revealed an increase in white blood cells and a decrease in platelet counts, in addi-
tion to the presence of the virus in the oral cavity of all animals from the 15th day after infection, and the animal
with the highest dose was identified as having the virus on the sixth day post-infection.®'

The evolutionary kinship of non-human primates with humans makes them effective models for compara-
tive studies. A great example of this is the fact that in the studies carried out so far, mice do not present one
of the main characteristics of the disease caused by MPXV—the formation of pustules, which is seen only in
non-human primates.

PRAIRIE DOGS

Prairie dogs (PD) (Cynomys ludovicianus) are highly susceptible to monkeypox virus (MPXV) infection, and
the pathogenesis and severity of the disease vary according to the route of infection, being 100% fatal by
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the intraperitoneal route, whereas the intranasal route had a mortality of 60%,%” being the main route of
choice for further studies. This animal species is an important model for the study of virulence factors, path-
ogenesis, transmission routes, and elimination of the MPXV virus, in view of its ability to mimic the way the
disease occurs in humans, including the different manifestations caused by different strains of the virus.®*%

It has also been a widely used model for testing new prophylactic and therapeutic measures.**%°

A study using two groups of animals, males and females approximately 2 years old, inoculated intranasally
with the West African strain, helped to understand the pathogenesis of the disease, and showed that both
showed similar symptoms, despite the difference when different doses were used. The results showed that
West African MPXV could be visualized using in vivo imaging in the nose, lymph nodes, intestines, heart,
lung, kidneys, and liver as early as day six post-infection. By day nine, it was possible to visualize the skin
lesions and, in some cases, also the spleen. After day nine, the luminescent signal representing MPXV repli-
cation increased in some animals, indicating a progression to what would be a fatal infection, and
decreased in others as the infection resolved. The use of recombinant MPXV luc+ allowed for a greater un-
derstanding of how MPXV spreads throughout the body in prairie dogs during the course of infection.®

Studies on the transmission routes using West African and Congo Basin strains showed that infected ani-
mals developed the disease and started shedding the virus at 6 and 10 dpi, through oral, nasal, ocular, and
fecal secretions, and that contamination of healthy animals occurred either by sharing bedding, fomites
and physical contact, or by respiratory secretion.®*?” Respiratory transmissibility was questioned in a later
study, according to which no healthy animals were infected by the West African MPXV carrier and only 25%
of healthy animals became infected from the Congo Basin MPXV carrier, indicating that transmission respi-

1.8 1t is note-

ration appears to be less efficient than contact as a transmission mechanism within this mode
worthy that the course of the disease was similar regardless of the transmission route, including weight loss,
the development of disseminated skin lesions, and antibody production, among others.?’ In these studies,
the age of the animals ranged from 20 to 36 months, and the viral inoculation doses used were 5x10% 7%,
9x10% ¥ and 10*° #* p f.u, demonstrating the ability of the virus to develop disease even at lower doses.

Of note, the Congo Basin strain proved to be more pathogenic than the West African strain.®

Still on the study that compared the pathogenicity of the Congo Basin strain with that of West Africa, it is
noteworthy that the clinical symptoms observed in animals challenged with West African MPXV and that
developed the infection (3 out of 5) included skin lesions, crusty nose, dehydration, and inappetence. In
the group challenged with Congo Basin MPXV, all animals developed the infection and presented inappe-
tence, dehydration, nasal congestion, pus/blood in the mouth, breathing difficulties, facial edema, pus in
the genitals, and swollen paws, in addition to skin lesions. Of this group, 3 of the 5 infected animals were
euthanized due to the severity of the degree of morbidity presented, showing once again that Congo Basin
MPXV is more pathogenic than West African MPXV.

A study carried out to verify the effectiveness of the antiviral ST-246 in prairie dogs aged approximately 3
years showed that the infected and untreated group had a mortality rate of 75%, in contrast to all animals in
the groups treated prophylactically at day 0 and at 3 days post-infection showed no symptoms of the dis-
ease and survived, whereas the therapeutic group, although treated after the appearance of lesions, also
resulted in a survival rate of 100%. The clinical symptoms observed in the animals that developed the dis-
ease were inappetence, facial swelling, nasal discharge, congestion, weight loss, and, to a lesser extent,
mucosal and cutaneous lesions in different degrees of severity. The results of this study suggest that this
anti-orthopoxvirus compound proved effective for prophylactic treatment, although some viruses were
recovered from treated animals, suggesting the possibility of resistant strains. The study was performed
with adult animals, inoculated intranasally with the strain from the Congo Basin.*

In order to better understand the differences in the pathogenesis of MPXV strains, groups of 10-month-old
prairie dogs were infected intranasally with the Congo Basin (CB) strain and the West African MPXV strain
(WA), and tissues were collected on days 2, 4, 6,9, 12, 17, and 24 post-infections. Samples were evaluated
for the presence of viruses and macro and microscopic lesions. Virus was recovered from nasal mucosa,
oropharyngeal lymph nodes, and spleen in CB-challenged animals on day 4 and in WA-challenged animals
on day 6. For both groups, primary viremia was seen on days 6-9 through day 17. Although the histopathol-
ogy and immunohistochemistry findings were similar, CB MPXV spread faster and accumulated to higher
levels, causing greater morbidity in animals when compared with WA MPXV. Two animals that succumbed
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to the disease showed abundant viral antigen in all organs tested, except the brain. Interestingly, spleno-
cytes were labeled positive for apoptosis more often than hepatocytes in both MPXV groups. These find-
ings allow further characterization of differences between the pathogenesis of MPXV strains, including the
identification of important sites during early viral replication and cellular response to viral infection. Clinical
manifestations, when they occurred, were similar in both groups and included inappetence, maculopapular
skin lesions, nasal discharge, and respiratory depression under anesthetic effect.®”

Subsequently, a study was carried out using smallpox vaccines post-monkeypox infection. Dryvax,
ACAM2000, and IMVAMUNE vaccines were tested in 2 groups of adult animals infected with the Congo
Basin strain intranasally at different doses. The study found that, for high doses of infection, none of the
vaccines showed efficacy, culminating in the death of all individuals in the groups tested, but for lower
doses of infection, vaccine efficacy is related to the interval of post-infection application and the vaccine
applied. The incubation period presented by prairie dogs was like that observed in humans with systemic
orthopoxvirus infection. In general, the animals showed prodromal symptoms, such as inappetence and
weight loss, in addition to an inflammatory reaction and cutaneous and mucosal lesions such as smallpox.
The incubation period presented by prairie dogs was like that observed in humans with systemic orthopox-
virus infection. In general, the animals showed prodromal symptoms, such as inappetence and weight loss,
in addition to an inflammatory reaction and cutaneous and mucosal lesions similar to smallpox.”

Recently, another study was carried out to test the effectiveness of Brincidofovir (BCV) against monkeypox
virus. Adult animals infected with the West African strain intranasally were used. The results showed that the
plasma exposure to BCV observed in prairie dogs after 20 or 5 mg/kg was 2-4 times lower than the expo-
sure parameters observed in mice (ectromelia) and rabbits (cotopor) given the same doses. Our findings
suggest potentially suboptimal exposure; however, higher doses have been shown to be toxic to prairie
dogs. It is possible that the lower plasma exposure is due to the drug metabolization pathway by prairie
dogs. It was observed that animals from all groups began to show clinical signs about 8 days after infection;
the signs observed were inappetence, decreased activity with recumbency and reluctance to move, as well
as cutaneous lesions, which varied in intensity between the animals from each group. Some animals
needed to be euthanized due to the clinical condition. The survival rate of the animals varied according

to the time of initiation of treatment; the earlier it was started, the greater the effectiveness.®”

Although prairie dogs show a satisfactory result in modeling MPXV infection; these animals are not consid-
ered conventional experimental models. The use of unconventional animals implies specialized labor,
differentiated facilities, and compliance with specific environmental legislation for this type of species.
Compared with conventional laboratory species, these animals do not have well-characterized genome
sequence, neither hematological and biochemical profile, and immunological reagents are very scarce.

SQUIRRELS

The use of ground squirrels (Sciuridae) in studies related to MPXV were considered when natural infections
began to be identified in the species, evidencing its importance for the epidemiology of the disease. In
addition, the data found suggested that the species has the potential to become a great experimental
model aimed at understanding the pathophysiology caused by MPXV and for testing therapeutic and pro-
phylactic countermeasures,”® such as antiviral medications and vaccines.

In 2004, a study was carried out in order to study the effects of MPXV infection in adult squirrels of the spe-
cies S. tridecemlineatus. Animals were infected with the MPX 2003 strain by the intraperitoneal and intra-
nasal routes with the dose of 10° p.f.u/mL. The infection caused severe and fatal illness in all animals in both
groups, suggesting that these animals are highly susceptible to the virus. The viral load and the wide dis-
tribution of the virus through the organs suggest that the infection was systemic. The squirrels were
lethargic and anorexic within 4 or 5 days, with death occurring within 9 days. No apparent skin lesions
were observed; however, severe liver and spleen lesions were seen in both groups. In addition, necrosis
of peribronchial lymphoid tissue and lymph nodes from other sites were also observed in the group
challenged by the intranasal route. It is noteworthy that the pathological features of MPXV in
S. tridecemlineatus were similar to severe smallpox virus infection in humans.”"

In 2007, another study using the same species of squirrel was performed comparing the pathogenic ef-
fects of two strains of MPXV, MPX Z79 and MPX US03, inoculated subcutaneously at doses of 3.7 x 10*
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p.f.u/mL and 1 0.8 x 10% p.f.u/mL US03, respectively. The research showed that clinical symptoms were
earlier and more severe in animals that received the Z79 strain and that mortality in these animals
occurred between days 6 and 11; on the other hand, despite presenting a milder symptomatology, death
in animals that received the USO3 strain occurred in a very similar period, between days 7 and 11 after
infection. Animals infected with the Z79 MPX virus strain showed consistently higher viral titer in blood
and lung tissue compared with those infected with US03 virus alone, but it was also possible to identify
virus titers in the spleen and liver of these animals. Therefore, the results indicate that the US03 virus,
belonging to the West African MPX virus family, was less virulent than the Central African MPX virus
strains.””

In the same year, squirrels (S. tridecemlineatus) were used to investigate the efficacy of the antipoxvirus
compound ST-246, after infection by the strain MPX-ZAI-1979-005, inoculated by the subcutaneous route.
The results showed that all ground squirrels inoculated with the MPX virus and treated with ST-246 at 0, 24,
48, or 72 h after the challenge survived and none of these animals showed any apparent clinical symptoms.
However, 33% of the animals that received treatment from 96 h after infection died; the others survived
although some of them showed symptoms of the disease. In contrast, all animals infected with the MPX
virus and treated with placebo showed clinical symptoms and died. All animals inoculated with MPXV
and treated with placebo had a high MPXV load. However, none of the squirrels challenged with MPX virus
and treated with ST-246 at 0, 24, 48, and 72 h post-infection developed detectable viremia. Squirrels in the
ST-246-96h group that were humanely killed had low-titer viremia. None of the animals in the placebo or
ST-246-0h, ST-246-24h, ST-246-48h, and ST-246-72h treatment groups developed detectable antibodies to
the MPX virus. However, the two squirrels in the ST-246-96h group that became ill and recovered had
detectable MPX virus antibody titers at the end of the experiment.””

Subsequently, squirrels of the Marmota bobak species were inoculated with the V79-1-005 strain
by either subcutaneous or intranasal routes, at different doses, to verify the infective dose (IDsg) and
the lethal dose (LDso), as well as the effects of antiviral drugsNIOC-14 and ST-246. The study demon-
strated that all doses of subcutaneous inoculation of the pathogen caused evident clinical symptoms,
such as hyperthermia, skin rash on the body and mucous membranes, serous and purulent rhinitis,
conjunctivitis, and incoordination, among others, culminating in the death of all infected animals. Clinical
manifestations were similar in both groups. However, the skin and mucosal eruptions were milder and
only 41.67% of the sick animals died. In the surviving animals, after the disappearance of clinical signs,
scars were formed at the sites of eruptive elements, like smallpox. It is noteworthy that no sign of the
disease was recorded in animals from experimental groups treated with NIOC-14 and ST-246 during
the entire observation period. In addition, sufficiently high MPXV antibody titers were detected in the
neutralization reaction in all animals in the experimental groups and surviving animals in the control
group.”

In 2017, a study aimed at characterizing the infection by the MPXV/Congo/Luc+ strain in squirrels (Funis-
ciurus anerythrus) was carried out. Animals were inoculated by intranasal and intradermal routes at a
dose of 1x10° p.f.u/mL. MPXV infection caused moderate to severe morbidity and mortality of 75% in
the intranasal group and 50% in the intradermal group, with clinical signs including lesions on the
skin, eyes, mouth, and nose, as well as dyspnea and profuse nasal discharge. Both intranasal and intra-
dermal exposure induced high levels of viremia, rapid systemic spread, and long periods of viral shed-
ding. Housed in the same room, albeit in a different cage, was the sentinel animal, which showed clinical
signs of MPXV infection, including increased respiratory rate, nasal discharge, and oral lesions and
needed to be euthanized due to respiratory problems, weight loss, and lethargy. This study suggested
that African rope squirrels develop severe pathology when infected with MPXV and that they shed large
amounts of virus, evidencing their role as a source of transmission of MPXV to humans and other animals
in MPXV endemic regions.”

Similar to prairie dogs, squirrels should be considered sparingly a model for MPXV as they are also uncon-
ventional species. In addition, there are countries where access to these animals is restricted.

RABBITS

Rabbits (Oryctolagus cuniculus) are generally resistant to infection caused by MPXV as adults, except in
albino rabbits by inoculations performed by the intracerebral route or by scarification. In contrast, animals
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up to 10 days of age can be easily infected by other routes of infection considering the absence of a robust
immune system at this stage of life. Intradermally, for example, hemorrhagic conditions, the appearance of
pustules, and lesions have already been reported.'*%7°

Intracerebral infections in adult and 2-day-old rabbits were fatal with the development of adult meningo-
encephalitis.”” Infection by scarification was fatal for 2-day-old rabbits. Albino adults had fever and lesions,

but recovered from the disease.’*®

Intravenous infection was more efficient in causing severe disease in adult rabbits when compared with the
subcutaneous route. When infected subcutaneously, the animals presented generalized smallpox lesions,
whereas in the intravenous route, an acute disease was observed with the presentation of papules that later
became pustules followed by crusts on the skin and mucous membranes. Although the disease was more
severe, the animals recovered.'**>’

Oral infection in 10-day-old rabbits resulted in generalized disease and lesions on the skin, ears, and lips,
whereas intranasal infection resulted in weight loss in animals. In both infections the animals died. In adult
animals, no clinical signs of the disease were observed.*®

The intravenous route seems promising for the development of a non-lethal adult model in rabbits.
Considering the low lethality of the new circulating strains of MPXV, this animal model has the potential
to become a cost-effective option, because it is an animal widely disseminated in animal experimenta-
tion units. Depending on the scientific question to be answered, other animal model options should be
considered, as adult rabbits, except for the intravenous route, do not present satisfactory answers,
requiring the use of animals with an incomplete immune system and/or inoculation routes with greater
complexity.

OTHERS ANIMAL MODELS

Guinea pigs (Cavia porcellus) infected via the footpad showed swelling and edema at the inoculation site
with the development of a granulomatous lesion. The animals showed antibody titers 14 days after infection.
No viral titers were found in collected organs. By scarification, a mild inflammatory reaction occurred on the
second day after infection and the development of discrete papules on the fourth day, followed by crusting
and subsequent healing. Other routes of infection (intravenous, intracerebral, subcutaneous, intraperito-

neal, intradermal, and oral) were evaluated, but the animals did not develop the disease. '18:26:57.106

Similar to guinea pigs, hamsters (Cricetinae) were also not susceptible to attempts at infection by different
routes of inoculation by MPXV, although intraperitoneal and intracardiac infection of the virus was detected
in the lungs, liver, and spleen of the animals 7 days after infection. Focal lesions were observed only in the
liver, kidney, and brain. The main manifestations were perivascular lymphocytic infiltrate and damage to

the endothelial structure of blood vessels.*®'%’

Intravenous inoculation or scarification did not lead to overt in clinical disease in white rats (Rattus sp.) to.
However, in newborn rats (1-3 days old) infection reached 100% mortality with virus replication in the lungs
and liver after intranasal challenge.*®

Cotton rats (Sigmodon sp.) can be infected intranasally, and these animals develop generalized disease
that led the animals to develop difficulty breathing, cough, rhinitis, conjunctivitis, and progressive weight
loss, which led to 50% mortality in the experimental group. High concentrations of virus were detected in
blood and organs.'%®

The rodent Kellen’s dormice (Graphiurus kelleni) challenged with MPXV had 100% mortality. In general, the
animals showed weight loss, dehydration, conjunctivitis, rhinitis, and lymphadenopathy. Necrosis in the
submandibular lymph nodes, spleen, and thymus; hepatocellular necrosis; and hemorrhage in the lungs,
stomach, and small intestine were also observed.'®”

Chickens (Gallus Gallus) aged 3 to 4 days or 4 to 8 weeks are permissible to infection when inoculated intra-
dermally but develop mild disease phenotypes. Once infected with MPXV, they present vesicles heal
10 days after infection. The same does not occur in adult animals.”'%
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Figure 1. Cellular and animal models for monkeypox studies

In vitro models (PEK, HEP-2, LLC, MK2, Vero, MA-104, HelLa, BALB3T3, Clone A31, BSC-40, BSC-1, A549, and RK13 cells)
and in vivo models (mice, rabbits, prairie dogs, non-human primates, and squirrels) are the basis for the elucidation the
biology of new viral strains and for the discovery of new drugs, treatments, and vaccines. Created with Mindthegraph.

com.

Although the findings using guinea pigs, hamsters, rats, Kellen's dormice, and chickens as an experi-
mental model have been limited, further research using the contemporary strain of MPXV may
change what we know about infection in these species and therefore further studies should be
considered.
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Recently, Seang and colleagues described a case of possible human-dog transmission of human MPXV of
B.1 lineage, demonstrating the potential of the virus to perform host-jumps. The dog had no contact with
other animals, but co-slept with the infected tutors.'?

CONCLUDING REMARKS

The number of monkeypox cases has increased outside endemic areas putting the world on alert. However,
great discoveries have already occurred and through them it was possible to develop new in vivo and
in vitro models capable of mimicking aspects of viral biology and the pathology caused by the disease. Us-
ing the models described herein, the characterization of different viral strains and the development of vac-
cines and antiviral therapies has been successfully achieved. In experimental studies, the most adequate
models must provide reliable results that can be extrapolated to humans. Given the rapid evolution that
MPXV has undergone over the past few years, care should be taken in translating the findings produced
with historical strains to contemporary ones.

Many animal models have been shown to be susceptible to infection and develop clinical disease with vary-
ing degrees of severity, including cases of lethality. Each model has its own applicability for virus and dis-
ease studies. The choice of model is linked to the question to which one wants to answer, and each species
will have an adequate morphological or physiological particularity to contribute to the experimental
response. Mice and rabbits, for example, are readily available, easy to handle, have low maintenance costs,
and have a widely known genome, unlike unconventional laboratory species such as prairie dogs and squir-
rels. However, translating knowledge from rodent studies to the clinic can be a challenge. Non-human pri-
mates are genetically closer models to humans, but handling these animals can be costly, in addition to
having a longer life cycle, which makes the development of the model difficult.

The in vitro and in vivo models developed so far can contribute to study several aspects of the disease and
mechanism of virus-host interactions. These models will be key to the development of new drugs and ther-
apies capable of blocking the advance of MPXV, as the virus is spreading around the world (Figure 1).
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