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A B S T R A C T

Monkeypox virus (MPXV), a member of the Orthopoxvirus genus, caused a large-scale global outbreak
in 2022. Developing mouse models for MPXV infection is crucial for advancing research on vaccines
and therapeutic interventions. To address this, we conducted a comparative study on the susceptibility
of six mouse strains—severe combined immune-deficiency (SCID), nude, genetically diabetic (db/db)
and obese (ob/ob), C57BL/6J, and BALB/c—to MPXV infection. Mouse strains were infected with
MPXV via intranasal inoculation, and body weight changes and mortality were monitored post-
infection. Additionally, the tissue distribution of MPXV and the pathological changes in the lung tis-
sues of the infected mice were evaluated. The results demonstrated that SCID and nude mice exhibited
significant weight loss following MPXV infection, with 100 % mortality observed in SCID mice, while
no mortality occurred in nude mice. In contrast, the other mouse strains showed no significant weight
loss or mortality. Notably, the viral load in the lung tissues of SCID and nude mice was the highest
among the tested strains. Furthermore, we investigated the impact of different inoculation rou-
tes—intranasal (I.N.), intraperitoneal (I.P.), and intravenous (I.V.)—on the pathogenicity of MPXV in
mice. The results revealed that the intravenous route induced more pronounced pathogenic effects
compared to the intranasal and intraperitoneal routes. In summary, this study provides valuable in-
sights into the development of MPXV-infected mouse models, offering a foundation for further research
on MPXV pathogenesis and therapeutic drug development.
INTRODUCTION

Monkeypox virus (MPXV) is a zoonotic viral pathogen that presents
with clinical features similar to smallpox but typically manifests with
milder symptoms (Bunge et al., 2022; Hennessee et al., 2022). MPXV can
be transmitted to humans through direct contact with the blood or bodily
fluids of infected individuals, as well as through contact with mucosal
surfaces or skin lesions of infected animals. Transmission routes include
respiratory droplets, contact with bodily fluids, contaminated environ-
ments, and skin lesions of infected individuals (Kumar et al., 2022;
), lixiao06@mails.jlu.edu.cn (X.
contributed equally to this work

s by Elsevier B.V. on behalf of KeA
-nd/4.0/).
Laurenson-Schafer et al., 2023; Zhu et al., 2022), posing a potential
threat to global public health. Although MPXV has caused outbreaks in
multiple regions in recent years, specific treatments and vaccines tar-
geting the virus remain limited. Therefore, establishing animal models of
MPXV infection is essential for advancing our understanding of its
pathogenesis and developing novel therapeutics and vaccines.

Although most animals do not naturally acquire MPXV infection,
certain species can be utilized as experimental models. These animals are
generally categorized into non-human primates, wild North American
rodents, wild African rodents, and inbred mice. Most non-human
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primates, such as the Asian cynomolgus monkey, serve as excellent ani-
mal models for simulating human MPXV infection and conducting pre-
clinical testing of treatments or preventive measures. However, due to
challenges related to housing conditions, high costs, and ethical con-
cerns, non-human primates are less suitable for large-scale or compre-
hensive studies. Among rodents, wild North American species (e.g.,
ground squirrels, prairie dogs, and deer mice) and wild African species
(e.g., African dormice, rope squirrels, and Gambian pouched rats) exhibit
higher susceptibility to MPXV, making them valuable for modeling nat-
ural MPXV infections. Nonetheless, the use of wild animals in experi-
mental research is constrained by difficulties in capture and control of
individual variability. In comparison, while inbred mice lack the high
susceptibility to MPXV seen in non-human primates and wild rodents,
Fig. 1. Body weight changes and mortality rates in different mouse strains following
TCID50 of MPXV, and their body weight changes and mortality were daily monitore
mice (A), nude mice (B), db/db mice (C), ob/ob mice (D), C57BL/6J mice (E), and
mouse strains following MPXV intranasal infection. DPI: days post-infection.
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they offer significant advantages such as ease of breeding and commer-
cial availability. Therefore, investigating the susceptibility of different
inbred mouse strains to MPXV holds considerable significance.

Previous studies have shown that diabetes can enhance the patho-
genicity of SARS-CoV-2 in affected patients (Branche et al., 2024). To
examine the impact of diabetes on MPXV susceptibility, we selected
db/db and ob/ob mice, well-established models of genetic obesity and
metabolic dysfunction. The db/db mice carry mutations in the diabetes
(db) gene encoding the leptin receptor (ObR), whereas ob/ob mice are
characterized by mutations in the obesity (ob) gene encoding leptin
(Coleman, 1978), and both models are widely used in research on obesity
and related metabolic disorders (Everard et al., 2011; Geurts et al., 2011;
Giesbertz et al., 2015). To investigate whether immune deficiencies
MPXV intranasal infection. Mouse strains were intranasally infected with 105.5

d. A–F The body weight changes of severe combined immune-deficiency (SCID)
BALB/c mice (F), respectively, after infection. (G) The mortality rates of the six
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affect the susceptibility of mice to MPXV, we included severe combined
immune-deficiency (SCID) mice, which have T-cell and B-cell de-
ficiencies, and nude mice, which lack a thymus, as research models.
Additionally, C57BL/6J and BALB/C mice, widely used in experimental
research due to their accessibility and high reproducibility, were selected
as common model organisms. Thus, a total of six mouse strains were
chosen for this study.

RESULT

Body weight and mortality in mice after intranasal MPXV
infection

To evaluate the susceptibility of SCID, nude, db/db, ob/ob, C57BL/
6J, and BALB/C mice to MPXV infection, all six strains were intranasally
(I.N.) infected with 105.5 TCID50 of MPXV, and their body weight changes
and mortality were monitored (Fig. 1). The results demonstrated signif-
icant weight loss in SCID mice, with body weight decreasing to 75% of
baseline by 6 days post-infection (DPI) (Fig. 1A). SCID mice were hu-
manely euthanized when body weight dropped below 75%. Mortality
reached 60% by 6 DPI and 100% by 9 DPI (Fig. 1G). SCID mice also
exhibited lethargy, ruffled fur, and reduced activity throughout the
infection.

In nude mice, body weight decreased to 83.2% by 3 DPI, followed by
a gradual recovery to 99.6% by 7 DPI. However, a persistent low-level
decline was observed thereafter (ranging from 75.78% to 93.72%;
Fig. 1B). In contrast, db/db and ob/ob mice did not show significant
weight loss post-infection. While ob/ob mice experienced a slight decline
(92.87%) at 2 DPI, their body weight subsequently recovered and par-
alleled the weight gain of control mice (Fig. 1C and D). Similarly, C57BL/
6J mice exhibited a transient weight loss during the first 3 DPI, followed
by a gradual recovery and steady weight gain consistent with the control
group. BALB/C mice displayed a weight gain trajectory identical to the
control group throughout the infection period (Fig. 1E and F).

Aside from SCID mice, none of the other five strains displayed overt
clinical symptoms during the study. SCID and nude mice exhibit signif-
icant weight loss following MPXV infection, with SCIDmice experiencing
100% mortality and nude mice showing no deaths. In contrast, db/db,
ob/ob, C57BL/6J, and BALB/C mice did not exhibit significant weight
loss or mortality during the infection period.
MPXV viral load in lung tissue of different mice following I.N.
inoculation

To assess the replication of MPXV in mouse tissues, 105.5 TCID50 of
MPXV was inoculated via I.N. administration into the six mouse strains.
Fig. 2. MPXV viral loads in the lung tissues of different mouse strains following MPXV
of MPXV. The viral loads in the lung tissues at day 6, 12, and 18 post-infection were d
Data are presented as mean � SEM. DPI: days post-infection.
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At 6, 12, and 18 DPI, lung tissues were harvested, homogenized, and the
viral load was quantified (Fig. 2). At 6, 12, and 18 DPI, the viral loads in
the lungs of SCID mice were 105.56�0.05, 105.80�0.09, and 105.90�0.03

copies/mL, respectively. The viral loads in nude mice were 104.84�0.02,
105.98�0.07, and 105.74�0.60 copies/mL, respectively. No MPXV was
detected in the lungs of db/db, ob/ob, C57BL/6J, and BALB/C mice.
These results indicate that MPXV undergoes replication in the lungs of
SCID and nude mice following I.N. infection.
MPXV viral load in different tissues of SCID and nude mice
following I.N. inoculation

To investigate the replication of MPXV in various tissues of SCID and
nude mice, the viral load of MPXV was measured in seven tissues (liver,
spleen, heart, kidney, brain, rectum, and testes) of both SCID and nude
mice at 12 DPI (Fig. 3). MPXV was detected in all seven tissues of both
SCID and nude mice, with no significant differences in viral load between
the tissues. However, the viral load in the tissues of nude mice was
consistently higher than that in SCID mice. At 12 DPI, the MPXV viral
load in SCID mouse tissues was as follows: liver: 102.40�0.04, spleen:
103.08�0.14, heart: 102.57�0.12, kidney: 102.30�0.12, brain: 102.48�0.08,
rectum: 102.12�0.05, testes: 102.19�0.08. In the tissues of nude mice, the
MPXV viral load was: liver: 103.70�0.10, spleen: 103.56�0.04, heart:
103.68�0.08, kidney: 103.40�0.16, brain: 103.42�0.02, rectum: 103.16�0.30,
testes: 103.02�0.19 (Units: copies/mL).
Histopathological examination of lung tissues in SCID and nude
mice following I.N. MPXV infection

To assess the histopathological changes in lung tissue following I.N.
MPXV infection in SCID and nude mice, we performed histological ex-
aminations (Fig. 4). At 6 DPI, the alveolar number in the lung tissue of
SCID mice gradually increased, with bronchial structures (indicated by
black arrows) showing a small amount of cell debris in the lumen
(Fig. 4B). At 12 DPI, moderate structural abnormalities began to appear
in the lung tissue, with regions showing substantial alveolar collapse and
epithelial cell proliferation, along with mild infiltration of inflammatory
cells (indicated by red arrows) (Fig. 4C). By 18 DPI, the structural
damage in SCID mice’s lung tissue showed slight improvement with no
significant inflammatory cell infiltration (Fig. 4D). In nude mice, lung
tissue changes progressed with time, becoming moderately abnormal by
18 DPI (Fig. 4E–H), with thickening of the alveolar walls (indicated by
blue arrows) (Fig. 4F and G). There was an increase in epithelial cells and
inflammatory cells (indicated by red arrows) (Fig. 4G and H), and signs of
cell necrosis and nuclear fragmentation were observed (indicated by
intranasal infection. Mouse strains were intranasally infected with 105.5 TCID50

etermined by qRT-PCR. Each mouse strain group consisted of three individuals.



Fig. 3. MPXV viral loads in different tissues of severe combined immune-deficiency mice (SCID) and nude mice at 12 days post-infection. Mouse strains were
intranasally infected with 105.5 TCID50 of MPXV. The viral loads in tissues at day 12 post-infection were determined by qRT-PCR. Each mouse strain group consisted of
three individuals. Data are presented as mean � SEM.

Fig. 4. Histopathological changes in the lung tissues of severe combined immune-deficiency (SCID) mice and nude mice. SCID mice and nude mice were intranasally
infected with 105.5 TCID50 of MPXV. The lung tissues were collected at day 6, 12, and 18 post-infection for histopathological analysis. A–D Lung tissue from SCID mice
exhibited progressive structural abnormalities over time, transitioning from normal to moderately abnormal, with epithelial cell proliferation (indicated by black
arrows) and mild inflammatory cell infiltration observed (indicated by red arrows). At 18 DPI, these pathological changes showed signs of gradual resolution. E–H
Lung tissue from nude mice demonstrated a time-dependent progression from normal to moderate abnormalities, characterized by thickened alveolar walls (indicated
by blue arrows), extensive inflammatory cell infiltration, and localized necrosis of some cells (indicated by green arrows). Hematoxylin and eosin staining, 40�
magnification. dpi: days post-infection.
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green arrows) (Fig. 4H). These results suggest that I.N. MPXV infection
causes lung damage in both SCID and nude mice.
Body weight changes and mortality in SCID and nude mice
following MPXV infection via different routes

To assess the pathogenic differences resulting from different infection
routes, SCID and nude mice were intranasally (I.N.), intraperitoneally
(I.P.), or intravenously (I.V.) inoculatedwith 104.5 TCID50MPXV (100 μL),
and their body weight changes were monitored for three weeks (Fig. 5).
The reason for using a lower viral dose in this study is that SCID mice
exhibited significant infection responses and high mortality at 105.5

TCID50. To better evaluate the impact of different inoculation routes on
infection outcomes, we reduced the viral dose in this study. Notably, the
SCID mice infected via the I.V. route exhibited more significant body
weight loss than those infected via the I.N. and I.P. routes (Fig. 5A). As in
previous experiments, SCIDmicewere euthanized once their bodyweight
decreased to 75% of the initial weight. The I.V.-infected SCID mice
experienced a significant weight loss, with body weight dropping below
75% by 11 DPI, resulting in a mortality rate of 20% at 11 DPI, 80% at 12
DPI, and 100% at 15 DPI. These mice also displayed clinical signs,
including poor appetite, rough fur, and reduced activity. In contrast, SCID
mice infected via the I.N. and I.P. routes did not exhibit significant weight
loss, clinical symptoms, or mortality. For nudemice, no significant weight
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losswas observedwith I.N. and I.P. infection,while the I.V. infection led to
a slight weight decline, which was less severe than in the I.V.-infected
SCID mice, and no mortality was recorded (Fig. 5B). Overall, intrave-
nous infection with MPXV caused more pronounced body weight loss in
mice than intranasal and intraperitoneal infections.
MPXV viral load in tissues of SCID and nude mice following
infection via different routes

To determine the distribution of MPXV in tissues following different
infection routes in SCIDmice and nudemice, we assessed the viral load in
the lungs, liver, spleen, and whole blood at 9 DPI (Fig. 6). The results
revealed that SCID mice infected via the I.V. route exhibited higher viral
loads in both lungs and blood, with a significantly higher viral load in the
blood compared to SCID mice infected via I.N. Additionally, no signifi-
cant difference was observed in the viral load between the lungs of I.V.-
infected and I.N.-infected SCID mice (Fig. 6A). In nude mice, the viral
load in the lungs and blood was higher following I.V. infection compared
to the liver and spleen. Notably, the viral load in the blood of I.V.-infected
nude mice was significantly higher than that of I.N.-infected mice.
However, the viral load in the lungs of I.N.-infected nude mice was
significantly higher than that in I.V.-infected mice (Fig. 6B). These results
suggest that, in both SCID and nude mice, I.V. infection results in
significantly higher viral loads in the blood compared to I.N. infection.



Fig. 5. Body weight changes and mortality rates of severe combined immune-deficiency (SCID) and nude mice following MPXV infection via different routes. SCID
and nude mice were divided into three groups, with five mice per group. Each group was infected with 104.5 TCID50 (100 μL) of MPXV via different inoculation routes.
Body weight changes and mortality were daily monitored. A, B Body weight changes in SCID mice and nude mice. C, D Mortality rates of SCID mice and nude mice.
I.N.: intranasal; I.P.: intraperitoneal; I.V.: intravenous. DPI: days post-infection.

Fig. 6. Tissue viral load of MPXV in severe combined immune-deficiency (SCID) and nude mice following infection via different routes at 9 days post-infection. SCID
and nude mice were divided into three groups, with three mice per group. Each group was infected with 104.5 TCID50 (100 μL) of MPXV via different inoculation
routes. The viral loads in tissues at day 9 post-infection were determined by qRT-PCR. A MPXV viral load in SCID mouse tissues following different infection routes. B
MPXV viral load in nude mouse tissues following different infection routes. Data are presented as mean � SEM. *P < 0.05. I.N.: intranasal; I.P.: intraperitoneal; I.V.:
intravenous.
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DISCUSSION

Animal models play a crucial role in simulating clinical conditions for
disease research. Inbred mouse is the main experimental model for most
viruses because of the availability of immunological reagents, inbred
strains, easy breeding and commercial availability. Chen et al. investi-
gated the infection characteristics of human adenovirus type 5 (HAdV-5)
in inbred BALB/c mice and successfully established a murine model
suitable for HAdV vaccine development and anti-adenoviral therapeutic
research (Chen et al., 2024). While inbred mouse strains offer certain
advantages not found in other animal models, their inherent immunity
presents a limitation. Since these strains are not naturally infected with
pathogens, most conventional inbred mouse strains exhibit a degree of
immune resistance to MPXV, which can influence the interpretation of
infection outcomes.

Previous studies have screened 38 inbred mouse strains for suscepti-
bility to MPXV, with the CAST/EiJ strain identified as particularly sus-
ceptible (Americo et al., 2010). Statistically significant differences in
virulence of clades (I > IIa > IIb) were found in this model. The predomi-
nant2022outbreak straindidnot causeweight lossor lethality inCAST/EiJ
mice comparedwith the lethality of similar doses of clade I and IIa viruses,
suggesting that the transmission of clade IIb in humans correlates with
diminished virulence for rodents (Americo et al., 2023). Additionally,
Osorio et al. conducted research on the in vivo imaging of MPXV infection
using SCID mice (Osorio et al., 2009). In this study, we investigated the
susceptibility of six mouse strains—SCID, nude, db/db, ob/ob, C57BL/6J,
and BALB/C—to MPXV infection. SCID and nude mice are immunodefi-
cient models, with SCID mice lacking T and B cell functions, while nude
mice have a thymic deficiency. The db/db and ob/obmice serve as genetic
models for obesity and metabolic dysfunction, whereas the C57BL/6J and
BALB/C strains are immunocompetent and serve as controls. Our results
demonstrate that C57BL/6J and BALB/C mice are resistant to MPXV
infection, which is consistent with previous reports indicating that these
mouse strains possess innate resistance to MPXV (Earl et al., 2015). How-
ever, despite the metabolic dysregulation associated with obesity in
db/db and ob/ob mice, these strains did not exhibit increased suscepti-
bility to MPXV infection. In contrast, SCID mice which lack T and B cell
functions, and nude mice which have a thymic deficiency, exhibited
significant susceptibility to MPXV infection. We hypothesize that the
infection process of MPXV may be influenced by the absence of these
immune cell populations. Nevertheless, the findings of this study are
insufficient to confirm this hypothesis, necessitating further investiga-
tion in future research.

Following MPXV infection via the I.N. route in six different mouse
strains, we observed a significant weight loss in both SCID and nude
mice. While nude mice did not exhibit mortality, SCID mice showed a
100% mortality rate (n ¼ 5). No significant weight loss or mortality was
observed in the other four strains. These findings are consistent with our
observations from MPXV infection via the I.N. route, indicating poor
susceptibility to MPXV in the latter four strains. Viral load analysis of
different tissues in SCID and nude mice revealed that MPXV replication
was predominantly localized to the lung tissue, suggesting the lungs as
the primary target organ for MPXV proliferation in immunodeficient
mice. Despite similar viral loads in the lungs of SCIDmice, mortality rates
were significantly different, which we hypothesize could be due to the
more severe immune deficiency in SCID mice.

In our investigation of the differences in MPXV susceptibility
following various infection routes, we found that SCID and nude mice
infected via the I.V. route exhibited more significant weight loss
compared to those infected via I.N. and I.P. routes, with SCID mice
showing the most pronounced effect. We hypothesize that the enhanced
effect of I.V. infection compared to I.N. and I.P. routes may be attributed
to the ability of the I.V. route to rapidly deliver the virus throughout the
entire body, bypassing local immune barriers, thereby facilitating more
efficient viral dissemination and infection. In SCID mice infected via the
I.V. route, viral loads in the lung tissue were higher compared to the I.N.
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group. Conversely, in nude mice, the viral load in the lung tissue of the
I.N. group was slightly higher than in the I.V. group. We speculate that
this difference may be due to the more severe immune deficiency in SCID
mice. This phenomenon underscores the importance of considering the
impact of immune deficiency on MPXV susceptibility.

CONCLUSIONS

In conclusion, this study compared the susceptibility of six mouse
strains—SCID, nude, db/db, ob/ob, C57BL/6J, and BALB/C—to MPXV
infection. We found that immune-deficient mice, including SCID and nude
mice, are susceptible to MPXV infection, with the I.V. route proving to be
more effective for viral infection in these mice. Our findings highlight the
potential of using immune-deficient mouse models, particularly via I.V.
inoculation, for more efficient establishment of MPXV infection models.
Effective animal infection models not only provide valuable insights into
the pathogenic mechanisms of MPXV but also offer critical support for the
development of vaccines and therapeutic agents.

MATERIALS AND METHODS

Viruses

The MPXV strain hMpxV/China/GZ8H-01/2023 (GeneBank:
PP778666.1, clade IIb) used in this study was isolated from a patient in
Guangzhou, China. The virus was propagated in Vero E6 cells and
cultured in DMEM (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Invitrogen), 50 U/mL penicillin, and 50 μg/mL streptomycin. All
experiments involving infectious MPXV were conducted in an Animal
Biosafety Level 3 (ABSL-3) laboratory.

Animal studies

Intranasal infection experiments were conducted using male mice at 8
weeks of age, including SCID (21 � 1 g) (Beijing, Vital River), nude (24
� 1 g) (Suzhou, Xishan Bio), db/db (39.5 � 2 g) (Suzhou, Xishan Bio),
ob/ob (39.5 � 1 g) (Suzhou, Xishan Bio), C57BL/6J (24 � 1 g) (Suzhou,
Xishan Bio), and BALB/C (20 � 1.5 g) (Suzhou, Xishan Bio) mice. The
infection dose was 105.5 TCID50 in a volume of 100 μL. For weight
monitoring, each group consisted of 5 mice, while for sampling, each
group consisted of 3 mice.

MPXV infection experiments via three different inoculation routes
were conducted using 8-week-old male SCID (Beijing, Vitonglihua) and
nude (Suzhou, Xishan Bio) mice. Themice were divided into three groups
based on the route of infection: intranasal, intraperitoneal, and intrave-
nous, with each group consisting of 8 mice. These were further divided
into two subgroups: the weight monitoring group (5 mice) and the
sampling group (3 mice). All mice were inoculated with 104.5 TCID50

MPXV in a volume of 100 μL via the respective routes.
All animal procedures were performed in ABSL-3 facilities. For all

MPXV infection studies, mice were anesthetized in a closed chamber
containing isoflurane. Body weight changes and mortality were moni-
tored daily for a total duration of 21 days. All test animals were kept in
the same environment as the control animals, with sufficient water and
food, and bedding was changed regularly. At the end of the test, all test
animals were anesthetized with isoflurane and sacrificed according to
animal welfare standards.

Virus detection

In the intranasal MPXV infection experiments with six mouse strains,
tissues from all mice in the sampling groups were collected at 6, 12, and
18 days post-infection. Samples included the lungs, liver, spleen, heart,
kidneys, brain, rectum, and testes, which were homogenized for analysis.
In the MPXV infection experiments involving different inoculation routes
in SCID and nudemice, tissues from the liver, spleen, and lungs, as well as
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whole blood (without plasma separation), were collected from threemice
in the sampling groups at 9 DPI.

All tissues were homogenized using a tissue homogenizer with
phosphate-buffered saline (PBS) as the medium, operating at 70 Hz for 10
min. After homogenization, the samples were centrifuged at 8000�g for 5
min, and the supernatant was collected. Viral DNAwas extracted using the
e.z.n.a.® Viral DNA Kit (OMEGA, D3892, USA) according to the manu-
facturer’s protocol. Absolute quantification of viral copies was performed
via qRT-PCR using Eastep® qPCRMaster Mix (Promega, SL2062, USA) on
an ABI 7500 Real-Time PCR System (Applied Biosystems, CA, USA). The
qRT-PCR cycling conditions were as follows: 95 �C for 2 min, followed by
40 cycles of 95 �C for 15 s and 60 �C for 1 min. The specific primers used
for detecting the MPXV F3L gene were as follows:

Forward: 50-CATCTATTATAGCATCAGCATCAGA-30

Reverse: 50-GATACTCCTCCTCGTTGGTCTAC-30.
Histopathological examination

Lung tissues collected from sampled mice were fixed in 4% para-
formaldehyde for histopathological analysis. Fixed tissues were
embedded in paraffin, sectioned, and stained with hematoxylin and
eosin. Histological changes were then observed under a microscope.
Statistical analysis

Statistical differences between groups were analyzed using GraphPad
Prism, Version 8.0. All experimental data are presented as mean � SD or
mean � SEM. Statistical significance was determined using t-tests or
ANOVA followed by post-hoc two-tailed t-tests. Statistical significance
was denoted as *P < 0.05.
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