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Abstract: Poxviruses have been associated with humans for centuries. From smallpox to mpox to
lumpy skin disease virus (LSDV), members of the poxvirus family have continued to threaten the
lives of humans and domestic animals. A complete understanding of poxvirus-mediated cellular
processes will aid in the response to challenges from the viruses. In this study, we demonstrate
that LSDV infection results in an abnormal ultrastructure of the endoplasmic reticulum (ER) lumen
in primary bovine embryonic fibroblast (BEF) cells, and we further show that an ER imbalance
occurs in LSDV-infected BEF cells. Additionally, we believe that ER stress-related apoptosis plays
a role in the late apoptosis of BEF cells infected with LSDV, primarily through the activation of
the CCAAT/enhancer binding protein homologous protein (CHOP)-Caspase-12 signal. In addition
to cell apoptosis, a further investigation showed that LSDV could also activate autophagy in BEF
cells, providing additional insight into the exact causes of LSDV-induced BEF cell death. Our
findings suggest that LSDV-induced BEF cell apoptosis and autophagy may provide new avenues for
laboratory diagnosis of lumpy skin disease progression and exploration of BEF cell processes.

Keywords: lumpy skin disease virus; autophagy; endoplasmic reticulum; apoptosis

1. Introduction

Lumpy skin disease, caused by the lumpy skin disease virus (LSDV) belonging to
the Capripoxvirus genus, is a highly contagious viral infection primarily affecting cattle.
This disease leads to the formation of nodules or lumps on the skin, mucous membranes,
and internal organs of infected animals. The primary mode of transmission for lumpy
skin disease is through blood-feeding insects such as mosquitoes and ticks, which act as
vectors. Additionally, direct contact between infected and susceptible animals can facilitate
the spread of the virus. Incidences and economic destruction of this disease have been
reported in various regions worldwide, including Asia, Africa, the Middle East, and parts
of Europe [1-5]. Typical symptoms of lumpy skin disease include fever, loss of appetite,
reduced milk production, and general weakness. As the disease progresses, distinct
skin lesions appear, varying from small, raised bumps to large, painful nodules. These
lumps often lead to secondary infections and severe discomfort for the affected animals.
Due to its significant impact on livestock populations, lumpy skin disease has notable
economic and trade implications. Its impact on bovine-related industries, including cattle
breeding and the dairy industry, cannot be overstated [6-8]. Additionally, uncontrolled
contamination [3,9] from LSDV raises our concern that LSDV could affect various biological
products utilized in research, such as fetal bovine serum, bovine serum albumin, and
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bovine insulin. Hence, further exploration of the disease processes involved in lumpy skin
disease is expected to provide valuable assistance to existing concerns.

LSDV belongs to the evolutionarily conserved Capripoxvirus family, sharing more
than 90% homology with other members such as the goatpox virus (GTPV) and sheeppox
virus (SPPV). These viruses possess a genome size of approximately 150 kilobase pairs
(kbp) that encodes approximately 150 viral proteins. The high genetic similarity among
these viruses determines their cross-immunogenicity [10,11], meaning protection against
one virus can confer immunity against the others. Numerous studies have demonstrated
the remarkable cross-protective effect of vaccines against the goatpox virus [12-14]. Pre-
vention and control strategies for lumpy skin disease primarily revolve around vaccination
programs, stringent biosecurity measures, and vector control. Vaccination plays a vital role
in reducing disease severity and limiting its spread. Implementing quarantine measures is
crucial for restricting the movement of infected animals, thus preventing further outbreaks.
Moreover, examining the immune response mounted against LSDV could provide valuable
insights into the development of more effective vaccines. Elucidating the specific viral
proteins responsible for cross-immunogenicity between LSDV, GTPV, and SPPV may pave
the way for the design of broad-spectrum vaccines capable of conferring protection against
multiple Capripoxviruses. Such advancements would greatly benefit not only the bovine
industry but also the broader scientific community engaged in studying these viruses. It
is undeniable that immune cross-reaction based on the same genus of viruses is still an
important immune measure to prevent and control the invasion of LSDV.

While vaccination plays a vital role in preventing LSDV infections, further investiga-
tion into the etiology of infected bovines is necessary to provide theoretical support and
direction for the treatment of lumpy skin disease. LSDV infection in bovines results in the
formation of characteristic skin lesions, manifested as numerous nodules throughout their
bodies [15-17]. An initial investigation of LSDV in our previous study [18] demonstrated
that a unique UPR strategy favors LSDV replication. However, the role of LSDV-induced
endoplasmic reticulum (ER) stress in host cellular processes is still poorly understood. To
further advance our understanding of LSDV, additional studies focusing on the molecular
mechanisms and interactions between the virus and host cells are warranted. A deeper ex-
ploration of the UPR strategy employed by LSDV and its impact on the cellular machinery
of bovine skin cells could uncover novel targets for therapeutic interventions. Additionally,
investigating the signaling pathways associated with autophagy and ER-related apoptosis
in the context of LSDV infection may shed light on the intricate host-virus dynamics during
disease progression.

To explore ER stress-related cell death process mediated by LSDV, the following
proteins are highlighted: Glucose-regulated protein 78 (GRP78), also known as Bip, is a
molecular chaperone involved in protein folding and assembly. It is primarily located in
the ER and plays a crucial role in regulating ER stress response and maintaining cellular
homeostasis [19]. The CCAAT/enhancer binding protein homologous protein (CHOP)
is a transcription factor that is induced during ER stress. It is considered a key mediator
of ER stress-induced cell death [20]. Caspase-12 is an enzyme belonging to the caspase
family, which plays a critical role in apoptosis, or programmed cell death. Unlike other
caspases, caspase-12 is primarily localized to the ER and is specifically activated during
ER stress-induced apoptosis. When Caspase-12 is cleaved, ER stress-related apoptosis is
activated [21]. Microtubule-Associated Protein 1 Light Chain 3 (LC3) is a protein involved in
autophagy, a cellular process that degrades and recycles damaged organelles and proteins.
During autophagy, LC3 is converted from its cytosolic form (LC3-I) to a lipidated form
(LC3-1I), which associates with autophagosomal membranes. Monitoring LC3 levels is
commonly used as a marker for autophagy activity [22].

In this study, we aimed to replicate LSDV-targeted infection in bovine skin cells,
specifically using primary bovine embryonic fibroblast (BEF) cells. Through our research,
we delved into autophagy driven by LSDV infection and the subsequent activation of
ER-related apoptosis, which play pivotal roles in the cell death induced by LSDV. These
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findings provide compelling evidence that LSDV infection facilitates BEF cell autophagy
and triggers the activation of ER-related apoptosis. Collectively, our results facilitate an
initial characterization of the processes underlying LSDV-induced cell death in BEF cells,
offering potential insights for the development of treatment strategies and laboratory
diagnosis of lumpy skin disease. The devastating economic consequences and the need for
effective control measures necessitate comprehensive research efforts aimed at unraveling
the intricacies of LSDV infection. By understanding the molecular basis of virus-host
interactions and the underlying cellular processes, we can develop targeted strategies for
the prevention, treatment, and laboratory diagnosis of lumpy skin disease.

2. Materials and Methods
2.1. Cell Culture and Virus Infection

The source of BEF cells refers to our previous study [18]. To well culture the BEF cells,
the following procedure was performed. First, 10% fetal bovine serum (FBS) (Gibco, Billings,
MT, USA) and 1% penicillin streptomycin (Gibco, Billings, MT, USA) were supplemented
into Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Billings, MT, USA) for cell
culture. After that, the BEF cells were maintained in a culture environment of 37 °C and
5% COs.

For the LSDV and mock infections, cells grown to approximately 70% confluence
were treated with LSDV at an MOI of 1 or were mock infected with DMEM. After 1 h, the
medium was changed, and the cells were maintained in 2% FBS DMEM.

The virulent LSDV strain LSDV /China/Xinjiang /2019 was provided by the Lanzhou
Veterinary Research Institute, Chinese Academy of Agricultural Sciences. The strain was
cultured and utilized in bio-safety level 3 (BSL-3) laboratories. When terminating experi-
ments, a treatment that contained 2% NaOH was used for LSDV inactivation.

2.2. Transmission Electron Microscope (TEM) Observation

Cell samples were fixed with 2.5% glutaraldehyde, dehydrated, and embedded in
resin for TEM. Ultra-thin sections were prepared using an ultramicrotome, mounted on
TEM grids, and loaded into the HT7800 transmission electron microscope by Hi-tachi.
The microscope operated at optimal settings to illuminate the samples with a high-energy
electron beam. Interactions between electrons and internal structures generated signals
captured by detectors. These signals were converted into images, revealing detailed
information about cellular ultrastructure.

2.3. Antibodies

The primary antibodies used in this study were GAPDH (ab181603, Abcam, Cam-
bridge, UK), GRP78 (31775, CST, Beverly, CA, USA), LC3 (12741S, CST, Beverly, CA, USA),
CHOP (5554S, CST, Beverly, CA, USA), and Caspase-12 (GB111695, Servicebio, Wuhan,
China). The secondary antibodies were Goat Anti-Rabbit IgG H&L (HRP) (ab6721, Abcam,
Cambridge, UK) and Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (ab150077, Abcam,
Cambridge, UK).

2.4. Western Blotting

The complete protocol of Western blotting was conducted as follows. First, the cell
samples were well prepared according to experimental requirements. Next, the cell samples
were washed three times with PBS to adequately remove residual DMEM. To harvest
proteins from the cell samples, cells after washing by PBS were lysed with the RIPA lysis
buffer (P0013B, Beyotime, Shanghai, China) supplemented with a phenylmethylsulfonyl
fluoride (PMSF) protease inhibitor (36978, Thermo, Waltham, MA, USA) and phosphatase
inhibitor cocktail A (50x) (P1082, Beyotime, Shanghai, China). Lysates were transferred into
new tubes, and the protein concentration was quantified via the BCA system. The lysates
supplemented with the loading buffer were then boiled. The proteins were separated at
20 pg per sample by SDS-PAGE, followed by standard Western blotting. In detail, the
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protein sample was subjected to low-voltage electrophoresis at 80 V until it reached the
interface between the concentrating gel and the separating gel. Then, the voltage was
switched to 120 V until the bands ran to the bottom of the gel. After SDS-PAGE, the
protein was transferred to the polyvinylidene fluoride (PVDF) membrane at a constant
current of 250 mA for 55 min. To alleviate non-specific banding, the PVDF membrane
was blocked for 1 h using skim milk powder. Subsequently, the PVDF membrane was cut
according to the target protein and incubated overnight with the primary antibody. After
the incubation of the primary antibody, the PVDF membrane was washed three times by
TBST and then incubated with the secondary antibody for 1 h. After secondary incubation
to target proteins, the PVDF membrane was washed three times with TBST. Finally, the
proteins underwent color development.

2.5. Cell Apoptosis Analysis

To detect LSDV-induced cell apoptosis in BEF cells, the In Situ Cell Death Detection
Kit (11684817910, Roche, Basel, Switzerland) was used to detect cell apoptosis according
to the manufacturer’s instructions. According to the manufacturer’s instructions, when
cells undergo apoptosis, they will exhibit bright green fluorescence under the microscope.
The cells were observed under a DMI 6000B inverted fluorescence microscope (Leica,
Wetzlar, Germany), and the fluorescence intensity was determined using GraphPad Prism
software 6.01 (San Diego, CA, USA).

2.6. Cellular Indirect Immunofluorescence (IFA)

To perform indirect immunofluorescence staining, the following detailed steps were
taken. First, the cell samples were gently washed three times with PBS to remove any debris
or contaminants. Next, the cells were fixed using 4% paraformaldehyde (G1101, Servicebio,
Wuhan, China). After fixing, the samples were washed again three times using PBS to
remove excess paraformaldehyde and any remaining contaminants. To enable antibody
penetration into the cells, the samples were then permeabilized with a permeabilization
solution supplemented with Triton X-100. Following permeabilization, the samples were
washed thrice with PBS to remove residual permeabilization agents. To minimize the
non-specific binding of antibodies, a blocking solution containing 10% goat serum was
used to block the cell samples. After blocking, the samples were incubated with a primary
antibody specific to the target protein of interest. The primary antibody recognizes and
binds to the target protein within the cell. Following primary antibody incubation, the
samples underwent another round of washing three times with PBS to remove unbound
primary antibodies. After that, the cell samples were labeled with Goat Anti-Rabbit IgG
H&L (Alexa Fluor® 488) and washed three times with PBS to remove extra secondary
antibodies. Finally, cell nuclei were counterstained with DAPI (C0065, Solarbio, Beijing,
China). Images were collected using a Leica SP8 confocal laser scanning device.

2.7. Statistical Analysis

Data were presented as the mean and standard deviation (SD). The t-test was per-
formed for all of the statistical analyses using GraphPad Prism software. p values represent
significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001), and ns
indicates no significant difference.

3. Results
3.1. LSDV Elicits Ultrastructural Abnormalities of BEF Cells

The characteristic apparent lesions of the bovine body surface caused by bovine
nodular skin infection are well known, namely, elevated skin nodules. However, there
is a lack of understanding of the ultrastructural changes caused by bovine nodular skin
infections. In particular, is there a compelling phenotype in the ultrastructure that matches
what has been revealed about ER stress? To investigate the effects of LSDV infection on
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the ultrastructure of the host cell, TEM was used to observe the ultrastructure of BEF cells
infected with LSDV and normal (mock infected) cells.

As shown in Figure 1a, the ribosomes attached to the ER (red arrows) were located in
the mock-infected BEF cells, indicating no pathological changes. Conversely, in BEF cells
where virions (the blue arrow) were present, the LSDV infection resulted in an enlarged
ER lumen (red arrows) in BEF cells. Further analysis suggested that the LSDV infection
significantly increased the ER lumen area compared with uninfected BEF cells (Figure 1b).
These phenotypes matched the occurrence of ER stress. Additionally, autophagosomes
(Figure 1a, green arrows) were observed in LSDV-infected BEF cells, indicating that au-
tophagy was occurring. Taken together, the results indicate that LSDV infection led to
abnormal ultrastructural changes, as shown by the enlarged ER lumen and the formation
of autophagosomes.
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Figure 1. Lumpy skin disease virus (LSDV) infection causes abnormal endoplasmic reticulum
(ER) ultrastructure of primary bovine embryonic fibroblast (BEF) cells. (a) Transmission electron
microscopy (TEM) images of LSDV-infected (MOI = 1) and uninfected BEF cells at 96 hpi. The red
arrows indicate the endoplasmic reticulum; the green arrows indicate autophagosomes, and the blue
arrow indicates a virion); (b) ER lumen area of BEF cells infected or uninfected with LSDV (MOI = 1)
at 96 hpi (three fields of view selected at random). The circles indicate mock cells, the triangles
indicate LSDV-infected cells, and the asterisks indicate the significance.

3.2. LSDV Infection Induces BEF Cell Apoptosis

Our previous studies demonstrated that LSDV induces ER stress [18], corresponding
to an ER dilatation phenotype in LSDV-infected BEF cells. Hence, apoptosis driven by the
ER-related death pathway was considered to possibly play a pivotal role in the infection of
BEF cells by LSDV. Before exploring whether ER stress is associated with LSDV-mediated
apoptosis, it is necessary to prove that LSDV infection causes BEF cell apoptosis.

To examine this hypothesis, TUNEL staining was performed by using In Situ Cell
Death Detection Kit to assess the level of apoptosis elicited by LSDV infection. As shown
in Figure 2a,b, LSDV promoted BEF cell apoptosis at 48 h post-infection (hpi) presenting
as highlighted green fluorescence, and this was further aggravated at 96 hpi, suggesting
that LSDV infection indeed contributed to BEF cell apoptosis. These findings provide a
basis for the possibility that LSDV infection may mediate the initiation of ER stress-related
apoptosis programs.

3.3. LSDV Facilitates the Activation of ER Stress-Related Apoptosis in BEF Cells

As mentioned above, LSDV infection triggers ER stress and cell apoptosis in BEF cells,
which raises the following concerns: Does endoplasmic reticulum stress induced by LSDV
infection contribute to the occurrence of apoptosis during LSDV infection in BEF cells?
To confirm the contribution of ER stress to BEF cell apoptosis, we further identified key
markers of ER stress-related cell apoptosis in BEF cells infected with LSDV.
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Figure 2. LSDV infection induces BEF cell apoptosis. (a) BEF cells were infected with LSDV (MOI = 1)
for 0 h, 48 h, and 96 h and then stained with In Situ Cell Death Detection Kit; (b) the fluorescence
intensity was detected to evaluate apoptosis. The dotted lines represent the 0 hpi group.

Using gradient time infection with LSDV, we found that GRP78 expression gradually
increased (Figure 3a,b), indicating that LSDV infection induced ER stress in BEF cells,
especially at 48 hpi and 96 hpi. Meanwhile, the expression of the protein CHODP, a key
apoptotic downstream regulator of ER stress, increased with time, especially at 48 hpi and
96 hpi. However, with LSDV infection, whether in full-length or activated sliced form,
effector Caspase-12 of ER stress-related apoptosis was upregulated at 96 hpi (Figure 3a,b),
indicating that ER stress may not be the only pathway of apoptosis mediated by LSDV. The
expression levels of CHOP and Caspase-12 in LSDV-infected BEF cells were measured; the
results suggested that significant upregulation of CHOP occurred at 48 hpi (Figure 3c,d),
while significant upregulation of Caspase-12 occurred at 96 hpi (Figure 3e,f). Overall, ER
stress-mediated LSDV-induced BEF cell apoptosis, but this was not the only apoptotic
pathway. Intriguingly, endogenous and exogenous apoptosis may be other death pathways
mediated by LSDV.

3.4. LSDV Infection Promotes Autophagy in BEF Cells

Above we demonstrated that LSDV infection promoted ER stress-related apoptosis.
Intriguingly, apoptosis did not appear to be the only pathway toward BEF cell death during
LSDV infection. We observed the presence of autophagosomes in the LSDV-infected BEF
cells in the TEM images (Figure 1a, green arrows), suggesting that autophagy may also be
involved in LSDV-mediated BEF cell death.

To determine whether LSDV induced autophagy in BEF cells, the protein expression
of LC3 (a marker of autophagy) was analyzed in LSDV-infected and uninfected BEF cells,
and the ratio of LC3-II to LC3-I (LC3-II/LC3-I) was calculated to evaluate the level of
autophagy. Notably, during the time course of infection with LSDV, we found that the
ratio of LC3-II /LC3-I was unchanged at 0, 12, 24, and 48 hpi while being increased at
96 hpi (Figure 4a,b), suggesting that LSDV may induce autophagy in BEF cells. To confirm
our findings, two critical time points, 48 h and 96 h, were assessed, and LC3 expression
levels were further examined in infected and uninfected BEF cells. LSDV infection did not
lead to autophagy (no change in the LC3-1I/LC3-I ratio) in BEF cells at 48 hpi (Figure 4c,d).
In contrast, the LC3-II/LC3-I ratio was significantly increased at 96 hpi compared with
uninfected BEF cells (Figure 4e,f), indicating that autophagy occurred at 96 hpi. To visualize
the autophagy, LC3 was fluorescently labeled, and the number of autophagy spots was
counted. As described previously, at 48 hpi, no clear LC3 spots were observed in either
LSDV-infected or uninfected BEF cells (Figure 5a). Remarkably, more than 20 LC3 spots
were visible in BEF cells at 96 hpi, while no LC3 spots were observed in the mock-infected
BEF cells (Figure 5b,c), again demonstrating autophagy in BEF cells at 96 h after LSDV
infection. Taken together, the results indicate that in addition to inducing apoptosis, LSDV
infection was also able to initiate autophagy in BEF cells. The determination of life processes
mediated by distinct cell death programs in host cells will aid in the diagnosis and treatment
of lumpy skin disease.
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Figure 3. LSDV infection facilitates the activation of ER stress-related cell apoptosis in BEF cells.
(a,b) BEF cells were infected with LSDV (MOI = 1) for 0 h, 12 h, 24 h, 48 h, and 96 h. Subsequently,
proteins were harvested for performing Western blotting to detect ER stress-related cell apoptosis.
The dotted lines represent the 0 hpi group; (c,d) BEF cells were mock infected or infected with LSDV
(MOI =1) for 48 h, and then proteins were harvested to demonstrate that ER stress-related apoptosis
was not activated (n = 3). The dotted lines represent the mock-infected group. The circles indicate
mock cells, the triangles indicate LSDV-infected cells, the asterisks indicate the significance and the
ns indicates no significance; (e,f) BEF cells were mock infected or infected with LSDV (MOI = 1) for
96 h, and then proteins were harvested to demonstrate that ER stress-related apoptosis was activated
(n = 3). The dotted lines represent the mock-infected group. The circles indicate mock cells, the
triangles indicate LSDV-infected cells, and the asterisks indicate the significance.
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Figure 4. LSDV infection promotes BEF cell autophagy. (a,b) BEF cells were infected with LSDV
(MOI'=1) for 0 h, 12 h, 24 h, 48 h, and 96 h. Proteins were harvested for performing Western blotting
to detect the expression of the autophagy marker protein Microtubule-Associated Protein 1 Light
Chain 3 (LC3) and the ratio of LC3-II/LC3-I (gray value) was analyzed; (c¢,d) BEF cells were mock
infected or infected with LSDV (MOI = 1) for 48 h, and then proteins were harvested to demonstrate
that autophagy was not activated (n = 3). The circles indicate mock cells, the triangles indicate LSDV-
infected cells, and the ns indicates no significance; (e,f) BEF cells were mock infected or infected
with LSDV (MOI = 1) for 96 h, and then proteins were harvested to demonstrate that autophagy was
activated (n = 3). The circles indicate mock cells, the triangles indicate LSDV-infected cells, and the
asterisks indicate the significance.
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Figure 5. LSDV infection forms LC3 fluorescent spots. (a,b) BEF cells were mock infected or infected
with LSDV (MOI = 1) for 48 h or 96 h. LC3 was fluorescently labeled to detect the formation of LC3
fluorescent spots. The red arrows indicate LC3 fluorescent spots; (c) the number of LC3 fluorescent
spots in image (b) was counted.

4. Discussion

Throughout history, numerous members of the poxvirus family have caused harm
to human and animal health [23-26]. Well-known examples are the eradicated smallpox
and the ongoing mpox epidemic. Smallpox had been with humans for centuries [27,28],
killing hundreds of millions of people before being declared eradicated by the World Health
Organization (WHO) in the late 20th century [29-31]. Unfortunately, mpox resurfaced
just as COVID-19 was in decline, and the virus was declared a public health emergency
of international concern by the WHO in 2022 [32-34], suggesting that a new poxvirus
epidemic may be underway. The continued occurrence of these public health events
raises concerns about the spread of the virus and requires researchers to deepen their
understanding of virology. Absolutely, exploratory research based on poxvirus is in line
with the current public health environment, and multidimensional research on poxvirus
will aid in understanding and solving the public health risks caused by poxvirus. Hence,
the analysis and investigation of infectious processes of poxvirus member lumpy skin
disease virus will contribute to understanding and responding to viral disease outbreaks
especially the challenges from the poxvirus members.

LSDV, a pivotal member of Capripoxvirus, can be economically devastating in its
damage to cattle hides, cattle reproduction, and milk quality [35-37]. Ongoing research
endeavors aim to develop more effective vaccines and diagnostic tools to combat lumpy
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skin disease. Although the prevention-based concept is widely embraced in the field of
virus prevention and control, particularly for DNA viruses, it remains crucial to analyze
the disease process induced by the virus itself. This analysis holds immense significance as
it offers valuable insights into the diagnosis and treatment of viral diseases. Meanwhile,
collaboration between veterinary authorities, farmers, and international organizations is
essential to successfully manage and eradicate this disease, preserving the health and pro-
ductivity of cattle populations worldwide. However, it is still unclear how LSDV interacts
with host cells, especially the target BEF cells. In a prior study, we demonstrated that LSDV
infection activates all three branches of the unfolded protein response in BEF cells [18].
Among these activated signals, protein kinase RNA-like ER kinase (PERK) activation is
involved in mediating CHOP expression, an important regulator of ER stress-related apop-
tosis [38,39]. Here, TEM was performed to further visualize the abnormal ER ultrastructure
in LSDV-infected BEF cells, presenting as an enlarged endoplasmic reticulum lumen com-
pared with normal BEF cells. ER imbalance was further demonstrated. To confirm the
relationship between ER stress and cell apoptosis during LSDV infection, we first demon-
strated that apoptosis did occur during LSDV infection, being observed at 48 hpi and 96 hpi.
However, our study showed that ER-related apoptosis was activated only at 96 hpi, sug-
gesting that ER-related apoptosis was only involved in late LSDV-mediated apoptosis and
that other processes such as endogenous (mitochondrial pathway) and exogenous (death
receptor pathway) apoptosis may be involved in early LSDV-induced apoptosis. These
findings reveal additional pathways by which LSDV may mediate apoptosis. In addition,
we observed the presence of autophagosomes in the LSDV-infected BEF cells at 96 hpi via
TEM images, suggesting a possible occurrence of autophagy during LSDV infection. The
increased LC3-II/LC3-I ratio and LC3 fluorescent spot formation in LSDV-infected BEF cells
implied that autophagy played an important role in the infection process of LSDV. Despite
the presence of autophagy after infection with LSDV in BEF cells, no previous studies
have shown that autophagy is directly related to poxvirus replication [40,41]. Therefore,
autophagy can be considered to play a role in maintaining the cellular environmental
balance and providing cell substrates. Autophagy represents another pathway for cell
death induced by LSDV in addition to apoptosis in BEF cells.

Collectively, our study shows that the induction of apoptosis and autophagy are
crucial mechanisms underlying cell death in BEF cells during LSDV infection. These
findings shed light on the intricate host cell processes modulated by LSDV, leading to a
better understanding of the pathogenesis of lumpy skin disease. Furthermore, our results
hold significance for laboratory diagnosis of this disease. By elucidating the involvement
of apoptosis and autophagy in LSDV-infected cells, we provide valuable insights for
developing diagnostic assays and markers specific to lumpy skin disease. This knowledge
can aid in the timely detection and accurate identification of infected animals, facilitating
effective disease control and prevention strategies. Moreover, our research may even
contribute to the broader poxvirus field, which aims to contribute to efforts to combat
poxvirus infections and improve public health.

Author Contributions: Conceptualization, ].T. and Y.L.; methodology, W.L. and Y.Z.; software, G.C.,
Y.F. and X.H.; validation and formal analysis, ].T. and Y.L.; investigation, J.T.; writing—original draft
preparation, J.T.; writing—review and editing, Z.]J.; funding acquisition, Z.J. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Special Project for Monitoring and Prevention of
Animal Epidemics (125161031) and the independent project of the State Key Laboratory of Pathogenic
Biology of Animal Diseases (SKLVEB2021CGQDO03).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Microorganisms 2023, 11, 1883 11 of 12

Acknowledgments: Thanks for the support of the research platform of Lanzhou Veterinary Research
Institute and the project sponsor.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

Khan, Y.R; Ali, A.; Hussain, K,; [jaz, M.; Rabbani, A.H.; Khan, R.L.; Abbas, S.N.; Aziz, M.U.; Ghaffar, A.; Sajid, H.A. A review:
Surveillance of lumpy skin disease (LSD) a growing problem in Asia. Microb. Pathog. 2021, 158, 105050. [CrossRef]

Hunter, P.; Wallace, D. Lumpy skin disease in southern Africa: A review of the disease and aspects of control. J. S. Afr. Vet. Assoc.
2001, 72, 68-71. [CrossRef]

Tuppurainen, E.S.; Oura, C.A. Review: Lumpy skin disease: An emerging threat to Europe, the Middle East and Asia. Transbound.
Emerg. Dis. 2012, 59, 40-48. [CrossRef] [PubMed]

Ratyotha, K.; Prakobwong, S.; Piratae, S. Lumpy skin disease: A newly emerging disease in Southeast Asia. Vet. World 2022, 15,
2764-2771. [CrossRef]

Whittle, L.; Chapman, R.; Williamson, A.L. Lumpy Skin Disease-An Emerging Cattle Disease in Europe and Asia. Vaccines 2023,
11, 578. [CrossRef] [PubMed]

Yeruham, I.; Nir, O.; Braverman, Y.; Davidson, M.; Grinstein, H.; Haymovitch, M.; Zamir, O. Spread of lumpy skin disease in
Israeli dairy herds. Vet. Rec. 1995, 137, 91-93. [CrossRef]

Tageldin, M.H.; Wallace, D.B.; Gerdes, G.H.; Putterill, ].F.; Greyling, R.R.; Phosiwa, M.N.; Al Busaidy, R.M.; Al Ismaaily, S.I
Lumpy skin disease of cattle: An emerging problem in the Sultanate of Oman. Trop. Anim. Health Prod. 2014, 46, 241-246.
[CrossRef]

Tsai, K.J.; Tu, Y.C.; Wu, C.H.; Huang, C.W.; Ting, L.J.; Huang, Y.L.; Pan, C.H.; Chang, C.Y.; Deng, M.C.; Lee, F. First detection
and phylogenetic analysis of lumpy skin disease virus from Kinmen Island, Taiwan in 2020. J. Vet. Med. Sci. 2022, 84, 1093-1100.
[CrossRef] [PubMed]

Abutarbush, S.M.; Ababneh, M.M.; Al Zoubi, I.G.; Al Sheyab, O.M.; Al Zoubi, M.G.; Alekish, M.O.; Al Gharabat, R.J. Lumpy Skin
Disease in Jordan: Disease Emergence, Clinical Signs, Complications and Preliminary-associated Economic Losses. Transbound.
Emerg. Dis. 2015, 62, 549-554. [CrossRef]

Santhamani, R.; Yogisharadhya, R.; Venkatesan, G.; Shivachandra, S.B.; Pandey, A.B.; Ramakrishnan, M.A. Molecular characteri-
zation of Indian sheeppox and goatpox viruses based on RPO30 and GPCR genes. Virus Genes 2014, 49, 286-291. [CrossRef]
Sumana, K.; Revanaiah, Y.; Shivachandra, S.B.; Mothay, D.; Apsana, R.; Saminathan, M.; Basavaraj, S.; Reddy, G.B.M. Molecular
phylogeny of Capripoxviruses based on major immunodominant protein (P32) reveals circulation of host specific sheeppox
and goatpox viruses in small ruminants of India. Infect. Genet. Evol. ]. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2020, 85, 104472.
[CrossRef] [PubMed]

Sprygin, A.; Pestova, Y.; Bjadovskaya, O.; Prutnikov, P.; Zinyakov, N.; Kononova, S.; Ruchnova, O.; Lozovoy, D.; Chvala, I;
Kononov, A. Evidence of recombination of vaccine strains of lumpy skin disease virus with field strains, causing disease. PLoS
ONE 2020, 15, €0232584. [CrossRef] [PubMed]

Hamdi, J.; Bamouh, Z.; Jazouli, M.; Boumart, Z.; Tadlaoui, K.O.; Fihri, O.F,; El Harrak, M. Experimental evaluation of the
cross-protection between Sheeppox and bovine Lumpy skin vaccines. Sci. Rep. 2020, 10, 8888. [CrossRef] [PubMed]

Kumar, N.; Barua, S.; Kumar, R.; Khandelwal, N.; Kumar, A.; Verma, A.; Singh, L.; Godara, B.; Chander, Y.; Kumar, G.; et al.
Evaluation of the safety, immunogenicity and efficacy of a new live-attenuated lumpy skin disease vaccine in India. Virulence
2023, 14, 2190647. [CrossRef]

Davies, EG. Lumpy skin disease, an African capripox virus disease of cattle. Br. Vet. J. 1991, 147, 489-503. [CrossRef]

Kononov, A.; Prutnikov, P.; Shumilova, I.; Kononova, S.; Nesterov, A.; Byadovskaya, O.; Pestova, Y.; Diev, V.; Sprygin, A.
Determination of lumpy skin disease virus in bovine meat and offal products following experimental infection. Transbound.
Emerg. Dis. 2019, 66, 1332-1340. [CrossRef]

Hasib, EM.Y,; Islam, M.S.; Das, T.; Rana, E.A.; Uddin, M.H.; Bayzid, M.; Nath, C.; Hossain, M.A.; Masuduzzaman, M.; Das, S.; et al.
Lumpy skin disease outbreak in cattle population of Chattogram, Bangladesh. Vet. Med. Sci. 2021, 7, 1616-1624. [CrossRef]
Tan, J.; Liu, Y.; Yang, E; Chen, G; Fang, Y.; He, X; Lou, Z,; Jia, H.; Jing, Z.; Li, W. Emerging evidence for poxvirus-mediated
unfolded protein response: Lumpy skin disease virus maintains self-replication by activating PERK and IRE1 signaling. FASEB J.
Off. Publ. Fed. Am. Soc. Exp. Biol. 2023, 37, €22902. [CrossRef]

Fu, X; Liu, J; Liu, D.; Zhou, Y,; Guo, Y.; Wang, Z.; Yang, S.; He, W.; Chen, P; Wang, X,; et al. Glucose-regulated protein 78
modulates cell growth, epithelial-mesenchymal transition, and oxidative stress in the hyperplastic prostate. Cell Death Dis. 2022,
13,78. [CrossRef]

Hu, H,; Tian, M.; Ding, C.; Yu, S. The C/EBP Homologous Protein (CHOP) Transcription Factor Functions in Endoplasmic
Reticulum Stress-Induced Apoptosis and Microbial Infection. Front. Immunol. 2018, 9, 3083. [CrossRef] [PubMed]

Wang, W.; Zhang, Y.; Wang, Z.; Liu, X.; Lu, S.; Hu, X. A Native Drug-Free Macromolecular Therapeutic to Trigger Mutual
Reinforcing of Endoplasmic Reticulum Stress and Mitochondrial Dysfunction for Cancer Treatment. ACS Nano 2023, 17,
11023-11038. [CrossRef] [PubMed]


https://doi.org/10.1016/j.micpath.2021.105050
https://doi.org/10.4102/jsava.v72i2.619
https://doi.org/10.1111/j.1865-1682.2011.01242.x
https://www.ncbi.nlm.nih.gov/pubmed/21749675
https://doi.org/10.14202/vetworld.2022.2764-2771
https://doi.org/10.3390/vaccines11030578
https://www.ncbi.nlm.nih.gov/pubmed/36992162
https://doi.org/10.1136/vr.137.4.91
https://doi.org/10.1007/s11250-013-0483-3
https://doi.org/10.1292/jvms.21-0649
https://www.ncbi.nlm.nih.gov/pubmed/35691931
https://doi.org/10.1111/tbed.12177
https://doi.org/10.1007/s11262-014-1095-3
https://doi.org/10.1016/j.meegid.2020.104472
https://www.ncbi.nlm.nih.gov/pubmed/32711078
https://doi.org/10.1371/journal.pone.0232584
https://www.ncbi.nlm.nih.gov/pubmed/32401805
https://doi.org/10.1038/s41598-020-65856-7
https://www.ncbi.nlm.nih.gov/pubmed/32483247
https://doi.org/10.1080/21505594.2023.2190647
https://doi.org/10.1016/0007-1935(91)90019-J
https://doi.org/10.1111/tbed.13158
https://doi.org/10.1002/vms3.524
https://doi.org/10.1096/fj.202300028R
https://doi.org/10.1038/s41419-022-04522-4
https://doi.org/10.3389/fimmu.2018.03083
https://www.ncbi.nlm.nih.gov/pubmed/30662442
https://doi.org/10.1021/acsnano.3c03450
https://www.ncbi.nlm.nih.gov/pubmed/37257082

Microorganisms 2023, 11, 1883 12 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mareninova, O.A.; Jia, W.; Gretler, S.R.; Holthaus, C.L.; Thomas, D.D.H.; Pimienta, M.; Dillon, D.L.; Gukovskaya, A.S,;
Gukovsky, I.; Groblewski, G.E. Transgenic expression of GFP-LC3 perturbs autophagy in exocrine pancreas and acute pan-
creatitis responses in mice. Autophagy 2020, 16, 2084-2097. [CrossRef]

Vorou, R.M.; Papavassiliou, V.G.; Pierroutsakos, LN. Cowpox virus infection: An emerging health threat. Curr. Opin. Infect. Dis.
2008, 21, 153-156. [CrossRef]

Caravaglio, ]J.V.; Khachemoune, A. Orf Virus Infection in Humans: A Review with a Focus on Advances in Diagnosis and
Treatment. J. Drugs Dermatol. [DD 2017, 16, 684-689. [PubMed]

Petersen, E.; Kantele, A.; Koopmans, M.; Asogun, D.; Yinka-Ogunleye, A.; Ihekweazu, C.; Zumla, A. Human Monkeypox:
Epidemiologic and Clinical Characteristics, Diagnosis, and Prevention. Infect. Dis. Clin. N. Am. 2019, 33, 1027-1043. [CrossRef]
[PubMed]

MacIntyre, C.R. Reevaluating the Risk of Smallpox Reemergence. Mil. Med. 2020, 185, €952—-€957. [CrossRef] [PubMed]
Meseda, C.A.; Weir, ].P. Third-generation smallpox vaccines: Challenges in the absence of clinical smallpox. Future Microbiol.
2010, 5, 1367-1382. [CrossRef]

Theves, C.; Biagini, P.; Crubézy, E. The rediscovery of smallpox. Clin. Microbiol. Infect. 2014, 20, 210-218. [CrossRef] [PubMed]
Ginglen, ].G.; Doyle, M.Q. Immunization. In StatPearls; StatPearls Publishing LLC.: St. Petersburg, FL, USA, 2023.

Meyer, H.; Ehmann, R.; Smith, G.L. Smallpox in the Post-Eradication Era. Viruses 2020, 12, 138. [CrossRef]

Zafar, S.J.; Shishido, A.A. Smallpox as a Bioagent: A Refresher and Update for the SOF Provider. J. Spec. Oper. Med. A Peer Rev. ].
SOF Med. Prof. 2022, 22, 124-128. [CrossRef]

Rahi, M,; Joy, S.; Sharma, A. Public Health Challenges in the Context of the Global Spread of Mpox Infections. Am. J. Trop. Med.
Hyg. 2023, 108, 641-645. [CrossRef]

Aden, D.; Zaheer, S.; Kumar, R.; Ranga, S. Monkeypox (Mpox) outbreak during COVID-19 pandemic—Past and the future. J. Med.
Virol. 2023, 95, €28701. [CrossRef] [PubMed]

Sohal, P; Gupta, A.; Gupta, S.; Gupta, V.; Jain, R; Jain, R. Monkeypox: Another pandemic in the making? Bayl. Univ. Med. Cent.
Proc. 2023, 36, 370-374. [CrossRef] [PubMed]

Shalaby, M.A.; El-Deeb, A.; El-Tholoth, M.; Hoffmann, D.; Czerny, C.P.; Hufert, ET.; Weidmann, M.; Abd El Wahed, A.
Recombinase polymerase amplification assay for rapid detection of lumpy skin disease virus. BMC Vet. Res. 2016, 12, 244.
[CrossRef] [PubMed]

Annandale, C.H.; Smuts, M.P.; Ebersohn, K.; du Plessis, L.; Thompson, P.N.; Venter, E.H.; Stout, T.A.E. Effect of using frozen-
thawed bovine semen contaminated with lumpy skin disease virus on in vitro embryo production. Transbound. Emerg. Dis. 2019,
66, 1539-1547. [CrossRef] [PubMed]

Milovanovi¢, M.; Milicevi¢, V.; Radojici¢, S.; Val¢i¢, M.; Hoffmann, B.; Dietze, K. Suitability of individual and bulk milk samples to
investigate the humoral immune response to lumpy skin disease vaccination by ELISA. Virol. J. 2020, 17, 28. [CrossRef] [PubMed]
Verfaillie, T.; Rubio, N.; Garg, A.D.; Bultynck, G.; Rizzuto, R.; Decuypere, ].P.; Piette, J.; Linehan, C.; Gupta, S.; Samali, A.; et al.
PERK is required at the ER-mitochondrial contact sites to convey apoptosis after ROS-based ER stress. Cell Death Differ. 2012, 19,
1880-1891. [CrossRef]

Ji, C.; Mehrian-Shai, R.; Chan, C.; Hsu, Y.H.; Kaplowitz, N. Role of CHOP in hepatic apoptosis in the murine model of intragastric
ethanol feeding. Alcohol. Clin. Exp. Res. 2005, 29, 1496-1503. [CrossRef]

Zhang, H.; Monken, C.E.; Zhang, Y.; Lenard, J.; Mizushima, N.; Lattime, E.C.; Jin, S. Cellular autophagy machinery is not required
for vaccinia virus replication and maturation. Autophagy 2006, 2, 91-95. [CrossRef]

Moloughney, J.G.; Monken, C.E.; Tao, H.; Zhang, H.; Thomas, ].D.; Lattime, E.C.; Jin, S. Vaccinia virus leads to ATG12-ATG3
conjugation and deficiency in autophagosome formation. Autophagy 2011, 7, 1434-1447. [CrossRef]

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


https://doi.org/10.1080/15548627.2020.1715047
https://doi.org/10.1097/QCO.0b013e3282f44c74
https://www.ncbi.nlm.nih.gov/pubmed/28697220
https://doi.org/10.1016/j.idc.2019.03.001
https://www.ncbi.nlm.nih.gov/pubmed/30981594
https://doi.org/10.1093/milmed/usaa084
https://www.ncbi.nlm.nih.gov/pubmed/32373931
https://doi.org/10.2217/fmb.10.98
https://doi.org/10.1111/1469-0691.12536
https://www.ncbi.nlm.nih.gov/pubmed/24438205
https://doi.org/10.3390/v12020138
https://doi.org/10.55460/FIIV-8Z9P
https://doi.org/10.4269/ajtmh.22-0596
https://doi.org/10.1002/jmv.28701
https://www.ncbi.nlm.nih.gov/pubmed/36951352
https://doi.org/10.1080/08998280.2023.2188542
https://www.ncbi.nlm.nih.gov/pubmed/37091775
https://doi.org/10.1186/s12917-016-0875-5
https://www.ncbi.nlm.nih.gov/pubmed/27806722
https://doi.org/10.1111/tbed.13179
https://www.ncbi.nlm.nih.gov/pubmed/30892826
https://doi.org/10.1186/s12985-020-01298-x
https://www.ncbi.nlm.nih.gov/pubmed/32138740
https://doi.org/10.1038/cdd.2012.74
https://doi.org/10.1097/01.alc.0000174691.03751.11
https://doi.org/10.4161/auto.2.2.2297
https://doi.org/10.4161/auto.7.12.17793

	Introduction 
	Materials and Methods 
	Cell Culture and Virus Infection 
	Transmission Electron Microscope (TEM) Observation 
	Antibodies 
	Western Blotting 
	Cell Apoptosis Analysis 
	Cellular Indirect Immunofluorescence (IFA) 
	Statistical Analysis 

	Results 
	LSDV Elicits Ultrastructural Abnormalities of BEF Cells 
	LSDV Infection Induces BEF Cell Apoptosis 
	LSDV Facilitates the Activation of ER Stress-Related Apoptosis in BEF Cells 
	LSDV Infection Promotes Autophagy in BEF Cells 

	Discussion 
	References

