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Abstract

Background and Aim. Monkeypox virus has recently re-emerged as one of the most significant
zoonotic pathogens and a major global public health concern. Due to its genetic and antigenic similarity
to other members of the Orthopoxvirus genus, the use of model viruses is essential for the development
of vaccines and diagnostic approaches. In this context, Vaccinia virus is widely regarded as a key model
system for Orthopoxvirus research and is extensively used in the development of vaccines and diagnostic
tools. The aim of this study was to determine the optimal conditions for the cultivation of vaccinia virus.

Materials and Methods. Vaccinia virus was cultivated in Vero, HelLa, and LK cell lines. Viral
replication activity was evaluated based on cytopathic effect observed in cell cultures and the level
of viral biological activity. In addition, the effects of fetal bovine serum concentration, multiplicity of
infection, and incubation temperature on viral replication were investigated. For each parameter, the
efficiency of viral propagation was comparatively analyzed to determine optimal cultivation conditions.

Results. The results demonstrated that the highest level of viral replication was observed in HeLa
cells. The optimal infection dose for efficient viral propagation was determined to be 0.00369 TCIDso/
cell. Furthermore, 2% fetal bovine serum was sufficient to ensure stable and efficient viral growth. The
most favorable incubation temperature was 37 °C, which supported the maintenance of viral biological
activity.

Conclusion. The optimized cultivation conditions identified in this study enable efficient biomass
production of vaccinia virus. These findings provide an important scientific basis for further fundamental
and applied research on Orthopoxviruses, including the development of vaccines and diagnostic systems.

Keywords: cultivation parameters; biological activity; Orthopoxvirus; vaccinia virus; temperature.

Introduction

Monkeypox is a zoonotic infectious disease caused by the monkeypox virus, a member of the
genus Orthopoxvirus. The virus demonstrates a high degree of genetic homology with other clinically
significant Orthopoxviruses, including variola virus, vaccinia virus, and cowpox virus [1]. Members
of the Orthopoxvirus genus are characterized by their high pathogenic potential for both humans and
animals, represent a continuing concern for public health and veterinary medicine.
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Historically, variola virus, the causative agent of smallpox, was responsible for widespread epidemics
over several centuries, leading to significant morbidity and mortality worldwide. Following the global
vaccination campaign, smallpox was officially declared eradicated in 1980 [2]. Nevertheless, the continued
existence of related Orthopoxviruses in natural animal reservoirs sustains the risk of zoonotic transmission,
and sporadic epizootic and zoonotic cases are still reported in endemic regions [3].

Initially, the zoonotic nature of monkeypox was identified in the Democratic Republic of the
Congo, whereas evidence of human-to-human transmission was subsequently reported in Abia State in
southeastern Nigeria [4, 5]. By the end of the 20th century, the epidemiological profile of monkeypox
had expanded, and the first documented fatal cases were recorded [6]. In the early 21st century, the
geographic spread of the virus extended to a transcontinental level, with confirmed cases reported in
the United States and the United Kingdom [7, 8]. In 2022, outbreaks of the disease were reported
across multiple countries within the European Union [9, 10], prompting the World Health Organization
(WHO) to declare monkeypox a Public Health Emergency of International Concern. This decision
was prompted by the spread of the infection beyond previously endemic regions and the need for a
coordinated global response [11].

Vaccinia virus historically played a crucial role in the eradication of variola virus, which induces
a robust immune response and enabled the interruption of smallpox transmission [12]. Based on this
virus, first-generation vaccines such as Dryvax and Lister were developed in the mid-20" century,
making a decisive contribution to global vaccination campaigns and the eventual eradication of variola
virus [13]. A later improved vaccine, ACAM2000, demonstrates high immunogenicity; however, its
use is limited by safety concerns, as it is a replication-competent virus [14]. Next-generation vaccines,
including JYNNEOS and MVA-BN, based on the modified vaccinia Ankara strain, are characterized by
strong immunogenicity and improved safety profiles, allowing their use even in immunocompromised
individuals. Notably, the JYNNEOS vaccine has demonstrated high efficacy in the prevention of
monkeypox [15].

In addition, vaccinia virus antigens are widely used in the diagnosis of monkeypox. Several studies
have demonstrated that vaccinia virus antigens exhibit high sensitivity in detecting the humoral immune
response induced by monkeypox virus infection [16—18]. Moreover, neutralizing antibodies generated
against vaccinia virus have been shown to effectively neutralize monkeypox virus in neutralization
assays [19].

Cell culture systems and cultivation conditions for vaccinia virus propagation have been previously
described in the scientific literature [20-22]. Therefore, the significance of the present study lies in the
investigation of the cultural properties of the vaccinia virus strain in order to obtain a highly biologically
active viral suspension for further application in the development of diagnostic methods.

Thus, the presented data indicate that vaccinia virus represents an important biological agent in the
context of biosafety related to Orthopoxvirus infections. Accordingly, the maintenance, cultivation, and
investigation of this virus are of significant importance for scientific research.

The aim of this study was to select an optimal system and parameters for the cultivation of vaccinia virus.

Materials and Methods

Refreshing of the museum strain

In the first stage of the study, vaccinia virus was passaged in lamb kidney (LK) cell culture. Cells
were grown in 25 cm? culture flasks using Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum, antibiotics (penicillin, 100 IU/mL; streptomycin, 100 png/mL), and 1%
L-glutamine. Prior to infection, the cell monolayer was washed with phosphate-buffered saline (PBS),
after which a virus-containing suspension was added, and adsorption was carried out at 37 °C for 1 h.
Subsequently, maintenance medium (DMEM containing 2% serum) was added, and the cultures were
incubated at 37 °C in a humidified atmosphere with 5% CO,,.

A total of three consecutive passages of the virus were performed as cytopathic effects (CPE)
developed, with daily microscopic monitoring of their progression.

Selection of cell cultures and optimization of vaccinia virus cultivation conditions

In order to select the most suitable cell line providing efficient viral replication, both continuous
and primary trypsinized cell cultures maintained at the Laboratory of Cell Biotechnology (RIBSP) were
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used. The study employed African green monkey kidney (Vero), human cervical carcinoma (HeLa), and
lamb kidney (LK) cell lines.

The susceptibility of cell cultures to the virus was assessed by infecting monolayers of Vero, HeLa,
and LK cells, followed by incubation at 37 °C in a 5% CO, atmosphere for 5 days, with daily microscopic
observation of the development of CPE. To optimize infection conditions, cells were infected at doses
ranging from 0.000369 to 3.69 TCIDso/cell, and the effects of temperature (33 = 0.5 °C, 36.5 + 0.5 °C,
and 39 + 0.5 °C) and serum concentration (2.5%, 10%) on the development of viral infection.

Determination of the biological activity of the viral strain under study

The infectious activity of the virus was determined by cell culture titration. The infectious titer was
calculated using the Reed and Muench method and expressed in Ig TCIDso/cm®.

Statistical analysis of data

Statistical analysis of the data was performed using GraphPad Prism software. Differences between
groups were evaluated and considered statistically significant at p < 0.05.

Results

Vacciniavirus was passaged sequentially in LK cell culture to assess the dynamics of CPE development
and viral adaptation to the cellular system. During cultivation, daily microscopic observations were
performed to monitor the condition of the cell monolayer and the degree of morphological changes.

During the first passage, CPE was weakly expressed and minimal within the initial 1-2 days. By
day 4, CPE development reached approximately 30-40%, indicating the onset of active virus —cell
interaction. By day 6, the level of cell monolayer destruction increased to 60—70%, reflecting pronounced
viral replication in the system. The dynamics of viral growth during the first passage are presented in
Figure 1, illustrating the temporal development of the cytopathic process.

During the first passage, CPE was weakly expressed and minimal within the initial 1-2 days. By
day 4, CPE development reached approximately 30-40%, indicating the onset of active virus —cell
interaction. By day 6, the level of cell monolayer destruction increased to 60—70%, reflecting pronounced
viral replication in the system. The dynamics of viral growth during the first passage are presented in
Figure 1, illustrating the temporal development of the cytopathic process.
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Figure 1. Cytopathic effect of vaccinia virus in LK cell culture during the first passage (%2000)

During the study, the smallpox vaccine virus was cultured in monolayers of Vero, HeLa, LK cell
lines, with successive passages and assessment of the dynamics of CPE.

In the first passage, the development of CPE in the studied cell cultures was gradual. In the Vero
culture, the first signs of cytopathic changes were observed on day 3, whereas in HeLa cells, cytopathic
effects were detected as early as day 2, and in the LK culture — on day 3. By day 6 of cultivation, the
degree of monolayer damage reached 70-80% in all cell types, indicating active viral replication.

In the second passage, an acceleration of CPE development was observed in all investigated cell
lines; however, the dynamics of its manifestation varied depending on the cell type. In Vero cells,
CPE was detected on day 2, with pronounced monolayer destruction (80-90%) observed by day 4 of
cultivation. In HeLa cells, initial signs of CPE also appeared on day 2, while the maximum level of cell
damage (80—90%) was recorded by day 3. In LK cells, CPE development occurred slightly more slowly:
initial changes were observed on day 2, whereas pronounced CPE reaching 80-90% was achieved by
day 5 of cultivation.
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In the third passage, a similar trend of accelerated CPE development was observed in all investigated
cell lines. The cytopathic effect during the third passage is shown in Figure 2.

0 day 2 day 4 day
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Figure 2. Morphological changes in cell cultures infected with vaccinia virus during the third passage

The obtained results indicate that the most pronounced replication of vaccinia virus was observed in
HeLa cell culture, where cytopathic effect developed more rapidly compared to the other investigated
cell lines. The infectivity data confirmed these observations: the highest viral titer was recorded in HeLa
cells, reaching 8.50 + 0.083 lg TCIDso/cm?, whereas lower values were obtained in Vero and lamb
kidney (LK) cells, amounting to 5.75 + 0.08 and 6.33 = 0.08 Ig TCIDso/cm?, respectively. The dynamics
of vaccinia virus biological activity are presented in Figure 3.
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Figure 3. Dynamics of the biological activity of vaccinia virus
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The infectious dose of vaccinia virus in HeLa cell culture was determined. It was established that
viral biological activity depends on the magnitude of the infectious dose. At high virus concentrations
(3.69; 0.369; 0.0369; and 0.00369 TCIDso/cell), a stable high level of biological activity was observed,
with an infectious titer of 8.16 + 0.083 Ig TCIDso/cm®. When the dose was reduced to 0.000369 TCIDso/
cell, the infectious activity decreased to 6.6 + 0.016 1g TCIDso/cm?®, accompanied by a reduction in the
severity of CPE (Figure 4).

Based on the obtained results, an infectious dose of 0.00369 TCIDso/cell was selected as the optimal
condition, under which stable levels of biological activity and pronounced CPE of vaccinia virus were
maintained.
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Figure 4. Dynamics of vaccinia virus biological activity at different infectious doses

During the selection of fetal bovine serum concentration in the culture medium, it was found that
the biological activity of vaccinia virus showed only minor variation depending on serum content. At
2% and 5% FBS, the biological activity was 7.5 = 0.083 1g TCIDso/cm?, whereas at 10% FBS it reached
8.00 Ig TCIDso/cm®. No significant differences were observed between the tested conditions (Figure 5).

Thus, a 2% FBS concentration was determined to be optimal, as it ensures a sufficient level of viral
biological activity while allowing more economical use of culture medium components.
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Figure 5. Biological activity of vaccinia virus at different fetal bovine serum concentrations

In the experiment aimed at determining the optimal cultivation temperature for the Orthopoxvirus
strain, three temperature regimes (33 °C, 37 °C, and 39 °C) were evaluated. Cell monolayers were
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infected with vaccinia virus at an infectious dose of 0.00369 TCIDso/cell, followed by incubation under
the specified temperature conditions.

It was established that viral biological activity depended on the incubation temperature. At 33 °C,
the infectious titer was 3.75 + 0.25 Ig TCIDso/cm?, whereas at 39 °C it reached 6.5 + 0.00 lg TCIDso/cm’.
The highest viral activity was observed at 37 °C, where the titer reached 7.50 1g TCIDso/cm?. These
results indicate that 37 °C is the optimal temperature for virus cultivation. The results are presented
in Figure 6.
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Figure 6. Biological activity of vaccinia virus at different cultivation temperatures

Discussion

Monkeypox, caused by viruses of the genus Orthopoxvirus, has recently regained significant
scientific attention due to changes in its epidemiological pattern. In this context, vaccinia virus represents
an important model for studying the biology of Orthopoxviruses, including viral replication mechanisms
and theoptimization of cultivation conditions.

The results of the present study demonstrated that vaccinia virus efficiently replicates in various
cell cultures; however, the level of replication is strongly dependent on the cell line used. The highest
biological activity and the most rapid development of CPE were observed in HeLa cells, indicating
their high susceptibility to the virus. These findings are consistent with classical studies showing that
continuous cell lines provide more efficient viral replication compared to primary cultures [20].

In Vero and LK cells, virus replication was less pronounced, and CPE developed more slowly.
Nevertheless, the ability of vaccinia virus to efficiently replicate in LK cells was previously demonstrated.
For instance, Subramanyam et al. [21] showed that LK cells can support active viral replication and may
be used for virus cultivation, which supports the results obtained in the present study.

In this study, high viral titers were observed at infection doses ranging from 3.69 to 0.00369 TCIDso/
cell. At the lowest dose (0.000369 TCIDso/cell), a significant reduction in viral titer was detected. Thus,
the effective infectious dose was determined to be 0.00369 TCIDso/cell. Although a high viral titer was
also observed at a dose of 3.69 TCIDso/cell, this condition was considered unsuitable, as high infection
doses induce rapid cytotoxic effects in cells, leading to alterations in viral phenotypic properties and the
formation of free virions in subsequent passages.

The accumulation of virus in cell cultures depends not only on the cell type, temperature, and
infectious dose, but also on the composition of the culture medium, including serum concentration. In
serum-free conditions, cells experience a deficiency of essential nutrients, leading to cellular damage
and accelerated senescence, which in turn negatively affects viral replication. Conversely, excessively
high serum concentrations may promote the presence of non-specific inhibitors that suppress viral
replication. Therefore, in the present study, a 2% serum concentration was used, which enabled the
achievement of a high viral titer.
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Viral replication in cell cultures is also temperature-dependent, and this factor is regulated by the
viral genome. For most viruses, the optimal growth temperature is 36—37 °C. In the present study, 33 °C
was shown to be unfavorable for the replication of the vaccinia virus strain, whereas at 39 °C an increase
in viral titer was observed during the first 72 hours, followed by suppression of viral replication between
96 and 120 hours. Our findings demonstrate that a temperature of 37 °C provides optimal conditions for
achieving a high viral titer of the vaccinia virus strain.

Conclusion

The present study demonstrated that vaccinia virus efficiently replicates in various cell cultures,
with the highest biological activity observed in HeLa cells. The optimal infectious dose was determined
to be 0.00369 TCIDso/cell, ensuring stable viral replication. It was shown that a 2% fetal bovine serum
concentration is sufficient to maintain high viral biological activity, while the optimal cultivation
temperature is 37 °C.

The established cultivation parameters provide favorable conditions for vaccinia virus propagation
and may be of interest for further fundamental and applied research.
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