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Abstract: African swine fever (ASF) is an infectious Suidae disease caused by the ASF virus (ASFV).
Adaptation to less susceptible, non-target host cells is one of the most common techniques used to
attenuate virulent viruses. However, this may induce many mutations and large-scale rearrangements
in the viral genome, resulting in immunostimulatory potential loss of the virus in vivo. This study
continuously maintained the virulent ASFV strain, Armenia2007 (Arm07), to establish an attenuated
ASFV strain with minimum genetic alteration in a susceptible host cell line, immortalized porcine
kidney macrophage (IPKM). A mutant strain was successfully isolated via repeated plaque purifi-
cation in combination with next-generation sequencing analysis. The isolated strain, Arm07∆MGF,
which was obtained from a viral fluid at a passage level of 20, lacked 11 genes in total in the MGF300
and MGF360 regions and showed marked reduction in virulence against pigs. Moreover, all the pigs
survived the challenge with the parental strain when pigs were immunized twice with 105 TCID50

of Arm07∆MGF, although viremia and fever were not completely prevented after the challenge
infection. These findings suggest that this naturally attenuated, spontaneously occurring ASFV strain
may provide a novel platform for ASF vaccine development.

Keywords: African swine fever virus (ASFV); immortalized porcine kidney macrophage (IPKM);
multigene family (MGF); vaccine development

1. Introduction

African swine fever virus (ASFV) is a causative agent for African swine fever (ASF),
which is a febrile and lethal infectious disease in pigs and wild boars. ASFV belongs to the
nucleocytoplasmic large DNA virus group and is the only known member of the genus
Asfivirus of the family Asfarviridae. The virion is 175–215 nm in diameter and consists of
a genome structure with five layers: nucleoids, a core shell, an inner envelope, a capsid,
and an outer envelope from the inside, in this order [1]. The genome is about 190 kbp of
double-stranded DNA which encodes 150–167 genes depending on the isolates [2]. ASFVs
are currently classified into at least 24 genotypes based on the B646L gene nucleotide
sequence [3].

ASFVs originally existed only on the African continent and circulated between warthogs
and Ornithodoros ticks. In 2007, a genotype II strain accidentally invaded Georgia from
the African continent and spread to Eastern Europe, Russia, and Asian countries, and it
recently spread across Caribbean countries [4]. The ASF outbreak over the last decade has
caused significant economic losses to the pig industry in endemic countries.

Although about 100 years have passed since the first ASF case in Africa in 1921 [5], no
effective vaccine against ASF has yet been of practical use. Thus far, there are two types
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of attenuated ASFVs as vaccine candidates: recombinant attenuated viruses generated
via genetic modification and naturally attenuated viruses obtained via serial passages in
infected animals or in cell cultures. However, most attenuated strains still retain weak viru-
lence and often exhibit persistent viremia and subsequent fever and arthritis in immunized
animals [6–11].

Naturally attenuated ASFVs emerge spontaneously through serial passages in primary
cells or culturable cell lines [12]. Some ASFV strains are known to be capable of infecting
non-host animal-derived cells, such as Vero cells, and easily decrease virulence, as well
as immunogenicity, through the adaptation process [13–15]. Additionally, certain ASFV
isolates tend to become less virulent when maintained in cultured cells of host animal
origin, such as porcine kidney cells [16–19].

In this study, in order to establish an ASFV avirulent mutant via non-artificial genetic
modification, a highly virulent ASFV strain of genotype II, Armenia07 (Arm07), was contin-
uously maintained in an immortalized porcine kidney macrophage (IPKM), facilitating the
efficient propagation of ASFV virulent field isolates [20,21], combined with active emerging
virus screening at various passage levels via the plaque purification technique and full
genome sequencing analysis. During the process, a novel, spontaneously generated ASFV
strain with 11 gene deletions in the genome was successfully isolated (Arm07∆MGF). By
examining the strain’s pathogenicity and vaccine efficacy in pigs, this study clearly demon-
strated that this new isolate is capable of inducing partial protective immunity against
challenge infection with the parental virulent strain.

2. Materials and Methods
2.1. Cells

IPKM was established by immortalizing porcine primary culture of kidney macrophages
with recombinant lentivirus vectors as previously described [20]. IPKM is highly sus-
ceptible to field ASFV isolates and cell-adapted ASFV isolates [21,22]. The cells were
routinely maintained in growth medium (Dulbecco’s modified Eagle’s medium (Nakali
Tesque, Kyoto, Japan)) supplemented with 10% fetal bovine serum (FBS), 10 µg/mL bovine
insulin (Merck, Darmstadt, Germany), 25 µM monothioglycerol (Wako, Osaka, Japan)),
and antibiotics in cell culture plates and flasks for suspension culture (Sumitomo Bakelite,
Tokyo, Japan). Porcine alveolar macrophage (PAM) cells were prepared from 8-week-old
Landrace (L), Yorkshire (W), and Duroc (D) cross breed (LWD) pigs as described previously
and stored at −80 ◦C.

2.2. Virus

Dr. Sanchez-Vizcaino (Universidad Complutense de Madrid, Madrid, Spain) kindly
gifted the virulent ASFV isolate, Armenia2007 (Arm07, genotype II). Arm07 was propagated
in PAM or IPKM cell cultures and used for the experiments. The genome of this isolate
differs in only 7 nucleotides from Georgia2007 (GenBank accession no. LR743116). All
the experiments with ASFV were performed in the biosafety level 3 (BSL3) facility of the
institute, accredited by the national authority of Japan.

2.3. Serial Passage of ASFV in IPKM

Arm07 propagated in PAM cell cultures was stored in aliquots and used as an original
stock of the virulent virus. An amount of 105 HAD50 of the virus was initially inoculated
into IPKM cell cultures. The supernatant was collected via centrifugation at 10,000× g
at 4 ◦C for 5 min when almost all the cells were detached from the cultureware. This
supernatant was defined as the first round of passage virus stock. Then, 10 µL of the stock
was inoculated into newly prepared IPKM cell cultures (1 × 107). By repeating the process
up to the 20th round of the passage, different passage levels of virus stocks were prepared.
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2.4. ASFV Genome Next-Generation Sequencing

Genome sequencing was performed as described previously [21]. Briefly, viral super-
natant was centrifuged at 180,000× g at 4 ◦C for 3 h. The pellets were then resuspended
in 100 µL of PBS and treated with 250 U of benzonase nuclease (Merck) at 37 ◦C for 1 h.
The High Pure Viral Nucleic Acid Kit (Roche, Basel, Switzerland) was used to extract
viral DNA and applied to next-generation sequencing analysis using Ion PGMTM (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. The viral
reads were trimmed using Trimmomatic v0.36.3 [23] and mapped to the original ASFV
Arm07 isolate using Bowtie2 v2.3.0 [24], which were performed using the Galaxy web
platform [25].

Genomic analysis of a plaque-purified isolate of Arm07∆MGF was also performed in
the same manner as described above. To determine the exact position of genomic deletion,
a set of PCR primers (forward: GACTACTTGGTTAGCAATG, reverse: GTGAGTACAC-
CATACTGAAC) was created at the proximal regions of the deletion predicted by the NGS
analysis. Then, conventional PCR and Sanger sequencing were performed using t primers.

2.5. Plaque Purification

IPKM (5× 106 cells/well) was dispersed in 6-well cell culture plates. The cells were
inoculated with appropriately diluted virus stock volumes at different passage levels,
then, incubated at 37 ◦C for 1 h. After washing three times with PBS, 3 mL of the growth
medium containing 1% SeaPlaque™ GTG™ agarose (Lonza, Basel, Switzerland) was added
into each well. A total of 3 mL of the liquid medium was overlaid on each well after
solidification and incubated until plaques were visible. The viruses that recovered from the
isolated plaques were subjected to two more plaque purification rounds.

2.6. Growth Kinetics

IPKM was inoculated with ASFV Arm07 or Arm07∆MGF at a multiplicity of infection
(MOI) of 0.1. The cells were washed three times with PBS and maintained in the growth
medium after incubation at 37 ◦C for 1 h. The supernatants were collected daily up to
5 days post inoculation (dpi). Then, IPKM cell cultures were used to measure the 50%
tissue culture infectious dose (TCID50) of all supernatants.

2.7. Animal Experiments

Animal experiments were conducted in compliance with the Regulations for the Care
and Use of Laboratory Animals of the National Institute of Animal Health (NIAH), the
National Agriculture and Food Research Organization (NARO), the Guidelines for Proper
Conduct of Animal Experiments of the Science Council of Japan [26], and the ARRIVE
guidelines [27]. The Institutional Animal Care and Use Committee at the NIAH, NARO
(approval number 22-007) reviewed and approved the animal study.

Throughout the study, all pigs received weaner/grower feed and had access to water
ad libitum. The animals were observed daily for clinical signs and/or welfare impairment.
All efforts were made to minimize animal suffering and to reduce the number of animals
used.

2.7.1. Pathogenicity

Arm07∆MGF virulence was assessed using a total of 13 eight-week-old LWD pigs
(both male and female), which were obtained from a commercial health-status herd. All
pigs were checked for the absence of ASFV via qPCR [28] and of anti-ASFV antibodies
using a commercially available kit (ID Screen® African Swine Fever Indirect kit, IDvet,
Grabels, France). The pigs were then randomly divided into three groups (n = 3, n = 5, and
n = 5 each). The pig groups were inoculated intramuscularly either with 105 and 107 TCID50
of Arm07∆MGF (n = 5 each) or with 102 TCID50 of the parental strain (n = 3). Clinical
signs and body temperature were monitored daily for up to 21 dpi. All the pigs were then
necropsied by the end of the experimental period. A humane endpoint was considered
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when pigs markedly reduced their activity and lay down, justifying euthanasia on welfare
grounds. Spleens, kidneys, lungs, and gastrohepatic lymph nodes were harvested from
dead or euthanized pigs and homogenized in PBS using a Micro Smash homogenizer
(TOMY, Tokyo, Japan).

2.7.2. Protection Efficacy

A total of 12 eight-week-old LWD pigs (both male and female) were obtained from a
commercial health-status herd. All pigs were checked for the absence of ASFV and anti-
ASFV antibodies using the same test described above. The pigs were then randomly divided
into four groups (n = 3 each). Single or double doses of 103 or 105 TCID50 of Arm07∆MGF
were inoculated intramuscularly into the pigs to assess Arm07∆MGF’s protective efficacy.
In double-dose groups, the second immunization was performed 14 days after the initial
immunization. Animals inoculated with Arm07∆MGF were challenged with 102 TCID50 of
the virulent parental strain Arm07 at 21 dpi for single-dose groups and 28 dpi for double-
dose groups. All pigs’ clinical signs and body temperatures were recorded daily for up to
21 dpc in the single-dose group and 14 dpc in the double-dose group. At the end of the
observation period, all pigs were necropsied. The same humane endpoint was applied
to this experiment as that described above. Spleens, kidneys, lungs, and gastrohepatic
lymph nodes were harvested from dead or euthanized pigs and homogenized in PBS using
a Micro Smash homogenizer (TOMY).

2.8. Quantitative PCR

The High Pure Viral Nucleic Acid Kit (Roche, Basel, Switzerland) was used to extract
the viral DNA from whole blood or tissue homogenate. Then, the PCR was performed
according to a previous study [28].

2.9. Statistics

The viral growth kinetic data were analyzed via Student’s t-test with two-tailed
analysis to determine the statistical significance of differences.

2.10. ELISA for ASFV-Specific Antibody Detection

Sera in ASFV-inoculated pigs were detected at 0, 7, 14, and 21 dpi and 0, 7, 13 (or
14), and 21 days post-challenge (dpc) using the commercially available ID Screen® African
Swine Fever Indirect kit (IDvet) according to the manufacturer’s protocol. The optical
density (OD) was read at 450 nm on a microplate reader, Nivo (PerkinElmer, Waltham, MA,
USA). The S/P ratio was calculated using the following equation: (sample OD-negative
control OD)/(positive control OD-negative control OD).

3. Results
3.1. ASFV Isolation with Genetic Mutations

The Arm07 strain was maintained by serial passages in IPKM cell cultures up to a
passage level of 20. The isolate’s genome sequencing analysis data at different passage
levels of 10 (P10) and 20 (P20) were analyzed using a next-generation sequencer as described
above. Coverage of the reads was reduced in some parts of the genome of the virus at
P20 compared with the original (Figure 1A). A spontaneous mutant lacking a part of the
genome was successfully isolated via intensive screening of the virus at P20 after three
rounds of plaque purification in agar cultures of IPKM cells (Table 1). Next-generation
sequence analysis data of the isolate indicated that it lacked a region corresponding to
the region between 21,940 bp and 36,432 bp of the Arm07 strain, resulting in 11 gene
deletions (MGF300-4L, MGF360-8L, MGF360-9L, MGF360-10L, MGF360-11L, MGF505-1R,
MGF360-12L, MGF360-13L, MGF360-14L, MGF505-2R, and MGF505-3R) in the MGF region
of the reference strain (Figure 1B). No mutations were observed, except for a single amino
acid substitution in the CP530R gene reported in our previous study [21]. This virus was
named Arm07∆MGF.
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Table 1. Result of the plaque purification.

Round Number of
Plaques

Genetic Identification of the Purified Viruses

WT Deletion Mix (WT/Deletion)

1 10 1 * 1 8
2 10 0 * 10 0
3 10 0 ** 10 0

* One of the purified viruses was used for the next round of purification. ** One of the purified viruses was used
for the following experiment.

3.2. Arm07∆MGF In Vitro Growth

Growth kinetics analysis of Arm07∆MGF was conducted to examine the 11 gene dele-
tions’ effects on viral proliferation. The parental virus and Arm07∆MGF were inoculated
into IPKM and PAM cells. The supernatants were collected daily until 5 dpi, then, titrated
in IPKM cell cultures. In both cells, Arm07∆MGF growth kinetics were equivalent to those
of the parental virus (Figure 2A,B). These data indicate that the 11 gene deletions did not
affect the isolate’s replication efficiency in vitro.

3.3. Arm07∆MGF Pathogenicity in Pigs

Pigs were intramuscularly inoculated with 105 or 107 TCID50 of Arm07∆MGF (n = 5,
each) to determine Arm07∆MGF virulence. As a control group, 102 TCID50 of the parental
Arm07 viruses were inoculated via the same route (n = 3). All three animals inoculated with
the parental viruses showed high fever (>41 ◦C) and clinical signs, such as anorexia and
diarrhea (Figure 3A). By 8 dpi, all animals were dead or euthanized on welfare grounds. In
contrast, the experimental pig groups inoculated with 105 or 107 TCID50 of Arm07∆MGF
did not present any symptoms or hyperthermia, and survived until 21 dpi (Figure 3A). In
the case of parental virus-inoculated pigs, viremia was detected via qPCR from 4 dpi until
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the end of the experimental period (Figure 3B). The maximum viral copy number in the
blood exceeded 109/mL. In contrast, most Arm∆MGF-infected pigs did not show viremia
during the observation period, while some showed viremia temporarily at low levels
(Figure 3B). At the time of necropsy, viral genes were detected in all of the organs examined
in Arm07-inoculated pigs, but no viral genes were detected in the Arm07∆MGF-inoculated
pigs. These data suggested that Arm07∆MGF possessed a highly attenuated phenotype
in vivo.
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Figure 3. Arm07∆MGF pathogenicity in pigs. (A) Rectal temperature of parental virus- or
Arm07∆MGF-infected pigs. Temperatures above 40 ◦C (red line) were defined as fever. (B) Vi-
ral copy numbers in whole blood measured via qPCR. Dotted lines show detection limit of qPCR.
Monochrome indicates pigs immunized with 102 TCID50 of the parental virus. Green and blue
indicate groups immunized with 105 or 107 TCID50 of Arm07∆MGF, respectively. Crosses indicate
dead or euthanized pigs.
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3.4. Arm07∆MGF Protection Efficacy

The three pigs in each group were intramuscularly immunized once or twice with 103

or 105 TCID50 of Arm07∆MGF to evaluate the protection efficacy of Arm07∆MGF, and then,
challenged with 102 TCID50 of parental Arm07 at 21 dpi for the single-dose group or 28 dpi
for the double-dose group. Then, the single-dose and double-dose groups were maintained
at 21 and 14 dpc, respectively. All immunized pigs had a fever over 40 ◦C (Figure 4A) after
the challenge with the parental strain. The onset of fever after the challenge was delayed in
some pigs in the immunized group compared to the non-immunized group. The maximum
body temperature was almost the same in the non-immunized group and the single-dose
group, but decreased in the double-dose group (Table 2). Notably, fever persisted for a long
period, even in surviving pigs. Viremia was found in all pigs except for a pig immunized
with a double-dose of 105 TCID50 of Arm07∆MGF (Figure 4B). Although the viremia level
tended to be lower in the immunized groups compared to the non-immunized group, it did
not depend on the immunized virus amount or the immunization number (Table 2). The
viremia was delayed after the challenge up to 1 day compared to the non-immunized group.
In the single-dose group, one of the pigs immunized with 103 TCID50 of Arm07∆MGF
survived, and two out of the three pigs immunized with 105 TCID50 also survived. In the
double-dose group, two pigs received low-dose immunization and all the pigs survived.
Splenomegaly and extensive hemorrhage in the gastrohepatic lymph node, which are
characteristic ASF lesions, were observed in dead and euthanized pigs, but not in the
surviving pigs. However, the ASFV gene was detected in spleens, kidneys, lungs, and
gastrohepatic lymph nodes via qPCR, even in the surviving pigs.
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Figure 4. Protective Arm07∆MGF efficacy in pigs. (A) Rectal temperature after challenge with
parental virus. Temperatures above 40 ◦C (red line) were defined as fever. (B) Viral copy numbers in
whole blood after challenge with the parental virus measured via qPCR. Dotted lines show qPCR
detection limit. Green and blue indicate groups immunized with 103 or 105 TCID50 of Arm07∆MGF,
respectively. All immunized pigs were challenged with 102 TCID50 of parental Arm07 at 21dpi of the
single-dose group and 28 dpi of the double-dose group. Crosses indicate dead or euthanized pigs.
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Table 2. Clinical signs and viremia observed in the challenge experiments.

Virus Dose Pigs Surviving
or Dead

Maximum of Rectal Temperature
(◦C)

Maximum Viral Copy Number in
Blood

(10n/mL)

Pre Post Post Mean Pre Post Post
Mean

Parental single, 102
P-1 D 39.2 41.2

41.5 ND
10.1

9.7P-2 D 39.2 41.5 9.3
P-3 D 39.6 41.9 9.6

Arm07∆MGF

single, 103
3-1 D 39.9 41.7

41.4 ND
9.3

8.13-2 S 40.3 40.8 6.5
3-3 D 39.8 41.8 8.6

single, 105
5-1 S 41.0 41.2

41.5 ND
6.5

7.35-2 D 40.6 41.8 9.2
5-3 S 40.4 41.6 6.2

twice, 103
3x2-1 S 40.1 41.1

40.9 ND
7.7

8.13x2-2 D 39.4 40.8 8.6
3x2-3 S 40.9 40.9 7.9

twice, 105
5x2-1 S 40.0 41.8

41.2 ND
8.4

8.55x2-2 S 40.7 40.7 ND
5x2-3 S 40.1 41.2 8.5

3.5. Humoral Response in Arm07∆MGF-Immunized/Challenge Pigs

The ID Screen® African Swine Fever Indirect kit (IDvet, France) was used to examine
the antibody responses. In pigs immunized with 103 TCID50 of Arm07∆MGF, no pigs
became positive before the challenge with the parental virus (Figure 5). In pigs immunized
with 105 TCID50 of Arm07∆MGF, one animal in the single-dose group and all pigs in the
double-dose group became positive. The remaining two animals also showed a tendency
toward increasing antibodies. In all groups, most of the surviving pigs showed a significant
antibody level increase one week after the challenge. In contrast, no or only a slight increase
was observed in dead or euthanized pigs. These results indicate that humoral immunity
was induced in Arm07∆MGF immunization.
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Green and blue indicate groups immunized with 103 or 105 TCID50 of Arm07∆MGF, respectively.
The immunization number is displayed above each graph. Crosses indicate dead or euthanized
pigs. Black arrowheads indicate the date of the second immunization and red arrows indicate the
date of the challenge. The data are indicated as the mean values with standard deviations for three
independent experiments.

4. Discussion

ASF vaccine development is steadily progressing around the world. Naturally attenu-
ated strains have been studied as a possible ASF vaccine strain that incidentally emerges in
the process of repeated viral replication in vitro or in vivo. In this study, a plaque assay and
genome analysis combination was employed to actively isolate mutant viruses that arose
from serial Arm07 strain viral passages in IPKM cell cultures. As a result, a spontaneous
mutant from the virus stock at P20, Arm07∆MGF, was successfully isolated and lacked
11 genes (MGF300-4L, MGF360-8L, MGF360-9L, MGF360-10L, MGF360-11L, MGF505-1R,
MGF360-12L, MGF360-13L, MGF360-14L, MGF505-2R, and MGF505-3R) in the genome’s
MFG region, which has never been reported before (Table 1, Figure 1A,B).

Cackett et al. reported on the transcription initiation sites of various ASFV genes [29].
The promoter sequences of MGF300-1L and MGF505-4R genes located in the region flanking
this deletion were not lost in Arm07∆MGF, suggesting that the function of both genes
was not affected. The possibility of the generation of unexpected ORFs arising from the
deletion was considered to be unlikely due to the absence of functional initiation codons or
promoters in the proximal region.

ASFV-G-∆MGF has the most similar genetic deficiencies among the genotype II strains,
and lacks 8 out of the 11 genes mentioned above (MGF360-10L, MGF360-11L, MGF505-
1R, MGF360-12L, MGF360-13L, MGF360-14L, MGF505-2R, and MGF505-3R) [30]. Of the
different genotypes (genotype I), the Pr4∆35 strain was reported to have genetic defects in
8 out of the 11 genes (MGF360-9L, MGF360-10L, MGF360-11L, MGF505-1R, MGF360-12L,
MGF360-13L, MGF360-14L, and MGF505-2R) [31]. Both viruses were created using genetic
modification technology and, as far as we know, Arm07∆MGF is the only isolate that was
obtained during the natural attenuation process.

Vero cell-adapted ASFV-G-V110 and 293T cell-adapted ASFV-P121 strains showed
a marked decrease in proliferation in porcine macrophage cultures [13,14]. In general,
changes in cell tropism may reduce virulence, as well as virus immunogenicity. In contrast,
Arm07∆MGF proliferated in PAM and IPKM cells, which have macrophage-like properties,
as well as in the parental strain (Figure 2A,B). Therefore, naturally generated mutations
that emerge via serial passages in IPKM cell cultures may not lead to dramatic changes in
cell tropism.

In our previous study, we reported that no amino acid substitution in the Arm07
genome was found after 15 rounds of passage in IPKM cultures, except for a single amino
acid mutation in the CP530R gene [21]. However, in the present study, a mutant virus with
a partial genomic deletion arose after 20 rounds of passage. The rapid disappearance of the
mutant virus after a further 10 rounds of passage (in a total of 30 passages) was confirmed
via NGS analysis of the virus fluid harvested at a passage level of 30 (data not shown).
These findings suggest that Arm07∆MGF appeared spontaneously and transiently during
serial passages in IPKM cell cultures and was not able to be sustained for a long period.

As demonstrated in this study, pigs inoculated with 105 or 107 TCID50 of Arm07∆MGF
developed only a few clinical signs (Figure 3A). The viral persistence in the blood ended
by 7 dpi and the titers were lower when compared with the parental one (Figure 3B).
In addition, no viral gene amplification was detected in the collected organs (spleens,
kidneys, lungs, and gastrohepatic lymph nodes) of the pigs dissected at 21 dpi. These
results suggest that Arm07∆MGF was highly attenuated. Interestingly, pigs inoculated with
ASFV-G-∆MGF, which contained similar gene deletion of MGF, MGF505-1R, MGF360-12L,
MGF360-13L, MGF360-14L, MGF505-2R, and MGF505-3R [7], exhibited longer viremia than
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with Arm07∆MGF. An additional five extra gene deletions in Arm07∆MGF that are not
shared with ASFV-G-∆MGF may be crucial for further ASFV attenuation. In particular,
MGF 360-9L and MGF 360-11L are reported to have type I interferon-inhibitory functions
in vitro [32,33]. Investigation of those genes in vivo would provide further insight into the
attenuation mechanism.

In the Arm07∆MGF inoculation case, the dose and the injection number correlated well
with the protective efficacy level against the challenge with the parental virus. However,
most of the surviving pigs were unable to avoid fever and viremia caused by the parental
virus infection (Figure 4A,B). Conversely, all pigs injected with even single dose of ASFV-
G-∆MGF survived throughout the experiment, and only 50% of the pigs developed fever;
however, viremia was observed in most surviving pigs, as also observed in [7]. On the
other hand, Rathakrishnan et al. generated a mutant with an eight gene deletions (∆MGF)
and examined its vaccine efficacy [30]. However, unexpectedly, the protective efficacy of
Arm07∆MGF was higher than that of ∆MGF, as demonstrated in the previous study [30].
Considering that the ∆MGF mutant possessed three additional MGF genes, MGF300-4L,
MGF360-8L, and MGF360-9L, some of these three genes may be important in acquiring
immunity against ASFV infection.

Generally, serial passages of virulent viruses in less susceptible, mostly non-host
animal-derived cells are performed for spontaneous attenuation purposes. However, some
pathogens, especially ASFVs, tend to alter cell tropism to the original target host cells, and
dramatically decrease immunogenicity during the process. This study demonstrated that
it is possible to obtain mutant viruses without changing cell tropism by combining serial
in vitro passages, genome analysis, and repetitive plaque purification in IPKM cell cultures.
Since IPKM is suitable for artificial ASFV gene modification (our unpublished data), we
aim to use these techniques to improve Arm07∆MGF’s immunogenicity and develop better
vaccine candidate strains.

Author Contributions: T.K. (Tomoya Kitamura), K.M. and T.K. (Takehiro Kokuho) conceived and
designed the experiments. T.K. (Tomoya Kitamura), K.M., R.Y., K.-i.K., M.W., M.I. and M.Y. performed
the experiments. T.K. (Tomoya Kitamura) and K.M. analyzed the data. T.K. (Tomoya Kitamura), K.M.,
K.-i.K. and T.K. (Takehiro Kokuho) wrote the paper and designed the figures. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was conducted under the “Regulatory research projects for food safety, animal
health and plant protection (JPJ008617. 20319736)” funded by the Ministry of Agriculture, Forestry
and Fisheries of Japan.

Institutional Review Board Statement: All the animal experiments performed in this study were
approved by the Animal Care and Use Committee of the NIAH (approval numbers: 22-007).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author, Kokuho T.

Acknowledgments: We thank Ryoko Tsuji, Masayuki Shimizu, Ayaka Namikawa, Ken Ishii, Masayuki
Kanda, Tatsuo Nakamura, Yuki Kimura, and Yuki Takahashi for helping us with collecting blood
samples from the pigs and taking care of the pigs.

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

References
1. Wang, N.; Zhao, D.; Wang, J.; Zhang, Y.; Wang, M.; Gao, Y.; Li, F.; Wang, J.; Bu, Z.; Rao, Z.; et al. Architecture of African Swine

Fever Virus and Implications for Viral Assembly. Science 2019, 366, 640–644. [CrossRef] [PubMed]
2. Dixon, L.K.; Chapman, D.A.G.; Netherton, C.L.; Upton, C. African Swine Fever Virus Replication and Genomics. Virus Res. 2013,

173, 3–14. [CrossRef] [PubMed]
3. Quembo, C.J.; Jori, F.; Vosloo, W.; Heath, L. Genetic Characterization of African Swine Fever Virus Isolates from Soft Ticks at the

Wildlife/Domestic Interface in Mozambique and Identification of a Novel Genotype. Transbound. Emerg. Dis. 2018, 65, 420–431.
[CrossRef] [PubMed]

http://doi.org/10.1126/science.aaz1439
http://www.ncbi.nlm.nih.gov/pubmed/31624094
http://doi.org/10.1016/j.virusres.2012.10.020
http://www.ncbi.nlm.nih.gov/pubmed/23142553
http://doi.org/10.1111/tbed.12700
http://www.ncbi.nlm.nih.gov/pubmed/28921895


Viruses 2023, 15, 311 11 of 12

4. Gonzales, W.; Moreno, C.; Duran, U.; Henao, N.; Bencosme, M.; Lora, P.; Reyes, R.; Núñez, R.; De Gracia, A.; Perez, A.M. African
Swine Fever in the Dominican Republic. Transbound. Emerg. Dis. 2021, 68, 3018–3019. [CrossRef]

5. Eustace Montgomery, R. On A Form of Swine Fever Occurring in British East Africa (Kenya Colony). J. Comp. Pathol. Ther. 1921,
34, 159–191. [CrossRef]

6. Boinas, F.S.; Hutchings, G.H.; Dixon, L.K.; Wilkinson, P.J. Characterization of Pathogenic and Non-Pathogenic African Swine
Fever Virus Isolates from Ornithodoros Erraticus Inhabiting Pig Premises in Portugal. J. Gen. Virol. 2004, 85, 2177–2187. [CrossRef]

7. O’Donnell, V.; Holinka, L.G.; Gladue, D.P.; Sanford, B.; Krug, P.W.; Lu, X.; Arzt, J.; Reese, B.; Carrillo, C.; Risatti, G.R.; et al. African
Swine Fever Virus Georgia Isolate Harboring Deletions of MGF360 and MGF505 Genes Is Attenuated in Swine and Confers
Protection against Challenge with Virulent Parental Virus. J. Virol. 2015, 89, 6048–6056. [CrossRef]

8. O’Donnell, V.; Holinka, L.G.; Krug, P.W.; Gladue, D.P.; Carlson, J.; Sanford, B.; Alfano, M.; Kramer, E.; Lu, Z.; Arzt, J.; et al.
African Swine Fever Virus Georgia 2007 with a Deletion of Virulence-Associated Gene 9GL (B119L), When Administered at Low
Doses, Leads to Virus Attenuation in Swine and Induces an Effective Protection against Homologous Challenge. J. Virol. 2015, 89,
8556–8566. [CrossRef]

9. Gallardo, C.; Soler, A.; Rodze, I.; Nieto, R.; Cano-Gómez, C.; Fernandez-Pinero, J.; Arias, M. Attenuated and Non-Haemadsorbing
(Non-HAD) Genotype II African Swine Fever Virus (ASFV) Isolated in Europe, Latvia 2017. Transbound. Emerg. Dis. 2019, 66,
1399–1404. [CrossRef]

10. Gladue, D.P.; Ramirez-Medina, E.; Vuono, E.; Silva, E.; Rai, A.; Pruitt, S.; Espinoza, N.; Velazquez-Salinas, L.; Borca, M.V. Deletion
of the A137R Gene from the Pandemic Strain of African Swine Fever Virus Attenuates the Strain and Offers Protection against the
Virulent Pandemic Virus. J. Virol. 2021, 95, e0113921. [CrossRef]

11. Chen, W.; Zhao, D.; He, X.; Liu, R.; Wang, Z.; Zhang, X.; Li, F.; Shan, D.; Chen, H.; Zhang, J.; et al. A Seven-Gene-Deleted African
Swine Fever Virus Is Safe and Effective as a Live Attenuated Vaccine in Pigs. Sci. China Life Sci. 2020, 63, 623–634. [CrossRef]
[PubMed]

12. Meloni, D.; Franzoni, G.; Oggiano, A. Cell Lines for the Development of African Swine Fever Virus Vaccine Candidates: An
Update. Vaccines 2022, 10, 707. [CrossRef] [PubMed]

13. Wang, T.; Wang, L.; Han, Y.; Pan, L.; Yang, J.; Sun, M.; Zhou, P.; Sun, Y.; Bi, Y.; Qiu, H.-J. Adaptation of African Swine Fever Virus
to HEK293T Cells. Transbound. Emerg. Dis. 2021, 68, 2853–2866. [CrossRef] [PubMed]

14. Krug, P.W.; Holinka, L.G.; O’Donnell, V.; Reese, B.; Sanford, B.; Fernandez-Sainz, I.; Gladue, D.P.; Arzt, J.; Rodriguez, L.; Risatti,
G.R.; et al. The Progressive Adaptation of a Georgian Isolate of African Swine Fever Virus to Vero Cells Leads to a Gradual
Attenuation of Virulence in Swine Corresponding to Major Modifications of the Viral Genome. J. Virol. 2014, 89, 2324–2332.
[CrossRef] [PubMed]

15. Zsak, L.; Lu, Z.; Kutish, G.F.; Neilan, J.G.; Rock, D.L. An African Swine Fever Virus Virulence-Associated Gene NL-S with
Similarity to the Herpes Simplex Virus ICP34.5 Gene. J. Virol. 1996, 70, 8865–8871. [CrossRef] [PubMed]

16. Manso-Ribeiro, J.; Nunes-Petisca, J.; Lopez-Frazao, F.; Sobral, M. Vaccination against ASF. Bull. Int. Epizoot 1963, 60, 921–937.
17. Botija, C. Modification of African Classical Swine Fever Virus in Cell Culture It Is Helpful to Understand the Pathogenic Effect

and Protective Power of Attenuated Strains “in Spanish. ” Bull Int Epizoot 1963, 60, 901–919.
18. Sereda, A.D.; Balyshev, V.M.; Kazakova, A.S.; Imatdinov, A.R.; Kolbasov, D.V. Protective Properties of Attenuated Strains of

African Swine Fever Virus Belonging to Seroimmunotypes I–VIII. Pathogens 2020, 9, 274. [CrossRef]
19. Balysheva, V.I.; Prudnikova, E.Y.; Galnbek, T.V.; Balyshev, V.M. Immunological Properties of Attenuated Variants of African

Swine Fever Virus Isolated in the Russian Federation. Russ. Agric. Sci. 2015, 41, 178–182. [CrossRef]
20. Takenouchi, T.; Kitani, H.; Suzuki, S.; Nakai, M.; Fuchimoto, D.-I.; Tsukimoto, M.; Shinkai, H.; Sato, M.; Uenishi, H. Immortaliza-

tion and Characterization of Porcine Macrophages That Had Been Transduced with Lentiviral Vectors Encoding the SV40 Large T
Antigen and Porcine Telomerase Reverse Transcriptase. Front. Vet. Sci. 2017, 4, 132. [CrossRef]

21. Masujin, K.; Kitamura, T.; Kameyama, K.-I.; Okadera, K.; Nishi, T.; Takenouchi, T.; Kitani, H.; Kokuho, T. An Immortalized
Porcine Macrophage Cell Line Competent for the Isolation of African Swine Fever Virus. Sci. Rep. 2021, 11, 4759. [CrossRef]
[PubMed]

22. Kameyama, K.; Kitamura, T.; Okadera, K.; Ikezawa, M.; Masujin, K.; Kokuho, T. Usability of Immortalized Porcine Kidney
Macrophage Cultures for the Isolation of ASFV without Affecting Virulence. Viruses 2022, 14, 1794. [CrossRef] [PubMed]

23. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinforma. Oxf. Engl. 2014, 30,
2114–2120. [CrossRef] [PubMed]

24. Langmead, B.; Salzberg, S.L. Fast Gapped-Read Alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
25. Galaxy Community The Galaxy Platform for Accessible, Reproducible and Collaborative Biomedical Analyses: 2022 Update.

Nucleic Acids Res. 2022, gkac247. [CrossRef]
26. Kanazawa, I.; Karaki, H.; Washitani, I.; Hirohashi, S.; Asashima, M.; Osumi, N.; Taniguchi, M.; Nomoto, A.; Miyashita, Y.; Yano,

H.; et al. Science Council of Japan. Guidelines for Proper Conduct of Animal Experiments 2006.
27. Kilkenny, C.; Browne, W.J.; Cuthi, I.; Emerson, M.; Altman, D.G. Improving Bioscience Research Reporting: The ARRIVE

Guidelines for Reporting Animal Research. Vet. Clin. Pathol. 2012, 41, 27–31. [CrossRef]
28. King, D.P.; Reid, S.M.; Hutchings, G.H.; Grierson, S.S.; Wilkinson, P.J.; Dixon, L.K.; Bastos, A.D.S.; Drew, T.W. Development of a

TaqMan PCR Assay with Internal Amplification Control for the Detection of African Swine Fever Virus. J. Virol. Methods 2003,
107, 53–61. [CrossRef]

http://doi.org/10.1111/tbed.14341
http://doi.org/10.1016/S0368-1742(21)80031-4
http://doi.org/10.1099/vir.0.80058-0
http://doi.org/10.1128/JVI.00554-15
http://doi.org/10.1128/JVI.00969-15
http://doi.org/10.1111/tbed.13132
http://doi.org/10.1128/JVI.01139-21
http://doi.org/10.1007/s11427-020-1657-9
http://www.ncbi.nlm.nih.gov/pubmed/32124180
http://doi.org/10.3390/vaccines10050707
http://www.ncbi.nlm.nih.gov/pubmed/35632463
http://doi.org/10.1111/tbed.14242
http://www.ncbi.nlm.nih.gov/pubmed/34314096
http://doi.org/10.1128/JVI.03250-14
http://www.ncbi.nlm.nih.gov/pubmed/25505073
http://doi.org/10.1128/jvi.70.12.8865-8871.1996
http://www.ncbi.nlm.nih.gov/pubmed/8971015
http://doi.org/10.3390/pathogens9040274
http://doi.org/10.3103/S1068367415020056
http://doi.org/10.3389/fvets.2017.00132
http://doi.org/10.1038/s41598-021-84237-2
http://www.ncbi.nlm.nih.gov/pubmed/33637799
http://doi.org/10.3390/v14081794
http://www.ncbi.nlm.nih.gov/pubmed/36016416
http://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://doi.org/10.1093/nar/gkac247
http://doi.org/10.1016/j.joca.2012.02.010
http://doi.org/10.1016/S0166-0934(02)00189-1


Viruses 2023, 15, 311 12 of 12

29. Cackett, G.; Portugal, R.; Matelska, D.; Dixon, L.; Werner, F. African Swine Fever Virus and Host Response: Transcriptome
Profiling of the Georgia 2007/1 Strain and Porcine Macrophages. J. Virol. 2022, 96, e01939-21. [CrossRef]

30. Rathakrishnan, A.; Connell, S.; Petrovan, V.; Moffat, K.; Goatley, L.C.; Jabbar, T.; Sánchez-Cordón, P.J.; Reis, A.L.; Dixon, L.K.
Differential Effect of Deleting Members of African Swine Fever Virus Multigene Families 360 and 505 from the Genotype II
Georgia 2007/1 Isolate on Virus Replication, Virulence, and Induction of Protection. J. Virol. 2022, 96, e01899-21. [CrossRef]

31. Zsak, L.; Lu, Z.; Burrage, T.G.; Neilan, J.G.; Kutish, G.F.; Moore, D.M.; Rock, D.L. African Swine Fever Virus Multigene Family 360
and 530 Genes Are Novel Macrophage Host Range Determinants. J. Virol. 2001, 75, 3066–3076. [CrossRef] [PubMed]

32. Yang, K.; Xue, Y.; Niu, H.; Shi, C.; Cheng, M.; Wang, J.; Zou, B.; Wang, J.; Niu, T.; Bao, M.; et al. African Swine Fever Virus
MGF360-11L Negatively Regulates CGAS-STING-Mediated Inhibition of Type I Interferon Production. Vet. Res. 2022, 53, 7.
[CrossRef] [PubMed]

33. Zhang, K.; Yang, B.; Shen, C.; Zhang, T.; Hao, Y.; Zhang, D.; Liu, H.; Shi, X.; Li, G.; Yang, J.; et al. MGF360-9L Is a Major Virulence
Factor Associated with the African Swine Fever Virus by Antagonizing the JAK/STAT Signaling Pathway. mBio 2022, e0233021.
[CrossRef] [PubMed]

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.

http://doi.org/10.1128/jvi.01939-21
http://doi.org/10.1128/jvi.01899-21
http://doi.org/10.1128/JVI.75.7.3066-3076.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238833
http://doi.org/10.1186/s13567-022-01025-0
http://www.ncbi.nlm.nih.gov/pubmed/35073979
http://doi.org/10.1128/mbio.02330-21
http://www.ncbi.nlm.nih.gov/pubmed/35076286

	Introduction 
	Materials and Methods 
	Cells 
	Virus 
	Serial Passage of ASFV in IPKM 
	ASFV Genome Next-Generation Sequencing 
	Plaque Purification 
	Growth Kinetics 
	Animal Experiments 
	Pathogenicity 
	Protection Efficacy 

	Quantitative PCR 
	Statistics 
	ELISA for ASFV-Specific Antibody Detection 

	Results 
	ASFV Isolation with Genetic Mutations 
	Arm07MGF In Vitro Growth 
	Arm07MGF Pathogenicity in Pigs 
	Arm07MGF Protection Efficacy 
	Humoral Response in Arm07MGF-Immunized/Challenge Pigs 

	Discussion 
	References

