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Abstract

African swine fever virus (ASFV) is a highly pathogenic double-stranded DNA virus. It affects various breeds of pigs, causing
serious economic losses and health threats because of its rapid spread and high pathogenicity and infectivity. This situation
is not helped by the lack of a validated vaccine or effective therapies. Since the 1960s, different strains of ASFV have been
subjected to serial passage in a variety of cell lines. The attenuated ASFV strains obtained through serial passage are not
only candidates for ASF vaccine research, but also are useful to study the molecular genetic characteristics and pathogenic
mechanism of the virus. This review summarizes related studies on the attenuated strains of ASFV acquired through cell
passage over the last 60 years, with the aim of providing inspiration for the rational design of vaccines in future.
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Introduction

African swine fever (ASF) is a contagious disease of swine
caused by African swine fever virus (ASFV), which is a
large enveloped virus containing a double-stranded DNA
genome of approximately 170—190 kbp. ASFV infection of
domestic pigs and wild boars can induce a spectrum of dis-
ease severity, from subclinical to highly lethal, depending
on host characteristics and the particular circulating virus
strain, whereas African wild boar (warthogs, bush pigs, and
giant forest hogs) infection is generally inapparent and acts
as an ASFV reservoir host [1, 2].

ASF was first reported in Kenya in 1921. It spread widely
on the African continent in the first and middle parts of the
twentieth century. It was then introduced into Portugal from
Angola in 1957 and began to spread in Europe, causing huge
losses to the pig industry in many European countries. How-
ever, except for Sardinia, European countries succeeded in
eradicating the disease in 1995 by utilizing stringent disease
control programs (e.g., eradication and improved biosecu-
rity measures) [3]. Scientists have been researching ASFV
since Portugal lost nearly 20,000 pigs in 1957 because of an
outbreak of ASF. With the advent of cell culture techniques
in the 1960s, the era of vaccine candidate development
began, and many attenuated ASFV strains were developed.
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However, until now, the development of a safe and effective
ASF vaccine is still a formidable challenge. Early studies
found that after continuous passage in cells, virulent strains
no longer caused typical clinical signs after infecting pigs
and the inoculated pigs could resist attack by homologous
viruses [4, 5]. Meanwhile, some studies also found that
after serial passage in cell lines, some strains, although dis-
playing attenuated virulence, could not provide subsequent
protection against homologous viruses [6]. In addition, the
passage results of same ASFV strains in different cell lines
varied in vivo [7]. However, no comprehensive studies have
been carried out to illustrate the development of attenuated
ASFV through serial passage in cell culture during 60 years
of research. Therefore, in the present review, we summarize
the current knowledge of the attenuated ASFVs obtained
through serial passage in cell culture worldwide and analyze
the features of attenuated strains and the rules of the passage,
providing a reference for research on cell-adapted strains of
ASFV and the development of new vaccines.

The attenuation of ASFV through passaging
in primary cell culture

Research on ASFV cell-adapted strains first began in the
1960s. In 1960, Malmgquist and Hay successfully isolated
ASFV from swine bone marrow (BM) and buffy-coat (BC)
culture and discovered the hemadsorption (HAD) reaction
in infected pig leukocyte (PL) cultures [8]. Since then, sci-
entists have tried to attenuate or modify ASFV by passage in
cultures of spontaneously susceptible cells or by adaptation
and passage in a variety of kidney cell lines [9]. In 1961,
Ribeiro et al. passaged the Portuguese isolate 1455 through
primary bone marrow cells (PBMCs) and showed that the
virus gradually became attenuated [10]. They noted that the
virus obtained within the 60th passage still induced unspeci-
fied locomotive disorders, as well as the typical signs of
ASF in pigs; however, the locomotive disorders were much
reduced by the 70th passage. In addition, animals immu-
nized with this attenuated strain were protected from chal-
lenge with the ASFV strains circulating in both Portugal
and Spain. Plowright and Ferris succeeded in passaging the
Hinde strain of ASFV nine times in PBMCs [4, 11], but did
not describe the process in detail. In 1963, Botija passaged
five strains of ASF isolated from Spanish pigs using primary
pig kidney cells (PPKs) and PLs and confirmed that attenu-
ation of virulence occurred [12]. Indeed, one of the strains
completely lost its pathogenicity to pigs after 60 passages.
These preliminary studies demonstrated that ASFV could
be attenuated through serial passage in cell culture, suggest-
ing the practical application of this technique for vaccine
development (Table 1).
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The Portuguese ASF vaccine strain, comprising the
81st passage of the Lisbon 60 virus through PBMCs, was
used in animal experiments in 1967 [13]. It was inoculated
intramuscularly (IM) into pig No. 114 and then heparin-
ized blood drawn from this pig at the 3rd day, the peak of
its febrile response, was inoculated IM in 1.0 mL amounts
into four pigs (Nos. 115, 116, 117, and 118). After vaccina-
tion with the attenuated virus, there was only one day of
clinical response (an increase in temperature). On the 71st
day after vaccination, the four vaccinated pigs were given
in feed comprising blood and tissue containing the virulent
Portuguese strain. This failed to elicit a thermal response
or to induce clinical infection. To test the resistance of vac-
cinates further, on the 15th day after being orally exposed
to virulent ASFV, two of the four pigs (Nos. 115 and 117)
were challenged by IM injection (3.0 mL of blood contain-
ing the challenge strain). The second challenge (IM) of No.
117 failed to elicit a thermal reaction after this inoculation,
and the pig showed disease resistance. On the 108th day (the
22nd day after the second challenge), the temperature of pig
No. 115 began to fluctuate for four rounds and gradually
increased until it reached the highest temperature (41.3 C),
at which point, the pig was sacrificed.

In 1967, Greig et al. serially passaged several differ-
ent ASFV strains through PPK cells and challenged them
with a homologous virus [4]. They found that there was no
temperature response after pigs infected with the 35th pas-
sage of the Spencer strain (originating from Johannesburg,
South Africa, in 1951) and the evidence showed that pigs
died because of a bacterial infection rather than ASFV. The
39th passage had no virulence, and the inoculated pigs had
no clinical signs and were able to resist challenge with the
homologous virus; the 34th passage of the Portuguese chal-
lenge virus (originating from Portugal) induced a non-path-
ogenic temperature increase in pigs and provided protection
of inoculated pigs against the homologous strain. The 23rd
passage of the Gasson virus (isolated in 1950 in Kenya) was
attenuated but could not provide protection (in two inocu-
lated pigs: one died and the other returned to normal after an
increasing body temperature but failed to resist the challenge
with the homologous strain).

In 1968, Stone et al. used the attenuated Lisbon 60
strain (modified by Ribeiro et al. [10]) to immunize 22
pigs via IM injection (10° median tissue culture infectious
dose (TCIDs,)/mL) and challenged them with the homolo-
gous strain on the 117th day after immunization (using a
spleen homogenate diluted to 10* 50% lethal dose (LDs)
from the sick pig after being challenged by the virus) [14].
All inoculated pigs remained alive and exhibited no clini-
cal signs of ASF. By contrast, 17 of 18 pigs that were chal-
lenged with the virulent Lisbon 60 ASFV had a thermal
response and 4 pigs died. On the 23rd day after challenge,
14 pigs were killed to prepare a lung and spleen-mixed
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Table 1 Passages of African swine fever virus through primary cell culture

Parental virus Cell culture Passages Virulence evaluation References
Strain Virulence Safety (No. surviving) Protection

Lisbon 60 Virulent PBMC? 89 / / [9]
Portuguese 1455 Virulent PBMC 70 Attenuated + [10]
Hinde Virulent PPK" 9 / / [4]
Spencer Virulent PPK 44 Attenuated (4/4) + [4]
Portuguese Virulent PPK 34 Attenuated (2/2) + [4]
Gasson Virulent PPK 23 Attenuated (1/2) —* [4]
Hinde WH II Virulent BC¢ 60 Attenuated (102/111)¢ +(40-59%) [15]
Ugandan Virulent BC 65 Attenuated (2/2) + [16]
(6\% Virulent PLY and PBMC 44 Over-Attenuated (2/2) - [17]
Congo K49 Virulent PBMC 262 Attenuated (10/11) + [18, 19]
France F-32 Virulent PBMC 135 Attenuated (1/5) - [18, 19]
Lisbon-57 Virulent PBMC and PL / Attenuated +(50-70%) [20]
Katanga-78 Virulent PBMC / Attenuated’ +(50-80%) [20]
Congo-49 Virulent PBMC / Attenuated® +(75%) [20]
Mozambique-78 Virulent PBMC / Attenuated” +(90%) [20]
France-32 Virulent PBMC / Attenuated + [20]
Rhodesia Virulent PBMC and PL / Attenuated + [20]

2PBMC primary bone marrow cell
YPPK primary pig kidney cell
°BC buffy-coat culture

4PL pig leukocyte

¢Several pigs developed a mild febrile reaction and slight swellings over their joints

429 of the pigs had a slight temperature reaction

£The vaccinated pigs developed depression, high-temperature reaction (fever), and hemorrhages in parenchymal organs

120% of pigs showed a high temperature after vaccination

Viremia (up to 10°° hemagglutinating unit (HAU)5y/mL) was detected in vaccinated pigs two weeks after infection

*The vaccinated pig remained normal until 30 days after challenge when it suddenly showed a high temperature and signs suggestive of ASF

infection

/ unknown; + provided protection; — provided no protection

homogenate, which was inoculated into two healthy non-
immunized pigs: both pigs died. Coggins’ team passaged
the Hinde WH II virus [15] (isolated from Kenya) through
BC culture for 60 serial passages and then the virus was
passaged rapidly another 60 times, followed by a further
49 passages using a terminal dilution technique to produce
Hinde WH II-TD49). The results of the challenge with
virulent ASFV showed that the Hinde WH II-TD49 virus
conferred partial resistance to virulent ASFV. In addition,
viruses recovered from the two pigs that died following
inoculation with the Hinde WH II-TD49 virus were fully
virulent in susceptible pigs thereafter. Another study used
the Ugandan strain of ASFV that had been passaged in
porcine BC cultures [16] and found that some hemadsorp-
tion (HAD) reacting attenuated virus changed into non-
hemadsorping (NHD) viruses; however, the NHD viruses
segregated in vitro sometimes re-acquired the HAD char-
acteristic after being passed back to pigs. Serial passage

of a virulent virus in vitro often results in loss of virulence
in an original animal host, while serial passage of a cell
culture-adapted virulent virus in vivo often gains virulence
in an animal host.

In 1979, Thomson et al. inoculated two pigs with an
attenuated CV strain (the virulent CV strain isolated from
South Africa in 1962 was attenuated by 43 passages in PLs
and 1 passage in PBMCs) and challenged them with viru-
lent virus [17]. The results showed that the inoculated pigs
were not protected from lethal infection with the virulent
homologous virus.

In a comparative analysis of ASFV genotypes and sero-
groups, the All-Russian Research Institute for Veterinary
Virology and Microbiology (VNIIVViM) analyzed mul-
tiple ASFV strains that had been attenuated by cell pas-
sage, such as Congo KK-262 (an attenuated K49 derivative
produced by 50 passages in PPK cell lines and 262 pas-
sages in PBMCs) and France FK-32/135 (obtained by 135
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passages of F-32 in PBMCs) [18]. Animals immunized
with the KK-262 virus showed a stable level of protection
when challenged with virulent Congo K49. Most of the
immunized animals survived and no clinical signs of ASF
and viremia were detected. However, animals immunized
with the France-attenuated (FK-32/135) virus were not
protected from challenge with virulent Congo K49 [19].
In addition, the main results from the FRCVM (previously
known as VNIIVViM) for the further analysis of various
seroimmunotype-attenuated ASFV strains showed that
most of them were attenuated by cell passage (mainly in
PBMCs), showing varying degrees of protection against
challenge with virulent ASFV. Comprehensive analysis of
all attenuated strains indicated that FK-32/135 showed the
best potential, but its inoculation route still needs further
research and exploration [20].

The attenuation of ASFV via passage
in continuous cell culture

In addition to the attenuation of ASFV through primary
cell lines, scientists have also conducted many experi-
ments on the passage and propagation of ASFV in continu-
ous cell lines, which are mostly used for the study of viral
gene function, virulence-associated genes, pathogenic
mechanisms, and diagnosis (https://www.oie.int/fileadmin/
Home/eng/Health_standards/tahm/3.09.01_ASF.pdf). Pri-
mary cells have disadvantages, including low reproducibil-
ity, high batch-to-batch variation, long time consumption,
expensive cell extraction, and animal welfare considera-
tions [21]; therefore, it is important to identify passaged
cell lines that support the efficient replication of ASFV for
biological research, virus purification, and the production
of live-attenuated vaccines (Table 2).

In 1961, Ribeiro et al. passaged L'60BM89 virus (Lis-
bon 60 virus serially passaged 89 times through PBMCs)

Table 2 Passages of African swine fever virus through continuous cell culture

Parental virus Cell culture Passage  Virulence evaluation References
Strain Virulence Safety (No. surviving)  Protection

L'60BM89 Attenuated Vero 15 / / [22]
Hinde Virulent PK-2a 104 Attenuated (8/8)™ / [23]
Tengani Virulent BHK21 137 / / [25]
BA71 Virulent Vero 100 Attenuated / [28]
E75 Virulent CV-1 4 Attenuated (8/12)" +(100%) [29, 30]
ASFV-G Virulent Vero 110 Over-Attenuated — [6]

E70 Virulent MS 44 Attenuated (9/9) / [31, 32]
Tengani Virulent Vero 27 Attenuated (6/6)° + [33]
Stavropol Virulent A4C2/9k 33 AttenuatedP - [7]
Stavropol Virulent CV-1 20 Over-Attenuated - [7]
Stavropol Virulent PSGK-60* 20 Un-attenuated - [7]
TSP-80 Virulent PPK-66b/17', CV, and PBMC ~ / Attenuated +(80-100%) [20]
TS-7 Virulent PBMC and PPK-66b / Attenuated + [20]
Uganda Virulent PBMC and PPK-66b 50 Attenuated? + [20]
ASFV-HLIJ/18 Virulent HEK293T 121 / / [34]
Odintsovo 02/14 Virulent CV-1 30 Attenuated (5/6) +3 [35]
Odintsovo 02/14 Virulent CV-1 50 Attenuated / [36]
OURT88/3 Natural Attenuated ~ZMAC-4 12 / +(100%) [37]

iMS: MS monkey kidney cell
XPSGK-60: continuous pig kidney cell
IPPK-66b: continuous pig kidney cell

MStrains after 75 passages and above produced a very mild or no noticeable response

"The best inoculation dose was i.m.i. (intramuscular injection) with 10* hemagglutinating unit (HAU), the survival rate of infected pigs was

100%, and there was no viremia or only limited viremia and fever

°A pig had a diphasic pyrexia within a 12-day clinical course

PVariants of strain Stavropol of passage 14 retained their virulent properties. Passages 24 and 33 lost pathogenicity

91t caused a temperature reaction in 9% of the inoculated pigs

S A group of weak animals showed swollen joints, bleeding, and necrotic lesions on their skin
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15 times through Vero cells [22], proving that ASFV could
also be propagated through a continuous cell line. Since
then, this technique has been studied intensively by several
research groups. In 1962, Malmquist et al. passaged the
Hinde strain of ASFV (isolated from Kenya) in PK-2a cells
(porcine kidney cells adapted to continuous cultivation)
and found that increased passage of the Hinde strain in
PK-2a cells decreased its virulence. The pigs inoculated
with virus passaged 75 or more (90\103\104) times in cells
survived completely [23]. Pigs infected with the 90th pas-
sage of Hinde virus in PK-2a cells all died after challenge
with approximately 10° TCIDs, of the homologous viru-
lent virus. However, the pig immunized with the 103rd
passage of Hinde virus and then inoculated with the 50th
passage virus could resist attack by the homologous viru-
lent virus [5], which proved that the virus strain attenuated
by cell passage can confer imperfect protection.

In 1965, Hess et al. successively passaged several dif-
ferent strains of ASFV (formerly adapted to PLs or chick
embryo cell cultures) in PK-2a cells. After many pas-
sages, the virulence of all strains changed [4, 24]. In 1974,
Tessler et al. attenuated the Tengani strain of ASFV by 26
passages in swine BC cultures and 137 passages in a line
of baby hamster kidney cells (BHK21) to test the virus
titration method [25]. In 1976, Enjuanes et al. passaged the
BAT71 strain (isolated from the spleen of an affected pig
in Badajoz, Spain in 1971 and passaged 36 times in swine
monocytes) in Vero cells 100 times and obtained a non-
pathogenic virus strain (BA71V) that was adapted to Vero
cells [26-28]. In 1981, Gonzalvo et al. passaged the viru-
lent E75 strain (isolated from Spain in 1975) in CV-1 cells
(green monkey kidney fibroblasts) four times to obtain
E75CV1 [29] and confirmed that it was partially effective
in resisting the challenge with the homogenous virus. In
recent research, the protective potential of E75CV1 against
challenge with the homologous E75 virus was confirmed;
however, it showed poor cross-protection against the het-
erologous strain BA71 [30].

In 1987, the Spain 70 strain (isolated in Pontevedra in
1970, E70) was passaged 6 times in PLs (E70 L6) and then
passaged again 14 (E70 MS14) and 44 (E70 MS44) times in
the MS monkey kidney cell line (MS). Tabares et al. com-
pared the restriction enzyme cleavage maps of ASFV grown
in PLs (E70 L6) with that adapted in MS cells (E70 MS14)
[31]. The results showed that after adaption to growth in MS
cells, the size of DNA from ASFV strain E70 L6 decreased,
mainly because of deletion and addition in the terminal
region of the genome. To gain a better understanding of the
genes involved in attenuation and those associated with the
observed changes in phenotype with specific genetic vari-
ations, Zsak’s team constructed recombinant NL-S gene-
deletion mutants from the E70 monkey cell culture-adapted
virus, E70 MS44. The results indicated that the NL-S gene

of ASFV, while not essential for growth in swine mac-
rophages in vitro, is a significant viral virulence factor and
might function as a host range gene [32].

In a study of ASFV subpopulations in 1991, Pan et al.
successively passaged the Tengani virus (TG, isolated in
Malawi, which is highly infectious and highly virulent), fol-
lowed by cloning the TG strain in BC and Vero cells, and
tested them in pigs [33]. It was found that the virulence and
infectivity of TG decreased significantly after 27 passages
in Vero cells.

The ASFV-G virus was passaged serially 110 times in
Vero cells by Krug et al. in 2014. The adaptability of Vero
cells reduced its ability to replicate in primary pig mac-
rophages [6]. The virulence of ASFV gradually became
attenuated through successive passages. In pigs inoculated
with 102 HAD, (50% hemadsorbing dose) of ASFV-G/
VP30 (passaged 30 times through Vero cells), the signs of
ASF were milder and the manifestation of the disease was
rather transient compared with inoculation with the same
dose of parental ASFV-G. In addition, IM inoculation of
swine with 10* HADs, of ASFV-G/VP110 induced no signs
of ASF; however, it was unable to confer any protection
against the challenge with the virulent virus. The animals
that survived infection with low-dose (10 HADy,) ASFV-G/
VP30, VP80, and VP110 were also challenged, but none of
them obtained protection. The authors analyzed the geno-
types and phenotypes of the viruses obtained in different
passages (30/80/110) and found that deletions gradually
accumulated in specific areas at the right and left variable
ends of the genome.

To study the immunobiological properties of attenuated
variants of ASFV adapted to continuous cell cultures, Baly-
sheva et al. passaged the virulent ASFV strain Stavropol
01/08 (Stavropol) through several different cell lines [7].
The results showed that the variants of Stavropol strain at the
14th passage in A4C2/9k cells (a hybrid cell line SPEV TK
with pig lymphocytes) and at the 20th passage in PSGK-60
cells (pig kidney cells) retained their virulence. At the 24th
and 33rd passage in A4C2/9k cells and the 20th passage in
African green monkey cells (CV-1) the virus had lost its
pathogenicity for pigs but did not protect them from chal-
lenge with the virulent virus.

In recently published research, Tao Wang tested different
cell lines to study cell-adaptive ASFV strains. They continu-
ously passaged ASFV-WT in HEK293T (Human embryonic
kidney 293T) cells for 121 passages [34]. After continuous
passaging, ASFV adapted to H293T cells showed reduced
infectivity toward primary porcine alveolar macrophages.
The discovery of deletions of some genes associated with
viral pathogenesis and virulence in pigs prompted the
authors to conclude that the virulence of ASFV-VP121 to
pigs might have been attenuated. Additionally, specialists
of the FGBI “ARRIAH” in Russia prepared an ASFV strain
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(ASF/ARRIAH/CV-1) [35] that was adapted to growth in
CV-1 cells. The mortality of pigs inoculated with the 30th
passage the virus was 16.7%, and all the surviving pigs
acquired resistance to repeated inoculation with the viru-
lent isolate, Arm07. In a follow-up study, they prepared the
ASFV/ARRIAH/CV-1/50 strain [36], which was passaged
50 times in CV-1 cells, for complete genome sequence anal-
ysis and comparison. The results showed that the adaptation
of the ASFV to growth in CV-1 continuous cell culture led
to the appearance of a large deletion in the 3’ variable region
of the genome.

In 2020, in the process of studying alternatives to pri-
mary cells for ASFV replication, Portugal et al. passaged
the attenuated strain of ASFV, OURTS88/3, in Zuckermann
macrophage-4 (ZMAC-4) cells for 12 generations. The
results showed that it did not reduce the ability of this virus
to induce protection against challenge with the virulent virus
[37]. However, the adaptation of OURT88/3 viral strain to
ZMAC-4 cell line needs to be further verified by virus DNA
sequencing and other means.

Gene analysis of cell-adapted strains
of African swine fever virus

Many studies have confirmed that the virus might change
its pathogenicity and/or virulence to animals during cell
passage. The attenuated ASFV strains were obtained by
serial passaging; therefore, initially, it was not known which
changes were introduced in the viral genome. Hence, efforts
were made to determine the changes responsible for loss of
virulence. Importantly, in 1982, Wesley and Pan first showed
that, during the process of adapting the wild-type ASFV
to cell culture, major changes in restriction endonuclease
cleavage sites occurred [38]. Similarly, restriction enzyme
cleavage maps for the fragments for ASFV DNA after adap-
tation to growth in MS cells (strain E7T0MS14) revealed that
before adaptation to growth in MS cells, the size of the DNA
from ASFV strain E70 L6 was 173 kbp and after adaptation
it was only 156 kbp. The decrease in size was produced by

1242 1369 15262 16423 17519 18787 20432

21656 22889 28388

deletions (15.2 kbp located near the left terminus and 2.4
kbp located near the right terminal fragment) and additions
mainly in the terminal regions of the genome. In addition, it
was found that the DNA of the ASFV E70 strain was homol-
ogous during the first 14 passages of the virus in monkey
kidney cells; however, after 44 passages (E70MS44), the
DNA was heterogeneous [31].

In 1995, the complete genome sequence of BA71V was
reported. A comparison showed that the identity of the com-
plete gene sequence between the attenuated BA71V and the
Malawi strain was about 92%. The loss of gene colinear-
ity between the two strains was mainly caused by deletions
in the BA71V isolate associated with the gene families at
the ends of the genome [28]. Furthermore, compared with
BA71, BA71V has acquired two genes (UP60L and X69R).
More importantly, large gene deletions occurred between
MGF360-9L to MGF505-7R and I7L to MGF360-18R,
which might be an important reason for the attenuation
of BA71V (Fig. 1, Table 3). Another study showed that
there were four large deletions in the left and right variable
regions, three of which occurred in locations where genetic
changes are frequently observed between strains [39].

During the process of passaging ASFV-G through Vero
cells, two major deletions that mapped to specific regions
within the left and right variable ends of the viral genome
were observed [6]. The deletion at the right end of the
genome first occurred at passage 30 and the deletion of
the variable end on the left side of the genome were first
observed at passage 60. Single mutations occurred in nine
different genes in passage 110 relative to the parental ASFV-
G genome (Table 3). Deletions at the right variable end of
the genome were similar to the deletions in cell-adapted
BA71V. The deletion of a multigene family at the left varia-
ble end of the genome is common in many attenuated ASFV
strains (OURT88/3 [40], Pr4 A35 [41], and ET0ANL [42]).
This deletion often leads to attenuated virulence and affects
the ability of ASFV to grow in macrophage cell cultures.
Therefore, it is inferred that the attenuation of ASFV-G/
VP110 might be caused by the deletion of the MGF360 and
MGF505 genes on the left side of the ASFV genome.
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Fig. 1 Differential genes of BA71 and BA71V. Compared with
BA71, BA71V has acquired two genes (UP60L and X69R), and
the expression levels of six genes were different, including KP86R,
KP93L, A125L (multigene family (MGF)360-9L), A489R (MGF505-
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2R), DP93R, and DP86L. More importantly, large gene deletions
occurred between MGF360-9L to MGF505-7R and I7L to MGF360-
18R, which might be an important reason for the attenuation of
BA71V



Virus Genes

+ =+ + +

+

| |
e+ + o

A o B e e < PR TR
|

I S S S e T T

+

e+t R+t o+

bt b bRt

e oF ot

o+ttt +

4
(4
11 00€ ADIN
i
1€l
g!
gi!
16
18
1L
19
18
T
1€
T
0 OIT 4O
1€
T
Al
0 001 4O

+ =+ + @+ + +
+ =+ + @ + + +
+ =+ + @+ + +
+ =+ + + + o+
T T T L o
R B B T+ +

tt ettt o +
tt e+t o +
I S S T S e
+ + + ettt

R S T S S S S T T S S S S S S A
o+ ettt +

I S S RS S S SRS

+
+

101d-AdSV

19d-AdSV  1€d-AdSV

urens paydepy

810Z/['TH/3d

urens [eyuared

ATV
/ILLTIV
“D-AdSV

OTIdA 08dA 09dA 0cdA
“D-AASV -D-AASV -D-AASV -D-AASV D-AJASV AILVd ILvd

urens paydepy  urens [ejuoreq  urens paldepy  urens [ejudred

SOSNIIA IOASJ SUIMS UBJLIJY PAJeNua)je Ul pajosjop suons[ep IO Jo uostredwo)) ¢ ajqel

pringer

a's



Virus Genes

- - - - - - - - - - - R (14
+ + + + + + + + + + L L ¥IC
+ + + + + + + + + + + +  ¥61
+ + + + + + + L L + L + ¥s8I
+ + + + + + + + + + + +  ¥91
+ + + + + + + + + + + +  ¥ST
- + + + + - - - + + - + I
- + + + + L L L + + - +  T€T
- + + + + + + + + + - + T2
- - - + d + + + + + - + I
- - - + - + + + + + - + 701
- - - + - + + + + + L + 16
- - - + - + + + + + + + 18
- - + + - + + + + + d A 19
- - - - - + - - - - d a 18
- - + + d + + + + + d i 1
+ + + + + + + + + + + + 1€
+ + + + + + + + + + + + ¢
+ + + + + + + + + + + + 1 09¢ IO
ANV
/ILLTIV OTTdA 08dA 09dA 0€dA
10Id-AdSY  19d-AdSV  [€d-AdSV  810T/['TH/Sd “D-AASV  -D-AASV -D-AASV -D-AASV -D-AASV D-AASV AILVE 1Lvd
urens paydepy  urens [ejuared urens paydepy  urens [ejuared  urens paydepy  urens [ejuared

(ponunuoo) ¢ 3jqey

b
)
)
5
et
|9
A
&l



Virus Genes

Table 3 (continued)

Adapted strain

Parental strain

Adapted strain ~ Parental strain ~ Adapted strain

Parental strain

ASFV-P61  ASFV-P101

ASFV-P31

Pig/HLJ/2018

ASFV-G-

ASFV-G-
VPI110

ASFV-G- ASFV-G-
VP80

ASFV-G ASFV-G-
VP30 VP60

BA71V

BA71

AI177L/
ALVR

1R
2R
3R
4R

MGEF 505

5R
6R
7R
9R

10R +
11L

MGF multigene family; 7 truncated protein; F fusion with another protein

After the passage of ASFV through H293T cells, step-
wise losses and cumulative mutations at the left variable end
of MGF genes were discovered [34]. The 121st passage of
ASFV through H293T cells had a total of about 25 kbp of
deleted gene sequences, including 22 MGF genes (Table 3)
and two non-MGF genes (X96R and 285L). Through com-
parison, it was found that the deleted MGF genes in ASFV-
P121 were very similar to the MGF genes in the BA71V
strain, and these genes were related to virus replication in
HEK?293T and Vero cells. They also found that the 3'-ter-
minal mutations in the genome were mainly concentrated in
the I7L, I8L, I9L, I10L, and MGF100-3L genes. However,
further research is needed on the function of these genes and
the mechanism of the replication of ASFV in H293T cells.

Russian scholars conducted complete genome sequence
analysis of two ASFV strains adapted to grow in CV-1 cell
culture for 30 and 50 passages and compared them with the
parental virus. The results indicated a large deletion within
the genomes of the highly passaged strains [36]. Similar to
the genome of cell-adapted strain BA71V [39], the genomes
of ASFV/ARRIAH/CV-1/30 and ASFV/ARRIAH/CV-1/50
also had deletions of large fragments in the right variable
region.

The above description showed that gene loss of attenuated
ASFV strains mainly occurs in the MGF region, whether at
the 5’ or 3" end. This might be related to the low content of
GC nucleotides in this region, which is more obvious at the
3" end in the region from MA102L to DP148R at the 3" end
of BA71V (Fig. 2) for the average cost of GC-rich amino
acids is lower than that of AT-rich amino acids [43]. Some
genes in MGF360 and MGF505 are virulence genes and the
deletion of the MGF360/505 gene will lead to an increase
in the type I interferon mRNA level, showing that the MGF
family can regulate innate immunity [44—46], which was
supported by a later study on MGF505-7R [47]. In addition,
it is reported that the deletion of MGF110-9L will reduce
the virulence of ASFV wild virus and provide homologous
protection [48], but does not affect the proliferation of the
virus. However, the ASFV cell adaptation strains ASFV-G-
AI177L/ALVR [49] and ASFV-P101 [34] showed varying
degrees of deletion in the MGF region (Table.3), further
suggesting that the loss of MGF plays a role in virus adap-
tion to cells. However, the functions of many genes and
members of the ASFV multigene family are not fully under-
stood. Analysis of the genetic structure changes of ASFV in
the continuous cell line adaptation process and comparing
the biological characteristics of the virus strains will help
to further understand the influence of the genome structure
on the phenotypic characteristics, which will inspire the
construction of better ASFV gene-deletion strains and the
development of safe and reliable vaccines.
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Concluding remarks

ASFV spreads rapidly and causes severe disease; therefore,
the development of vaccines to prevent ASFV infections is
a high priority. Sixty years ago, scientists tried to attenuate
the virulent ASFV strains through serial passage of viruses
in cell culture; however, soon after, they realized that achiev-
ing an optimal balance of attenuation and immunogenicity
is challenging, especially attenuating virulent ASFV suffi-
ciently to abrogate its severe disease potential while retain-
ing its immunogenicity. Since the introduction of ASFV into
Spain and Portugal in 1960, scientists have serially sub-cul-
tured the strains isolated from the field through PBMCs and
used them for swine vaccination in Spain and Portugal [10].
Among the half a million pigs vaccinated in Portugal, some
of them developed ASF- or vaccination-related diseases. It
was found that the pigs’ immune status has an impact on the
immune effect of the attenuated virus. Later studies also con-
firmed that attenuated NHD variant Kc-160 (Katanga-160),
inoculated at the same dose, caused only a weak or moder-
ate clinical response in 75-80% of healthy pigs, but caused
the death of 20% of pigs with lowered immune status [20].

Serial passage in primary or continuous cell culture is
the classic means of attenuating ASFV. Whether in pri-
mary or continuous cell culture, through serial passage,
the virulence of the virus gradually decreases; meanwhile,
the virus immunogenicity also decreases, making it dif-
ficult to produce protection against subsequent challenge
by the homologous virus. In addition, attempts to attenuate
ASFV by additional passage in cultured cells have been
accompanied by an altered expression or even complete
deletion of genes encoding certain virulence or immune-
evasion factors. Among the erasable regions, ASFV mul-
tigene families are the first to bear the brunt. The BA71V,
ASFV-G-VP110, and ASFV-P101 strains mentioned above
clearly show this tendency. Further comparison of the dif-
ferent outcomes between serial passage in primary and
continuous cell culture appeared to show that ASFV can
attenuate faster or to a greater extent within the fewer
passage times in continuous cell culture, especially in a
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heterologous permanent cell line. For instance, the E75
strain (Genotype I) lost partial pathogenicity when adapted
to continuous cell cultures of heterologous (CV-1) origin
cells within four consecutive passages. Meanwhile, for
primary cell culture, virulent strains, such as Gasson and
Portuguese (Genotype I), need at least 23 and 34 passages,
respectively, in primary pig kidney cells to become par-
tially attenuated. Meanwhile, serial passage in continuous
cell culture appears to have a higher tendency to induce
sequence changes in ASFV genomes, resulting in adapta-
tion that is best suited to growth in specific cell lines.

Besides the preparation of vaccine strains, cell-adapted
strains are of great significance to understand the muta-
tion of the virus in the process of adapting to cells, which,
through complete genome sequencing analysis, will deter-
mine the function of viral genes [39, 50]. Serial passaging
can produce attenuated strains, some of which might provide
considerable levels of protection. With the help of recombi-
nant DNA technology and sequencing technology, analysis
of the region from which the attenuated strains lose genes
through cell passage will guide the further development of
recombinant live-attenuated vaccines.

Conventional ASFV isolation and culture are based on
PBMCs and porcine alveolar macrophages; however, these
cells need to be collected from pigs and thus they are difficult
to standardize [7]. ASFV can replicate in some established
cell lines only after a process involving blind serial passages
[6, 31], which introduces uncertainty. To solve these prob-
lems, scientists have sought or constructed new cell lines.
Currently, COS-1 [51, 52], IPAM [21, 52], MA104 [53],
WSL [21], A4C2/9K [7, 54], ZMAC-4 [37], and IPKM [55]
cell lines have been found to be suitable to propagate ASFV.
Although some cell-adapted strains [37, 49] provided effec-
tive protection against the parental strain, practical investiga-
tions of these strains are required to determine whether they
might be suitable candidates for commercial production of
an attenuated vaccine strain against ASFV. Meanwhile, fur-
ther in-depth research is needed to determine the genomic
changes that occur in the adaptation process and their impact
on virus characteristics.
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