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Abstract

African swine fever (ASF) is a dangerous infectious disease of domestic pigs and wild boar caused by African swine fever
virus (ASFV). In Vietnam, the ASF epidemic is gradually turning into an endemic status with several recovered pigs post
infection, but there were not many studies evaluating the role of these pigs in the epidemiological context in Vietnam. The
aim of this study was to evaluate the viral antigen distribution and lesions in recovered pigs post ASFV infection. Ten pigs
recovered from ASF at 6 weeks of age were monitored and assessed for anti-ASFV antibodies and viremia until slaughter. The
five major organs (lung, liver, spleen, kidney, and lymph nodes) of these pigs were evaluated for microscopic lesions and viral
antigen distribution. Anti-ASFV antibody was consistently observed to be high (S/P% > 80) until slaughter, while viremia
levels were very high (7 log,, copies/mL) at 6 weeks of age and gradually decreased to undetectable levels at 12 weeks of age
(6th week post-infection). At slaughter, the ASFV-associated lesions in the organs of these pigs were mild and nonspecific.
Seven out of ten pigs recovering from ASF still carried the virus in surveyed organ tissues, although not in the serum. These
findings suggest that ASF-recovered pigs may be potential carriers of the virus, contributing to the increased complexity in
the current endemic status in Vietnam.
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Introduction

African swine fever (ASF) is a serious infectious disease
that causes great economic losses to the swine industry due
to its high mortality rate. The causative agent is African
swine fever virus (ASFV) which is a large double-stranded
virus of the genus Asfivirus, family Asfarviridae (Sanchez-
Vizcaino et al. 2012). Although the rate of transmission
is slow, when infected with completely susceptible swine
herds, ASF often breaks out in an acute form with a high
mortality rate of 90-100% (Sanchez-Cordén et al. 2018).
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The transmission route of the disease is complex, associ-
ated with human activities and the pork food supply chain
(Bellini et al. 2016). In which, humans are considered to
be the main transmitters of the disease in domestic pigs
(Chenais et al. 2019). ASF was first reported on a farm in
Kenya in 1921 (Montgomery 1921). After that, the disease
has spread to many countries in Africa and Europe over
the past several decades (Mighell and Ward 2021; Sanchez-
Vizcaino et al. 2012). In August 2018, ASF was officially
reported in China and later in Asian countries. The rapid
spread of ASF across China and other Asian countries led
to the huge loss of pig populations and reflected in the food
supply chain (Woonwong et al. 2020).

At present, ASF is reported to be endemic in many regions
of the world, including most of sub-Saharan Africa, the island
of Sardinia, and parts of the Caucasus region and Eastern
Europe (Brown and Bevins 2018; Costard et al. 2013; Kivumbi
et al. 2021). In Vietnam, as various ASFV variants have been
found, ASF outbreaks are occurring in small and scattered pat-
terns (GSO 2021; Nguyen et al. 2022; Tran et al. 2021). This
seems to show that ASF is gradually moving from pandemic
to endemic status in Vietnam. Although ASF is a very serious
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disease due to its high mortality, there was a large portion of
pigs that could overcome and continue to thrive after infection
(Stahl et al. 2019). This phenomenon has also been recorded
in couple of outbreaks in Vietnam. There is a current trend that
ASFV-infected farms often hold and raise recovered pigs in
an attempt to regain lost costs and shorten the time to re-herd.
The retention of these pigs should be assessed for their ability
to carry ASFV, which is the potential source of ASFV for trans-
mission to uninfected pigs and may contribute to endemic status
in Vietnam. Studies on the role of ASFV carriers of wild boars
have been performed. In particular, some wild boar species in
Africa can be infected with ASFV but not exhibit any clinical
signs (Jori and Bastos 2009; Sanchez-Vizcaino et al. 2012).
These pigs had low tissue viral load and low or undetectable
viremia which were not sufficient to transmit ASFV through
direct or indirect tick-borne contact (Jori and Bastos, 2009).
Besides, the study of Blome et al. (2012) showed no indica-
tion of chronic disease or ASFV carrier states among adult
wild boards (Blome et al. 2012). Most of the experiments have
demonstrated a limited potential of genotype II ASFV isolates
to cause persistent infection which generates ASFV carriers
(Nurmoja et al. 2017; Schulz et al. 2021). Furthermore, the role
of carrier domestic pigs as an ASFV source has been reported
in Kenya and Uganda (Abworo et al. 2017; Sanchez-Cordén
et al. 2018). Domestic carriers may be related to causing ASF
outbreaks but their possibility of ASF transmission to naive
pigs was not proven (Sanchez-Cordén et al. 2018).

Therefore, this study was conducted in ten recovered pigs
from an outbreak of commercial farm in Vietnam. The pigs
were monitored for viremia and antibodies in the serum until
slaughter and evaluated for the presence of ASFV DNA and
ASFV antigen—positive cells in major organ tissues. The
objective of this study was to determine the possibility of
ASFV carrier in recovered pigs and then clarify their role in
ASF epidemiology in Vietnam.

Materials and method
Farm history and study design

The study was designed in a commercial pig farm keep-
ing 1800 weaned pigs (6 weeks old), Yorkshire x Lan-
drace x Duroc breed. The farm had an opened door system
(Fig. 1A) and two buildings with a total of 34 pens. In
particular, building 1 had 10 pens (60 pigs per pen) while
building 2 had 24 pens (50 pigs per pen). On August 1st,
2019, seven pigs from a middle pen of building 1 showed
clinical manifestation suspected ASF such as refusal to eat,
fever, cyanosis, and lethargy. We also observed that skin
redness and hemorrhages appear starting from the ears,
under the neck, and the abdomen and then spread to the
whole body. These pigs were then sampled and tested for
ASF, classical swine fever (CSF), and porcine reproductive
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Fig. 1 A Map of pens in the survey farm. B Cumulative number of deaths in each row of two buildings during the ASF outbreak
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and respiratory syndrome (PRRS). Two days later, the
infection and outbreak of ASF were confirmed positive
by testing of quantitative real-time polymerase chain reac-
tion (QPCR) and polymerase chain reaction (PCR). On
August 3rd, 2019, the survey farm recorded the first ten
weaned pigs died with enlarged spleen lesions and severe
hemorrhage in several internal organs such as the lung,
liver, kidney, and lymph nodes. Besides, there were some
clinical signs appearing scattered as black stools, hematu-
ria, and conjunctival hemorrhage. Within 50 days of the
follow-up (August 3rd—September 21st, 2019), 93.75% of
all pigs on the farm died of disease (1687 heads). The aver-
age pig mortality rate of the farm within 1 day is 1.87%,
approximately 34 pigs per day. The cumulative mortality
rate of 50% in the population fell on day 30th of outbreak
(Fig. 1B). The data was also noted that pens containing
sick pigs have a tendency to spread ASFV to adjacent pens
with healthy pigs. During the outbreak, we identified that
some cases of pigs died suddenly without specific clini-
cal signs. Although the majority of ASFV-infected pigs
would die, there were a number of pigs showing signs of
recovery, in which ten pigs were kept for rearing and labo-
ratory testing until slaughter. The serum of these pigs was
collected every 2 weeks to assess the titer of anti-ASFV
antibody (ELISA) and viremia (qPCR). At the time of
slaughter (24 weeks of age), these ten pigs were healthy
and weighed at 103—122 kg. Then, their five organ tissues
were collected and fixed in buffered formalin 10% to evalu-
ate for the presence of ASFV and microscopic lesions. The
remaining pigs in outbreak were culled on September 22nd,
2019, according to the regulations of Vietnam Department
of Animal Health.

Detection of ASFV genome by qPCR

Serum or 1 g of tissue samples was extracted by using the
Wizard® Genomic DNA Purification Kit (Promega) accord-
ing to the manufacturer’s instructions. The extracted prod-
ucts were stored at—20 °C and used as raw material for q
gPCR reaction. qPCR reaction of our study used a pair of
primers, probe, and thermal cycle guided from OIE (2019).

The total volume of a qPCR reaction was 20 pL consist-
ing of 10 uL SensiFAST™ Probe No-ROX (Bioline, the
UK), 0.5 uL primer and probe (5 pmol), 5 uL. sample DNA,
and 3.5 pL nuclease free water. The reaction mixture was
then processed by the use of the Mygo Pro Real-time PCR
instrument. The thermal process includes 1 cycle of 95 °C,
5 min; 40 cycles of 95 °C, 15 s; and 60 °C, 40 s. A positive
sample result would yield a sigmoid gain curve, showing the
number of cycles with a fluorescence signal level of Ct <40.
A negative sample maintains the fluorescence signal at back-
ground fluorescence, and the instrument does not report any
Ct values (Ct >40).

Anti-ASFV antibody detection by enzyme-linked
immunosorbent assay

Serum samples were stored at—20 °C. The study used
the ID Screen® African Swine Fever Indirect kit (ID.Vet,
France) in order to evaluate the levels of antibody against
ASFV. The implementation process was conducted strictly
according to the manufacturer’s instructions.

Assessment of microscopic lesion by hematoxylin
and eosin stain

Tissue samples of the organs of ten recovered pigs (liver,
spleen, kidney, lung, and lymph nodes) were processed to
paraffin block and carried out H&E staining according to the
routine procedure of the Department of Infectious Diseases
and Veterinary Public Health — Nong Lam University, Ho
Chi Minh City.

ASFV antigen detection by immunohistochemistry

IHC slides were dehydrated by immersion in xylene and
decreasing alcohol, respectively. The slides were treated at
37 °C for 20 min with proteinase K (GenDEPOT, USA) and
then incubated overnight at 4 °C with primary antibody Rb
anti-ASFV antiserum (Alpha Diagnostic, USA). After being
washed in PBS for 10 min, the slides were incubated with
Goat anti-rabbit AP (Dako, Denmark) secondary antibody
at 37 °C for 1 h. The ImPACT Vector Red kit (Vector labo-
ratories, USA) was used to show the reaction color. Positive
cells (the presence of p30 protein) showed a red color in the
cytoplasm and were observed under an optical microscope.
Positive cells were counted and averaged over 3 microfields
at 400 X magnification. The degree of positivity was scored
on a scale of 0 (no positive cells), 1+ (1-10 positive cells),
2+ (10-30 positive cells), 3+ (30-100 positive cells), and
4+ (> 100 positive cells) (Oh et al. 2021).

Phylogenetic analysis

The partial genes encoding the p30, p54, and p72 proteins
of two ASFV strains from one in ten recovered pig and a
sick pig dying from ASFV were amplified according to
previous studies (Bastos et al. 2003; Gallardo et al. 2009;
Rowlands et al. 2008). The genome copies were sent to
sequence at Macrogen laboratory (Korea). Sequences of
these two strains were compared with reference strains of
ASFV published on GenBank (NCBI). The phylogenetic tree
was constructed by the neighbor-joining method (maximum
composite likelihood model) on Mega X software with a
bootstrap of 1000. The nucleotide sequences of two strains
in the study were deposited in GenBank under the accession
numbers OM273021-26 (Table S1).
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Statistic analysis

We constructed a standard curve by using ten-fold serial
dilutions of the quantitated ASFV DNA template. The num-
ber of genomic copies calculated from qPCR results was
transformed to log,, of ASFV copies/mL serum. All statis-
tical analyses in this study were performed by the use of R
4.1.2 software (http://www.r-project.org/).

Result
The viremia and antibody in recovered pigs

All recovered pigs showed no antibody at the time of infec-
tion (6th week of age) (Fig. 2A). These pigs became clini-
cally healthy 2 weeks later (8th week of age), and anti-ASFV
antibody levels were detected at high level (S/P% > 80). In
the following weeks of age, the levels of antibody of these
pigs remained high until slaughter time (approximately
S/P% = 80). The viremia reported at the time of infection
was very high (7 log,, copies/mL serum). However, the
amount of virus in the serum gradually decreased in the 8th
and 10th weeks with approximately 6 and 5 log,,/mL serum,
respectively. From 12 weeks of age until slaughter time, the
virus was not detected in the serum of these pigs (Fig. 2B).

Microscopic lesions of recovered pigs

The microscopic lesions in 5 organs (lung, liver, spleen,
kidney, and lymph node) in recovered pigs were mild and
nonspecific. Fibrous proliferation, mononuclear cell infiltra-
tion, hemorrhage, and edema were commonly found with
mild severity in these pigs.

Fibrotic tissue proliferation, mild edema, and hemor-
rhage were observed commonly in the lung of recovered
pigs (Fig. 3A). Some patchy areas of pulmonary consoli-
dation and mild mononuclear cell infiltration in alveolar

Fig.2 Levels of anti-ASFV A
antibodies (A) and viremia in
serum (B) of recovered pigs 100
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walls appeared in some pigs. Besides, there were some
areas of hepatocyte necrosis, infiltration of mononuclear
cells in hepatic parenchyma and periportal veins (Fig. 3C).
The spleens showed mild to moderate local proliferation
of fibrous tissue and mild lymphoid depletion in red pulp
(Fig. 3E). Kidneys showed multifocal tubular necrosis and
mononuclear cell infiltration at the renal cortex (Fig. 4A).
The lymph nodes of pigs exhibited mild edema and hemor-
rhage in the medulla, fibroblast proliferation, and thickening
of capsule, and mild lymphoid depletion was seen (Fig. 4C).

The presence of ASFV DNA and ASFV antigen-
positive cells in the tissues

Results of qPCR showed that 7/10 recovered pigs had the
presence of ASFV DNA in organ tissues (Table 1). Particu-
larly, four pigs (no. 3, 4, 7, and 10) showed viral genomes
in all five organs, while three pigs (no. 2, 6, and 8) recorded
only in some organs. However, three pigs (no. 1, 5, and 9)
did not detect the viral DNA in the surveyed tissues. Besides,
the amount of viral DNA in these positive tissue samples
was mostly low (Ct>29).

IHC results showed that only a few of tissues recorded the
presence of ASFV antigen (Table 1). Only 12/50 samples
of all recovered pigs recorded the presence of cells. The
amount of ASFV antigen—positive cells in such tissues was
recorded at a low level (< 10 cells/1 mm?).

Phylogenetic analysis

Phylogenetic analysis and comparison of nucleotide
sequences to reference strains showed that two isolates in the
study belonged to genotype II (Fig. 5). These strains shared
100% nucleotide homology in sequences encoding p30, p54,
and p72. Besides, they had a very high nucleotide identity
of p30, p54, and p72 sequences with strains firstly reported
from Vietnam and neighboring countries including China.
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Fig.3 A, C, E Microscopic
lesions of recovered pigs in the
lung, liver, and spleen. B, D, F
Immunohistochemical staining
of recovered pigs in the lung,
liver, and spleen. A Mild edema
in alveolar walls (arrowhead). B
Positive staining of interstitial
mononuclear cells (arrow). C
Hepatocyte necrosis (asterisk)
and mononuclear cells infiltra-
tion around the portal veins
(arrowhead). D Kuffer cells
have cytoplasmic immunolabe-
ling (arrow). E Mild lymphoid
depletion in white pulp (aster-
isk) and red pulp. F Positive
staining of macrophages in red
pulp (arrow)

Discussion

Montgomery, who was the first to describe ASF, identified it
as an acute hemorrhagic disease with a mortality rate of up to
100% (Montgomery 1921). However, mortality ranges from 3
to 100% depending on the virulence of the virus strains (Blome
et al. 2013). Highly virulent strains of ASFV often cause acute
and subacute forms of the disease that can kill 100% of pigs
within 1-8 days of infection (Mebus 1988; Sanchez-Vizcaino
et al. 2012). Our study showed that the ASFV strain belongs
to Genotype II and had a close relationship with ASFV strains
from Georgia and China. In fact, ASFV strains circulating in
Vietnam have been confirmed as highly virulent ASFV strains
and may have originated in China (Nguyen et al. 2021; Tran
et al. 2020; Van Phan Le et al. 2019). At the beginning of ASF
occurrence in Vietnam, it caused severe impacts with a very
high mortality rate (Oh et al. 2021). During outbreak of the
study, the highest number of pigs dying in 1 day was only 5%

(81 heads); most infected pigs died. The observation of virus
transmission in the surveyed farm is consistent with previous
studies that ASFV spread is usually slow with the main route of
transmission being through direct contact (Guinat et al. 2014).
Genetic analysis was performed to confirm the presence of the
virus which has no mutations in its genes to adapt to its hosts.
In spite of long persistence in the tissues of recovered pigs, we
did not observe any difference in the ASFV gene encoding p30,
p54, and p72. This supports an idea proposed previously by
Dixon et al. (2020) that ASFV is a very stable double-stranded
DNA virus with very low mutagenicity.

Although the formation of an antibody response following
ASFV infection has been documented, the virus-neutralizing
capacity of these antibodies is poorly understood. In acute
cases, pigs infected with highly virulent ASFV strains often
die before specific antibodies are produced (OIE 2019).
However, anti-ASFV antibodies remain an important
immune component that protects pigs after ASFV infection
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Fig.4 A, C Microscopic
lesions of recovered pigs in the
kidney and lymph node. B, D
Immunohistochemical staining
of recovered pigs in kidney and
lymph node. A Diffuse mononu-
clear cell infiltration in the renal
cortex (arrowhead). B Tubular
epitheliums have cytoplas-

mic immunolabeling (arrow).

C Mild edema in medulla
(arrowhead) and mild lymphoid
depletion (asterisk). D Positive
staining of macrophages in
medulla (arrow)

Table 1 qPCR and IHC results on five organ tissues of ten recovered pigs

Organ Lung Liver Spleen Kidney Lymph node

Assay qPCR (Ct) IHC qPCR (Ct) IHC qPCR (Ct) HC qPCR (Ct) HC qPCR (Ct) HC
Recovered pig

No. 1 nd nd nd nd nd nd nd nd nd nd
No. 2 32.13 nd nd nd 36.51 nd 35.55 nd nd nd
No. 3 29.11 1+ 30.67 1+ 32.16 1+ 33.54 1+ 31.98 1+
No. 4 31.16 1+ 34.42 nd 32.06 nd 32.25 nd 32.04 nd
No. 5 nd nd nd nd nd nd nd nd nd nd
No. 6 31.54 nd nd nd 34.25 nd 34.36 nd nd nd
No. 7 30.16 1+ 33.37 nd 33.15 nd 33.63 nd 33.50 nd
No. 8 31.35 1+ 32.05 1+ nd nd 33.25 nd 33.26 nd
No. 9 nd nd nd nd nd nd nd nd nd nd
No. 10 30.16 1+ 30.67 1+ 31.85 1+ 32.75 nd 32.72 nd
Proportion 7110 5/10 5/10 3/10 6/10 2/10 7110 1/10 5/10 1/10

nd not detected; 1+4: 1-10 positive cells/l mm

(Sereda et al. 2015). Many studies have identified antibodies ~ 4-9 days and maintained until the end of the experiment

against p30, p54, and p72 proteins that play important roles
in immunity against ASFV. Anti-p72 and anti-p54 antibodies
suppressed the attachment of ASFV to host cells, while anti-
p30 antibodies prevented the penetration of virions into the
cells (Sereda et al. 2015). Antibodies can appear 7-10 days
after infection and can persist for months, even years (OIE,
2019). Petrov et al. (2018) also found that in pigs infected
with a medium virulent strain Netherlands’86, anti-p73 anti-
bodies could be detected in sera from all experimental pigs

@ Springer

(day 63). Walczak et al. (2021) identified that specific anti-
bodies against ASFV strain Pol18_28298_0O111 (Poland)
were detected 9-18 days after infection and 2 to 5 days after
the detection of viremia.

Our study also recorded very high viremia at the first day
of observation (6th week of age) and the viremia gradually
decreased to undetectable threshold of qPCR at 12 weeks of
age. Time to record viremia in infected pigs in our study was
approximate 42 days, shorter than the time recorded in the
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Fig.5 Phylogenetic analysis based on genetic sequences of genes
encoding p30, p54, and p72. A p30 phylogenetic tree, B p54 phylo-
genetic tree, and C p72 phylogenetic tree. The maximum likelihood
approach was used for construction of phylogenetic trees in MEGA X

previous study of 91 days (Petrov et al. 2018). The difference
in viremia duration may be due to the virulence of ASFV
and naturally infected pigs may not determine the exact time.
ASFV strain in the study was high virulent while Nether-
lands’86 strain in Petrov’s experiment was determined to
be a moderately virulent strain. In addition, the duration of
viremia and serology has been noted to differ between virus
strains in the experiment of de Carvalho Ferreira et al. (de
Carvalho Ferreira et al. 2012). Experimental pigs infected
with Brazilian strain showed very severe disease but viremia
and excretion patterns could only be followed for 9 days.
Meanwhile, in the low virulent viruses as Malta and Neth-
erlands group, viremia and excretion patterns persisted up to
70 days (de Carvalho Ferreira et al. 2012). Presumably, high
and prolonged antibody levels after infection helped shorten
the duration of viremia so that from 12 weeks of age until
slaughter time, no virus was detected in the serum.

Unlike the ASF-specific lesions in acute form, recovered
pigs exhibited a less severe degree. Our findings also sup-
port the descriptions of Pornthummawat et al. (2021). The
microscopic lesions of pigs in this study are quite similar with
lesions recorded in the chronic form of ASF in previous studies
(Ganowiak 2012; Salguero 2020). These findings showed that
these recovered pigs may develop to chronic infection or these
lesions are sequelae of previous acute infection.

Our study also showed that recovered pigs had small
amounts of viral genome and scattered antigen in organ tis-
sues. In the study of Pornthummawat et al. (2021), blood and
tissue samples of all 4 convalescent pigs did not detect viral
genome, but found a small number of ASFV-infected cells.

KM111295 Ken06.Bus
MH025916 RS
Geotype IX

FJ174433 Ug03H.3

MNG41876 RSA W1 1999 ] Genotype IV

software (https://www.megasoftware.net/). Numbers along branches
indicate bootstrap values>50% (1000 replicates). The two red trian-
gles are ASFV isolates from our study. Scale bars indicate nucleotide
substitutions per site

Their study found that small amounts of antigen were detected
in the lung (less than 10 infected cells), tonsil, and stomach
(less than 30 infected cells). Although ASFV was not detected
in the serum of recovered pigs 1 week after recovery, it is
still potentially present in low amounts in some organ tissues
of some pigs. An idea previously proposed by Abworo et al.
(2017) is that there are carrier pigs which lack clinical signs of
ASF or detectable ASFV in blood but have ASFV sequestered
in tissues. The complete similarity in the genotypes of ASFV
in recovered and dead pigs suggests that ASFV may remain
infectious and cause new outbreaks. Costard et al. (2009)
described that domestic pigs recovering ASF seem to extend
the duration of carrying ASFV to 6 months or more and may
transmit ASFV to susceptible pigs through direct contact or
ingestion of infected meat products. According to Eblé et al.
(2019), clinically healthy convalescent pigs following infec-
tion with the Netherlands’86 strain may be the source of a
new acute infection in fully susceptible pigs. This report is
quite contrary to that of Petrov et al. suggesting that pigs that
survived infection with the Netherlands’86 strain completely
cleared the virus from blood and tissues after 91 days of infec-
tion without any transmission to pigs exposed to them (Petrov
et al. 2018). Stahl et al. (2019) showed that there are two types
of pigs that survive ASFV infection: pigs developing a persis-
tent infection and pigs that complete recover and live healthy.
The role of such carriers is not evident in the epidemiology
(Stahl et al. 2019). Our study also recorded three pigs with no
viral genome and antigen detected in all tissues. This finding
is also in line with the study reported by Nurmoja et al. (2017)
that not all surviving pigs become ASFV carriers.
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Conclusion

Viremia in ten recovered pigs gradually decreased and lasted
for 6 weeks post infection. Meanwhile, anti-ASFV antibod-
ies remained high until slaughter. ASFV-associated lesions
were observed to be mild but common in multiple organs
in these pigs. At the time of slaughter, although no virus
was detected in the serum, low levels of viral genome and
antigen were detected in the tissues of seven recovered pigs.
Therefore, we concluded that pigs recovered from ASFV
may still carry the virus at low levels in their organs and be
a potential contributor to endemic status in Vietnam.
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