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ABSTRACT African swine fever is one of the most serious viral diseases caused by
African swine fever virus (ASFV). The metabolic changes induced by ASFV infection
remain unknown. Here, porcine alveolar macrophages (PAMs) infected with ASFV
was analyzed by ultrahigh-performance liquid chromatography-quadrupole time-of-
flight tandem mass spectrometry (UHPLC-QTOF-MS) in combination with multivariate
statistical analysis. A total of 90 metabolites were significantly changed after ASFV
infection, and most of them were amino acids and tricarboxylic acid (TCA) cycle
intermediates. ASFV infection induced an increase in most of amino acids in the
host during the early stages of infection, and amino acids decreased in the late
stages of infection. ASFV infection did not significantly affect the glycolysis pathway,
whereas it induced increases in citrate, succinate, a-ketoglutarate, and oxaloacetate
levels in the TCA cycle, suggesting that ASFV infection promoted the TCA cycle. The
activities of aspartate aminotransferase and glutamate production were significantly
elevated in ASFV-infected cells and pigs, resulting in reversible transition between
TCA cycle and amino acid synthesis. Aspartate, glutamate, and TCA cycle were essen-
tial for ASFV replication. In addition, ASFV infection induced an increase in lactate
level using lactate dehydrogenase, which led to low expression of beta interferon
(IFN-B) and increased ASFV replication. Our data, for the first time, indicate that
ASFV infection controls IFN-B production through RIG-I-mediated signaling path-
ways. These data identified a novel mechanism evolved by ASFV to inhibit host
innate immune responses and provide insights for development of new preventive
or therapeutic strategies targeting the altered metabolic pathways.

IMPORTANCE In order to promote viral replication, viruses often cause severe immu-
nosuppression and seize organelles to synthesize a large number of metabolites
required for self-replication. African swine fever virus (ASFV) has developed many
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frican swine fever virus (ASFV), a member of the family Asfarviridae and genus

Asfivirus, has a double-stranded DNA molecule of 170 to 190 kb expressing more
than 150 proteins, which play important roles in viral replication, virus-host interac-
tions, and immune evasion (1, 2). ASFV was originally isolated and identified in Kenya
in the 1920s and has remained endemic in Africa (3). Subsequently, ASFV rapidly
spread to Europe, including France, Spain, Italy, Portugal, Georgia, Ukraine, Moldova,
Czech Republic, Romania, and Poland (4). Recently, ASFV has been identified and
reported in more than 37 countries (5-7). Between the 1950s and 1980s, ASFV geno-
type | emerged in Europe, Russia, and South America. In 2007, ASFV genotype I
emerged in Georgia and continued to spread to more countries (8).

In China, the first case of ASFV infection was reported in Liaoning Province in 2018
and was characterized by obvious enlargement of the spleen and generalized hemor-
rhage in pigs (5, 9, 10). ASFV infections were subsequently reported in many provinces
in China. ASFV has threatened more than 50% of the domestic pig population in
China, causing severe economic losses (5). So far, most ASFV isolates in China belong
to genotype Il (10).

The innate immune response is the first line of the host’s defense against viral infec-
tion. Viruses also negatively regulate the host innate immune response to promote
self-replication. To facilitate virus replication in host cells, viruses can seize organelles
to synthesize a large number of metabolites required for viral replication (11, 12). For
instance, Newcastle disease virus (NDV) (12), influenza A virus (IAV) (13), and human cy-
tomegalovirus (HCMV) (14) have been proven to alter host cell metabolism for viral
replication. Understanding the impact of viral infection on host cell metabolism will
promote knowledge of pathogenic mechanisms and contribute to advancing novel
preventative measures targeting metabolism. Metabolomics is a new approach to
identifying the special small metabolites of diseases in cancer and other diseases and
has already been widely used in biological studies of animals, humans, and plants (15-
19). ASFV infection can control the cGAS-STING pathway and regulates beta interferon
(IFN-B) production (20, 21). Studies have indicated that some ASFV proteins inhibited
host innate immune response to promote viral replication by different mechanisms
(22-25). However, the intrinsic mechanisms of the interaction between ASFV and host
cell metabolism remain unknown.

In the present study, ASFV-infected PAMs were collected and subjected to metabo-
lomic analysis using ultrahigh-performance liquid chromatography/quadrupole time-
of-flight tandem mass spectrometry (UHPLC-QTOF-MS). Mock-infected cells were used
as controls. The results showed that ASFV infection altered host energy and amino acid
metabolism, both in vitro and in vivo. The tricarboxylic acid (TCA) cycle, aspartate, and
glutamate play important roles in ASFV replication. ASFV infection enhanced lactate
production to inhibit host IFN-B3 expression and promote viral replication. The RIG-I-
mediated signaling pathway was involved in ASFV-induced IFN-8 production.

RESULTS

Multivariate analysis of PAM metabolites. To analyze metabolites in porcine alve-
olar macrophages (PAMs) infected by ASFV, we first confirmed ASFV replication in
PAMs. Viral titer was significantly upregulated as the infection progressed, and no sig-
nificant differences were observed between 24 and 48 h postinfection (hpi) (Fig. 1A),
which indicated that growth almost reached saturation after 24 hpi, showing a high
percentage of infection. The expression of P30 protein was determined by Western
blotting. P30 protein also increased over time (Fig. 1B). These results indicated the suc-
cessful replication of ASFV in PAMs. To further evaluate the cell states during ASFV
infection, apoptosis was detected by the terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labeling (TUNEL) assay. Apoptosis increased significantly as the
infection progressed, and more than 95% of cells were observed to undergo apoptosis
at 48 hpi (Fig. 10).

Electrospray ionization is the source of UHPLC-QTOF-MS and contains positive
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FIG 1 Detection of ASFV replication in PAMs. PAMs were infected with ASFV (MOI, 1) for 0, 6, 12, 16, 24, or 48
h. The cells and cell culture supernatants were frozen and thawed three times to release the virus and then
were centrifuged at 1,200 rpm for 5 min. The supernatants were collected, and the viral titers were determined
by HAD,, assay (A). Expression of viral P30 protein was detected by Western blotting (B). (C) PAMs cultured in
12-well plates were infected with ASFV (MOI, 1) for 0, 16, 24, or 48 h. Cellular apoptosis was detected by
TUNEL assay using a one-step TUNEL apoptosis detection kit. The apoptosis rate of cells was analyzed with
ImageJ software.

(POS) and negative (NEG) ion modes. The valid peaks were matched for 302 (POS) and
185 (NEG) PAM metabolites, according to an in-house MS2 database and the KEGG
Compound Metabolomics Library. We then analyzed nonorthogonal and orthogonal
variables using orthogonal partial least-squares discrimination analysis (OPLS-DA). The
OPLS-DA data for the mock-infected and infected groups are shown in Fig. 2. Taken to-
gether, these results indicated that the infection model was reliable and stable.

Significant changes in metabolites were observed following ASFV infection in
PAMs. The differential metabolites are shown in the form of volcano plots (Fig. 3).
Each point in the volcanic map represents a metabolite. Changes of >1.5-fold or
<0.67-fold and P values from Student's t test (P < 0.05) are displayed.

A total of 90 metabolites were significantly changed after ASFV infection. Relative to val-
ues recorded at 0 h, 65 metabolites were significantly upregulated and 25 metabolites were
significantly downregulated (Fig. 4A). A significant difference was observed in the heat map
depicting hierarchical clustering of the metabolite data (Fig. 4B). The number of upregulated
metabolites increased gradually over time. There was an increase in the levels of many
amino acids which are associated with amino acid metabolism. Taken together, these results
indicated that ASFV infection induced significant differential metabolites.

Analysis of metabolites and metabolic pathways. The KEGG Metabolome Database
and MetaboAnalyst were used to search the corresponding pathway database of the
pig and further identify the corresponding pathway database related to the changes in
metabolites. The results of the metabolic pathways analysis are shown by a bubble
plot (Fig. 5). There were many altered metabolic pathways during the progress of ASFV
infection. Pathway impact values suggested that the main enrichment metabolic path-
ways of differential metabolites during ASFV infection included aminoacyl-tRNA bio-
synthesis, alanine, aspartate, and glutamate metabolism, arginine biosynthesis, biosyn-
thesis of amino acids, and protein digestion and absorption.

The detailed profiles of the metabolite changes in PAMs infected with ASFV were
obtained using UHPLC-QTOF-MS (Fig. 6). Amino acids, an important substrate, are
essential to cell metabolism and proliferation. In the present study, at 6 hpi, a few
metabolites, including histidine, UMP, and glutamine, were affected. At 24 hpi, the lev-
els of histidine, serine, alanine, aspartate, glutamate, arginine, and lactate were signifi-
cantly upregulated, which was consistent with the viral replication process. Meanwhile,
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FIG 2 OPLS-DA model for the mock-infected and ASFV-infected cells at the indicated time points. The OPLS-DA model was obtained from the UHPLC-

QTOF-MS metabolomic profiles of PAM samples (A and B). (A), POS; (B), NEG.

the level of phosphocholine was significantly downregulated. As a whole, ASFV infec-
tion remarkably affected amino acid metabolism, which allowed them to play impor-
tant roles in many key metabolic pathways during ASFV infection.

Amino acid metabolism targeted by ASFV infection. To further analyze the
changes in amino acid metabolism during ASFV infection, the amount of amino acids
was quantified at different time points of infection. The ion peak areas of the metabo-
lites were detected using UHPLC-MS. The measured value was compared with that for
the standard substance. At 24 hpi, elevated amounts of amino acids, including aspar-
tate, arginine, glycine, isoleucine, phenylalanine, proline, tyrosine, valine, lysine, gluta-
mate, and glutamine, in the ASFV-infected cells were detected compared to those in
the mock-infected cells. The levels of other amino acids were either unchanged or
decreased (Fig. 7). Both UHPLC-QTOF-MS and UHPLC-MS results showed that the levels
of aspartate, glutamate, and arginine were significantly enhanced after ASFV infection.
These three upregulated amino acids may play important roles in ASFV replication.

At 48 hpi, except for cystine, all the amino acids were downregulated in ASFV-
infected cells compared to mock-infected cells. Detailed statistics are shown in Table 1.
These results indicated that in the early stages of infection, ASFV induced the increase
of amino acids to promote viral replication; however, in the late stages of infection, cel-
lular amino acids were depleted by ASFV, resulting in a decrease in amino acids.

The energy metabolism targeted by ASFV infection. Amino acid metabolism is
always associated with energy metabolism. Therefore, we further analyzed the changes
of glycolysis and TCA cycle during ASFV infection using UHPLC-MS. As shown in Table
2 and Fig. 8A, the level of fructose 6-phosphate was significantly downregulated, while
the pyruvate level was significantly upregulated. As for the TCA cycle, we identified
some important metabolites using UHPLC-MS, which indicated that ASFV infection
induced the increase of citrate and succinate levels (Fig. 8B). The levels of a-keto-
glutarate and oxaloacetate were further determined using specific kits. The results
showed that the expression of a-ketoglutarate, a-ketoglutarate dehydrogenase,
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FIG 3 Volcano plots for the mock-infected and ASFV-infected cells at the indicated time points. Each point in the volcanic map represents a metabolite.

Red, upregulation; blue, downregulation; gray, unchanged. (A), POS; (B), NEG.

and oxaloacetate was significantly upregulated as ASFV infection progressed (Fig.
8C). These results indicated that ASFV infection significantly affected the metabo-
lites in the TCA cycle.

Aspartate aminotransferase (AST), a vitamin Bs-dependent enzyme, can promote
the mutual transformation of aspartate and a-ketoglutarate to oxaloacetate and gluta-
mate (26). To determine the relationship between aspartate and TCA cycle in the
ASFV-infected cells and pigs, the activity of AST was identified during ASFV infection.
In the ASFV-infected PAMs, the activity of AST was significantly enhanced as the infec-
tion progressed (Fig. 8D). The activity of AST was also significantly elevated in the se-
rum of ASFV-infected pigs (Fig. 8E). Meanwhile, increased glutamate production was
found both in ASFV-infected cells and the collected serum from ASFV-infected pigs
(Fig. 8F). Taken together, these results indicated that ASFV infection promoted the TCA
cycle, resulting in a reversible transition between TCA cycle and amino acid synthesis.
The increased TCA cycle and amino acids may be associated with the replication and
pathogenicity of ASFV.

Aspartate, glutamate, and TCA cycle promoted ASFV replication. As described
above, ASFV infection induced an increase in partial amino acids and promoted the
TCA cycle. Thus, we further detected the impact of aspartate, glutamate, and TCA cycle
on ASFV replication. Tyrphostin 23 (T23) is a well-known inhibitor of protein tyrosine ki-
nases, and the mitochondrial TCA cycle is strongly accelerated after T23 treatment (27).
Thus, T23 was used to promote TCA cycle in the following experiment. The cytotoxicity
of aspartate, glutamate, a-ketoglutarate, and the inhibitor was determined by the MTS
assay. All doses of the inhibitor and metabolites used in the experiments showed no
significant detectable cell death (data not shown).

PAMs cultured in six-well plate were infected with ASFV (multiplicity of infection
[MOI], 1) and then incubated with increasing concentrations of aspartate, glutamate,
a-ketoglutarate, or T23 for 24 h. Viral titers were determined by 50% hemadsorption
(HADs,) assay. Treatment with aspartate or T23 significantly promoted ASFV replication
in a dose-dependent manner (Fig. 9). Treatment with 25 mg/L of glutamate or
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a-ketoglutarate did not affect ASFV replication, while treatment with 50 mg/L of gluta-
mate or a-ketoglutarate significantly promoted ASFV replication (Fig. 9). Together,
these results indicated that cellular TCA cycle, aspartate, and glutamate play important

roles in ASFV replication.

ASFYV infection increased lactate production to promote viral replication. The
UHPLC-QTOF-MS results showed that ASFV infection induced an considerable increase
in lactate level. To confirm the impact of ASFV infection on lactate level, the expression
of lactate during ASFV infection was determined using a lactate content detection kit.
The level of lactate was significantly enhanced as the infection progressed (Fig. 10A).
Lactate is a natural suppressor of RIG-like receptor (RLR) signaling by targeting mito-
chondrial antiviral-signaling (MAVS) protein (28). Thus, we detected the impact of lac-
tate on ASFV-induced IFN-B expression. UK-5099 is an inhibitor of the mitochondrial
pyruvate transporter and inhibits pyruvate-dependent O, consumption, promoting lac-
tate production (29). Here, the level of lactate was significantly enhanced in the cells
incubated with UK-5099 compared to that of mock-incubated cells (Fig. 10B), resulting
in low expression of IFN-B induced by ASFV and increased replication of ASFV (Fig.
10C). GSK2837808A (GSK), a potent and specific inhibitor of lactate dehydrogenase
(LDH), can inhibit lactate production (30). In contrast with UK-5099, GSK treatment
induced low expression of lactate level (Fig. 10D), resulting in high expression of IFN-B
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FIG 5 Bubble plots of the metabolic pathway analysis for ASFV-infected cells. Each bubble in the bubble diagram represents a metabolic pathway (the 20
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pathway in the enrichment analysis; the darker the color, the smaller the P value, indicating greater significance for the enrichment degree.

induced by ASFV and decreased replication of ASFV (Fig. 10E). All doses of UK-5099
and GSK used in the experiments also showed no significant detectable cell death
(data not shown). LDH plays important roles in lactate production. Our results found
that ASFV infection also improved the activity of LDH, which might directly contribute
to the increase of lactate (Fig. 10F).

MAVS protein is a specific molecule in the RLR signaling pathway, while ASFV infection
controls ¢cGAS-STING pathway activation (20, 31). Thus, the impact of RIG-l on ASFV-
induced IFN-B production was further investigated. PAMs cultured in 6-well plates were
transfected with RIG-I and negative control (NC) small interfering RNA (siRNA) and infected
with ASFV (MO, 1). The secretion of IFN-B protein was significantly decreased in RIG-|
siRNA cells compared to that in NC siRNA cells (Fig. 10G). Conversely, ASFV replication level
was significantly enhanced in RIG-I siRNA cells compared to that in NC siRNA cells (Fig.
10G). The expression of RIG-I protein was confirmed by Western blotting. Altogether, these
results indicated that ASFV infection induced an increase in lactate level, leading to the
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decreased expression of IFN-3 and increased replication of ASFV, which revealed a novel
mechanism evolved by ASFV to antagonize host innate immune responses. This is the first
report showing that RIG-l is involved in ASFV-induced IFN-S activation.

DISCUSSION

In recent years, metabolomics has been made great achievements in understanding
of metabolic change during viral infection. For instance, NDV infection mainly induces
changes in cellular amino acid and nucleotide metabolism (12), IAV infection promotes
self-replication by affecting metabolic pathways such as purine, lipid, and glutathione
in host cells (13), and the central carbon metabolism, particularly glycolysis, is signifi-
cantly altered in the context of dengue virus (DENV) infection, and depriving the exog-
enous glucose in DENV-infected cells has a pronounced impact on viral replication
(32). Although many viruses regulate host metabolism to create beneficial environ-
ments for their own replication, different viruses regulate cell metabolism in different
ways. It has become an important antiviral strategy to study the mechanism of the reg-
ulation of host cell metabolism by various viruses and design new preventive or thera-
peutic drugs targeting the altered metabolic pathways. In the present study, we for
the first time analyzed the metabolomic profiles of ASFV-infected PAMs using UHPLC-
QTOF-MS and UHPLC-MS. Our data provide new insights into the ASFV-host interac-
tions, which may help with determination of the infection mechanism of ASFV.

Here, we provide data on the alteration of metabolites and associated pathways in
PAMs after ASFV infection. The results of OPLS-DA and hierarchical clustering revealed
significant changes in the global metabolite profiles after ASFV infection. As a whole,
there were significant changes in amino acids and TCA cycle metabolism, which partly
reflect the intracellular contributions to the understanding of how ASFV regulates host
metabolism to promote self-replication.
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FIG 7 Amino acid metabolism regulated by ASFV infection. PAMs cultured in 6-cm dishes were infected with ASFV (MOI, 1) for 0
or 24 h. The amount of amino acids was quantified by UHPLC-MS. The samples were prepared in parallel three times. Many
amino acids were significantly altered in PAMs after ASFV infection. Results are means and standard deviations.

Amino acids are one of the most important substances in cells. They not only are utilized
in synthesis of proteins and other important biomolecules but also provide primary substan-
ces for other metabolic pathways. Metabolic disorders of amino acids can lead to a variety
of diseases. The impact of viral infection on amino acid metabolism has been described for
several viruses. For instance, about 300 metabolites are altered significantly in NDV-infected
cells, and most of them belong to the amino acid metabolic pathway. Tyrosine, threonine,
isoleucine, serine, methionine, and alanine are upregulated, which indicates that these
amino acids may play important roles in key metabolic pathways during NDV infection (12).
Vaccinia virus (VACV) infection alters glutamine metabolism. Decreasing the exogenous glu-
tamine in VACV-infected cells leads to a significant decrease of infectious virus production,
suggesting that glutamine is essential for VACV replication (33). Amino acid metabolism
generally increases in Kaposi's sarcoma-associated herpesvirus (KSHV)-infected cells, and
KSHV infection activates the Myc pathway to induce glutamine uptake and glutaminolysis
to produce TCA cycle intermediates (34, 35). In the present study, we found that large
amounts of amino acids were significantly upregulated in the early stages of ASFV infection.
However, in the late stages of infection, cellular amino acids were depleted by ASFV. The sig-
nificant changes in the cell metabolites at 48 hpi may be due to the occurrence of intracellu-
lar apoptosis. Detailed analyses confirmed that the aspartate and glutamate promoted ASFV
replication, which demonstrated that the increased amount of amino acids contributed to
the rapid ASFV protein synthesis and virion assembly.

In addition to amino acid metabolism, glycolysis, TCA cycle, and lipid metabolism
also play important roles in viral replication (36). For instance, Marek's disease virus
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TABLE 1 Impact of ASFV infection on amino acid levels at 48 hpi

Concentration of amino acid (nmol)

Amino acid P value Mock-1 Mock-2 Mock-3 ASFV-1 ASFV-2 ASFV-3
Tryptophan 0.000028 1.7469 1.5818 1.76407 030797  0.27063 0.36866
Phenylalanine ~ 0.000049 7.5188 7.0271 7.65006  2.68424 254517  3.08539
Histidine 0.000070  4.4486 46536 495475 1.74255 1.62672 1.9335

Valine 0.000199 11.551 11.539 13.2117 445473  4.02671 471257
Leucine 0.000268 14.908 15.125 17.1451 6.15553 590682  6.93775
Isoleucine 0.000294  6.2783 6.335 6.92764 331969 293448  3.5523

Lysine 0.000379 12,977 13.881 15.649 495611 457971 5.49141
Serine 0.000444 19.956 20.403 23.6856  8.01948 7.49508  8.8899

Tyrosine 0.000454  6.8623 7.0888 8.13162  2.87423 2.83231 3.25932
Glutamine 0.000536  26.214 23.509 26.2469 12.1498 11.7613 14.4607
Methionine 0.000551 3.7868 4.1028 469937 1.47437 1.33436 1.52805
Proline 0.000906  6.6421 6.8434 8.10792 293362  2.77946  3.22939
Threonine 0.001070  9.9163 10.566 12.504 417185  4.07792  4.60001
Alanine 0.001108 16.047 17.659 20.5587  6.24481 6.72196 7.27285
Asparagine 0.001577  9.7023 9.4915 11.5961 470666  4.78759  5.32603
Aspartate 0.005257  8.2874 7.6119 8.93764  5.60539  6.18958  6.05862
Glutamate 0.015470  23.819 21.224 24.592 18.2256 17.5333 19.5538
Arginine 0.029972 1.2657 1.6701 2.60009  0.46461 0.46408  0.65026
Glycine 0.036663  42.725 41.169 457276  36.5468 35.3865 39.9523
Cystine 0.369390  0.6793 1.0288 142136 0.79142  0.7636 0.91053

(MDV) infection activates an anaplerotic substrate from glucose to glutamine to pro-
vide energy and metabolites required for MDV replication (37); DENV-induced autoph-
agy regulates cellular lipid metabolism, leading to an autophagy-dependent process-
ing of lipid droplets and triglycerides to release free fatty acids, which are required for
efficient DENV replication (38); and lipid metabolism affects hepatitis C virus (HCV) as-
sembly and entry as well. Specifically, lipoproteins are involved in the entry process,
and the cholesterol transporter SR-BI is a key cellular entry factor for HCV (39). The TCA
cycle is the hub of carbohydrate, lipid, and amino acid metabolism and plays important
roles in many cellular bioprocesses. The TCA cycle significantly facilitates nervous ne-
crosis virus (40) and avian reovirus replication (41). During human cytomegalovirus
(HCMV) infection, glutaminase and glutamate dehydrogenase are needed to convert
glutamine to a-ketoglutarate, and the a-ketoglutarate enters the TCA cycle for viral
replication. ATP and viral production could be rescued in glutamine-starved cells using
the TCA intermediate a-ketoglutarate, oxaloacetate, or pyruvate, confirming the im-
portance of the TCA cycle in HCMV replication (42). However, the TCA cycle was not
important or necessary for infectious spleen and kidney necrosis virus multiplication
(43). These results showed that the TCA cycle plays multiple roles in viral replication.
The ATP-binding cassette transporter A1, which regulates cholesterol metabolism,
is upregulated in ASFV-infected pigs (44); the cholesterol in cellular membranes is
essential for ASFV infection (45), and the lipid exchange facilitates the formation of vi-

TABLE 2 Impact of ASFV infection on glycolysis®
Metabolites p-value Mock-1  Mock-2 Mock-3 ASFV-1  ASFV-2  ASFV3

Pyruvate <0.05 531367 515426 506659 710257 589554 663336
Fructose 6-phosphate < 0.05 2526503 3860869 2648236 804892 751848 579864
3-phosphoglycerate >0.05 3950167 4652347 4487289 5130192 5290786 4741920
2-phosphoglycerate >0.05 3148103 5299043 3751668 4771576 4248797 4022640

Fructose 1,6- ~005 4250941 4353130 5443597 3506461 6009398 8267280

bisphosphate
Glucose 6-phosphate >0.05 564452 2886000 2225254 434323 747357 551448
Glucose >0.05 327843 341686 352178 375550 293732 391608

aValues are chromatographic peak area. Red, upregulation; green, downregulation; black, unchanged.
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FIG 8 ASFV infection promoted cellular energy metabolism. (A) Schematic representation of altered
glycolysis pathways in PAMs infected with ASFV. Red, upregulation; green, downregulation. (B) PAMs
were infected with ASFV (MOI, 1) for 24 h. The levels of citrate and succinate were determined by
UHPLC-MS. (C) PAMs were infected with ASFV (MOI, 1) for 0, 12, or 24 h. The levels of a-ketoglutarate,
a-ketoglutarate dehydrogenase, and oxaloacetate were determined with the appropriate kits. (D) PAMs
were infected with ASFV (MOI, 1) for 0, 12, or 24 h. The activity of AST was determined with a kit. (E)
The serum was collected from pigs infected with ASFV (7 days after ASFV infection). The activity of AST
was determined with a kit. (F) Samples were prepared as described for panels D and E. The level of
glutamate was determined with a kit.

rus factories in the context of ASFV infection (46), revealing the importance of lipid me-
tabolism in ASFV infection. Here, our data indicated that the TCA cycle and amino acid
metabolism were closely associated with ASFV infection. Pyruvate is the end product
of the glycolytic pathway. The pyruvate level was significantly enhanced, while other
metabolites in the glycolytic pathway were not increased. The increase in pyruvate
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FIG 9 Aspartate, glutamate, and TCA cycle promoted ASFV replication. PAMs cultured in 6-well plates were
infected with ASFV (MOI, 1) in the presence of the indicated concentrations of aspartate, glutamate,
a-ketoglutarate, or T23. The supernatants were collected, and the viral titers were determined by HAD,, assay.
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h. The supernatants were collected and the viral titers were determined by HAD., assay. PAMs infected with ASFV (MOI 1) were incubated with or without
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were determined by HAD;, assay. (F) PAMs were infected with ASFV (MOI 1) for 0, 12, or 24 h. The activity of LDH was determined with an LDH activity
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assay, and expression of the RIG-I protein was detected by Western blotting.

may be due to the increased TCA cycle and amino acid metabolism. We found that the
TCA cycle intermediates, including citrate, succinate, a-ketoglutarate, and oxaloace-
tate, were significantly increased during ASFV infection, indicating that ASFV infection
promoted the TCA cycle. In turn, the TCA cycle was critical for replication of ASFV. The
TCA cycle can promote amino acid production under the regulation of several specific
enzymes. Therefore, the increase of ASFV replication induced by the TCA cycle may be
due to the increase in both ATP and amino acid production.

Lactate directly binds to the MAVS protein transmembrane domain and prevents
MAVS protein aggregation, resulting in the inhibition of RLR signaling pathway activa-
tion (28). The energy metabolism regulates innate immunity during viral infection.
Hepatitis B virus (HBV) infection enhances the production of lactate, which prevents
MAVS protein aggregation and mitochondrial localization, resulting in the immune
evasion of HBV (47). In the present study, ASFV infection induced a considerable
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increase in lactate as well. The increase in lactate level significantly induced low expres-
sion of IFN-p, resulting in enhancement of ASFV replication. In addition, RIG-I-regu-
lated ASFV induced the activation of IFN-B. ASFV, as a double-stranded DNA virus, is
recognized by cGAS (20). Our results indicated that except for the cGAS-STING path-
way, ASFV infection also controls IFN-B production through RIG-I-mediated signaling
pathways. Together, our data identified a novel antagonistic mechanism by which
ASFV blocks type | IFN production.

There is a discrepancy in the effects of IFN on ASFV replication. Golding et al. reported
that porcine IFN-a does not affect the replication of virulent ASFV strains BA71, Georgia
2007/1, and OUR T88/1 in alveolar macrophages (48). Fan et al. found that recombinant
porcine IFN-a and IFN-y have high antiviral activity against ASFV in PAMs (49). Here, our
data indicated that porcine IFN-3 plays an important role in suppression of ASFV replica-
tion. Analysis of the discrepancy indicates that in addition to virus strain, the discrepancy
in porcine IFN might be another reason for the different outcome.

In conclusion, ASFV infection could regulate IFN-8 production through the RIG-I-
MAVS protein signaling pathway. ASFV infection induced the increase of TCA cycle,
amino acid production, and pyruvate level. On one hand, the produced pyruvate
increased lactate production under the action of LDH, resulting in the immune escape
of ASFV. On the other hand, the pyruvate entered and promoted the TCA cycle. The
increased TCA cycle then induced the enhancement of ATP and amino acid produc-
tion, which further promoted ASFV replication (Fig. 11).

African swine fever (ASF) is one of the most serious viral diseases infecting pigs (50).
Despite numerous research efforts, there are no available commercial vaccines against
ASF (51-56). The development of vaccine has been greatly hindered by the knowledge
gaps regarding viral pathogenesis and immune evasion. This work could guide the
design of new preventive or therapeutic strategies targeting the altered metabolic
pathways and identifies a novel mechanism evolved by ASFV to inhibit host antiviral
response.

MATERIALS AND METHODS

Cells and viruses. Porcine alveolar macrophages (PAMs) isolated from healthy pigs were stored in
our laboratory (25, 57). PAMs were cultured in RPMI 1640 medium (Gibco) containing 15% inactivated
FBS and maintained at 37°C (5% CO,). The ASFV strain, a genotype Il strain named ASFV CN/GS/2018,
was isolated and stored in our laboratory (31).

Preparation of aspartate-glutamate-a-ketoglutarate medium. Aspartate (SA8560), glutamate
(YZ-100023), and a-ketoglutarate (SK8210) were purchased from Solarbio, Beijing, China. Aspartate, glu-
tamate, and a-ketoglutarate were dissolved in Dulbecco’s modified Eagle medium (DMEM) (11995065;
Gibco) to a final concentration of 100 mg/L, according to the manufacturer's instructions.

Sample collection. PAMs (107 cells) were mock infected or infected with ASFV, collected using cell
scrapers, and then centrifuged at 1,200 rpm for 5 min at 4°C. The precipitated cells were resuspended in
ice-cold phosphate-buffered saline (PBS). The cells were rapidly quenched using 5 volumes of ice-cold
quenching solution (60% aqueous methanol, 0.85% [wt/vol] ammonium bicarbonate; pH 7.4), as
described previously (58). The samples were centrifuged to remove the supernatant and the pellet was
quickly frozen using liquid nitrogen. Finally, the samples were stored at —80°C until metabolomic analy-
sis. For identification of the ASFV infection, both cells and cell culture supernatants were frozen and
thawed three times to release the virus and then were centrifuged at 1,200 rpm for 5 min; the superna-
tants were collected for virus titration, and the cells were lysed for Western blotting. The serum samples
collected from ASFV-infected pigs (25) were used to detect metabolites using appropriate kits, according
to the manufacturer’s protocol.

Virus titration. The ASFV strains were quantified using the HAD assay, as described previously (25).
Briefly, PAMs were cultured in 96-well plates, and the samples were then added to the 96-well plates
and titrated in triplicate using 10-fold serial dilutions. HAD,, doses were calculated using the Reed and
Muench method (59).

Western blotting. The target proteins were analyzed by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (EMD Millipore, Billerica, MA,
USA). The membranes were then blocked with 5% skim milk in Tris-buffered saline-Tween (TBST) at room
temperature for 2 h and incubated with appropriate primary antibody (1:1,000) at 4°C overnight and second-
ary antibody (1:5,000) at room temperature for 2 h. Antibody-antigen complexes were visualized with chemi-
luminescence detection reagents (Share-bio Biotechnology, Shanghai, China).

Analysis of apoptosis by TUNEL assay. Cellular apoptosis was detected with a TUNEL assay, as
described previously (60). Briefly, the PAMs were infected with ASFV (MOI, 1) for 0, 16, 24, or 48 h. The
cells were washed once with PBS and were fixed with 4% paraformaldehyde for 30 min. After that, the
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FIG 11 Schematic overview of the working model of how ASFV infection regulates host metabolism.
ASFV infection induces the increase in the TCA cycle, amino acid production, and pyruvate level. On
one hand, the increased pyruvate causes lactate production under the action of LDH, resulting in the
immune evasion by ASFV. On the other hand, the pyruvate enters and promotes the TCA cycle. The
increased TCA cycle induces the enhancement of ATP and amino acid production, which further
promotes ASFV replication.

cells were incubated with 0.3% Triton X-100 for 5 min at room temperature. Then, the cells were incu-
bated with TUNEL detection liquid (Beyotime, Shanghai, China), according to the manufacturer's instruc-
tions. The fluorescence was visualized using a Nikon Eclipse 80i fluorescence microscope.

Knockdown of RIG-I using siRNA. siRNA used in this study was synthesized by Gene Pharma
(Shanghai, China). Knockdown of RIG-I in PAMs was performed by transfection of RIG-I siRNA using
Polyplus transfection reagent (Jet-PEl, San Marcos, CA, USA) according to the manufacturer’s protocol.
NC siRNA was used as a negative control. The porcine RIG-I siRNA sequence was as described previously
(61). The target sequence for porcine RIG-l was 5'-GGTACAAAGTTGCAGGTAT-3'.

Metabolite extraction. After the samples were slowly thawed at 4°C, 250 ulL precooled methanol-
acetonitrile-water solution (2:2:1, vol/vol) was added to the Eppendorf tubes and mixed by vortexing for
20 s. Then, the samples underwent ultrasound treatment for 15 min in ice water and were centrifuged at
14,000 rpm for 20 min at 4°C. The supernatant was vacuum dried. During mass spectrometry, 100 ulL
acetonitrile-water (1:1 [vol/vol]) solution was added to the Eppendorf tubes and vortexed for 2 s. The
samples were then centrifuged at 14,000 x g at 4°C for 15 min. The supernatant was collected for further
analysis.

Data acquisition through LC-MS analysis. The collected supernatant was separated using Agilent
1290 infinity LC ultrahigh-pressure liquid chromatography (UHPLC), with a column temperature of 25°C,
flow rate of 0.5 mL/min, and sample volume of 2 uL. The mobile phase contained A (water, 25 mM am-
monium acetate, and 25 mM ammonia) and B (acetonitrile). The gradient elution procedure was as fol-
lows: 0 to 0.5 min, 95% B; 0.5 to 7 min, B was decreased linearly from 95 to 65%; 7 to 8 min, B was
decreased linearly from 65 to 40%; 8 to 9 min, B was maintained at 40%; 9 to 9.1 min, B was increased
linearly from 40 to 95%; 9.1 to 12 min, B was maintained at 95%. The samples were placed in a 4°C auto-
sampler and analyzed in random order. QC samples were inserted into the sample queue to monitor
and evaluate the stability of the system and the reliability of the experimental data.

The electrospray ionization (ESI) positive and negative ion modes were used for mass spectrometer
(MS) detection. Spectrograms were collected using an AB Triple TOF 6600 mass spectrometer (AB SCIEX,
Danaher, Washington, DC, USA). The parameters of the MS were as follows: ion source gas 1: 60; ion
source gas 2: 60; curtain gas (CUR): 30; source temperature: 600°C, ion spray voltage floating (ISVF):
+5,500 V; TOF MS scan m/z range: 60 to 1,000 Da; product ion scan m/z range: 25 to 1,000 Da; TOF MS
scan accumulation at time 0.20 s/spectra; product ion scan accumulation at time 0.05 s/spectra. The

February 2022 Volume 96 Issue4 €01919-21

Journal of Virology

jviasm.org 14


https://jvi.asm.org

ASFV Regulates Host Metabolism

Journal of Virology

parameters of the information dependent acquisition (IDA) were as follows: exclude isotopes with 4 Da;
candidate ions to monitor per cycle: 10.
Amino acid metabolism analysis. The ESI positive-ion modes were used for MS detection. The spectro-
grams were collected using a 5500 QTRAP mass spectrometer (AB SCIEX). The parameters of the MS were as
follows: source temperature: 500°C; ion source gas 1: 40; ion source gas 2: 40; CUR: 30; ISVF: 5,500 V.

Energy metabolism analysis. The ESI positive and negative ion modes were used for MS detection.
The spectrograms were collected using a 5500 QTRAP mass spectrometer (AB SCIEX). The parameters of
the MS in positive ion mode were as follows: source temperature: 500°C; ion source gas 1: 40; ion source
gas 2: 50; CUR: 35; ISVF: 5,500 V. The parameters in negative ion modes were as follows: source tempera-

ture: 550°C; ion source gas 1: 40; ion source gas 2: 50; CUR: 35; ISVF: —4,500 V.

Metabolite analysis using kits. The activity of AST in PAMs was detected using an aspartate amino-
transferase (AST/GOT) activity detection kit (MAKO55; Sigma-Aldrich, St. Louis, MO, USA). Alpha-ketoglutarate
dehydrogenase and a-ketoglutarate were detected using an A-KG dehydrogenase activity detection kit
(MAK189) and an a-ketoglutarate detection kit (MAKO054) (Sigma-Aldrich), respectively. Oxaloacetate was
detected using an oxaloacetate detection kit (MAKO70; Sigma-Aldrich). Glutamate, lactate, and LDH were
detected using the corresponding detection kits (BC1580, BC2230, and BC0680, respectively; Solarbio).
ELISA. The expression of porcine IFN-g protein in the cell supernatant was determined using a por-
cine IFN-B enzyme-linked immunosorbent assay (ELISA) kit (SEKP-0046; Solarbio) according to the man-
ufacturer's instructions. The measured value is compared with that for the standard substance.

MTS assay. To evaluate the cytotoxicity of aspartate, glutamate, a-ketoglutarate, 723, UK5099
(MedChemExpress, Monmouth Junction, NJ), and GSK (MedChemExpress) on cells, an MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay was per-
formed according to the manufacturer’s protocol.
Statistical analysis. XCMS software (https://xcmsonline.scripps.edu/index.php) was used to analyze
the raw data for peak alignment, calibration, and retention time peak area extraction. Accurate mass
matching (<25 ppm) was used to identify metabolite structure. lon peaks with missing values of >50%
in the data group were ignored. SIMCA-P 14.1 software package (V14.1; Sartorius Stedim Data Analytics
AB, Umea, Sweden) was used for multidimensional statistical analysis, including principal-component
analysis (PCA), supervised partial least-squares discriminant analysis (PLS-DA), and orthogonal partial
least-squares discriminant analysis (OPLS-DA) (12). The PCA maps, volcano maps, and cluster maps were
generated with the R program. KEGG enrichment analysis was utilized to determine the metabolic path-
ways (62). Single-dimensional statistical analysis was performed using SPSS Statistics for Windows, ver-
sion 17.0 (SPSS Inc., Chicago, IL, USA). Student’s t test and variation multiple analyses were used for com-
parison of the raw data. A P value of <0.05 was considered statistically significant; a P value of <0.01
was considered statistically highly significant.
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