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SUMMARY

African swine fever virus (ASFV) infection usually causes viremia within a few days. However, the metabolic
changes in pig serum after ASFV infection remain unclear. In this study, serum samples collected from
ASFV-infected pigs at different times were analyzed using pseudotargeted metabolomics method. Metab-
olomic analysis revealed the dopaminergic synapse pathway has the highest rich factor in both ASFV5 and
ASFV10 groups. By disrupting the dopamine synaptic pathway, dopamine receptor antagonists inhibited
ASFV replication and L-dopa promoted ASFV replication. In addition, guanosine, one of the top20 changed
metabolites in both ASFV5 and ASFV10 groups suppressed the replication of ASFV. Taken together, this
study revealed the changed serum metabolite profiles of ASFV-infected pigs at various times after infec-
tion and verified the effect of the changed metabolites and metabolic pathways on ASFV replication. These
findings may contribute to understanding the pathogenic mechanisms of ASFV and the development of
target drugs to control ASF.

INTRODUCTION

African swine fever (ASF) is caused by the African swine fever virus (ASFV) characterized by high fever, cyanosis of the skin, and severe hem-
orrhages in the lymph nodes and other organs for both domestic and wild swine.' ASF was first reported in Kenya in 1921.7 Nevertheless, its
epidemics was started in the Caucasian region and rapidly spread to Europe and Asia.** ASF happened in China in Liaoning province in
2018.° The morbidity and mortality of ASF are very high, nearly to 100%. As the country which has the largest stock of pigs and the most
pork consumption all over the world, ASFV had caused devastating influence and tremendous financial loss in the swine industry and eco-
nomic trade.'® ASFV is the sole member of the Asfarviridae family and the only known DNA arbovirus.” ASFV is an enveloped virus, with a
large dsDNA genome of about 170-190 kbp, encoding more than 150 genes.”” Up to date, effective information about ASFV infection
and immune mechanisms during ASFV infection remained limited and the research on vaccines and drugs against ASFV was restricted.'®"’

In the past decades, researches were devoted to focusing on protein pathogenesis encoded by ASFV. These proteins help complete self-
replication and evade immune response in many ways. ASFV encodes several unique multigene families (MGFs): MGF100, MGF110, MGF300,
MGF360, and MGF505."? The MGFs involved multiaspect during ASFV infection, including virulence, pathogenicity, host range, and immune
evasion. > MGF-505-7R,">"® MGF505-11R,"” MGF360-14L,"® and MGF360-12L"" have been reported suppress IFN-I production.’>™'” ASFV
MGF360-9L can inhibit IFN-B signal pathway, through interacts with and degrading STAT1/2.°° DP96R, pl215L, and E120R can negatively
regulate cGAS-STING signaling pathway to suppressed interferon production.”’** ASFV genomic DNA can be recognized by DNA-directed
RNA polymerase Ill (Pol-1ll) and induced RIG-I mediated innate immune responses, but 1267L disrupted Pol-llI-RIG-I interaction and impaired
the activation of RIG-1.”* Subsequently, pE199L induced mitochondrial-dependent apoptosis, which plays an important role in ASFV patho-
genesis.”> ASFV pH240R is a structural protein that interacts with p72 (major capsid protein), deleted H240R gene affected viral assembly and
decreased infectious progeny virus production.”® As aforementioned, most of these were concerning the protein-protein interaction. The
intrinsic mechanisms underlying the interaction between ASFV and pigs remain largely unclear.

Metabolome technology can capture global changes in small molecule metabolites in biofluids, cells and tissues.”” Small molecule metab-
olites are the substrates and products of metabolism that drive essential cellular functions.”® Viral infection can reprogram host metabolism to
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Figure 1. QC chart of LC-MS test data

(A) Overall score scatter diagram of PCA model: green represented ASFV infected Odpi, blue represented ASFV infected 5dpi, red represented ASFV infected 10
dpi, and yellow represented mixed samples.

(B) CV distribution of samples: red represented mix samples, the same amount of ASFV infected 0 dpi, 5dpi, and 10 dpi samples were mixed as a QC, green
represented serum of ASFV infected 10dpi, blue represented serum of ASFV infected 5dpi, and purple represented serum of ASFV infected 0 dpi, (C) TIC
overlap diagram in positive ion mode (D) TIC overlap diagram in negative ion mode.

facilitate its replication and survival. Therefore, the changes of metabolites directly reflect the physiological and pathological status of humans
and animals. In recent years, the metabolome analysis of host serum has gradually become a promising tool to determine the host-virus inter-
action in vivo and find biomarker for diagnosis.””* The global serum metabolomics profiling during virus infection have been studied and re-
ported, including severe acute respiratory syndrome coronavirus (SARS-CoV-2),%" dengue virus (DENV),*” human immunodeficiency virus-1
(HIV-1),* hepatitis C virus (HCWV),** hepatitis B virus (H BV),*® influenza A H7N9 virus(IAV H7N9),*° and classical swine fever virus (CSFV).>’ These
studies highlighted the huge potential of serum metabolomics in viral pathogenesis and detection. However, pig serum metabolomics during
ASFV infection have not been fully elucidated yet.

Previous study of our research team analyzed the metabolism profiles of ASFV-infected PAMs, showed that ASFV infection altered host
energy and amino acid metabolism to promote viral replication, and induced lactate production increases to inhibit host innate immune re-
sponses.*® In this study, for further explore the host response to ASFV, we inoculated pigs with ASFV CN/GS/2018, and collected serum sam-
ples for metabolomics analysis. ASFV infection significantly changed the metabolites in serum. We showed the global metabolites changes
in vivo and investigated the influence on ASFV replication of changed metabolic pathway and metabolites. Taken together, our work revealed
the status of ASFV-infected pigs from a metabolic perspective and provided new insights in ASFV infection process and pathogenic
mechanism.

RESULTS
Serum metabolic profiling of all samples

The serum samples collection from all pigs at different time (0 dpi, 5dpi, and 10 dpi) were subjected to metabolomics analysis. A total of 1313
metabolites were detected using hydrophilic and hydrophobic methods by UHPLC-TQMS. The PCA (principal component analysis) result
showed that the QC samples were clustered together, indicating the stability of this analytic method (Figure 1A). The majority of metabolic
peaks had coefficients of variation less than 0.5, suggesting the reliability of the measurement technique (Figure 1B). In addition, the method
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Figure 2. OPLS-DA model sequencing verification diagram

(A) OPLS-DA model score between ASFV5 and ASFVO.

(B) OPLS-DA model score between ASFV10 and ASFVO.

(C) OPLS-DA model score between ASFV10 and ASFV5. OPLS-DA model’s permutation tests between ASFV5 and ASFVO (D), between ASFV10 and ASFVO (E),
between ASFV10 and ASFV5 (F). R? and Q?, respectively, represented the interpretation rate of the model to the matrix and the prediction ability of the model.
The closer the value was to 1, the more stable and reliable the model was. The horizontal line corresponds to R? and Q? of the original model. Green and blue dots
represented R? and Q? of the model after Y was replaced.

stability was assessed by overlaying different samples’ total ion current diagrams (TIC diagrams). The results showed that the curves of the TIC
diagrams were highly overlapped, and the retention time and peak intensity were consistent, demonstrating that the signals were stable
throughout the analysis process (Figures 1C and 1D).

Metabolomics analysis of serum metabolites

We used the score plots of OPLS-DA (orthogonal partial least structures discriminant analysis) and permutation test model to visualize and
verify the metabolite differences between groups (Figure 2). The PCA score plots revealed differences in metabolites among different days
after ASFV infection (Figure 1A). The score plots of OPLS-DA showed a clear separation between ASFVO (ASFV infected O dpi) and ASFV5
(ASFV infected 5 dpi) groups (R?X = 0.408, Q% = 0.927), indicating that the model was reliable and had the good predictive ability (Figure 2A).
The separation can also be seen between ASFVO and ASFV10 (ASFV infected 10 dpi) groups, between ASFV5 and ASFV10 groups (RX =
0.399, Q% = 0.907; R?X = 0.397, Q% = 0.707) (Figures 2B and 2C). R?X represented the cumulative explanatory rate of the model in the X
axis direction and Q? represented the cumulative prediction rate of the model when modeling the multivariate statistical analysis. The validity
of these models was further confirmed by 200 permutation tests (Figures 2D-2F).

Comparison of serum metabolic profiling between the ASFV5 and ASFVO groups

Firstly, to identify the changes of metabolites after 5 days of ASFV infection, we focused on the differential metabolites between ASFV5 and
control (ASFV0) (Table S1). We performed a univariate t-test analysis based on the fold changes of metabolites in the two groups and found 290
metabolites with p value <0.05, FC > 1.50or <0.67, and VIP>1, in which 225 metabolites decreased and 65 metabolites increased in ASFV5, as
shown in the volcano plot (Figure 3A). Besides, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis of differential
metabolites showed that there were mainly 20 significantly disturbed metabolic pathways (Figure 3B). Renin secretion metabolism, dopami-
nergic synapse metabolism, and african trypanosomiasis metabolism had the highest rich factor, and metabolic pathways metabolism had a
maximum number of differential metabolites (Figure 3B). The top20-fold change distribution plot (Figure 3C) and barchart (Figure 3D) showed
10 upregulated metabolites in ASFV5 including senecionine N-oxide, ammelide, 3-hydroxyethylchlorophyllide, uridine, allopurinol, guanine,
2-hydroxy-6-aminopurine, guanosine, carnitine C10:0, and Lys-lle, and 10 downregulated metabolites in ASFV5 including taurocholic acid,
liquiritin, cyclo (Tyr-Ala), L-2-aminoadipate, baicalin, 12,13-dihome, khelloside, astragalin, and 3,4,2',4',&' -pentahydroxychalcone.
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Figure 3. Differential metabolite analysis of ASFVO VS ASFV5

(A) Volcano map between ASFV5 and ASFVO, green dots represented decreased differentially expressed metabolites, red dots represented increased
differentially expressed metabolites.

(B) KEGG enrichment analysis of differential metabolites. The X axis represents the rich factor, and the Y axis represents the pathway. Each bubble represents a
metabolic pathway and the bubble with larger represents more bubbles indicating a larger number of enriched metabolites enriched. A darker red color
indicates a more significant enrichment; the top 20 metabolic pathways with the highest significance are shown.

(C) Dynamic distribution map of differences in metabolite content. Each point represented one metabolite, red represented top10 increased metabolites, green
represented top10 decreased metabolites.

(D) Top20-fold change bar chart, exhibited the top10 most significantly upregulated or decreased metabolites. Red represented increased metabolites, green
represented decreased metabolites.

Comparison of serum metabolic profiling between the ASFV10 and ASFVO groups

Furthermore, special attention was given to the changes of metabolites after 10 days of ASFV infection, we focused on the differential me-
tabolites between ASFV10 and control (ASFV0) (Table S2). A univariate t-test analysis based on the fold changes of metabolites was per-
formed in the two groups and found 312 metabolites with p value <0.05, FC > 1.5 or <0.67, and VIP>1, in which 254 metabolites decreased
and 58 metabolites increased in ASFV10, as shown in the volcano plot (Figure 4A). Besides, KEGG enrichment analysis of differential metab-
olites showed that vitamin B6 metabolism, thyroid hormone signaling pathway metabolism, dopaminergic synapse metabolism, and auto-
immune thyroid disease metabolism had the highest rich factor, and metabolic pathways metabolism had a maximum number of differential
metabolites (Figure 4B). The top20-fold change distribution plot (Figure 4C) and barchart (Figure 4D) showed 10 upregulated metabolites in
ASFV10 including 3-hydroxyethylchlorophyllide, senecionine N-oxide, ammelide, 2'-deoxyinosine, guanosine, allopurinol, guanine,
2-hydroxy-6-aminopurine, (£)5(6)-dihete, and carnitine C18:0, and 10 downregulated metabolites in ASFV10 including MG(22:6/0:0/0:0),
1,2-epoxy-3-(p-nitropheoxy) propane, 12,13-dihome, N-methyl-4-aminobutyric acid, liquiritin, baicalin, khelloside, astragalin, chrysophanol,
and glycitein.

Comparison of serum metabolic profiling between the ASFV10 and ASFV5 groups

In addition, the differential metabolites between ASFV10 and ASFV5 were identified and analyzed (Table S3). A univariate t-test analysis based
on the fold changes of metabolites was performed in the two groups and found 100 metabolites with p value <0.05, FC > 1.5 or <0.67, and

4 iScience 27, 109345, April 19, 2024



iScience ¢? CellPress
OPEN ACCESS

Vitamin B6 metabolism. .

Tyrosine metabolism. L]
Tryptophan metabolism.

nptop! e P-Value

Thyroid hormone synthesis+ L J - 1.00

Thyroid hormone signaling pathway .

+ ; hy ignaling pathway ors

Statistics. ‘Thermogenesis-{

[ X § * Down:254 Protein digestion and absorption. [
3 - * Ums Prolactin signaling pathway- . . 025
000

. .
Phenylalanine,tyrosine and tryptophan biosynthesis| .
Metabolic pathways { @)

Histidine metabolism, . Count

- Log;oP-Value
IS
L

oo Dopaminergic synapse- . ®

D-Glutamine and D-glutamate metabolism-{ . ® w
L Cocaine addiction: .

¢ @ «

Caffeine metabolism .

° @«

Autoimmune thyroid disease{

Amphetamine addiction

Aminoacyl-RNA biosynthesis{ .

F1y S— — 0 [P N [—

2-Oxocarboxylic acid metabolism- °

-1 1 2 X 0.6
LogzFC Rich Factor

[ D

3-Hydroxyethylchlorophyllide a -

T Hydroxyethylchiorophylide a

61 Senecionine N-oxide . Senecionine N-oxide
Ammelide

Ammelide -
purinol . 2"-Deoxyinosine |
2-Hydroxy-6-Aminopurine ¢ Guanosine +
3 (£)5(6)-DIHETE Allopurinol {
Canmitine C18:0 Guanine +
rd 2-Hydroxy-6-Aminopurine -
41516} DIHETE |

~ - (4)5(6)- DIHETE

« Others Carnitine C18:0 1

e MG(22:6/0:0/0:0) -

1,2-epoxy-3-(p-nitrophenoxy) propane -
S0022600) 12,13-DiHOME |
22:S00y3 <0 tophenciy) peopanc N-methyl-4-aminobutyric acid |
N-methyl ic aci
Baicalin

Liquiritin |

Baicalin -
Khelloside +

Astragalin |

61 Chrysophanol |

[ 100 200 300 Glycitein «
Rank

Log,FC

Figure 4. Differential metabolite analysis of ASFV10 VS ASFV0

(A) Volcano map between ASFV10 and ASFVO, green dots represented decreased differentially expressed metabolites, red dots represented increased
differentially expressed metabolites.

(B) KEGG enrichment analysis of differential metabolites between ASFV10 and ASFVO.

(C) Dynamic distribution map of differences in metabolite content. Each point represented one metabolite, red represented top 10 increased metabolites, green
represented top10 decreased metabolites.

(D) Top20-fold change bar chart, exhibited the top10 most significantly upregulated or decreased metabolites. Red represented increased metabolites, green
represented decreased metabolites.

VIP>1, in which 58 metabolites decreased and 42 metabolites increased in ASFV10, as shown in the volcano plot (Figure 5A). KEGG enrich-
ment analysis of differential metabolites showed that retinol metabolism, thyroid hormone signaling pathway metabolism, and autoimmune
thyroid disease metabolism had the highest rich factor, and biosynthesis of amino acids metabolism had a maximum number of differential
metabolites (Figure 5B). The top20-fold change distribution plot (Figure 5C) and barchart (Figure 5D) showed 10 upregulated metabolites in
ASFV10 including L-2-aminoadipate, p-hydroxyphenyl acetic acid, mandelic acid, N-methyl-l-glutamate, 2-aminoadipic acid, |-deprenyl,
3-hydroxyphenylacetic acid, beta-muricholic acid, alpha-muricholic acid, and piritramide, and 10 downregulated metabolites in ASFV10
including uridine, Gly-lle, N-acetyl-beta-alanine, Tyr-Glu, Gly-Leu, N-acetyl--alanine, 2-amino-4-oxovaleric acid, Glu-His, anabaenopeptilide
90A, and senecionine N-oxide.

Impact of altered metabolites and metabolic pathways on ASFV replication

Metabolomics analysis of serum metabolites at different times after ASFV infection revealed the changes of metabolites and metabolic path-
ways. We found the dopaminergic synapse metabolism had the highest rich factor in between ASFV5 and ASFVO (Figure 3B), between ASFV10
and ASFVO (Figure 4B). To explore the effect of dopaminergic synapse metabolism on ASFV replication, the antagonist of dopamine receptor
including L741626 and R (+)-SCH-23390 were selected to inhibit the dopaminergic synapse pathway. The cytotoxicity of L741626 and R
(+)-SCH-23390 was determined on PAMs (porcine alveolar macrophages), which were cultured in 12-well plates infected with ASFV
(MOI = 0.1) and treated with different gradient concentrations of L741626 or R (+)-SCH-233%0. Two drugs had no significant cytotoxicity
on PAMs (Figure 6A). The P30 and P72 protein levels of ASFV under different concentrations were analyzed via immunoblotting, and the
P72 mRNA levels of ASFV under different concentrations were detected by gqPCR. The results showed that L741626 and R (+)-SCH-23390

iScience 27, 109345, April 19, 2024 5




¢? CellPress iScience
OPEN ACCESS

Vitamin B6 metabolism
Tyrosine metabolism [ )

Thyroid hormone synthesis °

Thyroid hormone signaling pathway @ | P-value

Thermogenesis o | K

Shigellosis . 075

Statistics Retinol metabolism 650

Pyrimidine metabolism { @ .
u.

Count

w

* Down:58
o a2
. Nitrogen metabolism

L ] Lysine biosynthesis.
Glutamatergic synapse
N . 7 D-Glutamine and D-glutamate metabolism
w? oo, ¢ Cholesterol metabolism |

Biotin metabolism
Biosynthesis of amino acids { @)
Bile secretion )
Autoimmune thyroid disease °
Aminoacyl-RNA biosynthesis { @
2-Oxocarboxylic acid metabolism | @

] 3 025 0.50
LogzFC Rich Factor

and

- LogyoP-Value

.1

RTINS

N
X
o N SUREV RIS VY NN SRS ESSOSL SO L S
.
.

0.75

3
S

c D

2 Aminoadipate g 2 i
Mandelic Acid L-2-Aminoadipate

P-Hydroxyphenyl Acetic Acid % i |
N-Methyl-L-Glutamate P-Hydroxyphenyl Acetic Acid

7 Aminoadiie Ada dSio i

L-Deprenyl

3-hydroxyphenylacetic acid N-Methy-L-Glutamate

amaMunoloacd 2-Aminoadipic Acid

2l it L-Depreny]
3-hydroxyphenylacetic acid-

beta-Muricholic acid+

alpha-Muricholic acid

14 - Class
- + Others Piritramide

©

=3 + Top down Uridine |

g + Topup

s} Gly-lle-

o N-acetyl-beta-alanine |
Tyr-Glu:
Gly-Leu:

N-Acetyl-L-alanine-

Uridine

Siu-His 2-amino-4-oxovaleric acid-
N-AcelyhL-alanine His|
Tyr-Glu Glu-His.
et Gly-Leu g |

o 2-amino-4-oxovaleric acid Anabaenopeptilide 90A

o] = Anabaenopeptilide 90A . J|
2 Senecionine N-oxide Senecionine N-oxide
[} 25 50 75 100

Rank

0

1
Log,FC

Figure 5. Differential metabolite analysis of ASFV10 VS ASFV5

(A) Volcano map of significantly changed metabolites between ASFV10 and ASFV5 (B) KEGG enrichment analysis of differential metabolites between ASFV10 and
ASFV5.

(C) Dynamic distribution map of differences in metabolite content. Each point represented one metabolite, red represented top 10 increased metabolites, green
represented top10 decreased metabolites.

(D) Top20-fold change bar chart, exhibited the top10 most significantly upregulated or decreased metabolites. Red represented increased metabolites, green
represented decreased metabolites.

inhibited ASFV replication in a dose-dependent manner (Figures 6B and 6C). L-dopa is the precursor of dopamine39. L-dopa did not cause
significant cytoxicity (Figure 6A), and exogenous addition of different doses of L-dopa can significantly promote ASFV replication at viral pro-
tein and mRNA levels (Figures 6B and 6C).

To investigate the effect of significant changed metabolites on ASFV replication, we selected guanosine and allopurinol, which were top20
changed metabolites in between ASFV5 and ASFVO0, between ASFV10 and ASFVO, for further validation experiments. Different concentrations
of guanosine or allopurinol did not cause significant cytotoxicity in PAMs (Figure 6A). gPCR results showed that guanosine inhibited ASFV
replication in a dose-dependent manner, but allopurinol had no marked impact on ASFV replication (Figure 6B). The expression of ASFV pro-
teins (P30 and P72) exhibited the similar tendency (Figure 6C).

DISCUSSION

Today, ASFV is one of the most serious viral diseases in the pig industry in China.>” Unfortunately, there are no effective drugs against ASFV
yet. Inthe past decades, the researcher had made great progress in ASFV study, but the mechanism of ASFV-host interaction is still limited. To
facilitate virus replication, virus regulation of host metabolism produces a large number of metabolites required for viral replication.”*%4" On
the contrary, some metabolites of host also can inhibit virus infection.*”** Therefore, study on the influence of ASFV infection on host meta-
bolism will be helpful to understanding its pathogenesis, and promote the development of vaccines and drugs. In the present study, we
analyzed the serum metabolomics profiles of ASFV-infected pigs using UHPLC-TQMS. Our results showed that several metabolic pathways
were disturbed, and revealed a novel insight of ASFV-host interaction in vivo, which may help the research and development of vaccines and
drugs for ASFV.
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Figure 6. Changed metabolites and metabolic pathway influence ASFV replication

(A) The cell cytotoxicity of metabolites and drugs were separate quantified using cell counting kit-8 (CCK-8) assay.

(B) Effects of metabolites and drugs on the viral RNA levels. PAMs were infected with equal amounts of ASFV (MOl = 0.1) and treated with increasing
concentrations of metabolites and drugs. The same volume of DMSO or PBS was added as a mock infection. At 24 hpi, the viral RNA level was analyzed
using RT-gPCR.

(C) Effects of metabolites and drugs on the expression of viral protein. As aforementioned, cell samples were prepared, the cell lysates were analyzed using
western blotting via anti-P30 and anti-P72 antibodies.

Metabolites are closely correlated with host phenotype, because they are terminal products of gene expression.” Metabolomics exhibits
the potential to determine the metabolic small molecules or the metabolic biomarkers related with disease pathogenesis, which may be not
identified by proteomics and transcriptomics. Therefore, metabolomics exhibits the advantages to identify new and crucial metabolic path-
ways related to viral replication, and pathophysiology.”” Metabolic pathways including TCA cycle, glycolysis, lipid biosynthesis, nucleotide,
and amino acid metabolism pathways are probably affected by virus infections.’® In the current study, OPLS-DA and permutation test model
were used to visualize and exhibit the significant alteration of metabolites between groups. Further, the differential metabolites and associ-
ated KEGG enrichment pathways in serum after ASFV infection were identified through the comparison with the control group. Rich factor
indicated the ratio of the number of significant changed metabolites to all metabolites in the pathway, and a higher rich factor indicates
greater enrichment degree.*® Our results showed that vitamin B6 metabolism, thyroid hormone signaling pathway metabolism, dopami-
nergic synapse metabolism, autoimmune thyroid disease metabolism, renin secretion metabolism, and African trypanosomiasis metabolism
have the highest rich factor. Further, dopaminergic synapse metabolism has the highest rich factor in both ASFV5 vs. ASFV0 and ASFV10 vs.
ASFV0. Dopamine, a neurotransmitter, causing signal transduction that binds to DA receptors.*’ Previous research reported dopamine and
the agonist of dopamine receptor promoted HIV replication.*® However, L-dopa (precursors of dopamine) has been reported inhibited SARS-
COV-2,*” HCV,”® and DENV”’ replication. In this study, exogenous addition experiments of L-dopa and dopamine receptor antagonists
further validated that the dopaminergic synapse metabolism was essential for ASFV replication. Dopamine is a key metabolite of dopamine
metabolism, whose regulation of innate immunity has been reported in previous study.* Epinephrine, the product of dopamine metabolism,
can inhibit innate immune through PKA inhibiting MITA and VISA activation.”® It is possible that the dopaminergic synapse metabolism
pathway can negatively regulate innate immunity for promoting ASFV replication, but the specific mechanism still needs further research.

Amino acids are used to synthetize protein and provide primary metabolic substances. Previous studies indicated that amino acids metabolism
was markedly affected by viral infection.*>**>> Our research team previously indicated that ASFV infection altered amino acids metabolism to
promote viral replication in PAMs.* In the current study, we found that several KEGG enrichment pathways associated with amino acids meta-
bolism was markedly altered after ASFV infection, including biosynthesis of amino acids, lysine biosynthesis, tyrosine metabolism, valine, leucine
and isoleucine biosynthesis, tryptophan metabolism, histidine metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis. Moreover, the
amino acid contents of serum samples from different time after ASFV infection showed no significant change. However, the results of serum meta-
bolic profiling exhibited several amino acids were markedly increased at 5 and 10 days after ASFV infection, including N-methylisoleucine,
L-cystine, L-asparegine anhydrous. More amino acids were significantly reduced at 5 and 10 days after ASFV infection, including L-ornithine,
L-threonine, L-methionine, methylcysteine, L-tryptophan, L-Lysine, L-glutamine, Pytoglutamic, and L-theanine. It's interesting that the content
of L-lysine and L-glutamine were markedly increased in ASFV-infected 10 days compared to ASFV-infected 5 days (Figure S1).

In addition to amino acids, viruses need to use nucleotides provided by host cells for viral replication. The alteration of nucleotides meta-
bolism was markedly induced by viral infection, which included newcastle disease virus, HIN1 influenza virus, influenza virus, COVID-19, and

405658 11y the current study, top20-fold change distribution plot showed that several metabolites including guanine, guanosine,

so on.
2-hydroxy-6-aminopurine, and allopurinol associated with nucleotides metabolism were markedly increased after ASFV5 and ASFV10 infec-
tion. Previous study showed that reported guanosine inhibits HCV replication by modified the di- and tri-phosphates (NDPs and NTPs).>” Allo-
purinol is a potent antioxidant through inhibition an essential enzyme of purine metabolism (xanthine oxidase, XO), and can significant
amelioration the clinical outcomes of COVID-19.°° Thus, allopurinol and guanosine were selected to verify the effect of nucleotide metabo-
lites on ASFV replication. In this study, allopurinol did not affect ASFV replication, and guanosine significantly inhibited ASFV replication via
western blot and RT-qPCR. The specific mechanism of guanosine inhibiting ASFV will become an important part of our future research.

Study on the influence of ASFV infection on host metabolism will be helpful to understand the knowledge gaps regarding viral pathogen-
esis, promoting the development of vaccines and drugs. In summary, this study analyzed the serum metabolomics profiles of ASFV-infected
pigs using UHPLC-TQMS, visualizing and exhibiting the significant alteration of metabolites between groups by OPLS-DA and permutation
test model. The differential metabolites and associated KEGG enrichment pathways in serum after ASFV infection were identified, and several
pathways associated with amino acids metabolism were markedly altered after ASFV infection. In addition, dopaminergic synapse pathway is
crucial for ASFV replication. Top20-fold change distribution plot showed that several metabolites associated with nucleotides metabolism
were markedly increased after ASFV5 and ASFV10 infection. Furthermore, guanosine, one top20 changed metabolites related to nucleotides
metabolism, can inhibit ASFV replication. Our study will provide novel preventive strategies targeting the altered metabolic pathways, which
may accelerate the development of vaccines and drugs for ASFV.

Limitations of the study

There are several notable limitations of our study. A key limitation of our study is that although we show inhibition dopamine synaptic pathway
and exogenous addition guanosine reduced ASFV replication, we have not determined the specific mechanisms of dopamine and guanosine
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inhibited ASFV replication. Another limitation of this study is we show dopamine receptor antagonist, L-dopa and guansine not cause signif-
icant cytotoxicity in PAMs, but how the PAMs respond to dopamine and guanosine is unclear. What's more, the sex of the experimental an-
imals used in this study were all female, the influence of ASFV on metabolism in different sex animals are unclear. Future studies will be
committed to exploring the impact of these metabolites on the pathogenesis and exploring their specific mechanisms.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

All relevant data is available in the main text and supplementary tables. The metabolomics data in this paper were deposited on Mendeley at
[https://doi.org/10.17632/7bsjsbdcg7.1]. This paper does not report original code. Any additional information required to reanalyze the data
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cells

Porcine alveolar macrophages (PAMs) were prepared as previously described,®’ and cultured in Roswell Park Memorial Institute 1640 medium
containing 10% porcine serum at 37°C under 5% COs.

Animal experiments and samples collection

All animal experiments were carried out in strict accordance with good animal practice according to the Animal Ethics Procedures and Guide-
lines of the People’s Republic of China, and the study was approved by the Animal Ethics Committee of Lanzhou Veterinary Research Institute,
Chinese Academy of Agricultural Sciences.

All animal experiments were performed in the enhanced biosafety level 3 (P3) facilities in Lanzhou Veterinary Research Institute (LVRI) of the
Chinese Academy of Agricultural Sciences (CAAS) approved by the Ministry of Agriculture and Rural Affairs and China National Accreditation
Service for Conformity Assessment.

Landrace pigs (female, approximately 75 days old and 30-35 kg weight, n=8), free of porcine reproductive and respiratory syndrome virus
(PRRSV), pseudorabies virus (PRV), porcine epidemic diarrhea virus (PEDV) and porcine circovirus type 2 (PCV-2), were obtained from a high-
health farm. The pigs and were allowed free access to standard diet and water.

Pigs in the infected groups were injected with ASFV CN/GS/2018 (1 HAD50). The serum samples were collection from all pigs at days
0 (before injection), 5, 10 post infection (dpi) and stored at -80°C for metabolomics analysis.

METHOD DETAILS

Metabolite extraction

Take out the sample from the -80°C refrigerator and thaw it on ice, 20 mg of sample was mix with 400 pL 70% methanol water internal standard
extractant homogenize with a steel ball using a ball mill at 30 HZ for 20 s, then centrifuged at 3000 rpm for 30 s at 4°C. Subsequently, add
400 pL of 70% methanol water internal standard extractant, shook 5 min with 1500 rpm and placed on ice for 15 min. The samples were centri-
fuged at 12000 rpm for 10 min at 4°C, the supernatant (300 L) was transferred to a new Eppendorf tube and incubated at -20°C for 30 min.
Finally, the samples were centrifuged at 12000 rpm for 3min at 4°C, and take the supernatant for further analysis.

UHPLC-TQMS analysis

The collected supernatant, 2ul sample volume, was injected into a 100 x 2.1 mm?, 1.8 um HSS T3 column (Waters, Milford, MA) held at 40°C
using an Agilent 1290 Infinity UPLC system (ExionLC AD). The mobile phase consisted of A (water, containing 0.1% formic acid) and B (aceto-
nitrile, containing 0.1% formic acid). The gradient elution procedure was as followes: 95:5 A/B at 0 min, 10:90 A/B at 10.0 min, 10:90 A/B at
11.0 min, 95:5 A/B at 11.1 min, 95:5 A/B at 14.0 min. The flow rate was 0.4 ml/min.

The AB Triple TOF 6600 mass spectrometer (AB SCIEX, USA) was used for its ability to acquire MS/MS spectra on an information depen-
dent basis (IDA). In this mode, the acquisition software (TripleTOF 6600, AB SCIEX) continuously evaluates the full scan survey MS data as it
collects and triggers the acquisition of MS/MS spectra depending on preselected criteria. In each cycle, 12 precursor ions whose intensity
greater than 100 were chosen for fragmentation at collision energy (CE) of 30 V (12 MS/MS with product ion accumulation time of 50 msec
each). Electrospray ionization (ESI) worked in positive and negative ion modes, The parameters were set as follows: ion source gas 1 as 50
Psi, ion source gas 2 as 50 Psi, curtain gas as 25 Psi, source temperature 500°C, ion Spray voltage floating (ISVF) 5500 V or -4500 V in positive
or negative modes, respectively.

Western blotting

For western blotting, the prepared protein samples were loaded onto an SDS-PAGE gel (10%) and were transferred onto a nitrocellulose
membrane (EMD Millipore, Billerica, MA, USA). Then, the membrane was blocked for 2 h at room temperature and incubated overnight
at 4°C with the following primary antibodies: anti-P30 (1:1000), anti-P72 (1:1000), and anti-B-actin (1:5000, Proteintech, Chicago, USA). Appro-
priate secondary antibodies were selected to incubate with the membrane for 2 h at room temperature. Finally, blot bands were visualized
with an ECL reagent (Advansta, California, USA) using Odyssey infrared imaging system.

Real-time quantitative polymerase chain reaction (qPCR)

To analysis the mMRNA expression of ASFV gene. Total RNA was extracted from PAMs cells using RNA extraction kit (Biogoethe Biotechnology
Co., Ltd, Wuhan) according to the manufacturer’s protocol. Then, total RNA was reverse transcribed into cDNA using the PrimeScript RT kit
(TaKaRa, Beijing). The gPCR was performed using the generated cDNA and TB green Premix Ex Taqg reagent on the ABI StepOnePlus system.
The target gene of ASFV for amplification was P72 gene, whose amplification primers were P72F and P72R (P72F: 5-GCGCTCTGGATT
AAGTTGCG-3'; P72R: 5-ATATTGCGTCTACTGGG GCG-3'). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as
the internal control (Primer: GAPDH-F: 5ACATGGCCTCCAAGGAGTAAGA-3; GAPDH-R: YGCGAGTTGGGGCTGTG ACT-3). Finally,
the relative expression of P72 mRNA was calculated based on the comparative cycle threshold (2— €T) method.®
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QUANTIFICATION AND STATISTICAL ANALYSIS

For metabolomics analysis, the peak alignment, calibration, retention time, and peak area of raw data were extracted using XCMS software
(https://xcmsonline.scripps.edu/index.php). To assess the changes in the levels of small-molecule metabolites after ASFV infection, unsuper-
vised principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) were performed using
SIMCA-P 14.1 software package. The quality of OPLS-DA models was described using R?X and Q? values. In addition, the identified metab-
olites were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) to identify the metabolic pathways that were altered
during ASFV infection.

All in vitro experiments were repeated three times. The data are presented as the mean =+ standard deviation (SD) and the significance of
data between groups was analyzed using GraphPad Prism v.8 (San Diego, CA, USA). * P < 0.05, ** P < 0.01, and *** P < 0.001 were considered
statistically significant.
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