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ABSTRACT Oncogenic virus infections are estimated to cause ~15% of all cancers.
Two prevalent human oncogenic viruses are members of the gammaherpesvirus family:
Epstein-Barr virus (EBV) and Kaposi's sarcoma herpesvirus (KSHV). We use murine herpes-
virus 68 (MHV-68), which shares significant homology with KSHV and EBV, as a model
system to study gammaherpesvirus lytic replication. Viruses implement distinct metabolic
programs to support their life cycle, such as increasing the supply of lipids, amino acids,
and nucleotide materials necessary to replicate. Our data define the global changes in
the host cell metabolome and lipidome during gammaherpesvirus lytic replication. Our
metabolomics analysis found that MHV-68 lytic infection induces glycolysis, glutaminoly-
sis, lipid metabolism, and nucleotide metabolism. We additionally observed an increase
in glutamine consumption and glutamine dehydrogenase protein expression. While
both glucose and glutamine starvation of host cells decreased viral titers, glutamine star-
vation led to a greater loss in virion production. Our lipidomics analysis revealed a peak
in triacylglycerides early during infection and an increase in free fatty acids and diacyl-
glyceride later in the viral life cycle. Furthermore, we observed an increase in the protein
expression of multiple lipogenic enzymes during infection. Interestingly, pharmacological
inhibitors of glycolysis or lipogenesis resulted in decreased infectious virus production.
Taken together, these results illustrate the global alterations in host cell metabolism dur-
ing lytic gammaherpesvirus infection, establish essential pathways for viral production,
and recommend targeted mechanisms to block viral spread and treat viral induced
tumors.

IMPORTANCE Viruses are intracellular parasites which lack their own metabolism, so
they must hijack host cell metabolic machinery in order to increase the production
of energy, proteins, fats, and genetic material necessary to replicate. Using murine
herpesvirus 68 (MHV-68) as a model system to understand how similar human gam-
maherpesviruses cause cancer, we profiled the metabolic changes that occur during
lytic MHV-68 infection and replication. We found that MHV-68 infection of host cells
increases glucose, glutamine, lipid, and nucleotide metabolic pathways. We also
showed inhibition or starvation of glucose, glutamine, or lipid metabolic pathways
results in an inhibition of virus production. Ultimately, targeting changes in host cell
metabolism due to viral infection can be used to treat gammaherpesvirus-induced
cancers and infections in humans.
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Rewiring of the Host Cell Metabolome and Lipidome

he oncogenic viruses Epstein-Barr virus (EBV) and Kaposi's sarcoma herpesvirus

(KSHV) are both members of the human gammaherpesvirus family. Over 90% of the
human population is infected with EBV, with an estimated 137,900 to 208,700 cancer-
related deaths in 2020 (1). Additionally, KSHV causes Kaposi's sarcoma (KS) in 1 of every
200 transplant patients in the United States (2). Lytic replication studies in KSHV and EBV
cell culture systems are challenging, because both viruses must be reactivated from
latently infected cells to induce lytic replication and neither one can form plaques to
quantify viral production (3, 4). Studying the induction of the lytic cycle during gamma-
herpesvirus infection is important, as it is the key to spreading virus in the host, can seed
new tumors, and has implications in cancer maintenance (5).

Murine herpesvirus 68 (MHV-68), also known as murid herpesvirus 4, is a natural
pathogen of wild rodents. It is a mouse gammaherpesvirus which shares ~80% of its
open reading frames (ORFs) with EBV and KSHV (6). MHV-68 provides a genetically trac-
table model system that naturally undergoes both lytic replication and latent infection
in various in vitro cell lines while also forming plaques for quantitation of virus produc-
tion (7). Overall, MHV-68 infection is an ideal model system to study gammaherpesvi-
rus lytic replication. Ultimately, MHV-68 can be used in animal models to elucidate
how gammaherpesviruses influence oncogenesis within the host.

Oncogenic viral infection modifies numerous host cell mechanisms, including metabo-
lism. Viruses are intracellular parasites which lack their own natural metabolism and there-
fore must commandeer the host cell metabolic machinery to generate both energy in the
form of ATP and other critical biosynthetic building blocks (8). Increasing energy and cen-
tral carbon metabolism to generate more amino acids, lipids, and nucleotides is essential
for viral replication and the formation of new virions. Previous work by our group and
others has identified major changes in central carbon metabolism during viral infection.
For example, RNA viruses, such as dengue virus, influenza virus, Zika virus, and severe
acute respiratory syndrome virus 2 (SARS-CoV-2), and DNA viruses, including herpes sim-
plex virus-1 (HSV-1), human cytomegalovirus (HCMV), vaccinia virus (VACV), adenovirus,
and KSHYV, all induce significant changes in host cell glycolysis, glutamine metabolism,
and fatty acid metabolism, revealing similarities and differences in modulating metabo-
lism during infection (9-21). We previously showed that latent KSHV infection of endothe-
lial cells induces glucose, glutamine, and lipid metabolism and that the induction of these
metabolic pathways is necessary for the survival of latently infected cells (18-20). Studies
of latent EBV infection have shown that methionine metabolism is key for maintaining la-
tency (22). While critical alterations of metabolism during latent infection have been
explored, metabolic changes during lytic infection with gammaherpesvirus are less well
known (20, 23-26). A previous study of lytic KSHV infection showed that the induction of
glycolysis, glutaminolysis, and fatty acid synthesis is required for viral replication; how-
ever, no global analyses of metabolic alterations were reported (21). While we know that
these metabolic pathways are essential for maximal virus production, determining the vi-
ral mechanisms is important to identify potential therapeutic targets. Using MHV-68 as a
strong genetically tractable system, it is possible to determine the cellular and viral mech-
anisms of metabolic modulation during gammaherpesvirus infections.

A few studies have begun to examine aspects of altered host metabolism during MHV-
68 infection. Feeding MHV-68-infected mice a high-fat diet revealed that MHV-68 infection
promotes fatty liver and elevated triglyceride levels (27). Another study showed that host
cell cholesterol synthesis supports replication of MHV-68 in primary macrophages and that
inhibiting cholesterol synthesis reduced virus production (28). A follow-up study in primary
macrophages revealed that the regulation of cholesterol and fatty acid synthesis is in part
due to the elevated expression of specific transcription factors called liver X receptors
(LXRs) (29). A recent study further explored the role of hypoxia-inducible factor 1« (HIF1a)
during MHV-68 infection, showing that lytic infection induces HIF1« protein expression, a
global regulator of cell metabolism, and that blocking HIF1« regulation reduces virus pro-
duction and reactivation in infected mouse cells (30). Overall, these previous studies high-
lighted individual metabolic pathways implicated in gammaherpesvirus virion production
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and opened the doors for further exploration of host cell metabolism changes during
gammaherpesvirus lytic replication.

In this study, we define the global changes in the host cell metabolome and lipi-
dome during gammaherpesvirus lytic replication and report that MHV-68 lytic infection
induces glycolysis, glutaminolysis, lipid metabolism, and nucleotide metabolism. We
also demonstrate that pharmacological inhibition of glycolysis or lipogenesis signifi-
cantly reduce maximal MHV-68 viral production. Furthermore, we show that glutamine
metabolism appears to be a more important pathway for virion production than glu-
cose metabolism. Understanding how the gammaherpesvirus lytic cycle plays a role in
altering global host cell metabolism can provide us with new therapeutic mechanisms
to block gammaherpesvirus lytic replication and virus spread.

RESULTS

Metabolomics analysis reveals the importance of nucleotide metabolism dur-
ing gammaherpesvirus lytic replication. Metabolomics is a useful tool to determine
global host cell changes during viral infections (9, 15, 18, 31-33). To profile the host cell
metabolome during lytic MHV-68 infection, we harvested mock- and MHV-68-infected
NIH 3T3 cells (multiplicity of infection [MOI] = 3) for targeted aqueous metabolomics
analysis at 4, 8, 12, 24, and 36 h postinfection (hpi) in three independent experiments. A
total of 176 metabolites were detected for all samples in biological triplicate at all time
points; 24 lipid species, 69 amino acid species, 25 carbohydrate species, 36 nucleotide
species, and 22 other species (Fig. 1; also, see Table S1 in the supplemental material).
Nucleotide metabolism species contained the highest abundance of elevated metabo-
lites throughout the virus life cycle compared to the other metabolic categories.

Our metabolomics analysis was performed in murine NIH 3T3 fibroblast cells. Previous
studies examined the temporal changes in viral gene expression in various cell types that
are lytically infected with MHV-68 (34, 35). MHV-68-infected fibroblasts were shown to con-
tain peak amounts of viral DNA and peak mRNA expression of genes encoding viral struc-
tural proteins and viral DNA packaging proteins at 24 hpi (34). Therefore, we analyzed the
top statistically significant metabolites at 24 hpi (P < 0.05 and at least a 1.5-fold change).
Volcano plot analysis depicting the log, fold change (FC) and —log,, P value in 24-hpi
samples (t test, unpaired) highlighted 12 significantly elevated (Fig. 2A, red) and 3 signifi-
cantly decreased (blue) metabolite species. Of the 12 elevated metabolites, 7 were nucleo-
tide species and 2 others were nucleotide sugar species. dTMP was the most statistically
significantly elevated aqueous metabolite in our metabolomics screen, reaching a 16-fold
change over mock-infected cells by 24 hpi (Fig. 2A and B; Table S1). Additionally, there
was elevation of other nucleotide species, such as the nucleotide cytosine, the pyrimidine
nucleosides cytidine and 2'-deoxycytidine, and the purine nucleoside 1-methyladenosine
(Fig. 2A and B; Table S1). S-Adenosylmethionine (SAM) and its downstream metabolite
5'-methylthioadenosine (MTA), which belong to the same class of organic compounds
(5'-deoxy-5’-thionucleosides), are linked to both adenine nucleotide and polyamine me-
tabolism (36, 37) and were both elevated in infected cells (Fig. 2A and B; Table S1). UDP-
glucose and UDP-N-acetylglucosamine (UDP-GIcNAC), both pyrimidine nucleotide sugars,
were elevated in infected cells (Fig. 2A; Table S1). UDP-glucose is a key intermediate in
carbohydrate metabolism and a precursor to glycogen, sucrose, lipopolysaccharides, and
glycosphingolipids (36). UDP-GIcNAC is a fructose-6-phosphate and glutamine derivative
which is used as a substrate by glycosyltransferases to link N-acetylglucosamine to gly-
cosaminoglycans, proteoglycans, and glycolipids (38, 39). Other elevated metabolite spe-
cies in MHV-68-infected cells included 2-hydroxyglutarate (carbohydrate metabolism),
glycerophosphocholine (lipid metabolism), and argininosuccinate (amino acid metabo-
lism) (Fig. 2A and B; Table S1). Our analysis also yielded only three significantly decreased
metabolite species in MHV-68-infected cells compared to mock-infected cells, including
N-Ac-alanine (amino acid metabolism), CMP (nucleotide metabolism), and taurine (amino
acid metabolism) (Fig. 2A and B; Table S1). Taken together, these data indicate that MHV-
68-infected cells increase nucleotide metabolism during lytic replication at 24 hpi.
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FIG 1 Targeted aqueous metabolomics of mock versus MHV-68-infected cells
were harvested at 4, 8, 12, 24, and 36 hpi in three independent experiments.

Amino Acid

4hpi 8hpi 12hpi 24hpi 36hpi

N6-Trimethyllysine
N-Ac-Alanine
N-Ac-Arginine:
N-Acetyl-Aspartate (NAA)
N-AcetylGlycine
N-Ac-Glutamate
N-Ac-L-Glutamine
n-Formylmethionine
Ornithine

Oxidized Glutathione
Phenylalanine
Phosphocreatine
Phosphoserine
Phosphotyrosine
Proline

Putrescine
Pyroglutamic Acid
Reduced Glutathione
SAH

Serine
S-Methylcysteine:
Spermidine:

Taurine
Taurocyamine
Threonine
Tryptamine
Tryptophan

Tyrosine

Valine
1/3-Methylhistidine
2-Aminoadipate
3-Hydroxyisovaleric Acid
4-Guanidinobutanoate
Lysine
Phenylpyruvic acid

Nucleotide

4hpi 8hpi 12hpi 24hpi 36hpi

5'-Methylthioadenosine
5,6-Dihydrouracil
Adenine
Adenosine
Adenylosuccinate
ADP
AMP
ATP

cMP [ |
Cytidine
Cytosine
dCTP
DTMP
FAD
Gluconolactone
Glucoronate
GMP
GTP
Guanosine
IMP
Inosine
N2,N2-Dimethylguanosine
NAD

NADH [ ]
Pseudouridine
Ribose-5-P
Ribulose 5-Phosphate
S-Adenosylmethionine (SAM)
Sedoheptulose 7-Phosphate
UmpP
Uracil
Urate
Uridine
Xanthine
1-Methyladenosine
2'-Deoxycytidine

1-Methylnicotinamide
3-Indoxy! Sulfate
4-Aminobenzoic Acid
4-Hydroxybenzoic Acid
4-Pyridoxic Acid
Allantoin

Azelaic Acid

Cotinine

Ethanolamine

Folic Acid
Glycochenodeoxycholate
Glycocholate
Hydrocinnamic Acid
Hypotaurine
Methyimalonate
Niacinamide
Pantothenate
p-Coumaric Acid
Phenylacetic Acid
Thiamine
Trimethylamine-N-Oxide (TMAO)!
Dimethylarginine (A/SDMA)

. Mock-infected (control) and MHV-68-infected (MOl = 3) NIH 3T3 cells
. The relative fold change over the time course is depicted, where red

Journal of Virology

Carbohydrate

4hpi 8hpi 12hpi 24hpi 36hpi

2/3-Phosphoglyceric Acid
2-Hydroxyglutarate
3C13-Lactate
6C13-Glucose
Acetylphosphate
Alpha-Ketoglutarate
Arabitol/Xylitol
cis-Aconitate
DHAP/D-GA3P
Erythronic/Threonic Acid
F16BP/F26BP/G16BP
G1P/F1P/F6P
Glucose-6-phosphate
Glucose!
Glyceraldehyde:
Glycerol-3-P

Inositol

Lactate

Oxalacetate

Pyruvate

Succinate

Sucrose!

UDP-GlcNAc!
UDP-Glucose
N-Acetylneuraminate

Other

4hpi 8hpi 12hpi 24hpi 36hpi

shows an increase and green shows a decrease in metabolite concentration in MHV-68-infected cells compared to mock-infected cells. Metabolites are
organized according to the major metabolic categories (carbohydrate, lipid, nucleotide, and amino acid) or as “other.”
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FIG 2 Aqueous metabolic profiling of mock versus MHV-68-infected cells at 24 hpi. (A) Volcano plot depicting log, fold change (FC) and —log,, P value (p)
in 24-hpi samples (unpaired). The statistical threshold was set to a P value of <0.05 and at least a 1.5-fold change in MHV-68-infected cells compared to
mock-infected cells using the Student’s t test. Red metabolites are significantly upregulated, and blue metabolites are significantly downregulated. (B) Box
plots of the top 8 statistically significant metabolites (t test P < 0.05 and at least a 2-fold change). Black dots represent concentrations for all samples
(biological triplicates). The horizontal line indicates the median, and the yellow diamond indicates the mean concentration.

MHV-68 lytic infection increases glucose metabolism. To determine if glucose
metabolism is modulated during the MHV-68 lytic life cycle, we analyzed our aqueous
metabolomics data for the abundance of metabolites in the glycolysis metabolic path-
way and the tricarboxylic acid (TCA) cycle. Fold change was calculated as the ratio of
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metabolite abundance in MHV-68-infected cells to that in mock-infected cells. Our
metabolomics analysis revealed that MHV-68 infection increased all detected glycolytic
intermediates at 8 hpi, an early part of the viral life cycle (Fig. 3A). Most TCA cycle met-
abolic intermediates also increased in abundance at 8 hpi, with oxaloacetate displaying
the highest fold change in abundance out of all the TCA cycle metabolites (Fig. 3B).

To determine the overall glycolytic output in MHV-68-infected cells versus mock-
infected cells, we measured the amount of accumulated lactate produced in cell super-
natants over 24 h. Lactate is traditionally produced as the final product of glycolysis
during anaerobic respiration, where pyruvate is converted to lactate and secreted out-
side the cell. However, recent data show that viral infections commonly increase lac-
tate production under aerobic conditions, in combination with an increase in glycolysis
(8, 18, 40). Mock- and MHV-68-infected cells (MOl = 3) were harvested at 24 hpi and
accumulated lactate production was assessed in the cellular supernatant using an en-
zymatic assay. The data were normalized to the total cell number for each sample. As
seen in Fig. 3C, there is an ~50% increase in accumulated lactate production in MHV-
68-infected cells compared to mock-infected cells. It is important to note that the
metabolomics analysis whose results are shown in Fig. 3A provides a snapshot of lac-
tate levels inside cell samples at various time points, revealing peak lactate levels in
MHV-68-infected cells compared to mock-infected cells at 8 hpi and a decrease in lac-
tate levels in infected cells at 24 hpi. However, the lactate production assay whose
results are shown in Fig. 3C measures the total accumulation of secreted lactate over
24 h (0 hpi to 24 hpi) in cellular supernatants from mock or MHV-68-infected cells.
Overall, these data indicate that MHV-68-infected cells increase glycolysis during lytic
infection.

MHV-68 lytic replication requires glucose for maximal virus production. To
assess if glucose, the main carbon source for cells, is important for MHV-68 virion produc-
tion, we quantified viral production at 48 hpi (one to two MHV-68 replication cycles) in
the presence or absence of glucose. More specifically, mock- and MHV-68-infected cells
(MOI = 0.1) were first fed replete medium (containing glucose and glutamine) for 24 h to
minimize glucose starvation-induced cell death. After 24 h, the replete medium was
replaced with fresh replete medium (control) or glucose-free medium for an additional
24 h. At 48 hpi, viral titers in MHV-68-infected-cell supernatants were determined via pla-
que assays, and the number of PFU per milliliter was calculated. Cell viability and cell
numbers of both mock- and MHV-68-infected cells were determined via trypan blue
exclusion assays (Table 1). Glucose starvation of infected cells resulted in decreased viral
titers compared to treatment of cells with replete medium (Fig. 3D and E). While glucose
starvation in both mock- and MHV-68-infected cells decreased both cell viability and cell
number, our data revealed an ~4-fold decrease in viral production in glucose-starved
cells compared to cells in replete medium (control) when viral titer was normalized to
live-cell number (Table 1). Overall, these data reveal that glucose is required for virus
production.

To assess the need for glycolysis in viral production, we treated cells with the glyco-
lytic inhibitor 2-deoxy-p-glucose (2DG). 2DG is a glucose analog which attenuates glycol-
ysis by competing for the active site of hexokinase, which normally converts glucose to
glucose-6-phosphate. To test if interfering with glycolysis results in decreased virus pro-
duction, mock- and MHV-68-infected cells (MOI = 0.1) were treated with vehicle (solvent
control) or 5 mM 2DG for 48 h. Viral titers from MHV-68-infected cell supernatants were
quantified via plaque assays, and cell viability and cell number were determined via try-
pan blue exclusion assays (Table 1). 2DG treatment significantly decreased virus produc-
tion compared to control treatment (Fig. 3F and G). After normalization of viral titer to
live-cell number, our data showed an ~14-fold decrease in viral production in 5 mM
2DG-treated cells compared to control-treated cells (Table 1). Taken together, these data
indicate that glucose and increased glycolysis are important for viral production.

MHV-68 lytic infection increases glutamine metabolism. Glutamine is an alter-
nate carbon source to glucose. During glutaminolysis, glutamine is taken in by cells
and converted to glutamic acid by the enzyme glutaminase (GLS). Glutamic acid is
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FIG 3 MHV-68 increases glucose metabolism and requires glucose for infectious virion production. (A and B) Mock (control) and MHV-68-infected (MOI = 3) NIH
3T3 cells were harvested at 4, 8, 12, 24, and 36 hpi in three independent experiments. The relative fold change over the time course for glycolytic and TCA cycle
intermediates is shown, where red depicts an increase and green shows a decrease in MHV-68-infected cells compared to mock-infected cells. (C) Accumulated
lactate production (over 24 h) is increased in MHV-68-infected (MOl = 3) NIH 3T3 cells compared to mock-infected (control) cells. Cellular supernatant was
collected at 24 hpi and accumulated lactate production was quantified using the Promega Lactate-Glo assay kit in three independent experiments. Data were
normalized to cell number. (D and E) NIH 3T3 cells were MHV-68 infected (MOl = 0.1) in three independent experiments. Cells were fed replete medium
(containing glucose and glutamine) for 24 h, which was replaced with fresh replete (control) or glucose-free medium for an additional 24 h. Viral titer was
quantified from cell supernatants via plaque assays and graphed as PFU per milliliter or as a percentage of the control (replete medium). (F and G) NIH 3T3 cells
were MHV-68 infected (MOl = 0.1) and treated with 5 mM 2DG or vehicle (control) for 48 hpi in three independent experiments. Viral titer was quantified from
cell supernatants via plaque assays and graphed as PFU per milliliter or as a percentage of the control (vehicle treatment). ***, P < 0.001; ****, P < 0.0001.
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TABLE 1 Normalized reduction in virus production in treated compared to control MHV-68-infected NIH 3T3 cells

Avg no. of cells Avg virus Pfu to live- Normalized reduction
concn cell no. in virus production
Condition and treatment? Total Live % viability (PFU/mL) ratio® (fold change)©

Glucose starvation
Mock infection (replete medium) 2,359,000 2,353,000 100

Mock infection (no glucose) 815,600 668,300 82
MHV-68 (replete medium) 1,758,000 1,751,000 100 13,666 7.81 x 1073
MHV-68 (no glucose) 611,500 519,600 85 1,141 220 x 1073 4

Glutamine starvation
Mock infection (replete medium) 2,094,000 2,089,000 100

Mock infection (no glutamine) 867,500 858,400 99
MHV-68 (replete medium) 2,022,000 2,019,000 100 16,666 82.55 x 1074
MHV-68 (no glutamine) 649,700 647,000 100 62 0.95 x 1074 87

2DG treatment

Mock infection (vehicle) 2,652,333 2,642,667 100

Mock infection (5 mM 2DG) 844,333 837,667 99

MHV-68 (vehicle) 1,841,667 1,832,333 99 341,000 18.61 x 1072

MHV-68 (5 mM 2DG) 747,333 741,067 99 10,171 137 x 1072 14
TOFA treatment

Mock infection (vehicle) 2,385,333 2,374,667 100

Mock infection (10 wg/mL TOFA) 1,222,667 1,219,000 100

MHV-68 (vehicle) 1,907,000 1,901,667 100 9,667 50.83 x 104

MHV-68 (10 ng/mL TOFA) 1,146,000 1,136,333 99 57 0.50 x 107 102

aNIH 3T3 cells were infected with MHV-68 (MOI = 0.1) or mock infected, and cells were treated or left untreated (replete medium or vehicle).

bAverage number of PFU per milliliter divided by the average live-cell number.

“Calculated by dividing the ratio of the number of PFU per milliliter to live infected cell number in treated cells by the same ratio for untreated cells. Normalized fold change
depicts the reduction in virus production due to each treatment type.

next converted by the enzyme glutamate dehydrogenase (GDH) to a-ketoglutarate, which
then enters the mitochondria. Overall, glutamine metabolism can fuel and replenish the
TCA cycle, ultimately supporting increased ATP production and de novo lipid synthesis
(lipogenesis). To determine if MHV-68 infection increases glutamine metabolism, we ana-
lyzed our aqueous metabolomics data for the abundance of metabolites in the glutaminol-
ysis pathway (glutamine and glutamic acid). Fold change was calculated as a ratio of
metabolite abundance in MHV-68-infected cells compared to mock-infected cells. Our
metabolomics analysis revealed that MHV-68 infection increased both glutamine and glu-
tamic acid metabolites at 4, 8, and 12 hpi (Fig. 4A). Next, we measured glutamine uptake
in mock- versus MHV-68-infected cells (MOl = 3). Mock- and MHV-68-infected cells were
harvested at 24 hpi, and the amount of glutamine consumption in the cellular supernatant
was assessed using an enzymatic assay. The data were normalized to total cell number. As
seen in Fig. 4B, there is an ~60% increase in glutamine consumption in MHV-68-infected
cells compared to mock-infected cells. We then determined the expression of glutaminoly-
sis enzymes GLS and GDH in mock- versus MHV-68-infected cells (MOl = 3) at 24 hpi.
Western blot analysis showed no change in GLS expression (data not shown) but did
show an average ~60% increase in GDH expression in MHV-68-infected cells compared to
mock-infected cells after densitometry analysis (Fig. 4C and D). Taken together, these data
indicate that MHV-68-infected cells increase glutamine metabolism during lytic infection.
Glutamine is important for MHV-68 virion production. To assess the importance
of glutamine for viral production, mock or MHV-68-infected cells (MOl = 0.1) were fed
replete medium (containing glucose and glutamine) or glutamine-free medium for
48 h. Viral titers from MHV-68-infected cell supernatants were determined via plaque
assays, and cell viability and cell number of both mock- and MHV-68-infected cells
were determined via trypan blue exclusion assays (Table 1). Glutamine starvation dra-
matically decreased viral titer compared to treatment of cells with replete medium
(Fig. 4E and F). After viral titer was normalized to live-cell number, our data showed an
~87-fold decrease in viral production in glutamine-starved cells compared to cells fed
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FIG 4 MHV-68 increases glutamine metabolism and requires glutamine for infectious-virion production. (A) Mock-infected (control) and MHV-68-infected
(MOI = 3) NIH 3T3 cells were harvested at 4, 8, 12, 24, and 36 hpi in three independent experiments. The relative fold change over the time course for
glutaminolysis intermediates is shown, where red depicts an increase and green shows a decrease in MHV-68-infected cells compared to mock-infected cells.
(B) Glutamine consumption is increased in MHV-68-infected (MOl = 3) NIH 3T3 cells compared to mock-infected (control) cells. Cellular supernatant was
collected at 24 hpi, and glutamine consumption was quantified using the Promega Glutamine-Glo assay kit in three independent experiments. Data were
normalized to cell number. (C and D) Western blot analysis of glutamate dehydrogenase in mock versus MHV-68-infected (MOl = 3) NIH 3T3 cells at 24 hpi in
three independent experiments. Densitometry analysis results are shown as fold change compared to mock-infected cells, with actin used as a loading control.
A ratio paired Student’s t test was used to calculate the P value of densitometry data. (E and F) NIH 3T3 cells were MHV-68 infected (MOl = 0.1) in three
independent experiments. Cells were fed replete medium (containing glucose and glutamine) or glutamine-free medium for 48 h. Viral titer was quantified
from cell supernatants via plaque assays and graphed as PFU per milliliter or as a percentage of the control (replete medium). *, P < 0.05; ****, P < 0.0001.
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replete medium (Table 1). Overall, glutamine starvation of infected cells revealed that
glutamine is essential for MHV-68 production.

Lipidomic profiling of lytic gammaherpesvirus infection reveals lipid remodel-
ing throughout the viral life cycle. Lipids are a complex class of biological molecules
which are important components of cell membranes and sources of cellular energy.
Lipidomics is a bulk and quantitative analysis of lipids in cell samples which allows us
to understand changes in lipid metabolism by creating a lipid profile of major lipid
classes, subclasses, and individual species (41). To profile the host cell lipidome during
lytic MHV-68 infection, we harvested mock- and MHV-68-infected NIH 3T3 cells
(MOI = 3) for targeted lipidomics analysis at 4, 8, 12, 24, and 36 hpi in three independ-
ent experiments. Our lipidomics analysis detected ~300 unique lipid species at some
point during the course of infection (Table S2). The categories of lipid species detected
included cholesterol ester (CE), ceramides (CER), diacylglycerol (DAG), dihydrocera-
mides (DCER), free fatty acids (FFA), hexosylceramides (HCER), lysophosphatidylcholine
(LPC), lysophosphatidylethanolamine (LPE), phosphatidylcholine (PC), phosphatidyle-
thanolamine (PE), sphingomyelin (SM), and triacylglycerol (TAG). A detailed lipidomics
analysis at 8 hpi, which detected 183 lipid species, revealed that MHV-68-infected cells
had an increased abundance of 177 of 183 (97% of detected lipids) and decreased
abundance of 54 of 183 (3% of detected lipids) compared to mock-infected cells (Fig.
5A and Table S2). We next used volcano plot analysis to uncover the top statistically
significant lipid species metabolites at 8 hpi (t test P < 0.05 and at least a 1.8-fold
change). This analysis highlighted 22 significantly elevated lipid species (Fig. 5B, red)
and 0 significantly decreased lipid species. Of these 22 elevated lipid species, 20 were
TAG species and 2 were CE lipid species. CEs are dietary lipids composed of a choles-
terol molecule, fatty acids, and a hydroxyl group. TAGs, which are composed of three
fatty acid tails and a glycerol backbone, can be hydrolyzed to release free fatty acids,
which are a major source of energy for cells.

Next, we analyzed our lipidomics data at 12 hpi, which detected 211 lipid species,
and found that MHV-68-infected cells increased the abundance of 157 of 211 (74% of
detected lipids) and decreased the abundance of 54 of 211 (26% detected lipids) com-
pared to mock-infected cells (Fig. 6A and Table S2). We next used Student’s t test to
identify the 4 most significant lipid species at 12 hpi (P < 0.05, paired test, and at least
1.5-fold change). Our analysis revealed a 1.9-fold increase in DAG(16:0/18:0), a 1.6-fold
increase in TAG55:5-FA18:1, a 1.6-fold increase in FFA(16:0), and a 1.5-fold increase in
TAG56:3-FA18:1 in MHV-68-infected cells compared to mock-infected cells (Fig. 6B and
Table S2).

To evaluate the changes in each lipid class over the course of infection, we graphed
the pooled concentrations of each lipid class at 4, 8, 12, and 24 hpi (Fig. 7). This time
course analysis revealed notable increases in CE at 8 hpi and 24 hpi, CER at 12 and 24
hpi, DCER at 12 hpi, and SM at 12 and 24 hpi in MHV-68-infected cells compared to
mock-infected cells (Fig. 7). Furthermore, comparison of the TAG, FFA, and DAG lipid
classes in mock- versus MHV-68-infected cells over the course of infection revealed
overall increases in TAGs after 8 hpi, increasing and peaking FFA at 12 hpi, and increas-
ing and peaking DAGs at 8 to 12 hpi before decreases in concentration (Fig. 7).
Interestingly, all three of these lipid species are part of the same metabolism pathway.
FFA can be generated as 16-carbon fatty acids by lipogenesis and then elongated, or
they can be generated by the catabolic lipolysis of TAGs. DAGs are a glycerol molecule
linked to two fatty acids and can also be generated by the creation or breakdown of
TAGs. Overall, these data point to an early increase in TAG lipids (8 hpi) and then an
increase in FAAs and DAG at 12 hpi, by increased dietary intake of TAGs and subse-
quent lipolysis, lipogenesis, or both.

MHV-68 lytic infection increases fatty acid metabolism. De novo fatty acid syn-
thesis (lipogenesis) results in the generation of new fatty acids and lipid materials.
During lipogenesis, citrate is exported from the TCA cycle in the mitochondria and
moves into the cytoplasm, where it is converted to cytoplasmic acetyl coenzyme A (ace-
tyl-CoA) by ATP citrate lyase (ACLY) and then malonyl-CoA by acetyl-CoA carboxylase
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FIG 5 Quantitative lipidomics of mock versus MHV-68-infected cells at 8 hpi. Mock-infected (control) and MHV-68-infected (MOI = 3) NIH 3T3 cells
were harvested at 8 hpi in three independent experiments. CE, cholesterol ester; CER, ceramides; DAG, diacylglycerol; DCER, dihydroceramides;
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(ACC). Acetyl-CoA and malonyl-CoA combine to form the saturated 16-carbon fatty acid
palmitic acid by fatty acid synthase (FASN), and the palmitic acid is then used to make
longer-chain fatty acids and lipid materials. The induction of lipogenic enzymes is a key
indicator of increased fatty acid synthesis in cells. Our Western blot analysis of mock or
MHV-68-infected cells (MOl = 3) at 24 hpi showed an increase in the lipogenic enzymes
FASN and ACLY and no change in ACC expression (Fig. 8A to C). Densitometry analysis
of these Western blot data (Fig. 8D) showed an average ~4.6-fold increase in FASN
expression, ~2.8-fold increase in ACYL expression, and no change in ACC expression.
Next, we analyzed our lipidomics data for the abundance of individual free fatty acids at
12 hpi (Fig. 8E). Fold change was calculated as the ratio of metabolite abundance in
MHV-68-infected cells to that in mock-infected cells. Our analysis revealed that MHV-68
infection (MOI = 3) increased the abundance of all saturated and unsaturated FFA
detected by this lipidomics screen (Fig. 8E). The 16-carbon saturated FFA showed the
most significant change, with a 1.6-fold increase in MHV-68-infected cells compared to
mock-infected cells at 12 hpi (P < 0.01). Taken together with our lipidomics data, which
show overall increases in most lipid classes throughout the virus life cycle (Fig. 7), these
data suggest an increase in both lipogenesis and dietary TAG uptake and lipolysis in cells
with active MHV-68 lytic infection.

Lipogenesis is required for maximal virion production during lytic MHV-68
infection. The use of lipogenic inhibitors has been shown to block replication of sev-
eral viruses, demonstrating that these metabolic alterations are an important part of
the viral life cycle (21, 42-45). 5-(Tetradecyloxy)-2-furoic acid (TOFA) is a pharmacologi-
cal drug that inhibits the enzyme ACC in the lipogenesis metabolism pathway. To test
if induction of lipogenesis is necessary for MHV-68 virion production, we used mock-
and MHV-68-infected cells (MOl = 0.1) and treated them with vehicle control or 10 g/
mL TOFA. Viral titers from MHV-68-infected-cell supernatants were determined via pla-
que assays, and the cell viability and cell numbers of both mock- and MHV-68-infected
cells were determined via trypan blue exclusion assays (Table 1). TOFA treatment sub-
stantially decreased virus production compared to vehicle treatment (Fig. 8F and G).
After normalization of viral titer to live cell number, our data show an ~102-fold
decrease in viral production in cells treated with 10 wg/mL TOFA compared to controls
(Table 1). These data suggest that induction of lipogenesis driven by MHV-68 is neces-
sary for virion production and that fatty acid synthesis inhibitors are potential targets
for gammaherpesvirus infections.

DISCUSSION

While metabolomics analysis of host cells during viral infection has been carried out
with multiple viruses (14, 16, 19, 31-33, 46-48), this study comprehensively analyzed
changes in the host cell metabolome during gammaherpesvirus lytic replication. Our tar-
geted aqueous metabolomics analysis revealed that lytic MHV-68 infection induces many
metabolic pathways, including glucose, glutamine, lipid, and nucleotide metabolism (Fig.
9). When we analyzed the top 12 statistically significant metabolites at 24 hpi, we discov-
ered that 9 of them were nucleotide-related species (Fig. 2A). The gammaherpesviruses
KSHV, EBV, and MHV-68 all encode their own thymidine kinase, which aids in the synthesis
of de novo dTMP and ultimately supports robust nucleotide production for viral replication
(49-51). Not surprisingly, the top elevated metabolite in our metabolomics screen was
dTMP (Fig. 2). Other significant metabolites included the nucleotide cytosine and related
nucleosides cytidine and 2'-deoxycytidine, key building blocks in the creation of DNA and
RNA (Fig. 2). More recently, cytidine metabolism was revealed to be important during EBV-

FIG 5 Legend (Continued)
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FFA, free fatty acids; HCER, hexosylceramides; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; SM, sphingomyelin; TAG, triacylglycerol. (A) Relative fold change; red shows an increase and green shows a
decrease in lipid concentration in MHV-68-infected cells compared to mock-infected cells. (B) Volcano plot depicting log, fold change (FC) and
—log,, P value (p) in 8-hpi samples (paired). The statistical threshold was set to a P value of <0.05 and at least a 1.8-fold change in MHV-68-

infected cells compared to mock-infected cells using Student’s t test. Red metabolites are significantly upregulated.
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FIG 6 Quantitative lipidomics of mock versus MHV-68-infected cells at 12 hpi. Mock-infected (control) and MHV-68-infected (MOl = 3) NIH 3T3
cells were harvested at 4, 8, 12, 24, or 36 hpi in three independent experiments. CE, cholesterol ester; CER, ceramides; DAG, diacylglycerol;
DCER, dihydroceramides; FFA, free fatty acids; HCER, hexosylceramides; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; TAG, triacylglycerol. (A) Relative fold change is depicted; red shows an
increase and green shows a decrease in lipid concentration in MHV-68-infected cells compared to mock-infected cells. (B) Box plots of the top
four statistically significant metabolites (t test P < 0.05 and at least a 1.5-fold change). Black dots represent concentrations for all samples
(biological triplicates). The horizontal line indicates the median, and yellow diamond indicates the mean concentration.

induced B cell transformation, growth, and survival (52), highlighting its importance in
gammaherpesvirus induced oncogenesis. The purine nucleoside 1-methyladenosine
showed a significant increase during MHV-68 infection (Fig. 2). Interestingly, during HIV-1
infection, it was revealed that HIV-1 virions contain abundant amounts of 1-methyladeno-
sine, but this modification was shown to be linked solely to viral packaged tRNAs and not
viral RNA and used to prime viral reverse transcriptase (53, 54). While gammaherpesviruses
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FIG 7 Total lipid class concentration time course of mock-infected versus MHV-68-infected cells. Mock-infected (control) and MHV-68-infected NIH 3T3 cells were
harvested at 4, 8, 12, 24, or 36 hpi in three independent experiments. CE, cholesterol ester; CER, ceramides; DAG, diacylglycerol; DCER, dihydroceramides; FFA, free
fatty acids; HCER, hexosylceramides; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM,

sphingomyelin; TAG, triacylglycerol.

are DNA viruses and not retroviruses, it would be interesting to explore the role of 1-meth-
yladenosine during gammaherpesvirus infection.

Metabolomics analysis of two different herpesviruses, HCMV, which has an ~96-h life
cycle, and HSV-1, which has an ~24-h life cycle, revealed divergent effects on cellular me-
tabolism (14). While HSV-1 increased metabolic influx through the TCA cycle and pyrimi-
dine nucleotide biosynthesis, HCMV increased glycolysis and the TCA cycle to support fatty
acid synthesis. Because there is evidence that viruses trigger distinct metabolome changes
in their host cells but overall often target central carbon metabolism, it is important to
metabolically profile viral families and their target host cell types to understand which
points in cellular metabolism would provide the best therapeutic targets. This approach
will reveal both similarities and differences between host-pathogen interactions across
herpesviruses.

Glucose, the main central carbon source of cells, feeds into glycolysis and subse-
quently fuels cellular ATP production. Glucose is also an important carbon source to
fuel other metabolic pathways, such as the pentose phosphate pathways for nucleo-
tide production and lipogenesis through the TCA cycle for de novo fat production (Fig.
9) (55). The catabolism of glutamine, an alternative carbon source to glucose, replen-
ishes the TCA cycle. This is particularly important when the TCA cycle is depleted due
to glucose being metabolized to lactate instead of pyruvate and citrate being shuttled
out of the TCA cycle to support fatty acid synthesis (Fig. 9). Therefore, glutamine break-
down and fueling of the TCA cycle ultimately supports increased ATP production and
lipid synthesis (Fig. 9). Glutamine breakdown also provides an important nitrogen
source for nucleotide synthesis (56, 57). Interestingly, increased glucose and glutamine
metabolism have been shown to be hallmarks of cancer and are often required for
induction of lipogenesis (58, 59). We and others have previously investigated whether
glucose or glutamine metabolism is induced by infection or required for viral produc-
tion. For example, we showed that latent KSHV infection requires both glucose and
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FIG 8 MHV-68 increases and requires lipogenesis for infectious virion production. (A to D) Western blot analysis of fatty acid synthase (FASN), ATP-citrate lyase
(ACLY), and acetyl-CoA carboxylase (ACC) in mock-infected versus MHV-68-infected (MOl = 3) NIH 3T3 cells at 24 hpi in two independent experiments.
Densitometry analysis results are shown as fold change compared to mock-infected cells, with actin used as a loading control. Ratio paired Student’s t test
was used to calculate the P value of densitometry data. (E) Quantitative lipidomics of free fatty acids in mock-infected (control) and MHV-68-infected
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FIG 9 Model of host cell metabolism changes during lytic gammaherpesvirus infection. Our global metabolomics and lipidomics indicate that during MHV-
68 lytic infection of host NIH 3T3 cells, metabolic intermediates found in glycolysis, glutaminolysis, lipogenesis, and nucleotide metabolism are significantly
elevated over mock-infected controls. Briefly, glucose is taken up by the host cell via membrane-bound glucose transporter proteins and metabolized by
hexokinase (HK) to form glucose-6-phosphate (G-6-P). Depending on cellular or viral need, G-6-P can have several fates, including (i) being further
metabolized through glycolysis to form pyruvate to fuel the TCA cycle in the mitochondria, (ii) being converted from pyruvate to lactate and secreted
outside the cell, or (iii) fueling the pentose phosphate pathway for nucleotide synthesis. During glutaminolysis, glutamine is taken up by the host cell via a
membrane-bound glutamine transporter. Glutamine is converted to glutamate and NH; by glutaminase (GLS) and then to a-ketoglutarate by glutamate
dehydrogenase (GDH). Next, a-ketoglutarate enters and replenishes the TCA cycle. Glutamine breakdown can be used for nucleotide synthesis. Overall,
downstream intermediates from both glucose and glutamine, which feed into the TCA cycle, can fuel the lipogenesis pathway. Briefly, citrate is converted
to cytoplasmic acetyl-CoA by ATP citrate lyase (ACLY) and then malonyl-CoA by acetyl-CoA carboxylase (ACC). Acetyl-CoA and malonyl-CoA combine to
form palmitic acid by fatty acid synthase (FASN), which is then used as a backbone to make longer-chain fatty acids, triglycerides, phospholipids, and other

lipid materials. During MHV-68 lytic infection, the expression of key enzymes in these pathways, including GDH, ACLY, and FASN, are elevated. Figure
created with BioRender.com.

glutamine for the maintenance of latently infected endothelial cells (18, 20). Furthermore,
we showed that induction of lytic replication during KSHV infection was reduced when
host cells were starved of glucose or glutamine, with glucose being more important than
glutamine for virion production (21). However, studies with HCMV and VACV show that
glutamine but not glucose is required for infectious-virus production (16, 60). These stud-
ies reveal that the need for glucose or glutamine during infection is virus dependent, and
understanding which viruses prefer glucose versus glutamine can help provide clues for
more selective viral therapeutics.

Our metabolomics data show an increase in glycolytic and TCA intermediates at 8 hpi
(Fig. 3 and Table S1). We also show an increase in accumulated lactate production, an out-
put of glycolysis, at 24 hpi (Fig. 3C). We and others have shown that 2DG treatment, which
attenuates glycolysis, inhibits MHV-68 production (Fig. 3F and G; Table 1) (30, 61), demon-
strating that glycolysis is required for viral production. Additionally, our metabolomics data
show an increase in glutaminolysis intermediates at 4 hpi, 8 hpi, and 12 hpi (Fig. 4A).
Furthermore, we observed an increase in glutamine consumption and glutamate dehydro-
genase expression at 24 hpi, highlighting an overall increase in glutamine metabolism dur-
ing MHV-68 lytic replication (Fig. 4B to D). Interestingly, we demonstrated that glucose
starvation of host cells led to an ~4-fold decrease in infectious virus production, while

FIG 8 Legend (Continued)

(MOI = 3) NIH 3T3 cells at 12 hpi (three independent experiments). Unpaired t test (P < 0.05) data are graphed on the y axis as fold change relative to mock
infection. The red dashed line at 1.0 indicates no change compared to mock-infected cells. (F and G) NIH 3T3 cells were MHV-68 infected (MOl = 0.1) and

treated with 10 wg/mL TOFA or vehicle (control) for 48 hpi in three independent experiments. Viral titer was quantified from cell supernatants via plaque
assays and graphed as PFU per milliliter or as a percentage of the control (vehicle treatment). ****, P < 0.0001.
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glutamine starvation of host cells led to an ~87-fold decrease in virus production (Table 1).
While our data demonstrate that MHV-68-infected cells increase both glucose and glutamine
metabolism, they also indicate that virus production is more sensitive to glutamine loss than
glucose loss. It is possible that glutamine may be necessary to feed multiple host cell meta-
bolic pathways, including the TCA cycle for energy production and lipogenesis and nucleo-
tide metabolism for the synthesis of de novo DNA and RNA (Fig. 9). Further labeled-gluta-
mine flux experiments are needed to track glutamine utilization to ultimately determine its
role during MHV-68 lytic infection and its necessity during viral production.

Essential alterations in the cellular lipid profile have been observed for many tumor
models (62-65). Induced lipid metabolism fills energy stores for the cell as well as gives
rise to biosynthetic material for cellular membranes and other lipid intermediates.
Lipid metabolism has been proven to be critical for tumorigenesis and tumor cell sur-
vival (64). As with human gammaherpesvirus, one of the most important implications
of studying MHV-68 infection is understanding virus-induced oncogenesis and tumor
formation. Our lipidomics data reveal that a clear gammaherpesvirus lipid profile is
established during lytic gammaherpesvirus infection (Fig. 5 to 7; Table S2). We show
that pharmacological inhibition of lipogenesis blocks virus production, indicating that
gammaherpesvirus virion production is dependent on this modulation in lipid metabo-
lism (Fig. 8F and G; Table 1).

Previous work has shown that other herpesviruses also depend on alterations of
lipid metabolism (14, 19, 21, 29, 66-69). Inhibition of lipogenesis, specifically, synthesis
of phosphatidylethanolamine (PE), has been shown to inhibit viral production and
budding in HSV-1 (70). While we did not detect a change in PE in our data, we did mea-
sure an increase in CE detection at 8 h after MHV-68 infection (Fig. 7). This suggests
that distinct lipid requirements may be critical for dissemination of different herpesvi-
ruses. Additionally, HCMV induces adipocyte-like conditions by significantly inducing
lipogenesis (66). Specifically, sterol regulatory element-binding transcription factor 1a
(SREBP1a) and SREB1c are involved in mediating this adipocyte-like phenotype and the
inhibition of SREBP1 leads to impaired HCMV growth. It is possible that SREBP1 con-
tributes to the mechanism by which gammaherpesviruses induce lipogenesis, as we
saw a significant increase in numerous lipid species in our data. Finally, several RNA
viruses also hijack host lipid metabolism, including dengue virus, hepatitis C virus,
influenza virus, and SARS-CoV-2 (45, 71, 72). Positive-sense, single-stranded RNA
viruses enhance lipid droplet formation during early infection and hijack membranes
during replication (73). Inhibiting lipid biosynthesis and formation of lipid droplets
negatively impacts viral replication of these viruses. Exploring the role of lipid droplets
and lipid droplet composition during lytic gammaherpesvirus infection could further
indicate whether these structures and their components are essential for viral replica-
tion and virion production.

Overall, previous work has shown that central carbon metabolism is essential for
the replication of KSHV, a related gammaherpesvirus (21). We showed that inhibition
of glycolysis, glutamine metabolism, and fatty acid synthesis blocked KSHV replication
at distinct steps of viral gene transcription, translation, and virion assembly. While it is
possible that additional metabolic alterations are required for maximal KSHV replica-
tion and virion production, a global analysis of metabolic changes was not included.
Our global metabolomics and lipidomics data obtained with MHV-68, a model gamma-
herpesvirus, demonstrate that gammaherpesvirus replication is highly dependent on
induced central carbon metabolism. We show that glucose, glutamine, and lipid me-
tabolism are essential for maximal infectious virus production, and inhibition of these
pathways via nutrient depletion or drug inhibition results in a significant reduction of
virus production (Fig. 3, 4, and 8). Determining that these key metabolic pathways are
critical for the production of infectious virions is the first step in selecting molecular
targets for pharmacological inhibition. Our findings provide a framework for future
in vivo experiments in which high-priority metabolic inhibitors can be tested to block
virus infection and cancer progression in mice infected with MHV-68. Ultimately, the
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translation of this mouse model system can be used to treat gammaherpesvirus-induced
cancers and infections in humans.

MATERIALS AND METHODS

Cell lines and reagents. NIH 3T3 cells (ATCC CRL-1658) or Vero cells (ATCC CCL-81) were maintained
at 37°C in 5% CO, in as monolayer cultures in Dulbecco’s modified Eagle medium (DMEM) with L-gluta-
mine and sodium pyruvate (Genesee no. 25-500). NIH 3T3 cell medium was supplemented with 10% new-
born calf serum (NBCS) and 1% penicillin streptomycin (P/S). Vero cell medium was supplemented with
10% fetal bovine serum (FBS) and 1% P/S. Stocks of 2DG (2 M) (Sigma no. D6134) were diluted in distilled
water (dH,0), and 5-mg/mL stocks of TOFA (SCBT no. 200653) were diluted in dimethyl sulfoxide (DMSO).

Viruses, infection, and plaque assays. To propagate virus stocks, NIH 3T3 or Vero cells were
infected with MHV-68 (ATCC no. VR-1465) at an MOI of 0.01 to 0.05. When ~80% of the cells detached
from the plate, the cells and media were freeze-thawed and pelleted at 3,000 rpm for 10 min at 4°C. The
cleared viral supernatant was concentrated by centrifugation at 20,500 x g at 4°C for 90 min. Viral pel-
lets were resuspended in serum-free (SF) DMEM. Viral infections were performed at an MOI of 0.1 or 3 in
DMEM for 2 h, after which the medium was replaced with fresh DMEM. Viral titers were determined
using traditional plaque assays. Briefly, 4 h prior to infection, 12-well plates were seeded with Vero cells
(250,000 cells/well). Virus samples were serial diluted (10° to 10° in SF DMEM and Vero cells were
infected for 1.5 h. Viral dilutions were then aspirated, and cells were overlaid with DMEM-glucose-
glutamine-pyruvate (Thermo Fisher no. 12800017)-1% methylcellulose (MC) (Sigma no. M0387)-sodium
bicarbonate (Sigma no. S5761)-2.5 ug/mL Amphotericin B (Thermo Fisher no. 15290026)-5% FBS-1% P/
S for 6 days. Cells were fixed in 10% formalin, the medium overlay was removed, and cells were stained
with 1% crystal violet (Sigma no. C0775) in 20% methanol and rinsed with water before drying.

Western blot analysis. Mock- and MHV-68-infected NIH 3T3 cells (MOI = 3) and media were harvested
at 24 h postinfection (hpi) using a cell scraper and pelleted at 200 x g for 5 min at 4°C. Cell pellets were
washed in cold phosphate-buffered saline (PBS) and centrifuged at 13,000 rpm at 4°C. Cell pellets were
resuspended in radioimmunoprecipitation assay (RIPA) lysis buffer (Sigma no. R0278)-protease inhibitor
cocktail (Sigma no. $8820)-phosphatase inhibitor cocktail (Sigma no. 524629) on ice for 30 min. Protein
concentrations were determined by a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher no.
23225). Ten to twenty micrograms of protein was separated by a sodium dodecyl sulfate polyacrylamide
(SDS-PAGE) gel, transferred to a polyvinylidene difluoride or nitrocellulose membrane, and blotted with
the appropriate primary antibody (1:1,000 mouse antiactin [SCBT no. 47778], 1:2,500 rabbit anti-actin [~43
kDa] [Cell Signaling no. 4970], 1:1,000 anti-glutamate dehydrogenase 1 and 2 [~50 to 55 kDa] [SCBT no.
515542], 1:500 anti-fatty acid synthase [~270 kDa] [SCBT no. 20140], 1:1,000 anti-ATP-citrate lyase [~125
kDa] [Cell Signaling no. 4332]) and subsequently with horseradish peroxidase (HRP)-conjugated 1:5,000
goat-anti-mouse (LI-COR no. 926-80010) or 1:5,000 goat-anti-rabbit (LI-COR no. 926-80011) or infrared con-
jugated 1:10,000 goat-anti-mouse-680 (LI-COR no. 926-68070) or 1:5,000 goat-anti-rabbit-800 (LI-COR no.
926-32211). HRP-conjugated proteins were incubated in WesternSure chemiluminescent substrate (LI-COR
no. 926-95000). Immunoreactive proteins were detected using the LI-COR Odyssey Fc or C-DiGit imager.
Densitometry analysis of protein expression was determined using the LI-COR Image Studio or LI-COR
Empiria Studio software, with actin set as the loading control.

Glucose starvation, glutamine starvation, and drug assays. NIH 3T3 cells were seeded at a density
of 760,000 cells in 6-cm dishes approximately 4 h prior to infection. MHV-68-infected cells were infected at
an MOI of 0.1 for 2 h. For both glucose and glutamine starvation assays, a base medium of DMEM (no glu-
cose, no glutamine, and no phenol red) (Thermo Fisher no. 11960044) was used. Medium was supple-
mented with 10% newborn calf serum, 1% penicillin and streptomycin, 2 mM L-glutamine (Genesee no.
25-509), and/or 4.5 g/L glucose (Thermo Fisher no. A2494001). After mock- or MHV-68 infection, cells were
washed three times with PBS and then fed replete (glucose and glutamine), glucose-free (with glutamine),
or glutamine-free (with glucose) medium. During glucose starvation experiments, cells were fed replete
medium for 24 h and washed three times with PBS, and then the medium was replaced with replete or
glucose-free medium for the final 24 h. For 2DG and TOFA experiments, the media of mock- and MHV-68-
infected cells were replaced with complete DMEM (containing 2 mM glutamine, 1% penicillin-streptomy-
cin, and 10% newborn calf serum) and their respective drug treatment. 2DG was added to the cell medium
at a final concentration of 5 mM in DMSO. TOFA was added to cell culture medium at a final concentration
of 10 ug/mL in water. Cell supernatants were cleared by centrifugation and used to determine viral titers
via plaque assays, and cell pellets were harvested to determine cell number and viability via trypan blue
exclusion assays.

Cell number and viability. Cell supernatants and trypsinized cells from 6-cm dishes were centri-
fuged for 5 min. Cell pellets were resuspended in 500 uL of complete DMEM. Cell number and viability
were determined via trypan blue exclusion assays using the Bio-Rad TC20 automated cell counter (Bio-
Rad no. 1450102). Briefly, 1:1 ratios of cells to trypan blue were mixed and loaded on dual-chambered
slides (Bio-Rad no. 1450003). Total-cell numbers, live-cell numbers, and percent viability were calculated
with a Bio-Rad TC20 cell counter.

Glutamine consumption and lactate production. NIH 3T3 cells were seeded at a density of
700,000 cells in 6-cm dishes approximately 4 h prior to infection. MHV-68-infected cells were infected at
an MOI of 3 for 2 h. Mock- and MHV-68-infected cells were washed with PBS and replaced with DMEM (no glu-
cose, no glutamine, and no phenol red) (Thermo Fisher no. 11960044) supplemented with 10% dialyzed fetal
bovine serum (Thermo Fisher no. A3382001), 1% penicillin and streptomycin, 2 mM L-glutamine (Thermo
Fisher #25030149), and 5 mM glucose (Thermo Fisher no. A2494001). At 24 hpi, cell supernatants were cleared
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by centrifugation and cell pellets were harvested to determine cell number and viability via trypan blue exclu-
sion assays using the Bio-Rad TC20 cell counter. Cell supernatants were assayed for glutamine consumption
(Promega no. J8021) and accumulated lactate production (Promega no. J5921) according to the kit specifica-
tions. Glutamine consumption and lactate production were normalized to cell number.

Aqueous metabolomics and lipidomics experimental setup. NIH 3T3 cells were seeded in 10-cm
dishes (~1.5 million cells) or 6-cm dishes (~720,000 cells) approximately 4 h prior to infection. MHV-68-
infected cells were infected at an MOI of 3 for 2 h. After infection, mock- and MHV-68-infected cells were
fed complete DMEM (containing 2 mM glutamine, 1% penicillin-streptomycin, and 10% newborn calf se-
rum). In biological triplicates at 4, 8, 12, 24, and 36 hpi, cell metabolism was quenched by harvesting and
rinsing with —80°C chilled methanol on ice with cell scrapers. Cells were centrifuged for 5 min at 125 x g
(4°C), and the supernatant was aspirated. Cell pellets were flash frozen in liquid nitrogen and transported
to the University of Washington Northwest Metabolomics Research Center (NW-MRC) for analysis. The
NW-MRC provided metabolic profiling of samples using targeted aqueous metabolomics and quantitative
lipidomics platforms (see supplementary methods document).

Metabolomics data analysis. For each metabolite (lipid or aqueous), the concentration was divided
by total protein to scale for the variable numbers of cells in each sample, as follows: S = M/P, where S is
the scaled value, M is the absolute lipid or aqueous metabolite concentration, and P is the protein con-
centration in the sample. For each time point in each run, the virally infected sample’s scaled value was
divided by that of the corresponding control (i.e,, mock infection), as follows: R = S, /S,..., where R is the ra-
tio of virus scaled value to mock infection scale value for a given lipid or aqueous metabolite, S,,, is the
scaled value for a given time point and run in the virally infected replicate, and S, is the equivalent value
for the mock infection replicate. Mean R was found for each time point by averaging across all 3 runs (bio-
logical triplicate). Metabolomics heat maps were generated using GraphPad Prism 8 software, and results
are shown as fold change in MHV-68-infected cells compared to mock-infected cells. Volcano plots and
box plots were generated using the freeware software MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/
home.xhtml). Normalized metabolite concentrations (mock- versus MHV-68-infected cells) were uploaded
on the Metaboanalyst website under the Statistical Analysis (one-factor) module. Data were analyzed in
Metaboanalyst using Student’s (two-tailed) t test. Graphs were generated to show data as MHV-68/mock,
with P values set to 0.05 or lower and fold change cutoffs to 1.5-fold or higher. Data were log transformed,
and volcano plot or box plots were downloaded for this publication. Volcano plots were graphed as log,
fold change on the x axis and —log, P on the y axis. Medians were determined with 95% confidence,
defined as *+1.58 times the interquartile range (IQR) divided by square root (n).

Statistical analysis and graphs. All bar and line graphs were generated using GraphPad Prism 8
software. Statistical analysis of bar graphs was performed using the Prism software. Standard errors of
the mean (SEM) are shown, and P values were analyzed using Student’s (two-tailed) t test. A P value of
<0.05 was considered statistically significant. Western blot densitometry data were plotted with SEM,
and P values were calculated using a ratio-paired Student’s t test (log transformed, one-tailed, and
paired) using GraphPad Prism 8 software.
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