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Abstract

Metabolism is a fundamental cellular process. Because viruses lack their own metabolic
capability, they must actively interact with and usurp host metabolic machinery for efficient
replication. Vaccinia Virus (VACV) is the prototypic member of poxviridae family, and it is
widely used as a model system to study pathogen-host interactions. Like all viruses, VACV
relies on the host for the supply of nutrients and energy. However, the viral and the host factors
that interact at this crucial interface during VACYV infection are poorly understood. This
dissertation aims to study the alteration of host metabolism during VACYV infection and identify
the host and viral factors that are important for these changes.

In the first part of the dissertation, we examine why VACYV replication heavily relies on
glutamine, a non-essential amino acid. In the absence of glutamine, the replication of VACV is
severely impaired. We found that the addition of asparagine, an amino acid that exclusively
requires glutamine for its biosynthesis, rescues VACV replication from glutamine depletion.
Upon VACYV infection in the absence of glutamine, asparagine becomes the least abundant
amino acid. While the addition of asparagine did not elevate the tricarboxylic acid (TCA) cycle
activities or the nucleotide levels, it did reduce the imbalance of amino acid levels resulting from
glutamine deprivation. Accordingly, asparagine rescued VACV replication from glutamine
depletion by rescuing the post-replicative mRNA translation. Consistent with this, when we
disrupted asparagine metabolism using chemical or genetic approaches VACV replication was
suppressed. In all, our data show that the asparagine metabolic pathway is important for VACV
replication.

The regulation of metabolic pathways is important for virus replication as we found that

VACV, upon infection, hijacks cellular machinery to redirect cellular nutrients for efficient viral



replication. We found that VACV infection causes profound changes in several aspects of host
metabolism such as the homeostasis of amino acids, central carbon, and numerous lipids. We
further demonstrated that VACYV infection leads to increased levels of TCA cycle intermediates,
such as citrate. The virus growth factor (VGF), the VACV homolog of cellular epidermal growth
factor (EGF), was responsible for this increase by activating the host EGF receptor (EGFR)
pathway. We showed that VACV infection leads to non-canonical STAT3 phosphorylation at
serine 727 in a VGF-dependent manner. Interestingly, both EGFR and downstream STAT3
pathway are key host factors that are induced by VACYV to increase host TCA intermediate levels
for efficient replication. We also demonstrate that VACV infection reduces the levels of long-
chain fatty acids and increases the carnitine-conjugated fatty acids that are critical for beta-
oxidation. Furthermore, we show that the VGF-mediated EGFR pathway is crucial for the
activation of a host enzyme that sits at the crossroads of key cellular biochemical processes,
indicating VACV could launch a multifaceted attack to hijack host nutrient resources through
VGF.

Together, our study enhances the understanding of how VACV repurposes host cell
metabolism for efficient replication. We elucidated a metabolic vulnerability of VACV infection
and identified key host and viral factors that govern the metabolic dynamics during VACV
infection. These findings could lead to the development of novel strategies to manage poxvirus
infections and facilitate the development of poxviruses-based tools for protein expression,
vaccine vectors, and oncolytic treatment. Moreover, these findings can provide knowledge for

understanding fundamental mechanisms of cell metabolism.
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Metabolism is a fundamental cellular process. Because viruses lack their own metabolic
capability, they must actively interact with and usurp host metabolic machinery for efficient
replication. Vaccinia Virus (VACV) is the prototypic member of poxviridae family, and it is
widely used as a model system to study pathogen-host interactions. Like all viruses, VACV
relies on the host for the supply of nutrients and energy. However, the viral and the host factors
that interact at this crucial interface during VACYV infection are poorly understood. This
dissertation aims to study the alteration of host metabolism during VACYV infection and identify
the host and viral factors that are important for these changes.

In the first part of the dissertation, we examine why VACYV replication heavily relies on
glutamine, a non-essential amino acid. In the absence of glutamine, the replication of VACV is
severely impaired. We found that the addition of asparagine, an amino acid that exclusively
requires glutamine for its biosynthesis, rescues VACV replication from glutamine depletion.
Upon VACYV infection in the absence of glutamine, asparagine becomes the least abundant
amino acid. While the addition of asparagine did not elevate the tricarboxylic acid (TCA) cycle
activities or the nucleotide levels, it did reduce the imbalance of amino acid levels resulting from
glutamine deprivation. Accordingly, asparagine rescued VACV replication from glutamine
depletion by rescuing the post-replicative mRNA translation. Consistent with this, when we
disrupted asparagine metabolism using chemical or genetic approaches VACV replication was
suppressed. In all, our data show that the asparagine metabolic pathway is important for VACV
replication.

The regulation of metabolic pathways is important for virus replication as we found that
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replication. We found that VACV infection causes profound changes in several aspects of host
metabolism such as the homeostasis of amino acids, central carbon, and numerous lipids. We
further demonstrated that VACYV infection leads to increased levels of TCA cycle intermediates,
such as citrate. The virus growth factor (VGF), the VACV homolog of cellular epidermal growth
factor (EGF), was responsible for this increase by activating the host EGF receptor (EGFR)
pathway. We showed that VACV infection leads to non-canonical STAT3 phosphorylation at
serine 727 in a VGF-dependent manner. Interestingly, both EGFR and downstream STAT3
pathway are key host factors that are induced by VACYV to increase host TCA intermediate levels
for efficient replication. We also demonstrate that VACV infection reduces the levels of long-
chain fatty acids and increases the carnitine-conjugated fatty acids that are critical for beta-
oxidation. Furthermore, we show that the VGF-mediated EGFR pathway is crucial for the
activation of a host enzyme that sits at the crossroads of key cellular biochemical processes,
indicating VACV could launch a multifaceted attack to hijack host nutrient resources through
VGF.

Together, our study enhances the understanding of how VACYV repurposes host cell
metabolism for efficient replication. We elucidated a metabolic vulnerability of VACV infection
and identified key host and viral factors that govern the metabolic dynamics during VACV
infection. These findings could lead to the development of novel strategies to manage poxvirus
infections and facilitate the development of poxviruses-based tools for protein expression,
vaccine vectors, and oncolytic treatment. Moreover, these findings can provide knowledge for

understanding fundamental mechanisms of cell metabolism.
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Chapter 1 - Hijacked: Virus-Induced Alterations in Cellular

Signaling Rewire Host Cell Metabolism

Abstract

Cells are complex machines that are finely tuned to perform specific activities. Cellular
functions are regulated by various signaling pathways. Viruses are obligate intracellular
parasites, and each step of viral replication is governed by their interactions with the host cell.
Viruses must commandeer cellular functions to support productive infection. Due to the high
turnover of cellular resources during viral infections, the nutritional demands of virus-infected
cells differ from those of uninfected cells. To promote an optimal environment for replication,
viruses often rewire the metabolism of infected cells. In this chapter, we will summarize recent
findings regarding virus-induced alterations to major cellular metabolic pathways with a focus on
how viruses hijack various signaling cascades to induce these changes. We will begin with a
general introduction that describes the role played by signaling pathways in cellular metabolism
and discuss how different viruses target these pathways to their benefit. We will also highlight
gaps in the knowledge base and discuss how the study of virus-induced changes in host
metabolism could be used to understand fundamental processes involved in metabolic regulation

and how to harness these processes to combat metabolic disorders and cancers.



Introduction

Mammalian cell functions are tightly regulated by various cell signaling pathways.
Metabolism is a fundamental process required for cell survival, and signal transduction is
essential for the coordination of cell metabolism. Because viruses do not have their own
metabolic capabilities, they must actively interact with and usurp key cellular signaling pathways
to generate the energy and precursors that are necessary for viral replication. For example,
human cytomegalovirus (HCMV) upregulates almost all aspects of cell metabolism to support
productive infection [1]. Vaccinia virus (VACV) increases the levels of tricarboxylic acid (TCA)
cycle intermediates and glutamine metabolism to support efficient replication [2—4]. Outstanding
summaries of virus-induced alterations to the host metabolic process can be found elsewhere
[5,6].

Metabolic alterations have emerged as common mechanisms that underlie the progression
of both viral infections and cancers. Both viruses and cancers demand increased energy
production and macromolecule biosynthesis to propagate. Therefore, the study of virus-host
metabolism could potentially contribute to understanding the metabolic mechanisms associated
with cancer progression. Furthermore, because viruses are master manipulators of cell functions,
studying virus-host interaction at the metabolic interface could reveal fundamental aspects of
cellular metabolism. Therefore, a better understanding of the basic mechanism involved in host-
pathogen interactions could identify novel targets for the development of therapeutic
interventions not only for viral diseases but also other pathologies, including cancer.

Viruses exploit several different strategies to hijack cellular nutrients. Some viruses
upregulate core catabolic processes (e.g., glycolysis and the TCA cycle), whereas others target

anabolic processes (e.g., nucleotide, fatty acid [FA], and amino acid synthesis) [6]. These



metabolic processes are governed by key cellular signaling cascades, including growth factor
signaling and the phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt) and AMP-activated
protein kinase (AMPK) pathways [7,8]. Unsurprisingly, viruses have evolved mechanisms that
directly or indirectly target these pathways to create an environment that optimally supports virus
replication. In this chapter, we summarize the cellular signaling pathways that are known to
regulate metabolism and describe our current understanding of how viruses interact with these
pathways (Table 1.1) to meet the increased demands for metabolites and energy that are

necessary for efficient replication.
Growth factor receptor signaling

Among the major factors that govern cellular metabolism and proliferation are the
receptor tyrosine kinase (RTK) pathways, particularly growth factor receptor (GFR) signaling.
The GFR pathway regulates whether a cell remains quiescent (metabolically inactive) or enters a
state of active proliferation. Most terminally differentiated mammalian cells exist in a quiescent
metabolic state, in which glucose is catabolized via glycolysis to produce pyruvate in the
cytoplasm. Pyruvate is then transported to the mitochondria, where it is oxidized to CO2 via the
TCA cycle. The NADH, NADHz2, and FADH2 molecules that are produced during glycolysis and
the TCA cycle are eventually used to build up a proton gradient. This gradient, then, drives ATP
production via oxidative phosphorylation (OXPHOS) [9]. Increased growth factor concentrations
activate growth factor signaling pathways that enhance nutrient uptake, primarily glucose and
glutamine [10], to support cell proliferation. The onset of cell cycle progression and proliferation
increases the cellular demand for carbon, nitrogen, and other nutrients used to generate
carbohydrates, proteins, fats, nucleic acids, and energy [8]. The uptake, synthesis, and

breakdown of each biomolecule are further regulated by various other signaling cascades, which



will be discussed in more detail later. The constant activation of proliferative signaling and
enhanced metabolic activity may result in cancer development [11], which highlights the
importance of the tight regulation of cell signaling and metabolism.

Due to its key role in the modulation of cell metabolism, the GFR signaling pathway is
targeted by several viruses to repurpose host metabolic pathways for their benefit (Fig. 1.1,
Table 1.1). Interestingly, several viruses encode growth factors that are homologous to those
produced by the cells that they infect, allowing for the modulation of the RTK pathway to
support replication (Reviewed in [12,13]). One excellent example is virus growth factor (VGF),
the viral homolog of cellular epidermal growth factor (EGF), which is encoded by VACV, a
prototypical poxvirus [14,15]. The deletion of VGF decreases VACV replication capacity in
resting cells and in mice [16,17], highlighting the importance of this protein for the VACV life
cycle. Furthermore, by inducing epidermal growth factor receptor (EGFR) and mitogen-activated
protein kinase (MAPK) signaling, VGF can stimulate proliferative responses [18-20], and VGF
is important for the motility of infected cells, which facilitates viral spread [21]. VACYV infection
increases the demand for energy and macromolecules to support replication, and the induction of
motility and proliferative responses also require additional energy [22,23]; therefore, VGF could
represent a major factor involved in the induction of metabolic changes in VACV-infected cells.
Remarkably, our global metabolic profiling of VACV-infected human foreskin fibroblasts
(HFFs) showed that VACV infection increases the steady-state levels of several TCA cycle
intermediates, including citrate [24]. The deletion of VGF rendered VACV unable to enhance
citrate levels, indicating that the stimulation of citrate levels depends on VGF expression.
Moreover, VACV infection stimulates the non-canonical phosphorylation of signal transducer

and activator of transcription 3 (STAT3) at S727, in a VGF-dependent manner, and citrate



upregulation requires the activities of EGFR, MAPK, and STAT3 signaling [24]. This metabolic
reprogramming is important for VACV replication because the inhibition of any of these
pathways severely impairs viral replication [24-26].

The upregulation of citrate levels by VGF-induced EGFR, MAPK, and STAT3 signaling
[24] provides a mechanistic explanation for the observed alteration in metabolism, centered
around the TCA cycle during VACV infection. VACYV increases OXPHQOS activity, as indicated
by increased oxygen consumption rates (OCRs) and ATP levels [3,27,28]. Although VACV
induces the inactivation of several host proteins, the translation of OXPHOS-related MRNAS are
selectively upregulated by VACYV infection [28]. Additionally, VACV upregulates glutamine
metabolism [2,3,29], and glutamine represents an important carbon source for the TCA cycle. A
study by Greseth and Traktman demonstrated that VACV depends on de novo FA synthesis to
generate an energy-favorable environment [3], which indicated that VACV might modulate FA
metabolism, which represents another major carbon source for the TCA cycle. Although VGF is
important for the upregulation of citrate levels, whether VGF expression is sufficient to induce
the metabolic changes observed in VACV-infected cells remains unclear. The effects of VGF,
which is secreted early during viral infection, on the modulation of other metabolic pathways
will be important to examine in the future. Measurements of the metabolic flux that occurs upon
VACYV infection would provide additional insights into how VGF affects host cell metabolism in
real-time. In addition, further studies remain necessary to determine whether the EGF homologs
encoded by other poxviruses are similarly involved in rewiring the host metabolism and whether
the same cellular signaling cascades are involved in these processes.

The involvement of other forms of RTKSs in the rewiring of cellular metabolism

following viral infection would also be important to explore. Baculovirus, a type of virus that



infects insects, encodes a fibroblast growth factor (FGF) [30] that is homologous to cellular FGF.
The viral FGF, similar to VACV VGF, is essential for the stimulation of energy-consuming
processes, such as cell migration [21,31]. Baculovirus infection upregulates several aspects of
cell metabolism, including increased glucose and glutamine consumption, increased amino acid
metabolism, and increased oxygen consumption [32,33]. These studies provide the basis for
studying the role played by baculovirus FGF in the modulation of host metabolism.

Although viruses such as VACV and baculovirus encode and secrete their own growth
factors, other viruses appear to stimulate growth factor signaling indirectly. Epstein-Barr virus
(EBV), an oncogenic y-herpesvirus, induces EGFR signaling via the viral latent membrane
protein 1 (LMP1) [34]. Remarkably, LMP1-mediated FGF signaling is essential for increasing
glucose metabolism in EBV-infected cells [35]. In human nasopharyngeal epithelial cells, LMP1
increases the uptake of glucose and glutamine, enhances the activity of lactate dehydrogenase A
(LDHA), increases the production of lactate, reduces the activity of pyruvate kinase, and reduces
the pyruvate concentrations [35]. Interestingly, the LMP1 protein of EBV also induces the
activation of EGFR, extracellular signal-regulated kinase (ERK)-MAPK, and STAT3
phosphorylation (at both S727 and Y705) [36]. Further tests remain necessary to examine
whether the metabolic changes that are induced by the EBV LMPL1 protein mediate the activation
of the EGFR-MAPK-STATS3 signaling axis and have similar metabolic effects as VACV VGF.

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative agent
underlying the current coronavirus disease 19 (COVID-19) pandemic, also induces growth factor
signaling. A phosphoproteomics analysis of SARS-CoV-2 revealed the activation of GFR and
downstream signaling molecules in infected cells [37]. Remarkably, the SARS-CoV-2 infection

also increased the levels of several key enzymes associated with glycolysis, the TCA cycle, and



central carbon metabolism [37,38], which indicates the upregulation of these metabolic pathways
at multiple levels. Furthermore, the inhibition of the GFR results in the severe suppression of
SARS-CoV-2 replication [37], indicating the crucial role played by this pathway during COVID-
19 progression. Further studies examining the correlation between the GFR pathway and the
metabolic alterations that have been reported in SARS-CoV-2-infected cells could result in the
identification of novel and effective therapeutic strategies against COVID-19.

Although direct effects on metabolic alteration have not yet been established for several
other viruses, many viruses are known to co-opt the GFR signaling pathway to promote various
stages of viral replication, such as entry, internalization, and the subversion of antiviral responses
(reviewed in [12]). The dynamic interactions that occur between the gene products of HCMV,
UL135 and UL138 govern the attenuation or sustainment of EGFR signaling [39]. Interestingly,
UL138 is important for the induction of latency, and UL135 is essential for the reactivation of
HCMV [40]. Because an active infection may be associated with different metabolic
requirements than a latent infection, future studies that delineate the functions of these proteins
and the EGFR pathway in metabolic changes are warranted, which could be used to identify
novel approaches that can be applied to thwart HCMV infections. The influenza A virus (IAV),
hepatitis C virus (HCV), and hepatitis B virus (HBV) are examples of the viruses that upregulate
the EGFR pathway to increase virus uptake and internalization [41-43]. Furthermore, the IAV
and rhinovirus-mediated activation of EGFR can result in the dampening of the interferon-
gamma-mediated antiviral responses, which contributes to the establishment of a proviral
environment [44]. As discussed later in this chapter, infections with these viruses can lead to
profound changes in cellular metabolism. Further studies that elucidate the role played by the

EGFR pathway or one of several signaling cascades downstream of EGFR could provide insights



into the complex interactions that occur between virus and host factors during the rewiring of

cell metabolism and lead to the development of potent antiviral therapies.
PI13K-Akt-mTOR pathway

Because RTKs, such as GFRs, are activated upon the binding of membrane-localized
receptors with extracellular ligands, they have the potential to govern the activation of several
other metabolically important signaling cascades within a cell. The ubiquitous PI3K-Akt
pathway is activated primarily by the binding of growth factors with extracellular receptors.
Upon activation, PI3K recruits and activates other kinases, including Akt, to perform various
functions [8]. The activation of the PI3K-Akt axis results in increased glucose uptake, the
stimulation of enzyme activity by several key glycolytic enzymes, and an increase in the overall
glycolytic rate of the cell (reviewed in [45]). In addition to enhancing glycolysis, Akt can
promote lipid metabolism through several mechanisms. First, Akt serves as an important
regulator of the enzyme ATP citrate lyase (ACLY), which converts the citrate transported out of
mitochondria into acetyl coenzyme A (Acetyl-CoA), which is necessary for lipid synthesis [46].
Akt activation can lead to the indirect proteolytic release of sterol regulatory element-binding
proteins (SREBPs) from the nucleus, leading to the induction of lipogenic genes that are
important for lipid metabolism [47]. Mammalian target of rapamycin (mTOR) is another key
regulator of cellular metabolism (Reviewed in [48]). mTOR is a key component of the multi-
subunit MTORC1 and mTORC2 protein complexes, which sense and regulate amino acid
metabolism to control protein synthesis, cell growth, and proliferation. The growth factor-
induced activation of the PI3K-Akt pathway can activate mTORCL or relieve it’s inhibition [48].
Although mTORCL1 acts downstream of Akt, mMTORC2 acts upstream of Akt, widening the range

of potential Akt substrates [49].



Because the PI3K-Akt-mTOR signaling pathway sits at the crossroads of several
important cellular pathways, many viruses have evolved multiple mechanisms to target this
pathway (Fig. 1.1) (Reviewed in [50]). Although the viral factors that interact with this pathway
are known for some viruses, a huge gap exists in the knowledge of how most viruses act to
repurpose this cascade for metabolic reprogramming. The VACV-mediated activation of the
PI13K-Akt pathway early during infection is important for viral replication and host cell survival
[51]. The inhibition of this pathway suppresses VACYV replication, indicating the important role
of this pathway in VACV replication (unpublished, [51]). Remarkably, we found that VACV
infection leads to upregulation of ACLY phosphorylation at S455 (unpublished). The activation
of ACLY, which is a key enzyme that governs FA metabolism, is positively regulated by Akt,
which raises the interesting question of whether VGF is required to reprogram lipid synthesis and
degradation in VACV-infected cells. Lipid metabolism is essential for VACV to create an
energy-rich state capable of supporting the increased demands during virus replication [3].
Although, whether VGF or other VACYV protein is involved in the upregulation of lipid
metabolism remains unclear, we found that VACV infection increases the levels of carnitylated
FAs, which are necessary for beta-oxidation [24]. Furthermore, the acylation of several VACV
proteins is essential for capsid envelopment and egress from the infected cell [52]. VACYV also
depends on lipid rafts for entry into the cells [53], and integrin beta-1 (a lipid raft-associated
protein) plays a key role in virus endocytosis through the PI3K-Akt pathway [54]. Further tests
are required to determine to identities of the viral factors and host cascades involved in the
modulation of lipid metabolism during VACYV infection.

Several other viruses have also been shown to modulate the PI3K-Akt-mTOR pathway

(Fig 1.1, Table 1.1); however, whether this modulation has direct impacts on metabolism



remains poorly understood. IAV has been shown to increase glycolysis, glucose uptake, and
lactate excretion in a PI3K-Akt pathway-dependent manner [55]. The inhibition of this pathway
suppresses glycolysis and, subsequently, reduces IAV replication and increases survival in a
mouse model [55]. During which stage of 1AV replication this metabolic regulation occurs, and
which viral proteins are responsible remain unknown. The E6/E7 proteins expressed by human
papillomavirus 16 (HPV16) are important for the activation of the PI3K-Akt pathway [56].
Interestingly, the E7 protein has been shown to be important for inducing glycolysis in HPV16-
infected cells through the binding and activation of the glycolytic enzyme pyruvate kinase
isozyme M2 (PKM2) [57]. Murine norovirus-infected macrophages have also been shown to
upregulate glycolysis in the host cells by activating the Akt pathway, which is important during
the early stages of viral replication [58]. Adenovirus E4-ORF1 is important for the activation of
the PI3K-Akt pathway [59]. Although this activation is not responsible for inducing glycolysis in
adenovirus-infected cells, the effects of this activation on a plethora of other metabolic changes
that occur during adenovirus infection remain unknown [60].

Although some viruses activate the PI3K-Akt pathway to enhance glycolysis to support
virus replication, others may do the opposite to ensure optimal survival. HCV, most likely
through the core protein, suppresses the PI3K-Akt pathway via the binding of tumor necrosis
factor-alpha, which inhibits the insulin receptor substrate and disrupts glucose metabolism by
inhibiting glucose uptake, via the downregulation of the glucose transporter 4 (GLUT4) and the
upregulation of phosphoenolpyruvate carboxykinase 2 (PCK2) [61,62]. In addition to viruses
that infect mammalian cells, white spot syndrome virus, an invertebrate virus that infects

arthropod cells, also induces glycolysis in a PI3K-Akt-mTOR dependent fashion [63]. The
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conservation of metabolic alterations by virus-mediated changes in cell signaling across species

indicates the importance of modulating metabolism for diverse viruses.
AMPK pathway

Another important regulator of cellular metabolism is the AMPK pathway, which is
sometimes referred to as the “metabolic master switch.” This pathway is activated in response to
an increase in the AMP or ADP to ATP ratio due to a variety of physiological stresses or
chemical inducers. Upon activation, this pathway leads to an increase in ATP synthesis via the
activation of catabolic processes, such as the beta-oxidation of FAs [64]. Activated AMPK also
triggers the destruction of existing defective mitochondria and enhances the synthesis of new
mitochondria to support increased energy production during energy-deficient states. Through
extensive crosstalk with the growth factor-initiated PI3K-Akt pathway, the AMPK pathway can
also regulate the activity of mTORC to reprogram cellular metabolism [65]. Because of the key
role played by AMPK in the regulation of cellular metabolism, several viruses have evolved
strategies to hijack AMPK signaling (Fig. 1.2, Table 1.1) and remodel the host metabolome to
promote efficient viral replication [66].

HCMYV is among the best-studied models of virus-induced alterations to the host cell
metabolism. HCMYV induces profound changes in cellular metabolic pathways, including
increased glycolysis, TCA cycle, glutamine metabolism, glutaminolysis, nucleotide metabolism,
FA biosynthesis, and the production of secondary metabolites and signaling molecules such as
prostaglandins [1]. HCMV-induced AMPK phosphorylation and activation are central to the
induction of these metabolic activation pathways, which result in a conducive environment for
viral replication [67]. The HCMV-mediated upregulation of AMPK results in increased

glycolysis by enhancing glucose uptake via the upregulation of GLUT4 [67]. The inhibition of
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AMPK not only reduces glycolytic flux but also suppresses HCMV replication. Interestingly, the
HCMV-induced activation of AMPK results in increased catabolism and reduced anabolism,
which limits cell growth [64] while simultaneously stimulating the level of metabolism overall.
AMPK activation upon HCMV infection conditions is regulated by a calcium-calmodulin-
dependent kinase kinase (CaMKK). One component that could be responsible for the activation
of cellular AMPK is the viral immediate-early protein UL38. The expression of this protein is
both necessary and sufficient to activate glycolysis by activating glucose consumption and
lactate excretion; glutamine consumption and glutamate secretion; and the secretion of proline
and alanine [68]. UL38 primarily binds to and inhibits the tuberous sclerosis protein complex 2
(TSC2) to activate the mTOR pathway, which is essential for maintaining a proviral environment
[69]. Interestingly, the activation of glycolysis via UL38 is dependent on its ability to inhibit
TSC2 [68], suggesting some interplay between the viral protein and the AMPK pathway.
Additionally, HCMV proteins such as UL37, US28, US21, and UL146, which regulate calcium
signaling, could also play an indirect role in the activation of the AMPK pathway due to major
overlaps in the downstream consequences of AMPK and calcium signaling [70].

The dynamic regulation of AMPK was observed during the course of nerve cell infection
with herpes simplex virus type 1 (HSV-1) [71]. At an early time point post-infection, HSV-1
downregulates the AMPK pathway to allow for the lipid and protein synthesis that is required for
viral replication. This inhibition, however, gradually faded away after 4 h, occurring
simultaneously with an increase in sirtuin 1 (SIRT1) expression. The maximum level of AMPK
activation was observed later during the viral replication process. This increase in AMPK
phosphorylation results in the induction of beta-oxidation and mitochondrial biogenesis, which

support viral replication [71].
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Simian virus 40 (SV40), an oncogenic polyomavirus, also activates AMPK pathways via
its small T-antigen to maintain energy homeostasis during glucose deprivation by inhibiting
mMTOR and activating apoptosis as an alternate energy source [72]. Although AMPK acts as a
proviral pathway, and most viruses tend to increase AMPK pathway activation, AMPK
activation results in the suppression of HCV replication [73]. Although the viral proteins that
regulate the suppression of AMPK during HCV infection remain to be elucidated, the loss of
AMPK function appears to result in lipid accumulation in HCV-infected cells. Because the HCV
life cycle heavily depends on cellular lipid levels, the accumulation of lipids could serve as a

reservoir of the precursors required for HCV replication [73].
Hypoxia-inducible factor (HIF) pathway

Hypoxia-inducible factors (HIFs) are major regulators of cellular metabolism,
especially during conditions of low oxygen availability (hypoxia) [74,75]. Because of the switch
to aerobic glycolysis, they promote glucose consumption and lactate excretion [76]. By acting as
transcriptional activators of several genes that promote the adaptation to hypoxic conditions,
HIFs also modulate key metabolic functions, such as FA, cholesterol, and mitochondrial
metabolism [77], which are prime targets of viruses (Fig. 1.3, Table 1.1).

One very well-studied example of virus-mediated HIF modulation is the VACV C16
protein-mediated stabilization of HIF-1a [4]. VACV C16 binds directly and specifically to the
human oxygen-sensing enzyme prolyl-hydroxylase domain-containing protein (PHD)2,
inhibiting the PHD2-dependent hydroxylation of HIF-1a. The stabilization of HIF-10 by VACV
results in the generation of a hypoxic environment, even under normoxic conditions. The
infection of cells with a recombinant virus lacking the C16 protein resulted in the decreased

transcription of HIF-1a-responsive genes, such as vascular endothelial growth factor (VEGF),
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pyruvate dehydrogenase kinase 1 (PDK-1), and GLUT-1, which are important regulators of
cellular metabolism [4]. The C16 protein of VACV, which is essential for HIF-1 activation, was
found to be important for the upregulation of glutamine metabolism [29]. VACV-induced HIF-
la stabilization, however, did not result in an increase in lactate or a decrease in TCA cycle
intermediates [29], which would be expected during a hypoxic response. In fact, we observed an
increase in TCA cycle intermediates in VACV-infected cells [24], which appeared to be
mediated, at least in part, by VGF-induced, non-canonical STAT3 phosphorylation. Several
studies have shown that glutamine metabolism is important for VACV replication [2,3,29]. We
found that asparagine, an amino acid whose biosynthesis exclusively depends on glutamine, was
able to rescue VACYV replication from glutamine depletion, and asparagine is required for
efficient viral protein synthesis, especially at later stages of VACYV infection [78,79]. These
studies elucidating the role played by C16 in the enhancement of glutamine metabolism, and the
role played by VGF in the upregulation of TCA cycle metabolites revealed new avenues for
exploration to identify other potential viral and cellular factors that might interact at the
metabolic interface during VACV infection. Signaling pathways mediated by EGF, the cellular
homolog of VGF, are also important for HIF stabilization via PI3K-Akt pathway activation in
cancer cells [80]; therefore, the determination of whether VACV VGF induces metabolic
alterations in a HIF-1a-dependent manner would be interesting to explore. How and whether
C16 and VGF might act together to rewire host cell metabolism in VACV -infected cells could
also be examined by generating a recombinant VACV that lacks both of these proteins.
Although the molecular mechanisms and metabolic consequences of HIF-1a activation
are not yet fully understood, this pathway is associated with several other viruses. The E6 and E7

viral proteins of HPV induce HIF-1a activation, which may contribute to the observed induction
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of glycolysis following viral infection [81]. The E6 protein attenuates interactions between the
von Hippel-Lindau tumor suppressor (VHL) and HIF-1a, which induces the Warburg effect in
HPV-infected cells. The HPV E7 protein, which also enhances HIF-1a activity, directly interacts
with the PKM2 enzyme, potentially diverting glycolytic intermediates toward anabolic
metabolism [57,82]. The E2 protein of human papillomavirus HPV18 also interacts with the
mitochondrial membrane to induce the production of reactive oxygen species and induce
glycolysis by activating HIF-1a [83].

HBYV infection results in profound changes in cellular metabolism, which can affect
glycolysis, lipids, amino acids, vitamins, and nucleic acids. The HBV-induced increase in
glycolysis has been attributed to at least three proteins; HBV core protein (HBc) [84]; HBV pre-
S2 mutant protein, which upregulates the expression and cell membrane localization of the
glucose transporter GLUT4 [85]; and the HBV X protein (HBX), which upregulates glucose-6-
phosphate dehydrogenase (G6PD) and multiple other enzymes involved in gluconeogenesis
[86,87]. HBx is also important for the stabilization of HIF-1a [88]. However, a direct association
between the HBx-induced HIF-1a stabilization and alterations in cellular metabolism has not yet
been established. Because HBXx is necessary for the activation of major metabolic pathways, such
as the AMPK and mTORC1 pathways [89], the signaling crosstalk between HIF-1a and other
metabolic pathways are likely responsible for the altered metabolism observed in HBV -infected
cells.

In addition to activating several key metabolic pathways, such as those associated with
the fibroblast growth factor receptor 1 (FGFR)1, PI3K-Akt, and ERK-MAPK, the LMP1 protein
of EBV enhances the degradation of PHD1 and PHD3 to activate HIF-10 [90], which

upregulates glycolysis through the upregulation of PKM2 and PDH2 [91,92]. Moreover, LMP1
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upregulates the key glycolytic enzyme hexokinase 2 (HK2) [93] and the glucose transporter
GLUT1 (in an mTORC1-dependent manner) [94], contributing to enhanced glycolysis and
indicating the existence of metabolic crosstalk in signaling pathways induced by viral proteins.
Another potential mechanism for the induction of glycolysis in EBV-infected cells is the viral
protein EBNA3- and EBNA5-mediated stabilization of HIF-1a [95].

Another example of a virus that stabilizes HIF-1a to upregulate glycolysis is Kaposi’s
sarcoma-associated herpesvirus (KSHV). KSHV infection upregulates HIF-1a and HIF-
responsive glycolytic genes, such as PKM2, HK, GLUT1, and PDK1, through viral micro RNAs
(miRNAs), and G-protein-coupled receptors (GPCRs) [96-98]. The latency-associated nuclear
antigen (LANA), which is necessary for HIF-1a stabilization and nuclear translocation, and the
induction of glucose transporter genes, such as GLUTL, is a candidate among several KSHV
proteins that might mediate glycolysis in KSHV-transformed cells [99]. Although the viral
proteins responsible for the is process have not been identified, HCV stabilizes HIF-1a,
upregulating glycolytic enzymes and suppressing OXPHOS activities during HCV infection
[100].

Other examples of virus-mediated HIF-1a stabilization and metabolic regulation include
the respiratory syncytial virus (RSV) [101] and the HIN1 variant of IAV [102]. A significant
shift in metabolism toward glycolysis and the pentose phosphate pathway was observed during
RSV infection in human small alveolar epithelial cells [101]. The suppression of HIF-1a also
resulted in the reduction of HK2, PDK1, and VEGF levels and reduced viral titers, suggesting
the important role of this pathway in the upregulation in RSV replication [101]. The HIN1 IAV
variant increases GLUTL levels by stabilizing HIF-1a via the inhibition of the proteasome and a

decrease in factor inhibiting HIF-1 (FIH-1) expression [102]. This mechanism could partially
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explain the observed increase in glycolysis, glucose uptake, and lactate excretion during early
IAV infection [55,103]. Although the exact metabolic consequence remains unclear, the human
immunodeficiency virus type 1 (HIV-1) viral protein Vpr induces the stabilization of HIF-1a

[104], resulting in the induction of two key glycolytic enzymes, HK and PKM2 [105].
Oncogenes and tumor suppressors

Several viruses modulate host metabolism by interacting with cellular oncogenes (e.g.,
Myc) and tumor suppressors (e.g., p53) or introducing virus-specific oncogenes [7].
Oncogenes and tumor suppressors are important regulators of cellular metabolism [106].
Mutations that result in the activation of KRas or Myc proteins also induce metabolically
favorable environments for cell proliferation. The activation of these oncogenes can induce
glycolysis, OXPHQOS, pentose phosphate pathways, and lactate production. Moreover, KRas and
Myc activation result in increased glutamine uptake to feed the TCA cycle for energy
production, a process known as glutaminolysis [107]. In addition to activating key lipid
metabolism enzymes and nucleotide biosynthesis, Myc is also involved in the biogenesis of
organelles, such as mitochondria and ribosomes [107,108]. Tumor suppressors, including but not
limited to p53, phosphatase and tensin homolog (PTEN), SIRT3, and SIRT®, also act on several
stages of metabolism [7]. The role played by p53 in metabolism has been extensively studied.
The wild-type (WT) p53 protein activates mitochondrial metabolism and lipid catabolism,
suppressing glycolysis and lipid synthesis, whereas the gain of function mutation in p53 leads to
the exact opposite functions [109,110].

An excellent example of the virus-induced activation of the Myc oncogene has been
observed in adenovirus-infected cells (Fig. 1.4, Table 1.1). The infection of a non-tumorigenic

breast epithelial cell line with WT adenovirus 5 (Ad5) strain induced glycolytic metabolism,
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indicated by increased glucose consumption and lactate production and decreased oxygen
consumption [60]. The E4AORF1 protein of Ad5 is sufficient to increase glucose metabolism in
infected cells, binding to and activating Myc to increase the transcription of key glycolytic
enzymes, including HK2 and PFKM [60]. A point mutation that results in the D68A substitution
mutation in E4AORF1 abolishes the ability to activate Myc or activate glycolysis, resulting in
replication suppression [60]. The E4AORF1-mediated activation of Myc is not only important for
the activation of glycolysis but also for altering glutamine metabolism [111]. Myc activation is
necessary for the Ad5-induced increase in glutamine utilization, including the increased
expression of glutamine transporters and glutaminolysis enzymes, such as glutaminase (GLS)
[111]. The observed decrease in the OCR following AD5 infection, however, is independent of
the EAORF1-induced activation of Myc [60]. Interestingly, the adenovirus E1A protein is also
involved in Myc activation [112]. Furthermore, E1A and E1B-55K can induce the suppression of
the tumor suppressor p53 [113]. Although the metabolic consequences of these changes remain
largely unknown, these findings suggest that the E1A and E1B proteins could also be important
for altered cellular metabolism during adenovirus infection [114].

Other viruses that interact with oncogenes or tumor suppressors to increase replication
efficiency include KSHV, EBV, HPV, and HCV. The latent KSHV infection of endothelial cells
induces the expression and upregulation of Myc, and the targets of Myc including the glutamine
transporter SLC1A5, which could explain the upregulation of glutamine uptake and glutamine
addiction during KSHV infection [115]. The viral proteins LANA expressed by KSHV, basic
leucine zipper nuclear factor 1 (BZLF1) expressed by EBV, E6 expressed by HPV, and NS3 and
NS5 expressed by HCV all downregulate the tumor suppressor p53 [116-119]. The impact of

this suppression on the observed changes in host metabolism during infections remains unclear.
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Other mechanisms

In addition to altering signaling pathways, cellular metabolism could be regulated
through feedback activation/inhibition mechanisms mediated by various metabolites and
byproducts [120]. Several key enzymes and metabolic regulators, such as carbohydrate response
element-binding protein (ChREBP) and SREBP, could also exert regulatory functions on the
metabolic activities of cells [121]. Viruses seem likely to have evolved mechanisms designed to
directly interact with the key metabolic enzymes and regulators found in host cells.

HCMV infection upregulates the levels of Acetyl-CoA carboxylase 1 (ACC1), the rate-
limiting enzyme involved in FA biosynthesis [122,123], through two separate mechanisms. First,
HCMV infection results in the activation of SREBP-2 [122], the master regulator of sterol
biosynthesis [124], which activates ACC1 in an mTORCL1 activation-dependent manner [122].
Second, HCMV induces lipogenesis through the proteolytic cleavage and activation of SREBP-
1, a major regulator of FA biosynthesis [125] to activate ACC1[123]. The viral protein UL38,
which interacts with and inhibits TSC1/2 to activate mTORC1 [69], could also play a key role in
the modulation of FA metabolism in HCMV-infected cells.

Another case of interaction between viral and host metabolic factors is the interaction
between the dengue virus (DENV) non-structural protein 3 (NS3) and the host cell FA synthase
(FASN), a key enzyme necessary for FA biosynthesis [126]. By binding with FASN, NS3
relocates the host enzyme to the virus replication site, increasing the rate of FA biosynthesis
[126]. Another great example is the direct interaction between the DENV NS1 and the cellular
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [127]. Interestingly,
the DENV infection requires glycolysis for optimal replication [128] and induces glycolytic

processes by upregulating the levels of GLUT1 and HK [128]. The binding between DENV NS1
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and GAPDH increases GAPDH activity [127] and could represent one example of an interaction
between a viral and host factor that elevates glycolysis. Mechanistic studies that identify these
interactions can provide a platform for the development of therapeutics against the viral

pathogen.

Concluding remarks, limitations of the current studies, and outlook for the

future

In summary, virus-induced metabolic alterations generally support viral replication. The
central theme of these alterations suggests that interactions between one or more viral factors and
various cellular factors can affect metabolic regulation. Although some of the key players
involved in the virus-mediated hijacking of cellular metabolism have been identified, several
remain unknown. In some cases, a single viral protein can regulate several different host factors,
whereas in other cases, similar effects require multiple proteins. Significant crosstalk occurs
among the various signaling pathways that govern metabolism, posing the unique challenge of
carefully teasing apart the roles played by viral factors in repurposing cellular metabolism.

Although we attempted to review the mechanisms through which viruses hijack cellular
signaling to rewire host metabolism, there is a striking lack of mechanistic studies in the field of
viral metabolism. Many studies have conferred the functions of viral proteins to key metabolic
regulators without describing specific metabolic phenotypes. Conversely, several viruses have
been identified to alter key signaling pathways related to metabolism, but the effects of these
alterations on host metabolism have not been elucidated. A deeper understanding of metabolic
signaling remains crucial for the development of therapeutics that target metabolic pathways in
viral infections. Additional studies remain necessary to identify viral and host factors that

interact at the metabolic interface.
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Although viruses are known to induce metabolic perturbations, and these changes are
important for viral replication, the exact stages of viral replication for which these metabolic
pathways are important have not been elucidated for several viruses. Alternatively, because the
host provides the resources and precursors necessary for viral replication, the effects of the host’s
metabolic status on viral replication could represent a fertile ground for future research. A better
understanding of the dependence of specific viral replication stages on specific metabolic
pathways will clarify why viruses target distinct metabolic aspects. Similarly, by understanding
the effects of the host metabolic status on virus replication, we could identify mediators of viral
tropism by revealing whether some cells are more susceptible to viral infection than others.
Susceptibility differences could also explain discrepancies observed in the metabolic
reprogramming profiles of different cells following infection with the same virus.

Another major limitation of current studies is that most explorations of virus-host cell
metabolism are performed in cultured cells, which have drastically different metabolic profiles
from animal models. Most cells in an animal model are quiescent, with reduced metabolic
activity, in contrast with the proliferating cells used in most studies. Different tissues and organs
might also have different metabolic statuses that might affect tropism and viral infectivity.
Furthermore, animal metabolism is governed by the diet and immune system activity of the host,
and the effects of these regulations represent understudied areas in the field of virus-host
metabolic alterations. Viruses may target metabolism to alter the immune status of a cell or to
evade immune clearance. Conversely, viral infection-induced metabolic alterations could trigger
immune activation or the activation of antiviral pathways. Some immune cells detect viral
metabolites and pathways altered by viruses, adding layers of complexity. Additional in vivo

studies examining the effects of virus-induced alterations in metabolism are necessary to provide
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a better understanding of viral metabolism and the potential development of effective antiviral
therapeutics.

Most current studies examining alterations in metabolic processes upon viral infection
focus on steady-state metabolite levels. Because metabolism is a dynamic process that can
involve rapid changes in the uptake, synthesis, and degradation of biomolecules, observed
increases in the levels of certain metabolites could result in multiple interpretations that indicate
various, sometimes opposing outcomes. For example, an increase in the steady-state levels of
any given metabolite could indicate either increased synthesis or reduced consumption. To
overcome these challenges, whenever possible, metabolomics should be coupled with studies
that define the ongoing metabolic activities. A better understanding of the interactions between
viruses and host metabolism can be achieved through the careful design and rigorous
interpretation of metabolic flux profiling. Coupling these studies with studies examining the
activation or suppression of enzymatic activities using chemical and genetic approaches could
provide detailed pictures of the metabolic landscapes of virus-infected cells.

A great degree of similarity exists between the metabolic alterations that occur following
viral infection and those induced by cancer. Studies examining cancer cell metabolism have been
instrumental for our understanding of cell metabolism in response to viral infection. Although
several viruses have been found to interact with and alter tumor suppressors and oncogenes
during the process of rewiring cellular metabolism, whether these metabolic perturbations lead to
the transformation of infected cells in a manner that promotes cancer development remains
unclear. A better understanding of the virus-induced changes in cell signaling that result in
metabolic reprogramming may also identify fundamental mechanisms involved in the regulation

of cellular metabolism and the metabolic regulation that occurs during cancer. In addition to
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cancers, the study of virus-host interaction at the metabolic interface could also shed light on the
progression of various metabolic disorders, such as obesity, dyslipidemia, and increased glucose
levels. Metabolic disorders may increase the risk of certain viral diseases, including influenza
and coronaviruses [129], whereas other viruses, such as HCV and HIV, might induce metabolic
disorders [130]. Additionally, metabolic disorders may impair the immunological response of the
host, facilitating viral infections that can worsen the severity of metabolic disorders [129]. The
study of virus-induced metabolic alterations might also provide avenues for the development of
novel strategies to combat metabolic disorders.

Overall, the study of virus-host metabolism is likely to facilitate the identification of
various therapeutic windows associated with the viral dependence on specific enzymes or
nutrients, which can be utilized to develop novel therapies against viral diseases and other

metabolism-associated pathologies, including cancer.
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Figure 1.1. Growth factor signaling and Akt pathway are targeted by viruses to alter host
metabolism.

Viruses (listed in the blue-shaded box), either directly or indirectly, activate the GFR signaling.
GFR signaling governs the uptake of glucose and glutamine, and metabolic pathways such as
glycolysis. Viruses (listed in the green-shaded box), activate the Akt signaling to regulate
metabolic pathways, regulators, and enzymes. Dashed arrows indicate the flow of metabolites.
Solid arrows indicate the target of GFR or Akt signaling. # indicates that HCV downregulates
Akt signaling.
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Figure 1.2. Viruses regulate AMPK pathway for their benefit.
Viruses (listed in the blue-shaded box) stimulate the AMPK pathway to induce changes in the
metabolism of carbon, lipids, and pathways related to translation and homeostasis. The upwards

and downwards arrows indicate upregulation or downregulation in the indicated pathways.
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Figure 1.3. Viruses target the HIF pathway to create a metabolically favorable
environment.

Viruses (listed in the blue-shaded box) stimulate the HIF pathway to induce changes in the
metabolism of carbon and lipids. The upwards and downwards arrows indicate upregulation or

downregulation in the indicated pathways.
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Figure 1.4. Regulation of the Myc oncogene by viruses to rewire host metabolism.
Viruses (listed in the blue-shaded box) stimulate the Myc oncogene to induce changes in the

metabolism of carbon, lipids, nucleotides, and pathways related to translation and homeostasis.

The upwards and downwards arrows indicate upregulation or downregulation in the indicated

pathways.
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Table 1.1. Viruses target several cellular signaling pathways to rewire host cell metabolism.

A list of the signaling pathways that are important for regulating cellular metabolism that are targeted by different viruses. (+)

indicates upregulation; (-) indicates downregulation; and (?) indicates unknown.

Signaling Virus Virus protein Cellular target Metabolic effect References
pathway
EGFR (+), MAPK (+),
VACV VGF TCA cycle (+ 24
Growth Factor PSTAT3 5727 (+) ycle (*)
Signaling Baculovirus FGF ? Glucose, Glutamine uptake (+) 30
EBV LMP1 FGF1 (+) Glycolysis (+) 35
VACV VGF AKT (+) Lipid metabolism (?) Unpublished
HPV 16 E6/E7 PI3K-AKT pathway (+) Glycolysis (+) 56, 57
WSSV ? PI3K-AKT pathway (+) Glycolysis (+) 63
- - ?
PI3KAKT- ADV E4-ORF1 PI3K-AKT pathway (+) . 59
mTOR Pathway MNV ? PISK-AKT pathway (+) Glycolysis (+) 58
HCV Core (E’,;"te'” PI3K-AKT pathway (-) Glycolysis (-) 61, 62
IAV ? PI3K-AKT pathway (+) Glycolysis (+) 55
EBV LMP1 mTOR (+) Glycolysis (+) 94
HCMV UL38? CaMKK-AMPK (+) Glycolysis (+) 67, 68
SV40 Smgll T AMPK (+) Energy homeostasis 72
antigen
AMPK Pathway — -
HCV ? AMPK (-) Lipid accumulation (+) 73
HSV-1 ? AMPK [Early (-), Late L|p|d/Prote|n_ syr_lthe3|s (+) 71
()] Early, Beta oxidation (+) Late
VACV Cl6 HIF-1a (+) Glutamine metabolism (+) (?) 4,29
Hypoxia- HPV-16, ) .
inducible factors 18 E6, E7, E2 HIF-1a (+) Glycolysis (+) 57,81, 83
HBV HBX HIF-1a (+) Glycolysis (+) (?) 86, 87, 88

39




LMP1,

EBV EBNA3, HIF-1a (+) Glycolysis (+) 90, 91, 92, 95

EBNAS

mMiRNA,
KSHV GPCR, LANA HIF-1a (+) Glycolysis (+) 97, 98, 99

(?)
HCV ? HIF-1a (+) Glycolysis (+), OXPHOS (-) 100
RSV ? HIF-1a (+) Glycolysis (+), PPP (+) 101
IAV ? HIF-1a (+) Glycolysis (+) (?) 102
HIV Vpr HIF-1a (+) Glycolysis (+) 104, 105
ADV E4ORF1 Myc (+) Glycolysis (+)(,+C);Iutam|noly3|s 60, 111
ADV E1A E1B Myc (+), p53 (-) ? 112, 113
Oncogenes and KSHV ? Myc (+) Glutaminolysis (+) 115
tumor KSHV LANA P53 () ? 116
suppressors

EBV BZLF1 p53 (-) ? 118
HCV NS3, NS5 p53 (-) ? 117
HPV E6 p53 (-) ? 119
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Abstract

Viruses actively interact with host metabolism because viral replication relies on host
cells to provide nutrients and energy. Vaccinia virus (VACV; the prototype poxvirus) prefers
glutamine to glucose for efficient replication to the extent that VACV replication is hindered in
glutamine-free medium. Remarkably, our data show that VACV replication can be fully rescued
from glutamine depletion by asparagine supplementation. By global metabolic profiling, as well
as genetic and chemical manipulation of the asparagine supply we provide evidence
demonstrating that the production of asparagine, which exclusively requires glutamine for
biosynthesis, accounts for VACV’s preference of glutamine to glucose rather than glutamine’s
superiority over glucose in feeding the tricarboxylic acid (TCA) cycle. Further, we show that
sufficient asparagine supply is required for efficient VACV protein synthesis. Our study
highlights that the asparagine supply, the regulation of which has been evolutionarily tailored in
mammalian cells, presents a critical barrier to VACYV replication due to a high asparagine
content of viral proteins and a rapid demand of viral protein synthesis. The identification of
asparagine availability as a critical limiting factor for efficient VACV replication suggests a new
direction of anti-viral strategy development.

Importance

Viruses rely on their infected host cells to provide nutrients and energy for replication.
Vaccinia virus, the prototypic member of poxviruses that comprise many significant human and
animal pathogens, prefers glutamine to glucose for efficient replication. Here we show that the
preference is not because glutamine is superior to glucose as the carbon source to fuel the
tricarboxylic acid cycle for vaccinia virus replication. Rather interestingly, the preference is

because the asparagine supply for efficient viral protein synthesis becomes limited in the absence
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of glutamine that is necessary for asparagine biosynthesis. We provide further genetic and
chemical evidence to demonstrate that asparagine availability plays a critical role in efficient
vaccinia virus replication. This discovery identifies a weakness of vaccinia virus and suggests a

possible direction to intervene poxvirus infection.

Keywords: Poxvirus, Vaccinia virus, Asparagine, Glutamine, Metabolism, Metabolic profiling,

Protein synthesis
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Introduction

Viruses do not have metabolic machinery; so viral replication relies on the host for
supply of nutrients and energy. Unsurprisingly, metabolism is a crucial interface of virus-host
interactions. Many viral infections are characterized as being heavily dependent on particular
metabolites (e.g., glutamine, glucose or fatty acids) for optimal replication. Many viruses induce
alterations in metabolic pathways such as glycolysis, synthesis of fatty acids, nucleotides, and
energy metabolism. The abilities of viruses to make these alterations often shape the outcome of
viral infections (1-4).

Vaccinia virus (VACV) is the prototype poxvirus, with a large double-stranded DNA
genome that encodes more than 200 annotated genes (5, 6). Many poxviruses cause fatal diseases
such as variola virus-induced smallpox, which is one of the most devastating infectious diseases
in human history. Although eradicated in nature, smallpox is still a valid national security
concern due to potential unregistered stocks or de novo synthesis of live variola virus (7-9).
Moreover, other poxviruses cause human and animal diseases. On the other hand, poxviruses are
practically useful as oncolytic agents for cancer treatments, as well as vectors for vaccine
development and recombinant protein production (10-13). For efficient VACV replication in cell
culture, VACV prefers glutamine to glucose; the depletion of glutamine, but not glucose, from
culture medium significantly decreases VACV production (14, 15). In line with this finding,
VACYV infection upregulates glutamine metabolism (16). Nevertheless, why VACV prefers
glutamine to glucose for replication remains elusive.

Glutamine is a non-essential amino acid that is abundantly utilized by mammalian cells
beyond its role as a protein building block (17). Glutamine feeds the tricarboxylic acid cycle

(TCA cycle; Fig. 2.1A) through glutamate and alpha-ketoglutarate (a-KG) in a process known as
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anaplerosis (18-20). Glutamine also acts as a biosynthetic precursor for many molecules
including amino acids, nucleotides, and fatty acids (21, 22). Although several non-essential
amino acids require intermediates of glutamine metabolism for de novo biosynthesis, only
asparagine biosynthesis exclusively depends on glutamine because the amination of the synthesis
reaction requires glutamine (23, 24). The biosynthesis of asparagine using glutamine is catalyzed
by the enzyme asparagine synthetase (ASNS) (25, 26).

A new and growing body of work suggests that asparagine is more than just a
polypeptide subunit. It is essential in coordinating overall protein synthesis, cellular responses to
amino acid homeostasis, and metabolic availability during biological processes and disease
development. For example, asparagine acts as a metabolic regulator of TCA cycle intermediates
and the cellular supply of nitrogen (which supports the synthesis of non-essential amino acids);
and for cancer cells, asparagine bioavailability is essential for survival, proliferation and tumor
development (23, 24, 27, 28). Asparagine is also important for supporting Kaposi’s sarcoma-
associated herpesvirus (KSHV) transformed cancer cell proliferation due to its critical role in
nucleotide biosynthesis during glutamine depletion (29). However, the role of asparagine
availability in virus replication has not been explored.

In the current study, we show that asparagine is a limiting metabolite for VACV
replication through its critical role in VACV protein synthesis. In contrast to the generic
paradigm that glutamine is superior to glucose in fueling the TCA cycle, we show that the
preference for glutamine reflects the requirement of sufficient asparagine supply during
replication. Indeed, interfering with asparagine metabolism severely impairs VACV replication,
highlighting the importance of asparagine availability during VACYV lifecycle. Our findings

demonstrate an essential role of asparagine availability for efficient VACV replication.
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Understanding this critical host-dependent barrier to VACV replication might not only spur the
development of new, host-oriented antiviral therapies but also improve the development of

poxviruses as therapeutic tools.

Results

Asparagine fully rescues VACYV replication from glutamine depletion
To test why VACYV prefers glutamine to glucose for efficient replication, we examined
whether a-KG and glutamate—the products of glutaminolysis that feed the TCA cycle (Fig.

2.1A)—could rescue VACYV replication from glutamine depletion. Measuring virus titers showed
that o.-KG and glutamate supplementation only partially rescued VACV replication in the
absence of glutamine (Fig. 2.1B), in agreement with earlier studies (14, 15). This indicates that
while anaplerosis of the TCA cycle is important, this function of glutamine is not responsible for
its superiority to glucose in promoting VACYV replication.

Notably, VACV replication was fully rescued from glutamine depletion when asparagine
was added to the medium (Fig. 2.1B). In contrast, when the medium contained glutamine, adding
asparagine did not boost viral titers, suggesting growth could be equally rescued by either
glutamine or asparagine. Moreover, asparagine rescued GFP expression from a recombinant
VACYV expressing GFP in the absence of glutamine (Fig. 2.1C).

VACV replication kinetics over a 72-h period using an initial VACV multiplicity of
infection (MOI) of 0.001 in the glutamine-free medium was also consistently rescued by
asparagine (Fig. 2.1D). The 72-h proliferation rate of HFFs differed little from cells grown in
medium containing glucose only or glucose plus asparagine (Fig. 2.1E), suggesting that the
difference in VACV titers is not due to altered HFF proliferation. Other non-essential amino

acids that can be synthesized from glutamine but were not present in the cell culture medium
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(e.g., proline, alanine, and serine), did not rescue VACYV replication from glutamine-deficiency
(Fig. 2.1F). We also tested the effect of asparagine in supporting VACYV replication upon
glutamine depletion in BS-C-1 that is a monkey kidney epithelial cell line. Similar to the results
in HFFs, asparagine fully rescued VACV titers from glutamine depletion in BS-C-1 cells (Fig.
2.1G, H). Together these results demonstrate that asparagine can rescue VACYV replication from
glutamine depletion.
Asparagine does not enhance TCA cycle activities during VACYV infection

Under the glutamine-free condition, asparagine might rescue VACV replication by
improving anaplerosis of the TCA cycle. To test this idea, VACV-infected HFFs were profiled
for metabolic activities in three different conditions: glucose, glucose plus glutamine, and
glucose plus asparagine (Table 2.1). Glucose plus glutamine significantly enhanced the
concentrations of several TCA cycle intermediates (a-KG, succinate, fumarate, and malate)
compared to glucose only condition, while the addition of asparagine did not (Fig. 2.2A). Even
in the absence of glutamine, glucose was sufficient to maintain the levels of oxidative
phosphorylation intermediates required for ATP production (Fig. 2.2B). These results show that
rescue of VACV replication by asparagine in the glutamine-deficient medium is not driven by
enhancement of the TCA cycle and that glucose can support enough TCA cycle activities for
VACYV infection. Additionally, when glutaminase activity is inhibited with the BPTES, VACV
titers decreased by only 2-fold in the presence of glucose but decreased by 12-fold in the absence
of glucose (glutamine was present in both conditions; Fig. 2.2C). Together, these results indicate
that asparagine-mediated rescue of VACYV replication is not due to enhanced TCA cycle

activities in glutamine-depleted condition.
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Our interpretation is also supported by the fact that the TCA cycle is not directly fed by
asparagine converting to aspartate in VACV-infected cells. Adding aspartate to glutamine-
deficient medium rescued only low levels of VACV replication (Fig. 2.2D) and adding
asparagine did not elevate aspartate concentration (Fig. 2.3A). This is consistent with the fact
that in mammalian cells asparaginase does not actively convert asparagine to aspartate (28).
Notably, glutamine itself could support VACYV replication even in the absence of glucose, while
the asparagine-mediated rescue of VACYV replication from glutamine-depleted condition
required glucose in the medium (Fig. 2.2E). Moreover, VACYV titer was significantly lower
when glucose was not added to the glutamine-depleted medium (Fig. 2.2F). These results
suggest that glutamine can provide functions of both glucose and asparagine during VACV
infection.

For VACV-infected HFFs cultured in glutamine-deficient medium, adding asparagine did
not increase the glutamine and glutamate concentration either (Fig. 2.3A). Moreover, using L-
MSO to inhibit de novo glutamine synthesis only minimally reduced VACYV replication (1.4-
fold) when the glutamine-deficient medium was supplemented with asparagine (Fig. 2.2G),
showing that VACV replication is not rescued because asparagine supplementation increases
glutamine or glutamate to feed the TCA cycle. L-MSO treatment decreased VACYV titer for 3.2-
fold in glucose only medium (Fig. 2.2H), indicating a stronger inhibitory effect of L-MSO on
VACYV replication when de novo glutamine synthesis is suppressed in the absence of exogenous
glutamine.

Asparagine rescues VACV protein synthesis from glutamine depletion
Notably, our global metabolic profiling data showed that most amino acids (14 out of 20)

accumulated in cultures with glucose only, which led to an amino acid imbalance compared to
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cultures containing glutamine and glucose (Fig. 2.3A). Within infected-cells cultured in glucose
only medium, amino acids whose biosynthesis is closely tied to glutamine concentration (i.e.,
alanine, proline, aspartate, glutamate, and asparagine) (30, 31) had a lower or similar
concentration (Fig. 2.3A). Among the five amino acids, asparagine is the only amino acid that
exclusively requires glutamine for its biosynthesis and is also the only amino acid that fully
rescues VACYV replication from glutamine depletion. Remarkably, adding asparagine
significantly decreased the accumulation of most amino acids in glutamine-depleted condition
(Fig. 2.3A). Moreover, asparagine concentration was significantly lower than other amino acids
except for glutamine in glucose only condition, while its level was significantly higher than or
similar to most other amino acids when glutamine is present (Fig. 2.3B).

These results prompted us to hypothesize that asparagine availability is a critical limiting
factor in maintaining amino acid balance for efficient protein synthesis in VACV-infected cells.
This implies that, without glutamine, the rate of protein synthesis is suppressed by a low
asparagine supply that cannot support the acute demand for nascent protein synthesis during the
brief time window of VACV replication; exogenous asparagine can correct this amino acid
imbalance. Higher demand for asparagine in VACV-infected cells can also be attributed to a
93% higher asparagine content in VACV-encoded proteins than that in human genome-encoded
proteins (Fig. 2.3C). Asparagine content in VACV late proteins, which are expressed at very
high levels for viral particles (32, 33), is 101% higher than human proteins (Fig. 2.3C). The
hypothesis is supported by the result that VACV protein levels were much lower in cells cultured
with glucose only compared to in cells cultured with glutamine or asparagine (Fig. 2.3D).
Nascent cellular protein synthesis was also less in uninfected HFFs grown in glucose only

medium (Fig. 2.3E). However, because there are pre-existing cellular proteins, glutamine
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depletion in the absence of asparagine did not affect uninfected HFF proliferation (Fig. 2.1E).
VACYV infection directs cellular machinery to synthesize viral proteins, as can be seen in the
different patterns of newly synthesized proteins with or without VACV infection (Fig. 2.3E).
The level of nascent viral protein synthesis was lower in VACV-infected HFFs in medium
containing glucose only (Fig. 2.3E). Because all viral proteins need to be newly synthesized after
infection, the negative effect on protein synthesis in glucose only medium presents a severe
impact on VACYV replication.

GCNZ2 is a metabolic-stress-sensing protein kinase that senses amino acid availability and
phosphorylates elF2a. to suppress protein synthesis during amino acid deficiency (34, 35). In
addition to the effect of a limited supply of asparagine on protein synthesis, there is a possibility
that the amino acid imbalance stimulates GCN2/elF2a phosphorylation to decrease protein
synthesis. GCN2 phosphorylation increased in cells grown in glucose only medium over the
course of viral infection and in mock-infected cells, although the phosphorylation levels were
significantly lower than calyculin A treatment that served as the positive control of GCN2
phosphorylation (Fig. 2.4A). Interestingly, elF2a phosphorylation was not affected in uninfected
HFFs in different culture media, while elF2a phosphorylation increased in cells grown in
glucose only medium during VACYV infection (Fig. 2.4B). Although the changes in elF2a.
phosphorylation were not high in different media during VACYV replication, its impact should not
be neglected as a small increase in elF2a phosphorylation may cause significant suppression in

MRNA translation (36).
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Asparagine rescues VACV post-replicative mRNA translation from glutamine-
deficiency

VACYV genes are expressed in a cascade fashion. Upon entry, VACYV early genes are
immediately expressed, then DNA is replicated, and intermediate genes are expressed followed
by late genes (5). To find which stage of viral replication was affected, HFFs were infected with
one of three reporter VACVs that encode a secreted Gaussia luciferase gene under viral early
(VEGIuc), intermediate (vIGluc), and late (vLGluc) promoters. Viral gene expression was
measured by Gaussia luciferase activities in cell culture medium. In all three conditions, early
gene expression was similar but VACV intermediate and late gene expression was significantly
higher in medium containing asparagine or glutamine (Fig. 2.5A-C). The promoters of each class
of VACV genes share the same transcription mechanism and use the same transcription factors
(5). Therefore, the C11, G8, and F17 mRNA levels can reflect the mRNA levels of VACV early,
intermediate and late mMRNAs. gRT-PCR profiled VACV early (C11R, 4 hpi), intermediate
(G8R, 6 hpi) and late (F17R, 12 hpi) gene MRNA levels under different nutrient conditions (Fig.
2.5D-F) (5). Unsurprisingly, the levels of early viral mMRNAs were not affected by nutrient
conditions (Fig. 2.5D). VACV intermediate mRNA levels did not differ either, and asparagine or
glutamine only mildly increased viral late mMRNA levels by less than 1.5-fold (Fig. 2.5EF).
Because VACYV intermediate and late mRNA synthesis rely on viral DNA replication and viral
DNA replication factors are mostly encoded by viral early genes (6, 37), the glucose only
medium in the absence of glutamine and asparagine is not expected to have a significant effect
on VACV DNA replication. These results indicate that asparagine rescues VACV protein
synthesis from glutamine-deficiency mainly at the post-replicative (both intermediate and late)

MRNA translation stage.
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There was a significant increase in adenosine levels in the presence of glutamine, likely
because glutaminolysis can contribute to nucleotide synthesis (Fig. 2.5G) (21, 22). However, our
metabolic profiling of VACV-infected cells grown with glucose or asparagine supplementation
showed that they had similar nucleoside concentrations (Fig. 2.5G). Accordingly, adding
nucleosides to glutamine-depleted medium did not rescue VACV replication (Fig. 2.5H). These
results support the observations that asparagine has no or only small effects on VACV RNA
synthesis.

ASNS knockdown impairs VACYV replication

Standard cell culture medium lacks asparagine, but cells synthesize it de novo by ASNS
using glutamine as the amino group donor (Fig. 2.6A). To test whether asparagine biosynthesis
affects VACV replication, ASNS protein expression was reduced with two different sSiRNAs
(Fig. 2.6B). ASNS knockdown significantly impaired VACYV replication (Fig. 2.6C, D), but did
not suppress HFF proliferation (Fig. 2.6E). In ASNS siRNA-treated cells, VACV protein
synthesis was down-regulated (Fig. 2.6F). This agrees with the result that SIRNA-mediated
interference of ASNS also decreased nascent viral protein synthesis in VACV -infected cells
(Fig. 2.6G). Since these experiments were performed in the presence of glutamine, the results
indicate a critical role of asparagine biosynthesis in VACV replication.

Chemically suppressing asparagine metabolism decreases VACV replication

Conversion of asparagine to aspartate is catalyzed by asparaginase (38). To test how
depleting asparagine affects VACYV replication, asparaginase from E. coli was added to culture
medium containing glutamine. This led to a significant decrease in VACYV replication that could
be partially rescued by supplementing with asparagine (Fig. 2.7A). Asparaginase treatment also

decreased Gaussia luciferase activity in vLGluc-infected cells, which again could be partially
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rescued with supplemental asparagine (Fig. 2.7B). Although asparaginase treatment decreased
VACYV titers in medium containing asparagine, it did not affect viral replication in medium
containing glucose only without asparagine and glutamine (Fig. 2.7C). Importantly, asparaginase
treatment did not decrease HFF cell viability (Fig. 2.7D).

To test whether chemical interference of ASNS impedes VACYV replication, albizziine, a
competitive inhibitor of ASNS (39), was added to the culture medium. Albizziine reduced
VACYV replication by 41-fold in medium with glutamine but had no apparent effect on VACV
replication in cells grown with glucose only (Fig. 2.8A). In cells grown with asparagine plus
glucose, albizziine reduced VACYV titers by only two-fold (Fig. 2.8A). Furthermore, albizziine
treatment decreased Gaussia luciferase activity in vLGluc-infected HFFs grown with medium
containing glutamine and glucose, but not glucose only (Fig. 2.8B). Albizziine did not affect
HFF cell viability (Fig. 2.8C). Overall, these findings again demonstrate interfering with

asparagine metabolism suppresses VACYV replication.
Discussion

This study used a combination of nutrient manipulation, genetic and chemical
interference to establish that asparagine is a critical limiting amino acid for VACV protein
synthesis that accounts for glutamine dependency of VACV replication. During VACYV infection
in glutamine-containing medium, glutamine not only feeds the TCA cycle but also acts as a
substrate for asparagine biosynthesis to support VACV replication (Fig. 2.9A). Since the de novo
synthesis of asparagine uses glutamine as the amino-group donor, asparagine cannot be
sufficiently synthesized in the absence of exogenous glutamine—this renders asparagine a
limiting metabolite that can be exogenously supplied (Fig. 2.9B). In the absence of glutamine, a

carbon source like glucose is required to feed the TCA cycle (Fig. 2.9B; in mammalian cells,
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asparagine is unable to feed the TCA cycle by converting to aspartate). When asparagine supply
is blocked by chemical or genetic interference, VACV replication is suppressed, supporting our
idea that asparagine is a limiting factor of VACV replication (Fig. 2.9B). Although glutamine
can contribute to the biosynthesis of several non-essential amino acids via glutamate, asparagine
biosynthesis exclusively requires glutamine (23, 24), which is consistent with the result that
rescue of VACV replication from glutamine depletion is specific to asparagine.

Glucose and glutamine are two common carbon sources for mammalian cells (40, 41).
Previous studies have established that VACV prefers glutamine to glucose for efficient
replication (14, 15). Yet, supplementation of a-KG or glutamate only partially rescued VACV
replication from glutamine depletion (14, 15) (Fig. 2.1B), and glutaminase inhibition had a more
severe effect on VACV replication in the absence of glucose (Fig. 2.2C). These results indicate
that the utilization of glutamine to feed the TCA cycle only partially accounts for its role during
VACYV replication and is not the cause of the glutamine preference during VACV replication.
Our results identified asparagine biosynthesis as a critical function glutamine provides for
efficient VACV replication. Thus, glutamine provides both the functions of glucose and
asparagine required during VACYV infection. Interestingly, Greseth et al. showed that de novo
fatty acid biosynthesis is important for efficient VACV replication (14). It would be interesting
to examine whether asparagine is required for efficient fatty acid synthesis during VACV
replication in the future.

Asparagine mainly functions through its availability as a limiting nutrient for VACV
post-replicative protein synthesis. This is supported by the evidence showing an overall
accumulation of most of the amino acids in glutamine depletion condition during VACV

infection, suggesting they can be supplied by glucose metabolism. In contrast, asparagine does
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not accumulate, and supplemental asparagine reduced the accumulation of amino acids in
glutamine-depleted condition. Interestingly, knockdown of ASNS or glutamine depletion has
little effect on cell proliferation in uninfected HFFs, although the nascent cellular protein
synthesis decreases, which is likely because the demand of nascent protein synthesis in
uninfected HFFs is lower due to pre-existing proteins in cells. While the limited availability of
asparagine in glutamine depletion has no effect on uninfected cell proliferation, the suppression
is magnified during the post-replicative stage of VACV protein synthesis. Three mechanisms can
contribute to the suppression of viral post-replicative, but not early protein synthesis due to the
shortage of asparagine supply. First, there is an increased demand of nascent protein synthesis
during the late time of VACV infection to produce a large amount of viral particles. Second,
VACV proteins have an almost 100% higher asparagine content than human proteins. Although
asparagine contents are higher in all VACV early and post-replicative (intermediate and late)
proteins comparing to human proteins, the post-replicative proteins are expressed at much higher
levels to build the viral particles (32, 33), which explains the suppression of viral protein
synthesis is at the post-replicative stage of VACV infection. The two reasons as discussed above
can lead to an exhaustion of asparagine supply in VACV-infected cells late during infection.
Finally, the shortage of asparagine supply in glucose only medium creates an amino acid
imbalance that causes an upregulation elF2a phosphorylation in VACV-infected cells. We are
aware that the elF2a phosphorylation changes are not high. However, it has been suggested that
small changes in elF2a phosphorylation may cause a significant effect on overall mMRNA
translation rates due to the limited supply of elF2B (36). Therefore, it is likely that the elF2a
phosphorylation upregulation can reinforce the suppression of VACV post-replicative protein

synthesis in glucose only medium. It is likely that these three mechanisms synergize to exert the
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outcome of viral post-replicative protein synthesis suppression. Since many viral infections
demand rapid and robust nascent protein synthesis to build up viral particles, asparagine might
also be a limiting metabolite in the replication of other viruses.

Emerging evidence demonstrates that asparagine plays a unique and specialized role in
regulating various biological processes and disease development in mammalian cells in addition
to being a simple protein building block (30, 42-44). Asparagine biosynthesis and metabolism
are evolutionarily tailored in mammalian cells so that its supply is limited and highly regulated.
ASNS is the only enzyme to catalyze asparagine de novo synthesis. In glucose metabolism,
asparagine is a non-essential amino acid to be synthesized at the very end of the TCA cycle, and
the synthesis is exclusively glutamine dependent (Fig. 2.1A). Unlike in flies and worms,
asparagine is not used to feed the TCA cycle by converting to aspartate in mammalian cells
(mammalian cell asparaginase is inactive) for reasons not completely understood (45, 46). These
unusual features render it an attractive target in studying disease development and treatment. To
this end, asparagine has received increasing attention recently, especially for its essential role in
cancer development. A recent study indicates that asparagine controls breast cancer metastasis in
an animal model (27). Asparagine is also important for cancer cell proliferation in multiple
cancer cells, especially in the absence of glutamine, due to the requirement for various functions
of asparagine (23, 24, 28, 29, 47). The crucial role of asparagine bioavailability in cancer
development might, at least partly, account for its limited supply in mammalian cells. Asparagine
metabolism is also critical in vessel formation (47). This, together with its importance for VACV
replication, suggests that asparagine metabolism is a critical limiting factor in multiple biological
processes and diseases, which highlights the importance of studying metabolic regulation of

asparagine to understand its roles in various life processes.
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Asparagine metabolism can serve as an attractive target for novel anti-poxvirus strategy
development. In fact, L-asparaginase has been used to treat various cancers, including acute
lymphoblastic leukemia (ALL), acute myeloid leukemia (AML), and non-Hodgkin's lymphoma
for decades (48-51). In the future, it would be interesting to investigate how modulation of
asparagine metabolism affects poxvirus infection in an animal model. Furthermore, its role in
cancer cell proliferation and cancer development implicates asparagine metabolism as a target

for designing improved poxvirus-based cancer therapies.

Materials and methods

Cells and viruses

Primary Human Foreskin Fibroblasts (HFFs; kindly provided by Dr. Nicholas Wallace,
Kansas State University) were cultured in DMEM (Fisher Scientific) supplemented with 10%
Fetal Bovine Serum (FBS, Peak Serum), 2 mM Glutamine (VWR), and 100 U/ml of Penicillin,
100 pg/ml Streptomycin (VWR). BS-C-1 cells (ATCC CCL-26) were grown in EMEM (Fisher
Scientific) supplemented with 10% FBS, 2 mM Glutamine, and 100 U/ml of Penicillin, 100
pg/ml Streptomycin. All cells were incubated at 37°C in an incubator with 5% CO2. VACV
Western Reserve (WR) strain (ATCC VR-1354) was used in this study. Amplification,
purification, infection, and titration of VACV were carried out using methods described
elsewhere (52). Recombinant VACVs encoding a Gaussia luciferase gene under an early (C11R,
VEGIuc), intermediate (G8R, vIGluc), or late promoter (F17R, vLGluc) were constructed by Dr.
Jason Laliberte at the National Institute of Allergy and Infectious Diseases (NIAID) and
generously provided by Dr. Bernard Moss (NIAID). Recombinant VACV encoding a Green

Fluorescence Protein (GFP) was described elsewhere (53).
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Antibodies and chemicals

L-Glutamate, L-aspartate, L-Serine, L-Proline, and L-Alanine were purchased from
VWR. L-Asparagine, Dimethyl 2-Oxoglutarate (Dimethyl a-ketoglutarate), L-Methionine
Sulfoximine (L-MSO), Asparaginase and puromycin were purchased from Sigma-Aldrich.
Dimethyl Sulfoxide (DMSO) and L-albizziine were purchased from Thermo Fisher Scientific.
The EmbryoMax Nucleosides (100x) solution was purchased from EMD Millipore. Calyculin A
was purchased from Santa Cruz Biotechnology.

Anti-GCN2 (Phos T899) and Anti-GAPDH antibodies were purchased from Abcam.
Antibodies against GCN2, Phospho-elF2a (Ser51), total elF2a were purchased from Cell
Signaling Technology. ASNS antibody was purchased from Proteintech. Anti-puromycin
antibody was purchased from Sigma-Aldrich. Antibodies against the whole VACYV viral particle
were kindly provided by Dr. Bernard Moss.

Glutamine depletion and rescue

For glutamine depletion, DMEM without glucose, L-glutamine, sodium pyruvate, and
phenol red (Fisher Scientific) was used. This medium also lacks L-asparagine. The medium was
supplemented with 2% dialyzed FBS (Fisher Scientific), to thoroughly deplete small molecules
and amino acids while still providing other essential factors for cell growth. For glutamine
depletion and rescue experiments, 1 g/L glucose (Fisher Scientific), 2 mM glutamine, and 2 mM
L-asparagine or other metabolites were added to the medium when necessary. The cells were
washed with 1x PBS (VWR) prior to VACV infection.

Global metabolic profiling
HFFs were grown in T-175 flasks. At about 95-100% confluency, they were washed with

1xPBS twice and then infected with VACV at the MOI of 3 in different media. After 8 hours
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post infection (hpi) the cells were harvested by scraping, and the pellet was washed twice with
ice-cold PBS. The pellet was then dissolved in the extraction solvent (methanol) and stored at -
80°C until shipment to Metabolon Inc. (Durham, North Carolina) for metabolic profiling. All of
the metabolic profiling experiments were performed with four biological replicates.

Proprietary analytical procedures were carried out to ensure high quality data after
minimizing the system artifacts, misassignments, and background noise among the samples. The
raw reads were first normalized in terms of raw area counts, and then each biochemical was
rescaled to set the median equal to one. Then, missing values were imputed with the minimum.
Values for each sample were normalized by Bradford protein concentration in each sample. Each
biochemical was then rescaled to set the median equal to one, and again missing values were
imputed with the minimum. Three-way analysis of variation (ANOVA) with contrast tests was
performed to calculate the fold change of metabolites.

Cell viability assays

For the trypan-blue exclusion assay, cell viability was measured as described elsewhere
(54). Briefly, after treatment, cells of each well (12-well plate) were treated with 300 pl of
trypsin and resuspended with 500 pl of DMEM by pipetting. Twenty pl of cell suspension was
gently mixed with 20 pl of 4% trypan blue (VWR). The numbers of living and dead cells were
counted using a hemocytometer. MTT Cell Proliferation Assay (Cayman Chemicals) was
performed according to the manufacturer’s instructions. Briefly, equal numbers of cells were
seeded in a 96-well plate, allowing to grow overnight in a 37°C incubator, followed by necessary

treatments and the absorbance measurement at 570 nm using a microplate reader.
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Gaussia luciferase assay

Cells were infected with recombinant VACV encoding a Gaussia luciferase gene for
indicated time periods. The activities of Gaussia luciferase in culture medium were measured at
indicated hpi using a Pierce Gaussia Luciferase Flash Assay Kit (Thermo Scientific) and a
luminometer.
Western blotting analysis

The procedure was described elsewhere with minor modifications (55). For Western
blotting analysis, cells were collected and lysed using RIPA lysis buffer (150 mM NaCl, 1% NP-
40, 50 mM Tris-Cl, pH 8.0). Cell lysates were reduced by 100 mM DTT and denatured by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—-PAGE) loading buffer and
boiling for 5 min before SDS-PAGE. After electrophoresis, the proteins were transferred to a
polyvinylidene difluoride membrane (Fisher Scientific). The membrane was then blocked in
TBS-Tween (TBST) [50 mM Tris-HCI (pH 7.5), 200 mM NacCl, 0.05% Tween 20] containing
5% bovine serum albumin (BSA; VWR) for 1 h, incubated with primary antibody in the same
TBST/BSA buffer for 1 h, washed with TBST three times for 10 min/each time, incubated with
horseradish peroxidase-conjugated secondary antibody for 1 h, washed three times with TBST,
and developed with chemiluminescent substrate (National Diagnostics). The whole procedure
was carried out at room temperature. Antibodies were stripped from the membrane by Restore
buffer (Thermo Fisher Scientific) for Western blotting analysis using another antibody.

Nascent protein synthesis analysis

To label the newly synthesized proteins, the puromycin labeling-based SUrface SEnsing

of Translation (SUnSET) method was used. This method allows for the detection in protein

synthesis in whole cell lysates using Western blotting analysis and can be used as a newly
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developed valid alternative to using traditional radioactive isotopes to label nascent protein
synthesis (56, 57). Briefly, 10 ug/mL of puromycin (Sigma Aldrich) was added to the cells 10
min prior to sample collection. The cells were then harvested for immunoblotting using anti-
puromycin antibody.

Real-time PCR (RT-PCR)

Total RNA was extracted using TRIzol reagent (Ambion) followed by purification using
Invitrogen PureLink RNA Mini Kit (Thermo Fisher Scientific). The RNA was used to synthesize
cDNA using SuperScript 111 First-strand synthesis kit (Invitrogen) according to the
manufacturer’s instructions using random hexamer primers. Relative mRNA levels were
quantified by the CFX96 Real-time PCR Instrument (Bio-Rad) with All-in-One 2x gPCR Mix
(GeneCopoeia) and primers specific for indicated genes. The gPCR program was started with an
initial denaturation step at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 10
s, annealing and reading fluorescence at 52°C for 30 s, and extension at 72°C for 30 s. 18S rRNA
was used as a normalization factor for different samples.

RNA interference

Specific and negative control siRNAs (siNC) were purchased from Integrated DNA
Technologies (IDT). HFFs were transfected at a concentration of 5 nm using Lipofectamine
RNAIMAX (Fisher Scientific), according to manufacturer’s instructions. Knockdown efficiency
was measured by Western blotting analysis of protein levels.

Amino acid content calculation

The amino acid sequence of proteins encoded by Western Reserve VACV

(NC_006998.1) was downloaded from NCBI database. The proteins were classified as early,

intermediate or late based on previous publications (58, 59). The amino acid sequences of 20,404
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human proteins that were reviewed and manually annotated from literature and curator-evaluated
computational analysis were downloaded from UniProt. The asparagine content of the proteins
was calculated using ExPASYy ProtParam tool (60).

Statistical analysis

Unless otherwise stated, the data represented are the mean of at least three biological

replicates. For the analyses of global metabolic profiling, four biological replicates were used for
each treatment, and the data were analyzed in an R Studio (version 1.1.442). A two-tailed paired
t-test was used to evaluate significance in the difference between two means. Error bars represent
the standard deviation of the experimental replicates. The following convention for symbols is
used to indicate the statistical significance ns=p > 0.05, *=p < 0.05, **=p <0.01, ***=p <0.001
and ****=p <0.0001.
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Figure 2.1. Asparagine fully rescues VACV replication from glutamine depletion.

(A) Schematic of the role of glutamine in the TCA cycle and biomolecule synthesis. Note that

asparagine exclusively requires glutamine for its biosynthesis. (B) Asparagine fully rescues

VACYV replication from glutamine depletion, while a- KG and glutamate do not. HFFs were

infected with VACV at an MOI of 2 in media containing 1 g/L glucose (Glc), 2 mM glutamine
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(Q), 2 mM asparagine (N), 7 mM a-KG, or 5 mM glutamate (E) as indicated. VACYV titers were
measured by a plaque assay at 24 hpi. (C) Asparagine rescues GFP expression from recombinant
VACV in the absence of glutamine. HFFs were infected with a recombinant VACV encoding a
GFP gene at an MOI of 2 in the indicated medium. GFP expression was observed under a
microscope at 24 hpi. (D) Asparagine rescues VACV growth kinetics from glutamine depletion.
HFFs were infected with VACV at an MOI of 0.001 in medium containing the indicated
nutrients. VACYV titers were measured by a plaque assay at the indicated times post infection. (E)
HFF proliferation is not affected in different growth media. Equal numbers of HFFs were seeded
in the indicated media. The cell numbers were counted over a 72-h period of using a
hemocytometer. (F) Proline (P), alanine (A) and serine (S) cannot rescue VACYV replication from
glutamine depletion. Experiments were carried out similar to (B) with 5 mM proline, 1 mM
alanine or 1 mM serine used. (G) Asparagine rescues VACV replication from glutamine
depletion in BS-C-1 cells. BS-C-1 cells were infected with VACV at an MOI of 2 in indicated
media and virus titers were measured at 24 hpi. (H) BS-C-1 cells were infected with VACV at an
MOI of 0.01 in indicated media, and the virus titers were measured at 48 hpi by a plaque assay.
Error bars represent the standard deviation of at least three biological replicates. ns=p > 0.05, *=
p <0.05, ¥**=p <0.001 and ****=p <0.0001.
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Figure 2.2. Asparagine supplementation does not enhance TCA cycle activities under

glutamine-depleted condition during VACYV infection.

(A) Asparagine addition does not recapitulate glutamine’s effect on TCA cycle activities. Levels

of TCA cycle intermediates in HFFs infected with VACV (MOI of 3) for 8 h, in media



containing glucose (Glc), glucose plus asparagine (Glc+N), or glucose plus glutamine (Glc+Q),
were determined by global metabolic profiling. (B) Levels of oxidative phosphorylation
intermediates in VACV-infected HFFs are not significantly different (from the same metabolic
profiling as described in A). (C) Inhibiting glutaminase activity more severely affected VACV
replication in the absence of glucose. HFFs were infected with VACV, at an MOI of 2 for 24 h,
in medium containing 10 UM BPTES or DMSO (control). The numbers indicate the fold change
in VACYV titer compared to DMSO treatment. (D) Aspartate is not as efficient as asparagine in
supporting VACYV replication. VACV titers in HFFs infected with VACV, at an MOI of 2 for 24
h, in media with glucose (GIc), asparagine (N) or aspartate (D) were measured by a plaque assay.
(E) Rescue of VACYV replication from glutamine depletion requires the presence of glucose.
HFFs were infected with VACV, at an MOI of 2 for 24 h, in different media in the presence or
absence of glucose as indicated. VACYV titer was measured by a plaque assay. (F) VACV
replication decreases when glucose is not added to the culture medium in the absence of
glutamine. HFFs were infected with VACV, at an MOI of 2 for 24 h, in media with 2% dialyzed
FBS in the presence or absence of glucose (Glc). VACV titer was measured by a plaque assay.
(G) Inhibition of glutamine synthetase only slightly affected VACV replication in the presence
of glutamine or asparagine. HFFs were infected with VACV, at an MOI of 2 for 24 h, in
indicated medium containing 2 mM L-Methionine Sulfoximine (L-MSO) or DMSO. VACV
titers were determined by a plaque assay. (H) L-MSO has a more significant effect in VACV
replication in the absence of glutamine or asparagine. Experiments performed as described in (G)
in media containing glucose only. Error bars represent the standard deviation of at least three
replicates. ns=p > 0.05, *=p < 0.05, **=p <0.01, ***=p <0.001. The numbers above the bars

represent fold change.
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Figure 2.3. Asparagine rescues VACYV protein synthesis from glutamine depletion.

(A) Addition of asparagine decreases accumulation of most amino acids in glutamine-depleted

condition. Relative Levels of amino acids in HFFs infected with VACV at an MOI of 3 for 8 h in
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media as described in Fig 2A, were determined by global metabolic profiling. (B) Upon
glutamine depletion, asparagine is the least abundant amino acid in VACV infected cells. Upon
glutamine repletion, asparagine is one of the most abundant amino acids. The levels of amino
acids in HFFs infected with VACV at an MOI of 3 for 8 h in media with glucose (top) and
glucose plus glutamine (bottom) were determined by global metabolic profiling. Statistical
significance is shown by comparing to asparagine level. (C) Asparagine contents of VACV and
human genome-encoded proteins calculated by ExPASy ProtParam tool. The numbers above the
bar indicate the percentage of asparagine content. (D) Asparagine rescues VACV protein
synthesis from glutamine depletion. Western blotting analysis was carried out in HFFs infected
with VACV at an MOI of 2 for 24 h in the indicated medium. GAPDH was used as a loading
control. (E) Rescue of nascent protein synthesis by asparagine under glutamine-depleted
condition. HFFs were infected with VACV at an MOI of 2 or mock-infected for 16 h in the
indicated medium. Cells were treated with 10 pg/mL puromycin for 10 min before collection
followed by Western blotting analysis using anti-puromycin and anti-GAPDH antibodies (the
latter as a loading control). The numbers indicate GAPDH normalized puromycin intensities.
Error bars represent the standard deviation of four biological replicates. ns=p > 0.05, *=p <0.05,

*#=p <0.01, ¥**=p <0.001 and ****=p <0.0001.
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Figure 2.4. GCN2 and elF2a phosphorylation are affected by different growth conditions
in VACV-infected cells.

(A) GCN2 phosphorylation in HFFs infected with VACV or mock-infected in different media.
HFFs were infected with VACYV for 4 h, 8 h, and 20 h in the indicated media. The levels of
proteins were determined by Western blotting analysis using indicated antibodies. HFFs were
treated with 100 nM Calyculin A for 30 minutes as a positive control for GCN2 phosphorylation.
(B) elF2a. phosphorylation in HFFs infected with VACV or mock-infected in different media.
HFFs were infected with VACYV for 4 h, 8 h, and 16 h in the indicated media. The levels of
proteins were determined by Western blotting analysis using indicated antibodies. The blots of
uninfected and VACV-infected cell lysates were from lanes on the same gel separated by a

vertical dashed line.
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Figure 2.5. Asparagine rescues VACYV post-replicative mRNA translation from glutamine depletion.
(A-C) Efficient VACV intermediate and late gene expression, but not early gene expression, requires the presence of asparagine in the

glutamine-depleted medium. HFFs infected with VACYV that expressed Gaussia luciferase under early (VEGLuc, A), intermediate
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(vIGLuc, B), and late promoters (vLGLuc, C), respectively, in indicated medium followed by Gaussia luciferase activity measurement
at indicated times. (D-F) Effects of asparagine or glutamine in glucose only medium on VACV early (C11R, D), intermediate (G8R,
E) and late (F17R, F) mRNA levels. RNA was extracted from HFFs infected with VACV at an MOI of 2 and qRT-PCR was
performed. (G) Asparagine addition does not increase levels of nucleosides in the glutamine-depleted medium. Relative levels of
nucleosides in HFFs infected with VACV at an MOI of 3 for 8 h in medium containing glucose (Glc), glucose plus asparagine
(Glc+N) or glucose plus glutamine (Glc+Q), were determined by global metabolic profiling. (H) Addition of exogenous nucleosides
in the glutamine-depleted medium does not rescue VACV replication. HFFs were infected with VACV at an MOI of 2 in the indicated
medium in the presence or absence of 1x nucleosides for 24 h, followed by VACYV titer measurement using a plaque assay. Error bars

represent the standard deviation of at least three biological replicates. ns=p > 0.05, *=p < 0.05, **=p <0.01.
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Figure 2.6. ASNS knockdown impairs VACV replication.
(A) Schematic of asparagine metabolism. ASNS catalyzes the de novo biosynthesis of

asparagine. Asparaginase catalyzes the conversion of asparagine to aspartate (inactive in
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mammalian cells). L-albizziine is a competitive inhibitor of ASNS. (B) ASNS siRNAs
efficiently knock down ASNS protein level. HFFs were transfected with indicated siRNA for 72
h, and the indicated proteins were detected using specific antibodies. (C, D) ASNS knockdown
severely impairs VACV replication. HFFs were transfected with indicated siRNAs for 72 h and
then infected with VACV at an MOI of 0.001 (C) or 2 (D). VACYV titers were measured at 72
and 24 hpi, respectively, using a plaque assay. (E) ASNS knockdown does not affect the
proliferation of HFFs. HFFs treated with indicated siRNAs and numbers of live cells were
counted using a hemocytometer for the indicated time period. (F) ASNS knockdown impairs
VACV protein synthesis. HFFs transfected with the indicated siRNAs were infected with VACV
at an MOI of 2 for 24 h, and the proteins were analyzed by Western blotting analysis using
VACV antibody. (G) ASNS knockdown inhibits nascent protein synthesis in VACV-infected
cells. HFFs transfected with indicated SiIRNAs were infected with VACV at an MOI of 2 or
mock-infected for 24 h. Cells were treated with 10 pg/mL puromycin for 10 min before
harvesting for Western blotting analysis using indicated antibodies. The numbers indicated
GAPDH normalized puromycin intensities. Error bars represent the standard deviation of at least

three biological replicates. *=p < 0.05, ***=p <0.001.
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Figure 2.7. Asparaginase treatment impairs VACV replication.

(A) Asparaginase treatment reduces VACYV replication. HFFs were pretreated with 10 U of
asparaginase for 24 h and infected with VACV at an MOI of 2 for 24 h in indicated medium.
Plaque assays measured VACV titers. (B) Asparaginase treatment reduces VACV gene
expression. HFFs were pretreated with 10 U of asparaginase for 24 h and infected with vLGLuc
at an MOI of 2 for 16 h. Gaussia luciferase activities were measured. (C) Asparaginase reduces
VACV replication in medium containing asparagine but has no effect on medium containing
glucose only without asparagine and glutamine. HFFs were treated with asparaginase and
infected with VACV at an MOI of 2 for 24 h in the indicated medium. Plaque assays measured
VACV titers. (D) Asparaginase treatment does not reduce HFF cell viability. HFFs were treated
with 10 U of asparaginase for 48 h before the cell viability was measured by Trypan blue
exclusion assay. Error bars represent the standard deviation of at least three biological replicates.
ns=p > 0.05, *=p <0.05, and **=p <0.01.
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Figure 2.8. L-albizziine treatment impairs VACV replication.

(A) Inhibition of ASNS by L-albizziine reduces VACV replication in glutamine containing
medium. HFFs were infected with VACV, at an MOI of 2 in the indicated medium in the
presence or absence of 5 mM L-albizziine. VACV titers were measured at 24 hpi by a plaque
assay. (B) Albizziine reduces gaussia luciferase activity of recombinant VACV in glutamine-
containing media. HFFs were infected with vLGLuc at an MOI of 2 in indicated media in the
presence or absence of 5 mM L-albizziine. Gaussia luciferase activity was measured at 8 hpi.
(C) Albizziine treatment does not reduce HFF cell viability. HFFs were cultured in indicated
medium in the presence or absence of 10 mM L-albizziine for 24 h. Cell viability was measured
by Trypan blue-exclusion assay. Error bars represent the standard deviation of at least three
biological replicates. ns=p > 0.05, *=p <0.05, **=p <0.01, and ***=p <0.001. The numbers
above the bars represent fold change.
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(A) In VACV infected cells under glutamine-replete condition, glutamine supports the TCA
cycle activities (glucose is dispensable) and also allows asparagine de novo biosynthesis that
promotes viral protein synthesis. (B) Under glutamine-depleted condition or other ways in which
the asparagine supply is affected, VACV post-replicative protein synthesis is inhibited although
glucose is able to sustain the TCA cycle activities and biosynthesis of most other non-essential

amino acids.
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Table 2.1. Levels of various metabolites upon infection of HFFs with VACV.
Samples were prepared as described in materials and methods. Global metabolic profiling was done by Metabolon Inc. (Durham, NC)
using proprietary techniques. The mean values of the metabolites of four biological replicates detected by global metabolic profiling

after normalizing the data with BCA protein assay is shown.

Super Sub Pathway Biochemical Name Glc Glc+N | Glc+Q
Amino Acid Glycine, Serine glycine 1.8818 1.2362 0.8507
and Threonine N-acetylglycine 1.5295 1.0690 0.8637
betaine 1.5974 1.1713 0.8993

Metabolism i
serine 2.2930 1.2953 0.8544
N-acetylserine 2.0188 0.9825 0.5863
threonine 2.4555 1.3971 0.7191
N-acetylthreonine 1.9251 1.0229 0.7870
homoserine lactone 1.8493 1.5705 0.6175
Alanine and alanine 1.0758 0.9882 2.6772
Aspartate N-acetylalanine 2.0497 1.1565 0.9972
aspartate 1.5420 0.5916 9.1995

Metabolism

N-acetylaspartate (NAA) 1.6326 0.9966 0.9081
asparagine 0.6367 | 36.2614 0.8955
N-acetylasparagine 1.4213 1.0842 0.4343
glutamate 1.9136 1.1897 7.3297
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Glutamate glutamine 1.1028 1.1637 56.6077
Metabolism alpha-ketoglutaramate* 0.4252 0.7239 9.1441
N-acetylglutamate 1.7724 1.1766 0.8636

N-acetylglutamine 1.6627 0.9289 2.1403

gamma-carboxyglutamate 1.6299 0.9594 0.9563

glutamate, gamma-methyl ester 1.5325 1.2830 6.3971

pyroglutamine* 1.6711 1.5886 2.9939

N-acetyl-aspartyl-glutamate (NAAG) 1.3366 0.9357 0.6884

beta-citrylglutamate 1.2068 0.8205 0.7509

carboxyethyl-GABA 0.9279 0.4257 0.3889

N-methyl-GABA 1.5991 0.8610 0.8796

S-1-pyrroline-5-carboxylate 1.1309 0.8027 4.6471

Histidine histidine 1.8656 0.9971 0.5691
Metabolism N-acetylhistidine 1.4502 | 0.4984 0.3503
imidazole propionate 0.4556 1.6186 2.1862

imidazole lactate 2.8831 1.2115 0.3007

carnosine 1.6698 1.0648 0.8985

4-imidazoleacetate 1.7973 1.2298 0.7754

Lysine lysine 1.1148 0.9473 0.7268
Metabolism N6,N6,N6-trimethyllysine 2.3720 0.9445 0.5136
5-(galactosylhydroxy) L- lysine 0.8254 0.6146 1.0282
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saccharopine 2.3161 0.9209 0.9011

2-aminoadipate 2.5072 0.9590 0.2661

pipecolate 3.5884 1.7770 0.1115

6-oxopiperidine-2- carboxylate 1.6278 0.7307 0.6811

5-aminovalerate 3.0547 1.5832 1.1345

N,N,N-trimethyl-5- aminovalerate 1.6073 1.0161 0.7976

Phenylalanine phenylalanine 1.6667 1.0552 0.6943
Metabolism N-acetylphenylalanine 1.2333 0.7376 0.6207
1-carboxyethylphenylalanine 1.7908 1.1093 0.5119

phenyllactate (PLA) 1.8874 0.8388 0.3236

Tyrosine tyrosine 1.7995 1.0601 0.6242
Metabolism 4-hydroxyphenylpyruvate 0.9099 0.7065 0.4521
3-(4-hydroxyphenyl)lactate 3.2315 1.1975 0.0721

O-methyltyrosine 0.9164 0.6126 0.7328

N-formylphenylalanine 0.9526 0.7122 0.9469

Tryptophan tryptophan 1.8578 1.0098 0.4685
Metabolism C-glycosyltryptophan 1.0127 0.6727 1.0000
kynurenine 1.1125 0.9273 5.3861

indolelactate 3.0800 1.0263 0.0451

leucine 1.5522 1.0022 0.7143

4-methyl-2-oxopentanoate 0.7605 1.0796 0.8464
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Leucine, isovalerylcarnitine (C5) 1.7726 0.8765 0.6589
Isoleucine and beta-hydroxyisovalerate 0.6704 0.5377 0.6956
isoleucine 1.3854 0.9191 0.7074
Valine Metabolism i i

N-acetylisoleucine 0.9390 0.6026 0.6093
3-methyl-2-oxovalerate 0.6616 0.9783 0.7976
2-methylbutyrylcarnitine (C5) 1.3643 1.0999 0.5150
methylsuccinate 0.6389 0.7469 0.7395
valine 1.5244 1.0235 0.6950
1-carboxyethylvaline 2.3207 1.2689 0.7732
3-methyl-2-oxobutyrate 0.7430 1.0382 0.8203
isobutyrylcarnitine (C4) 1.3287 1.1507 0.6647
Methionine, methionine 2.2557 1.2380 0.4114
Cysteine, SAM N-acetylmethionine 2.6450 1.8309 1.0624
N-formylmethionine 2.1157 1.4269 0.8719

and Taurine —
methionine sulfone 0.1859 0.1883 0.5679
Metabolism methionine sulfoxide 11441 | 1.0273 | 4.3073
N-acetylmethionine 0.9249 0.8458 1.1967
S-adenosylmethionine 2.0409 1.7928 0.8916
S-adenosylhomocysteine 2.1413 1.2588 1.0603
homocysteine 1.6955 0.9524 0.9041
cystathionine 2.5584 1.6184 1.4234
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cysteine 1.3037 1.1321 0.8495

N-acetylcysteine 0.9444 0.7393 1.2352

cystine 0.1195 | 0.5642 0.0499

lanthionine 1.3975 0.9397 0.9502

hypotaurine 4.1631 1.9340 1.5121

taurine 3.8526 1.3187 1.2370

N-acetyltaurine 2.2228 1.0813 0.9021

3-sulfo-L-alanine 0.3154 0.2519 1.0256

Urea cycle; arginine 1.1367 0.9166 0.7339
Arginine and argininosuccinate 1.2748 0.4604 6.9681
ornithine 0.8470 0.9759 2.2514

Proline 2-oxoarginine* 0.5359 0.5637 0.5354
Metabolism citrulline 11130 | 1.4448 | 0.6518
proline 1.4366 1.0433 1.9626

dimethylarginine (SDMA + ADMA) 1.6497 0.9374 0.7336

trans-4-hydroxyproline 1.0180 1.0941 0.9987

pro-hydroxy-pro 1.4301 0.9723 1.7912

Creatine creatine 1.4440 1.0483 0.9076
Metabolism creatinine 1.8121 1.0884 0.9503
creatine phosphate 2.3719 1.0486 0.9731

putrescine 0.4104 1.3321 1.2023
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Polyamine spermidine 1.3006 1.3371 0.7414
Metabolism 5-methylthioadenosine (MTA) 2.3509 1.6771 0.9509
N-acetylputrescine 0.7944 2.5626 2.0039

(N(1)+N(8))-acetylsperimdine 1.8852 1.9526 1.1059

Glutathione glutathione, reduced (GSH) 41123 2.0947 4.7345
glutathione, oxidized (GSSG) 1.6414 1.0133 1.7158

cysteine-glutathione disulfide 0.4830 0.8494 0.1935

S-methylglutathione 5.9649 1.8556 1.9624

S-lactoylglutathione 2.1245 3.3003 4.6601

cysteinylglycine 3.6614 1.9740 3.1225

5-oxoproline 0.5617 0.9949 5.3714

Peptide Gamma-glutamyl gamma-glutamylalanine 1.5640 1.0507 1.1563
Amino Acid gamma-glutamylcysteine 1.0114 0.4806 4.2390
gamma-glutamylglutamate 2.7709 1.1745 5.5500

gamma-glutamylglutamine 0.0411 0.0411 1.1389

gamma-glutamylisoleucine* 2.1627 0.9513 1.0152

gamma-glutamyl-epsilon- lysine 0.6843 0.5420 0.9686

gamma-glutamylthreonine 1.6045 1.1047 1.7267

gamma-glutamylvaline 1.4313 0.8510 1.3570

gamma-glutamyl-2- aminobutyrate 1.6053 0.7296 0.4786

leucylglycine 0.5033 0.8135 1.0203
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Dipeptide phenylalanylglycine 0.6284 0.6430 0.8585
Acetylated phenylacetylglycine 1.3107 1.1526 0.5943
Carbohydrate Glycolysis, glucose 0.7137 1.1001 0.9387
Gluconeogenesis, glucose 6-phosphate 0.8806 0.5645 0.6546
fructose 1,6-bishphsphate 0.7828 0.8326 1.2205

and Pyruvate dihydroxyacetone phosphate (DHAP) 0.8555 0.6433 0.9006
Metabolism 2-phosphoglycerate 1.3084 | 03762 | 0.6612
3-phosphoglycerate 0.3825 0.4804 0.9529

phosphoenolpyruvate (PEP) 0.3916 0.3904 1.0609

pyruvate 0.6244 0.6954 1.3269

lactate 0.5178 0.8311 0.6825

glycerate 0.7853 0.6166 1.1012

Pentose Phosphate 6-phosphogluconate 0.6747 0.8684 1.0248
Pathway sedoheptulose-7-phosphate 1.4886 0.4947 0.2602
Pentose ribitol 2.7864 1.3731 0.6256
Metabolism ribonate 2.7754 0.9796 0.6638
arabitol/xylitol 2.2754 1.1125 0.6655

arabonate/xylonate 1.4631 0.6750 0.4987

ribulonate/xylulonate* 0.6831 1.2017 1.0189

Glycogen maltotetraose 0.2941 0.2941 0.7799
Disaccharides and sucrose 1.1254 1.1372 0.9855
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Fructose, Mannose fructose 0.6304 1.5168 3.0039
and Galactose mannitol/sorbitol 1.5420 1.6320 0.9433
mannose 0.7000 0.8728 1.3429

Metabolism galactonate 2.7641 1.2744 0.7581
Nucleotide Sugar UDP-glucose 1.4234 0.8289 0.6762
UDP-galactose 1.4279 0.7916 0.7191

UDP-glucuronate 1.4430 0.4788 0.2795

guanosine 5'-diphospho-fucose 1.1094 0.5542 0.6528

UDP-N-galactosamine 1.3927 0.8679 0.8061

cytidine 5'-monophospho-N-acetylneuraminic acid 1.5704 0.6240 0.9416

Aminosugar glucuronate 1.5262 1.1837 1.1946
Metabolism N-acetylneuraminate 0.9946 0.6826 0.9556
N-acetylglucosaminylasparagine 2.0310 1.0993 0.8912

erythronate* 1.8187 1.0250 0.8481

N-acetylglucosamine/N- acetylgalactosamine 0.5775 0.6205 1.0179

Energy TCA Cycle citrate 1.7202 1.0020 1.1582
aconitate [cis or trans] 1.6671 0.8184 1.1169

alpha-ketoglutarate 1.7781 0.9625 4.6373

succinate 0.7641 0.7835 1.7204

fumarate 1.2650 1.0564 12.9296

malate 1.3126 0.9793 15.7390
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2-methylcitrate/homocitrate

0.6596

0.5954

0.4071

OXPHOS

phosphate

0.8344

0.8118

0.7642
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Abstract

Metabolism is a crucial frontier of host-virus interaction as viruses rely on their host cells
to provide nutrients and energy for propagation. Vaccinia virus (VACV) is the prototype
poxvirus. It makes intensive demands for energy and macromolecules in order to build hundreds
and thousands of viral particles in a single cell within hours of infection. Our comprehensive
metabolic profiling reveals profound reprogramming of cellular metabolism by VACV infection,
including increased levels of the intermediates of the tri-carboxylic acid (TCA) cycle
independent of glutaminolysis. By investigating the level of citrate, the first metabolite of the
TCA cycle, we demonstrate that the elevation of citrate depends on VACV-encoded viral growth
factor (VGF), a viral homolog of cellular epidermal growth factor. Further, the upregulation of
citrate is dependent on STATS3 signaling, which is activated non-canonically at the serine727
upon VACYV infection. The STATS3 activation is dependent on VGF, and VGF-dependent EGFR
and MAPK signaling. Together our study reveals a novel mechanism by which VACV
manipulates cellular metabolism through a specific viral factor and by selectively activating a
series of cellular signaling pathways.

Keywords: Growth factor, TCA cycle, Citrate, Metabolism, EGFR, MAPK, STATS,

Non-canonical STAT3 signaling, Poxvirus, Vaccinia virus
Author summary

Vaccinia virus (VACV) is a large DNA virus with an acute and increasing demand for
energy and macromolecules to build hundreds and thousands of viral particles in a single cell
within hours of infection. The demand postulates reprogramming of the TCA cycle, as it is the
central metabolic hub of a cell that generates metabolites for energy production and

macromolecule synthesis. We show that VACV infection reprograms cellular metabolism
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globally, elevating the TCA cycle intermediate levels and modulating related cell metabolism.
The elevation of the TCA cycle intermediates depends on the virus-encoded growth factor that
stimulates non-canonical STAT3 signaling during VACYV infection. We provide the metabolic

foundation of viral growth factor to boost VACV infection.
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Introduction

Viruses do not have metabolism and rely on their host cells for energy and molecular
precursors to replicate. Different viral infections often have different metabolic needs from their
host cells. Hence, many viruses have developed strategies to rewire cellular metabolism, and
often this ability shapes the outcome of virus replication (1-3). While metabolism is arguably a
hot frontier of virus-host interaction, the molecular mechanisms underlying virus-induced
metabolic reprogramming are mostly unknown. Identifying the mechanisms by which a virus
usurps host cell metabolism will facilitate understanding viral infection and uncover fundamental
mechanisms of metabolic regulation.

Vaccinia virus (VACV), the prototypic member of the poxviridae family, is a large,
enveloped virus with a double-stranded DNA genome that encodes over 200 genes (4). It had
been used as the vaccine to eradicate smallpox, one of the deadliest diseases in human history
(5). Poxviruses continue to cause significant morbidity and mortality in humans and animals.
There are also concerns about unregistered smallpox virus stocks that could be used for
bioterrorism (6-8). In addition, the study of VACV is of great importance because of promising
development in its use to treat cancers (9), to produce recombinant proteins (10), and to develop
vaccines against other infectious diseases (11). Recent evidence suggests that VACV is an
outstanding model to study how a virus reprograms cellular metabolism. VACV rewires host
metabolism such that it upregulates glutamine metabolism (12, 13). It also depends on de novo
fatty acid synthesis to generate an energy-favorable environment (14), suggesting the virus may
need to modulate fatty acid synthesis. We have shown that VACYV selectively upregulates the
translation efficiency of oxidative phosphorylation (OXPHOS) mRNAs, indicating the

requirement of increased and continuous supply of energy during virus replication (15).
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Interestingly, while these metabolic alterations by VACV could converge to the
tricarboxylic acid cycle (TCA cycle), little is known about how VACYV infection impacts the
TCA cycle. Citrate, the first intermediate of the TCA cycle and the primary source of cytosolic
fatty acid synthesis, stands at the crossroads of these two critical processes in cellular
metabolism (Fig 3.2A) (16). Not surprisingly, citrate metabolism contributes to the growth and
proliferation of organisms ranging from algae, fungi, bacteria, plants and worms to mammalian
cells (17-22). Given the vital role of this metabolite, it is conceivable that its biosynthesis and
breakdown would be affected by many viruses. However, very little is known about how a viral
infection may affect this key metabolite of cell metabolism.

VACYV encodes two copies of viral growth factor (VGF) gene, C11R, in the inverted
terminal repetition (ITR) of its genome. VGF is a viral polypeptide with homology to cellular
epidermal growth factor (EGF) and transforming growth factor (23-26). It is the most highly
expressed gene among the 118 early genes during VACV infection (27, 28). This secreted
protein induces proliferative effects on VACV-infected cells (29-31), and facilitates cell motility
and virus spread (32). VGF brings about these effects by binding to the EGF receptor (EGFR) to
stimulate the mitogen associated protein kinase (MAPK) signaling (33). Majority of cells in an
animal are in resting status and it was shown that VACV with the VGF gene deleted has a
reduced replication in resting cells (34). VGF gene deleted VACYV is significantly less virulent in
mice (34, 35). The proliferative response generation needs heightened energy and
macromolecule metabolism, which depends on the TCA cycle (36, 37). These arguments suggest
that VACV VGF could be a key regulator to reprogram host metabolism during VACV

infection.
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In this study, we report that VACV infection elevates the levels of citrate and other
intermediates of the TCA cycle and modulates the metabolites closely related to the TCA cycle.
We demonstrate that the increased citrate level upon VACYV infection depends on VGF
expression and cellular EGFR and MAPK signaling. We show that VACYV infection induces
selective upregulation of non-canonical signal transducer and activator of transcription 3
(STAT3) phosphorylation at the serine727 (S727) via VGF, EGFR, and MAPK signaling.
Remarkably, the STAT3 signaling is also required for citrate level elevation during VACV
infection. We further demonstrate that the elevation of TCA cycle intermediate levels and VGF-
mediated upregulation of non-canonical STAT3 phosphorylation could be independent of
glutamine metabolism. These findings identify a novel function of VGF that is needed to
reprogram cellular metabolism through a molecular mechanism involving non-canonical STAT3
activation. VGF could be of great utility in understanding how growth factors modulate cellular

metabolism and cellular metabolic engineering.

Materials and methods

Cells and viruses

Human Foreskin Fibroblasts (HFFs) were a kind gift from Dr. Nicholas Wallace at
Kansas State University and were maintained in Dulbecco’s minimal essential medium (DMEM;
Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; Peak Serum), 2 mM
glutamine (VWR), 100 U/ml of penicillin, and 100 ug/ml streptomycin (VWR). BS-C-1 cells
(ATCC CCL-26) were cultured in Eagle’s minimal essential medium (EMEM; Fisher Scientific)
with supplements as described above for other cells. All cells were grown in a humidified
incubator at 37°C with 5% CO2. VACV Western Reserve (WR) strain (ATCC VR-1354) was

used in this study. Amplification, purification, and titration of VACV were performed using
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methods described previously (87). Unless otherwise stated, infection of cells was performed
with the indicated multiplicity of infection (MOI) of indicated viruses in special DMEM (Fisher
Scientific) without glucose, L-glutamine, sodium pyruvate, and phenol red. This medium was
supplemented with 2% dialyzed FBS, 1 g/L glucose (Fisher Scientific), and 2 mM glutamine.
Where indicated, only glucose or glucose plus 2 mM L-asparagine was used instead of glucose
plus glutamine.
Generation of VGF (C11R) deletion and revertant VACV

VGF-deleted VACV was generated by homologous recombination by replacing the VGF-
encoding C11R gene with a green fluorescent protein (GFP) gene. The GFP coding sequence
following a P11 promoter flanked by 500-bp homologous sequences upstream and downstream
of the C11R gene was generated by overlapping PCR and transfected into VACV-infected HeLa
cells. Recombinant viruses expressing GFP were harvested from HeLa cells (ATCC CCL-2) and
plaque purified in BS-C-1 cells. Recombinant VACV vAVGF with the deletion of two copies of
C11R at both ends of the virus genome was verified by PCR. The C11R revertant recombinant
VACV VAVGF_Rev was generated with a similar method by inserting a DNA fragment
containing one copy of the C11R gene under the C11 promoter followed by the dsRED coding
sequence under a P11 promoter into the space between the VACWR146 and VACWR147 loci in
the central region of the VACV genome.
Chemicals and antibodies

The chemical inhibitors stattic, afatinib, and PD0325901, 3-Bromopyruvate, PFK-15, and
Etomoxir were purchased from Selleck chemicals and used at indicated concentrations.
Cytosine-1-p-D-arabinofuranoside (AraC) and cycloheximide were purchased from Sigma-

Aldrich. Ruxolitinib was purchased from VWR. CPI-613 was purchased from Biovision Inc.
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Antibodies against phospho-STAT3 (S727), phospho-STAT3 (Y705), and total STAT3
were purchased from Cell Signaling Technology. Anti-glyceraldehyde-3-phosphate
dehydrogenase (anti-GAPDH) antibody was purchased from Santa Cruz Biotechnology.
Antibodies raised against VACV E3 protein were kind gift from Dr. Yan Xiang (UTHSA) (88).
Antibodies against VACV L2 protein were kindly provided by Dr. Bernard Moss (NIAID). A
commercially synthesized recombinant VGF peptide corresponding to the cleaved fragment of
VACV VGF (25) was purchased from GenScript.

Cell viability assays

Cell viability assay was performed using the trypan blue exclusion assay as described
elsewhere (89). The cells were grown in a 12-well plate for indicated treatments were harvested
with 300 pl of trypsin and resuspended with 500 ul of DMEM by pipetting. An equal volume (20
ul) of the cell suspension was gently mixed with 4% trypan blue (VWR). The number of live and
dead cells in each condition was counted using a hemocytometer.

Measurement of citrate, oxaloacetate (OAA), Acetyl-CoA, and ATP

The citrate measurement was carried out using EnzyChrom Citrate Assay Kit (BioAssay
Systems) according to the manufacturer's instructions. 4x108 HFFs were collected in 100 pl of
ice-cold PBS. The cells were homogenized by sonication, and the cell lysis was verified by
observation under a microscope. The lysed cell suspension was centrifuged at 19,000 xg at 4°C
for 5 min. Twenty pl of the clear supernatant was mixed with 80 pl of fresh working reagent and
in a 96-well black clear bottom plate (Corning) and incubated protected from light at room
temperature for 15 minutes. Fluorescence reading at Aex/em = 535/595 nm was measured, and
the level of citrate in the sample was calculated using a standard curve generated alongside each

experiment.
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For the measurement of OAA, we followed the protocols outlined in the Oxaloacetate
Assay Kit (Sigma-Aldrich). Briefly, 4x10® HFFs were collected and homogenized in the assay
buffer. The sample was centrifuged at 15,000 x g for 10 min at 4°C. After mixing 50 ul of the
fresh working reagent with 50 pl of the deproteinized sample, the mixture was incubated at room
temperature for 30 min. Finally, Fluorescence reading of samples, standards, and controls was
measured at Aex/em = 535/595 nm, and the level of OAA in the sample was calculated.

The level of Acetyl-CoA was measured using the PicoProbe Acetyl CoA Assay Kit
(Abcam) according to the manufacturer's instructions. Briefly, 4x106 HFFs were collected and
homogenized in the assay buffer in ice. The cells were lysed by sonication, and the sample was
centrifuged at 10,000 xg for 10 min at 4°C. The supernatant was collected and then deproteinized
with a perchloric acid method. Then, ten ul of the deproteinized sample was added to each well,
and the final volume was brought up to 50 ul with assay buffer. The coenzyme A present was
quenched by adding a quencher for 5 minutes, and eventually, it was removed with quencher
remover. Finally, 50 ul of fresh reaction mixture was added to the above samples, and the
mixture was incubated at 37°C for half an hour. Fluorescence reading of samples, standards, and
controls was measured at Aex/em = 535/595 nm to calculate the level of Acetyl-CoA in the
sample.

The levels of ATP were measured using an ATP Detection Assay Kit — Luminescence
(Cayman Chemical Company). Briefly, after desired treatment, 4x10° HFFs were washed with
ice-cold 1x PBS and homogenized in 500 pL prechilled 1x ATP detection sample buffer. After
mixing 100 pl of the fresh reaction mixture (containing D-Luciferin and ATP detection
luciferase) with 10 ul of the sample, standards, or blank, the mixture was incubated at room

temperature for 15 min protected from light. Finally, the luminescence was measured using a
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luminometer and the ATP levels in the sample was calculated using a standard curve generated
alongside each experiment.
Global metabolic profiling

Metabolic profiling was carried out with Metabolon, as described previously (38).
Briefly, four biological replicates of each treatment were used for each treatment. HFFs were
grown in T-175 flasks. Once the cells reached about 95% confluence, they were washed twice
with 1x PBS at 37°C and infected with VACV at an MOI of 3 and cultured in different media. At
8 and 16 hpi, the cells were harvested by scraping, and the pellets were washed twice in ice-cold
1x PBS. The pellet was then dissolved in the extraction solvent (methanol) and was stored at
—80°C until shipment to Metabolon (Durham, North Carolina). Proprietary analytical procedures
were carried to ensure high-quality data after minimizing the system artifacts, misassignments,
and background noise among the samples. Following normalization to the protein concentration,
log transformation, and imputation of missing values, with the minimum observed value for each
compound, ANOVA contrasts were used to identify biochemicals that differed significantly
between experimental groups.
Western blotting analysis

Western blot was performed as described previously (90). Briefly, the cells were lysed in
NP-40 cell lysis buffer after the required treatment, reduced with 100 mM dithiothreitol (DTT),
and denatured by sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS—-PAGE)
loading buffer. After boiling at 99°C for 5 min, the samples were loaded on the SDS-PAGE,
followed by transferring to a polyvinylidene difluoride membrane. The membrane was blocked
in 5% bovine serum albumin (BSA; VWR) blocking buffer in TBST buffer for 1 h at room

temperature and incubated with the primary antibody in the same BSA blocking buffer for
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overnight at 4°C. After 3x washes of 10 minutes each with TBST, the membrane was incubated
with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The
membranes were developed with Thermo Scientific SuperSignal West Femto Maximum
Sensitivity Substrate. Antibodies were stripped from the membrane by Restore (Thermo Fisher
Scientific, Waltham, MA, United States) for Western blotting analysis using another antibody.
Gaussia luciferase assay

The Gaussia luciferase activity assay was performed as previously described (38).
Briefly, cells were infected with a recombinant VACV encoding Gaussia luciferase under the
VGF (C11R) viral early promoter (VEGIuc) for indicated time. The cell culture media was used
to measure the Gaussia luciferase activities assay using Pierce Gaussia luciferase flash assay kit
(Thermo Scientific) and a luminometer.
Plaque assay and plaque size determination

BS-C-1 cell monolayers were infected with indicated viruses. One-hour post infection,
the media was changed to EMEM containing supplements as described above plus 0.5%
methylcellulose (Fisher Scientific). The viruses were allowed to grow and form plaque for 48
hrs. The growth medium was discarded, and the cells were treated with 0.1% (w/v) crystal violet
(Fisher Scientific) in 20% ethanol for 10 minutes. The image of plate containing plaques was
taken and the plaque diameters were measured using the ImageJ software (version 1.51w) (91).
The diameter of 50 plaques were measured per condition and the data was analyzed in RStudio
(version 1.2.5033) (92).
Quantitative reverse transcription PCR (QRT-PCR)

Total RNA was extracted from cells using TRIzol reagent (Ambion), and then it was

using the Invitrogen PureLink RNA mini kit (Thermo Fisher Scientific). 500 ng RNA was used
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as a template to reverse transcribe into cDNA using random hexamer primers and SuperScript I11
first-strand synthesis kit (Invitrogen). CFX96 Real-Time PCR Detection System (Bio-Rad) with
All-in-One 2X quantitative PCR (qPCR) mix (GeneCopoeia) and primers specific for indicated
genes was used to detect the relative levels of indicated mMRNAs in the sample using following
settings: Initial denaturation at 95°C for 3 min, followed by 39 cycles of denaturation at 95°C for
10 s, annealing and reading fluorescence at 52°C for 30 s, and extension at 72°C for 30 s.
18sRNA was used as an internal control for normalization.
RNA interference

The indicated specific sSiRNAs and negative control siRNAs were purchased from
Qiagen. The siRNAs were transfected at a concentration of 5 nM in Lipofectamine RNAIMAX
transfection reagent (Fisher Scientific) following the manufacturer's instructions. The efficiency
of knockdown was measured by Western blotting analysis.
Statistical analyses

Data presented indicate a mean of at least three biological replicates, unless otherwise
stated. For the global metabolic profiling, four biological repeats were used for each condition,
and the data was analyzed and visualized in RStudio (version 1.2.5033) (92) and MetaboAnalyst
software (93). Error bars indicate the standard deviation of the experimental replicates. A two-
tailed paired t-test was performed to evaluate any significant difference between the two means.
We used the following convention for symbols to indicate statistical significance: ns, P >0.05;

*, P<0.05; **, P <0.01; *** P <0.001; **** P <0.0001.
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Results

VACYV infection induces profound reprogramming of cellular metabolism globally
under glutamine depleted conditions

VACV replication is substantially reduced in cells cultured in glucose-containing, but
glutamine-depleted medium (12, 14). We have previously shown that VACV replication is not
affected in medium containing glucose and asparagine under glutamine-depleted condition (38).
As previous studies have shown, VACV upregulates glutaminolysis (12, 13), our finding that
asparagine can fully rescue VACYV replication from glutamine-depletion provides a valuable
system to study how VACV modulates cellular metabolism in a glutamine-independent manner.
A metabolic profiling during VACYV infection in the presence of both glucose and glutamine had
been carried out by Fontaine et al. previously (12). To obtain a global view of the host cell
metabolic changes upon VACV infection under the glutamine-depletion condition, we performed
a metabolic profiling to compare the levels of metabolites in VACV-infected and mock-infected
human foreskin fibroblasts (HFFs) cultured in medium containing glucose plus asparagine at 8
and 16 hours post-infection (hpi) (Fig 3.1A). At 8 hpi, the virus is actively replicating, while the
virus has completed most of the replication cycle at 16 hpi. We chose the HFFs because they are
primary cells, and the metabolism in these cells is not already dysregulated as it is in transformed
cancer cells.

In media with glucose plus asparagine, our metabolic profiling detected 173 and 190
metabolites significantly altered by VACV infection, with a general increase at 8 hpi (109 up, 64
down) and decrease at 16 hpi (51 up, 139 down), respectively (Table 3.1). Significant changes in
metabolites were prominent in the categories of TCA cycle, amino acids, and carnitylated fatty

acids that are used for B-oxidation (Fig S3.1, Table 3.2). The substantial changes in cellular
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metabolism upon VACYV infection were clearly revealed by a Principal Component Analysis
(PCA), a statistical procedure to summarize the information content in large datasets. (Fig 3.1B).

VACYV replication is classified into three stages; early, intermediate, and late, as a
cascade based on the timing of its gene expression (4). Our previous study indicated that VACV
replication was not affected at the early gene expression stage but was blocked at intermediate
and late replication stages in the absence of glutamine and asparagine in the glucose-containing
medium (38). We also carried out metabolic profiling of VACV-infected and mock-infected
HFFs cultured in medium containing glucose without glutamine and asparagine (Fig 3.1A). In
glucose only medium, we found 220 and 145 metabolites significantly altered by VACV
infection at 8 hpi (156 up, 64 down) and 16 hpi (95 up, 50 down), respectively (S1 File).
Interestingly, while we observed a similar global metabolic reprogramming pattern as in the
glucose plus asparagine medium at 8 hpi, more metabolites were still up in glucose only medium
compared to glucose plus asparagine medium at 16 hpi (Fig 3.1C, Fig S3.1, Table 3.2), likely
because more nutrients are used in the asparagine containing medium at the later stage of
replication, in which VACYV replication rate is much higher (38). These results suggest that the
metabolic reprogramming by VACYV starts at the early stages of replication. At the later stage,
the metabolites are likely consumed to support virus replication.
VACYV infection elevates TCA cycle intermediate levels, including citrate

Next, we closely investigated the levels of the TCA cycle intermediates as it is the central
hub of cellular metabolism (Fig 3.2A), and a global metabolic reprogramming likely involved
the alteration of the TCA cycle intermediates. Notably, at 8 hpi, most of the TCA cycle
intermediates are significantly higher in VACV-infected cells than in mock-infected cells, in

both glucose plus asparagine and glucose only conditions (the succinate levels were similar in
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mock- and VACV-infected cells) (Fig 3.2B). At 16 hpi, although we still observed the general
trend that the TCA intermediate levels increased in VACV-infected cells, the elevation levels
decreased (Fig S3.2), again suggesting that the elevation of the metabolites occurred at an earlier
time and the metabolites were consumed at the later time of infection. Interestingly, the level of
glutamate, whose biosynthesis can be fed by the TCA cycle intermediate, a-ketoglutarate (39),
increased significantly in VACV infected cells in the absence of glutamine (Fig 3.2C). Together,
these results reveal the enhanced levels of the TCA cycle-related metabolites during VACV
replication.

To further validate the findings of metabolic profiling, we measured the citrate level as it
is the first molecule of the TCA cycle. Using a citrate assay kit, we confirmed that the citrate
level significantly increased by approximately 3.3- and 3.2-fold in VACV-infected HFFs
cultured in media containing either glucose only or glucose plus asparagine, respectively (Fig
3.2D). Remarkably, we also observed a similar increase of the citrate level in VACV-infected
HFFs cultured in medium containing glutamine and glucose (Fig 3.2E), indicating the elevation
of citrate in the presence of exogenous glutamine. The upregulation of citrate could be observed
at 2 hpi (Fig 3.2E). The level of oxaloacetate (OAA), another critical metabolite of the TCA
cycle and citrate metabolism (Fig 3.2A) increased by two-fold at 8 hpi (Fig 3.2F). Interestingly,
in the metabolic profiling in the presence of glucose and glutamine, Fontaine et al. found a 1.49
and 1.37-fold increase of citrate levels upon VACYV infection at 4 and 8 hpi, respectively,
although it is not statistically significant (12). Most of the other detected TCA cycle
intermediates were also moderately (although not significantly) upregulated by up to 1.37-fold at

8 hpi (12). Taken together, our findings corroborate that VACV infection elevates the steady-

106



state levels of TCA cycle intermediates, which can provide metabolic foundations to modulate
TCA cycle-related activities and biomolecule synthesis.

Previous work from multiple groups had demonstrated that VACV promotes oxygen
consumption and ATP production in different cell types (14, 15, 40), indicating an enhanced
TCA cycle activity. We examined if VACV infection increases ATP production in HFFs and
observed a significant, although not as high as in HeLa cells (15, 40), increase in ATP
production after VACV infection (Fig 3.2G). These findings indicate a biologically relevant
activity of the elevated TCA cycle intermediate levels. To further examine if TCA cycle activity
is important for VACV replication, we treated HFFs with Enasidenib (targeting the enzyme
isocitrate dehydrogenase 2 of the TCA cycle). We observed a significant decrease of VACV
replication (39- and 83-fold decrease at the MOI of 2 and 0.1 respectively) (Fig 3.2H) upon
Enasidenib treatment at a concentration that did not alter cell viability (Fig 3.21). These results
indicate an essential role of high TCA cycle activity in VACV replication.

VACYV infection reprograms TCA cycle-related metabolism

Acetyl-CoA is an indispensable player in citrate biosynthesis and breakdown (Fig 3.2A).
At 8 hpi we observed a significant 81% and 74% decrease of the Acetyl-CoA levels upon VACV
infection through metabolic profiling in medium with glucose or glucose plus asparagine,
respectively (Fig 3.3A). The level of Acetyl-CoA was still significantly reduced at 16 hpi (Fig
S3.3). Notably, there was a similar significant reduction in the Acetyl-CoA level in culture
medium containing glutamine (Fig 3.3B). In the absence of glutamine, glucose and fatty acids
are two other major carbon sources of the TCA cycle (Fig 3.2A) (41). These findings suggest
that Acetyl-CoA is heavily consumed, or its synthesis is suppressed during VACYV infection.

Although the lipid species are both up and down-regulated (Fig S3.1 AB), the fatty acyl-
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carnitines, which are used up in -oxidation to be converted to acetyl-CoA after being
transported to the mitochondria (42), significantly increased in the metabolic profiling (Fig 3.3
CD). Interestingly, those non-carnitine-conjugated long-chain fatty acid levels decreased
significantly at 8 hpi (Fig 3.3E). Although not statistically significant, the metabolic profiling in
the presence of glutamine by Fontaine et al. showed a moderate increase in all the detected
carnitine-conjugated fatty acids at 8 hpi (12). These results suggest the metabolism of fatty acids
is significantly reprogramed towards an enhanced levels of carnitine conjugation during VACV
infection. Analysis of the glycolysis products by metabolic profiling in glutamine-depletion
conditions indicated that several essential glycolysis products decreased in VACV-infected HFFs
(Fig 3.3G, S4 Fig). The levels of lactate were also similar in both growth conditions upon
VACYV infection (Fig 3.3F, Fig S3.5), suggesting that VACYV infection did not utilize glucose to
undergo anaerobic respiration. In the presence of glutamine, the levels of most of the glycolysis
intermediates were not significantly altered in the metabolic profiling of VACV-infected HFFs
carried out by Fontaine et al (12). Because VACV infection did not increase the level of glucose,
the lowered glycolysis could suggest two possibilities. First, glycolysis products were heavily
consumed to feed the TCA cycle in VACV-infected cells under glutamine-depletion conditions.
Second, glycolysis was down-regulated during VACV infection, which would suggest a more
important role of fatty acids to feed the TCA cycle. Overall, these results reveal a systematic
reprogramming of TCA cycle-related metabolism during VACV infection.

Inhibition of glycolysis or fatty acid B-oxidation abolishes citrate level increase

during VACYV infection

Our metabolic profiling data could not answer the question if glycolysis or -oxidation

individually contributes to the increase of citrate levels during VACV infection. We used several
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inhibitors targeting glycolysis and 3-oxidation to assess their effects on citrate levels during
VACYV infection. As can be seen in Fig 3.4A, bromopyruvate (targeting the first enzyme,
hexokinase, of glycolysis (43)), PFK15 (targeting the rate-limiting enzyme, 6-phosphofructo-2-
kinase, of glycolysis (44)), CP1-613 (targeting pyruvate dehydrogenase and a-ketoglutarate
dehydrogenase (45)), and etomoxir (targeting carnitine palmitoyltransferase-1 of 3-oxidation
(46)) all decreased the citrate levels in VACV-infected HFFs, at the concentrations that did not
affect HFF viability in the absence of infection (Fig 3.4B). In uninfected cells, PFK-15 and
etomoxir, but not bromopyruvate and CPI1-613, also decreased the citrate levels (Fig 3.4A). It has
been reported that etomoxir treatment significantly suppresses VACYV replication (14). Here we
observed significant reduction of VACYV replication by bromopyruvate, CPI1-613 and PFK-15
treatment, respectively (Fig 3.4CD). These findings indicate that both the glycolysis and -
oxidation contribute significantly to the increased citrate levels during VACYV infection.
VGF gene deletion abolishes the elevation of citrate level during VACYV infection
Our previous study indicated that VACYV replication was suppressed at a late replication
stage in medium containing glucose only, without glutamine/asparagine (38). The upregulation
of citrate and other metabolites in HFFs cultured in glucose only medium suggests an early event
of VACYV replication is responsible. We further tested if viral DNA replication inhibition
affected the upregulation of citrate level in VACV-infected cells using AraC, a well-established
inhibitor of DNA replication but not viral early protein synthesis (47). AraC treatment did not
inhibit the increase in citrate level upon VACV infection (Fig 3.5A), indicating an event prior to
viral DNA replication could stimulate the citrate level. However, treatment with cycloheximide
(CHX), a well-known inhibitor of MRNA translation (48), abolished the citrate level's increase

upon VACYV infection. In contrast, cycloheximide treatment did not affect the citrate level in
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uninfected HFFs (Fig 3.5B). These results suggest that early VACV protein expression is
required to enhance the citrate level upon VACV infection.

We tested several viral early genes and found that VGF is needed for VACV to increase
the citrate level. We generated a recombinant VACV with both copies of the VGF gene deleted
(VAVGF). We also made a VGF revertant VACV (VAVGF_Rev), with one copy of the VGF
gene under its natural promoter inserted at a different locus of the original VGF gene in the
central region of the viral genome. VGF was known to be critical for VACV replication and
virulence in infected mice (34, 35). While the role of VGF in cultured cells was less prominent,
we observed a significant 4.2-fold yield reduction of vVAVGF in HFFs (Fig S3.6A), similar to
what had been observed in BSC40 cells (32). While VACV infection of HFFs could not form
clear and measurable plaques, we observed significantly smaller plaques of vVAVGF in BS-C-1
cells (Fig S3.6B), similar to what had been observed previously in BSC40 cells (32).
Remarkably, while WT-VACYV infection resulted in a significant increase in citrate level, the
deletion of VGF rendered VACYV unable to enhance the level of citrate upon infection, regardless
of the culture medium contents (Fig 3.5C-E). Interestingly, VAVGF_Rev partially recused the
citrate level enhancement, consistent with that the VGF mRNA level in the vVAVGF Rev was
approximately 50% of that in WT-VACYV infected cells (Fig 3.5F). Moreover, VACYV early gene
expression was not affected by the deletion of VGF, evidenced by similar levels of two viral
early proteins, E3 and L2, in WT, vAVGF, and vAVGF_Rev infected HFFs (Fig 3.5G), further
corroborating that the reduced level of citrate in vAVGF-infected cells was due to a lack of VGF
expression. Interestingly, we also observed a reduction of ATP level in vAVGF-infected than in
WT VACV-infected HFFs (Fig. 3.2G). Overall, our results demonstrate VACV elevation of the

citrate level depends on VGF expression.
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To investigate if VGF is sufficient for the increased level of citrate, we used a synthetic
peptide of processed VGF to treat HFFs. However, we could not observe a rescue of citrate level
(Fig S3.7). The finding is not conclusive as it is not clear the failure to elevate the citrate level by
this peptide was due to VGF alone is not sufficient or the synthetic peptide is not fully and
biologically active. Further studies using different approaches are needed.

EGFR, MAPK, and STAT3 signaling pathways are needed for citrate level increase
in VACV-infected cells

VGF is homologous to cellular EGF that activates the EGFR and MAPK pathways (32,
49). We hypothesized that VGF-mediated cell signaling is required for the increasing citrate
level upon VACYV infection. We first tested the effect of afatinib, an irreversible inhibitor of the
EGFR pathway on citrate metabolism (50). We found that VACYV infection resulted in an
increase in citrate levels, while EGFR inhibition with afatinib at a concentration that did not
affect cell viability reduced the increase in the citrate level upon VACV infection (Fig 3.6A, Fig
S3.8A). Although it also decreased the citrate level in uninfected controls, the reduction was only
about 18%. Afatinib treatment significantly reduced VACYV titer by 43-fold at the same
concentration (Fig S3.8B), agreeing with a previous study on the effect of EGFR inhibitors on
VACYV replication (51). We then tested the effect of inhibiting the MAPK pathway on citrate
level using PD0325901, a selective inhibitor of MAPK/ERK pathway (52). While VACV
infection resulted in an increase in citrate level in vehicle-treated cells, PD0325901 treatment
significantly reduced the citrate level in VACYV infected cells to the level comparable to
uninfected cells (Fig 3.6B). Furthermore, MAPK pathway inhibition resulted in a 67-fold
reduction of VACYV titer (Fig S3.9A), at a concentration that did not affect the viability of HFFs

(Fig S3.9B), consistent with an earlier study (49). It is worth noting that both EGFR and MAPK
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pathways are activated by VGF during VACV infection (32, 49, 53). Therefore, our results
indicate that the EGFR and MAPK signaling pathways are required for the upregulation of the
citrate level during VACYV infection.

One downstream signaling molecules of the EGFR-MAPK axis is the STAT3, as EGFR
induced MAPK pathway is a major upstream activator of non-canonical STAT3 phosphorylation
at serine 727 (S727) (54, 55). Notably, stattic, an inhibitor of STAT3 activation (56),
significantly reduced the increase in citrate level in VACV-infected cells but not in uninfected
cells (Fig 3.6C). Chemical inhibition of the STAT3 pathway by stattic resulted in a 177-fold
reduction in VACYV titers in HFFs (Fig S3.10A), consistent with our results in other cell types
and an unbiased screening of compounds of VACYV inhibitors (57). Stattic treatment did not
affect HFF viability at the same concentration (Fig S3.10B), suggesting that STAT3 signaling is
also required for VACV-induced citrate level increase. Further supporting the critical role of
STATS3 signaling in citrate level upregulation during VACYV infection, specific SIRNA treatment
significantly decreased the citrate level during VACYV infection (Figs 3.6FG) without affecting
the HFF viability (Fig S3.10C).

VACYV infection stimulates non-canonical STAT3 activation in a VGF-dependent
manner

STATS3 can be phosphorylated at tyrosine 705 position (Y705) (induced mainly by
JAK1/ 2 pathway) and at serine 727 (S727) (induced mainly by MAPK pathway); known as the
canonical and non-canonical phosphorylation, respectively (55, 58). We analyzed STAT3
phosphorylation in HFFs infected with WT or VAVGF or vVAVGF Rev VACYV at 2 and 4 hpi,
using medium containing glucose and glutamine. VACV infection selectively upregulated the

non-canonical STAT3 phosphorylation at the S727 (Fig 3.7A). Notably, the deletion of VGF
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abolished STAT3 S727 phosphorylation, which could be rescued by the VGF revertant mutant
(Fig 3.7A). In contrast, the canonical Y705 phosphorylation of STAT3 did not increase upon
VACYV infection (Fig 3.7A). The VGF dependent upregulation of the non-canonical STAT3
pathway was seen as early as 10-minute post-infection and could still be observed at 8 hpi (Fig
3.7B). The early stimulation of STAT3 S727 phosphorylation is consistent with the fact that
VGF is an early gene and it starts to be expressed immediately after VACV enters the cells (4).
Similar results were found when using medium containing no glutamine (Fig 3.7C), indicating
the VGF dependent phosphorylation of STAT3 at S727 can be achieved in a glutamine-
independent manner.

Next, we determined if the EGFR and MAPK signaling is needed for STAT3
phosphorylation at S727 during VACYV infection. Afatinib treatment noticeably decreased the
S727 phosphorylation in VACYV infected cells. However, it did not affect Y705 phosphorylation
(Fig 3.7D), indicating a pivotal role of the EGFR pathway in non-canonical STAT3 activation
during VACYV infection. MAPK inhibitor, PD0325901, inhibited S727, and Y705 STAT3
phosphorylation, the former was more evident in VACV-infected cells (Fig 3.7E). The results
suggest that the PD0325901 also inhibited STAT3 Y705 phosphorylation, likely via signaling
crosstalk. There is no S727 specific STAT3 inhibitor available. The STAT3 inhibitor, stattic,
partially inhibited the VACYV infection-mediated increase of S727 phosphorylation, but with no
noticeable effect on Y705 phosphorylation (Fig 3.7F). The latter was not changed much upon
VACYV infection. These results demonstrate the requirements of VGF, EGFR, and MAPK in
non-canonical activation of STAT3 at S727. Together with the results in Fig 3.6, the results also

indicate the indispensable roles of VGF, EGFR, MAPK, and STAT3 in citrate level elevation
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during VACYV infection. While the non-canonical STAT3 signaling is activated to elevate the
citrate level, the canonical pathway is not stimulated by VACYV infection.

We examined if the JAK-STAT3 axis that phosphorylates Y705 is required for citrate
induction during VACYV infection, although it is not further activated by VACYV infection.
Ruxolitinib, an inhibitor of JAK1/2 that is the primary upstream activator of STAT3 Y705
phosphorylation (59), did not affect S727 phosphorylation but inhibited the Y705
phosphorylation in both uninfected and VACV infected cells (Fig 3.7G). Ruxolitinib deceased
citrate level in the uninfected cells by 23% while it significantly reduced the induction by 55% in
VACYV infection (Fig 3.7H) without affecting HFF viability (Fig S3.11). This result suggests that
the canonical STATS3 activity is also required for VACV elevation of the citrate level.
Furthermore, viral early proteins were still expressed with the treatments with EGFR, MAPK,
STATS3, or JAK1/2 inhibitors. EGFR, MAPK, and JAK1/2 inhibitors had little effects on viral
early protein levels, evidenced by the expression of a viral early protein E3 and a reporter VACV
with Gaussia luciferase expression under the control of the VACV early VGF gene promoter
(38) (Fig 3.713J). While the STAT3 inhibitor (stattic) treatment decreased VACYV early protein
levels, considerable amounts of viral early proteins were still expressed (Fig 3.71J). The result
suggests that stattic also suppresses VACYV replication at or prior to viral gene expression steps.

Discussion

In this study, we discovered a novel VACV metabolic reprogramming strategy that
elevates the intermediates of the TCA cycle, the cellular metabolic hub. We determined the viral
factor and cellular signaling pathways driving this metabolic alteration for an elevated citrate
level, the first molecule of the TCA cycle. The findings lead to a model by which VACV

elevates the TCA cycle intermediate levels (Fig 3.8): VACV produces VGF at an early time of
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infection. The VGF then stimulates the EGFR/MAPK/non-canonical STAT3 signaling axis in
the infected and perhaps also in the uninfected neighboring cells to reprogram the TCA cycle and
its related cellular metabolism. While the canonical STAT3 signaling is not stimulated by VACV
infection, its basal activity is still required. At this point, we cannot conclude if VGF alone is
sufficient to exert this effect as our data using a synthetic VGF peptide failed to elevate the
citrate level in the absence of VACV infection (Fig S3.7). Further investigations using a system
more closely mimicking the natural route of VGF expression and processing in the absence of
VACYV infection is needed to answer this question. Moreover, the mechanistic details of the TCA
cycle reprogramming and the broad impacts of the elevated TCA cycle intermediate levels are
yet to be fully determined.

The steady-state levels of metabolites in cells are a net outcome of dynamic metabolism,
including uptake from and secretion to extracellular space, synthesis and consumption. While our
data in this study and studies from multiple groups suggest that VACYV infection promotes the
TCA cycle and related metabolism including oxygen consumption, ATP production,
glutaminolysis (13-15), our results that VACYV infection elevates the levels of citrate and other
TCA cycle intermediates, and alters other related metabolites, does not give a quantitative and
definitive answer on how the synthesis or consumption contributes to the final outcomes.

We have previously shown that VACYV replication is fully rescued in medium containing
glucose and asparagine in glutamine-depleted conditions (38, 60). This culture medium provides
a unique VACYV infection system to study VACV-induced manipulation of cellular metabolism
in the absence of the complications caused by VACV’s upregulation of glutaminolysis (12, 13).
Glucose, glutamine, and fatty acids are the three major carbon sources to feed the TCA cycle.

while it was known that VACYV stimulates glutaminolysis, our results using chemical inhibitors
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indicate that both glycolysis and B-oxidation of fatty acids are needed to increase the TCA cycle
intermediates (Fig 3.4). Because of the upregulation of the carnitine-conjugated lipids, VACV
may promote B-oxidation of fatty acids to elevate the TCA cycle. The metabolic profiling data
support a possibility that fatty acyl-carnitines, which enter mitochondria to feed the TCA cycle,
are selectively upregulated in the absence of glutamine. More mechanistic and comprehensive
investigations of various branches of glycolysis and fatty acid metabolism are needed, including
the modulation of the activities of key enzymes involved and the metabolic flux of the carbon by
VACV infection.

The TCA cycle is at the heart of major cellular pathways for carbohydrate, lipid, and
amino acid metabolism. TCA cycle intermediates and other metabolic products are the sources
for the production of cellular energy and many biosynthetic precursors. The TCA cycle is also
named the citric acid cycle due to its first molecule, citrate. Citrate is essential not only to drive
the TCA cycle forward in the mitochondria but is also transported to the cytosol to be used for
fatty acid biosynthesis (16). Our finding that VACYV infection elevates the citrate level and many
other TCA cycle intermediates, but simultaneously decreases the Acetyl-CoA level, suggests that
the virus has evolved to reprogram the hub of cellular metabolism to create a favorable
environment for its replication. Our results can explain the chemical foundations for the
oxidative phosphorylation pathway (OXPHOS) upregulation by VACV infection. The OXPHOS
is the major source of cellular energy in ATP (61). During VACYV infection, there is an increase
in the oxygen consumption rate (OCR), an indicator of energy metabolism (14), as well as ATP
production (15, 40). Increased citrate and TCA cycle intermediates upon VACYV infection also
provide the substrates to upregulate the biosynthesis of other biomolecules, evidenced by the

metabolic profiling indicating higher glutamate production, and carnitylated lipids during VACV
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infection in the absence of glutamine. Greseth et al. demonstrated that VACV replication
requires de novo fatty acids biosynthesis (14), which requires citrate as a source of precursor.

VGF induces cell proliferative responses (29, 31). The identification of VGF as the
required VACV protein to stimulate the citrate level provides the metabolic foundation of VGF's
functions in many aspects of VACV infection. Although it does not affect VACV replication in
some proliferating cells, the deletion of VGF from VACV reduces VACV replication in resting
cells and proliferating HFFs (Fig S3.6). Because the metabolic level is higher in proliferating
cells than in resting cells (62), the different replication phenotypes are at least partially due to
different metabolic statuses in these cells. As most of the cells are in resting state in an animal,
the VGF's function to stimulate the TCA cycle intermediates could also explain the reduced
replication and virulence in mice (34, 35). Since cell mobility consumes energy (63), it explains
that VGF is crucial for facilitating cell motility for virus spread (32). In addition to enhancing the
motility, the secreted VGF induces EGFR in a paracrine fashion (64), which may instruct the
neighboring uninfected cells to be metabolically prepared for infection.

STATS3 is a transcription factor activated by growth factors, oncogenes, and cytokines
that leads to cell proliferation, migration, and differentiation, etc. (65). While the canonical
pathway of STAT3 activation with Y705 phosphorylation has been well-understood to stimulate
gene transcription in cell proliferation, cell cycle, and cell survival, the mechanism, and function
of the non-canonical activation of STAT3 by S727 phosphorylation in these processes are less
well understood (66). In agreement with the notion that the STAT3-mediated biological
processes require energy, STAT3 has been shown to stimulate mitochondrial OXPHOS and the
activities of electron transport chain (ETC) complex (67—70). However, the mechanism by which

STATS3 stimulates the energy production mechanism is still not clear. While some studies
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suggest that a small portion of STAT3 localizes to the mitochondria and promotes the ETC
complex activity directly (67, 69), others suggest that STAT3 does not go into the mitochondria
but only closely associates with mitochondria (71). Interestingly, here we found that STAT3
signaling is required to stimulate citrate level upon VACV infection, suggesting STAT3
signaling may indirectly promote OXPHOS and ETC through elevating the TCA cycle.
Interestingly, a recent study suggests that STAT3 transcriptionally induces the citrate synthase
and, hence, citrate level to regulate lymphocyte growth (18). However, we could not observe the
citrate synthase and its activity upregulation during VACYV infection (not shown). More
mechanistic studies are required to understand the link between STAT3 signaling and the TCA
cycle activation. It is of particular interest that VACV infection selectively stimulates non-
canonical STAT3 phosphorylation at the S727, but not the canonical site at Y705, although both
are required for citrate level elevation. As VGF is a homolog of cellular growth factor, our result
that VGF selectively stimulates EGFR-MAPK-STAT3 (S727) provides new molecular tools to
understand the functions of different growth factors with diverse roles in many physiologically
relevant conditions, notably, a valuable model to understand different functions and activating
mechanisms of the canonical and non-canonical STATS3 signaling. Note that our results do not
exclude the EGFR-MAPK-STATS3 signaling affects VACYV replication other than
reprogramming the TCA cycle and related metabolism. Also, STAT3 pathway is upregulated in
several viral infections (72, 73, 73-80). It would be interesting to elucidate how different viruses
exploit different axis of the STAT3 signaling to affect viral infections.

VGF-deleted VACV preferentially replicate in cancer cells in mice (81). Cancer cells
usually have higher and dysregulated metabolism to support cell proliferation and growth (82). It

has been noted by other studies that non-canonical activation of STAT3 at S727 is related to
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certain types of cancers (70, 83-85). Because most cells in animals are in resting state, in which
the replication of VACV with VGF deletion is lower than in proliferating cells (34), our finding
provides a metabolic mechanism of VGF-deleted VACV’s cancer cell tropism in animals.

Our results that STAT3 inhibition reduces VACV replication is somehow discrepant to a
previous report that inhibition of STAT3 enhanced the replication of ACAM2000, a VACV
strain currently used as a vaccine in mice, and keratinocytes (86). We have independently
confirmed the suppression effects on VACYV replication using multiple inhibitors and multiple
cell types (57). We do not fully understand the discrepancy, although it could possibly be
explained by different cell types or virus strains used in these studies.

Overall, we found that VACV infection elevates host cell metabolic activities, including
the TCA cycle that could be achieved in a glutamine-independent manner. We identified VACV
VGF as an essential viral factor that elevates the level of a central molecule of metabolism,
citrate. Non-canonical STAT3 signaling is activated upon VACYV infection through the VGF-
EGFR-MAPK signaling axis to stimulate citrate upregulation. Our study revealed a global
metabolic reprogramming effect on host cells by VACV infection and identified the cellular and
viral mechanisms underlying it. The results have a broad impact on understanding poxvirus
replication and prevention and understanding growth factors-induced metabolism.
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Figures and tables- Chapter 3
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Figure 3.1. VACV infection reprograms cellular metabolism profoundly and globally
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(A) Experimental design of global metabolic profiling. Four biological replicates of HFFs per
treatment were either mock-infected or infected with VACV at an MOI of 3 for either 8 or 16
hours in medium with glucose (GIc) or glucose plus asparagine (Glc+N). Metabolites were
extracted, and their levels were measured. (B & C) Principal component analysis (PCA) showing
a clear separation between VACV-infected and uninfected HFFs in glucose plus asparagine
medium (B) and in HFFs in glucose only medium (C). Each small circle indicates one sample.

The shaded region indicates the 95% confidence interval PC1 represents the effect of VACV

infection and PC2 represents the effect of time.
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Figure 3.2. VACYV infection elevates the levels of TCA cycle intermediates, including
citrate.

(A) Simplified overview of the TCA cycle and citrate metabolism. The pyruvate generated from
glycolysis can be converted into Acetyl-CoA that reacts with OAA to form citrate in the

mitochondria of a cell. The citrate can then be transported out of the mitochondria where it gets
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converted to Acetyl-CoA and OAA. The cytosolic Acetyl-CoA can act as a precursor for fatty
acid biosynthesis. The fatty acids undergo B-oxidation in the mitochondria to convert into
Acetyl-CoA to feed the TCA cycle. Glutamine can also feed in the TCA cycle to increase the
citrate level by converting it to a -KG. (B) VACYV infection increases the levels of most of the
TCA cycle intermediates in the absence of exogenous glutamine. The levels of TCA cycle
intermediates at 8 hpi in the metabolic profiling of Fig. 3.1A were shown. (C) VACYV infection
increases the level of glutamate. The level of glutamate in HFFs in the global metabolic profiling
of Fig. 3.1A were shown. (D) VACYV infection increases the citrate level in HFFs cultured in
medium without exogenous glutamine. HFFs infected with indicated viruses at MOI of 5 in
media with glucose only (GIc) or glucose plus asparagine (Glc+N). Citrate level was measured at
8 hpi using a citrate assay kit. (E) VACV infection increases the citrate level in HFFs cultured in
medium with glutamine. HFFs infected with WT VACYV at an MOI of 5 in medium with glucose
plus glutamine and the citrate level was measured at indicated time points using a citrate assay
kit. (F) VACYV infection increases the levels of OAA. HFFs infected with WT VACV at MOI of
5 in HFFs cultured in medium with glucose plus glutamine and the OAA level was measured at 8
hpi. (G) VACYV infection increases the ATP levels in HFFs. HFFs were infected with MOI of 2
of WT-VACYV or vAVGF (VACV with VGF gene deleted) in medium containing glucose and
glutamine. The ATP levels were measured at 8 hpi by using an ATP assay kit. (H) TCA Cycle
activity is important for VACYV replication. HFFs infected with WT VACV at MOl of 2 or 0.1 in
media with glucose plus glutamine in the presence or absence of 50 UM Enasidenib. VACV
titers measured at 24 and 48 hpi for MOI 2 and 0.1 respectively using a plaque assay. (1)
Enasidenib treatment has minimal effect on HFF viability. HFFs were treated with 50 uM
Enasidenib in medium with glucose plus glutamine. Cell viability measured by a trypan blue
assay at 48 h post treatment. Error bars represent the standard deviation of at least three
biological replicates. ns, P> 0.05; *, P <0.05; ** P <0.01; **** P <0.0001.
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Figure 3.3. VACYV infection alters the TCA cycle-related metabolism.

(A) A decrease in Acetyl-CoA upon VACYV infection in HFFs cultured in media without
glutamine. The level of Acetyl-CoA at 8 hpi in the metabolic profiling of Fig. 3.1A was shown.
(B) VACYV infection decreases the level of acetyl CoA in HFFs cultured in medium containing
glutamine. HFFs infected with WT VACV at an MOI of 2 in media with glucose plus glutamine
and the Acetyl-CoA level was measured at 8 hpi using an Acetyl-CoA assay kit. (C) Simplified
overview of carnitine metabolism in oxidation. The long-chain fatty acids are acylated and then
carnitylated by carnitine palmitoyltransferase system, which is then transported into the
mitochondrial matrix for $-oxidation to fuel the TCA cycle. (D) VACV infection increases the

levels of carnitine-conjugated fatty acids. The metabolic profiling data of fatty acyl carnitines in
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VACV-infected HFFs (Table 3.2) was uploaded to the MetaboAnalyst tool and then a
hierarchically clustered heatmap was generated using Ward’s minimum variance and Euclidean
distance measure. Color keys indicate the levels of different metabolites; blue: lowest, red:
highest. The number on top of the plots represent the p-values comparing the average levels of
indicated metabolites levels in mock- and VACV-infected HFFs (E) The levels of long-chain
fatty acids are reduced in VACV-infected HFFs. The metabolic profiling data of long-chain fatty
acids in VACV-infected HFFs (Table 3.2) was processed as in Fig 3.3D. (F) The glycolysis
intermediates are either unaffected or reduced by VACV. The levels of glycolysis intermediates
in HFFs infected with MOI-3 of WT-VACYV in medium with glucose (Glc) or glucose plus
asparagine (Glc+N) at 8 hpi as determined by global metabolic profiling in Fig. 3.1a. (G) VACV
infection does not affect the level of lactate. The level of lactate in HFFs infected with MOI-3 of
WT-VACYV in media with glucose (GlIc) or glucose plus asparagine (Glc+N) at 8 hpi was
determined by global metabolic profiling in Fig. 3.1A. Error bars represent the standard
deviation of at least three biological replicates. ns, P> 0.05; *, P <0.05; **, P <0.01; *** P <
0.001; ****_ P <0.0001.
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Figure 3.4. Both Glycolysis and B-oxidation contribute towards the citrate level
enhancement during VACYV infection.

(A) Inhibition of glycolysis and fatty acid oxidation reduces the increase of citrate levels during
VACYV infection. HFFs were mock-infected or infected with WT-VACV at an MOI of 5 in
medium with glucose plus glutamine in the presence or absence of 50 uM bromopyruvate, 50
uM PFK-15, 100 uM of CPI-613, and 50 uM etomoxir. Citrate levels measured at 4 hpi using a
citrate assay kit. (B) HFFs treated with indicated chemicals at a concentration as listed in Fig
3.4A in medium with glucose plus glutamine. Cell viability measured by a trypan blue assay at
48 h post treatment. (C) Glycolysis inhibition suppresses VACV replication. HFFs infected with
WT VACYV at an MOI of 2 (for 24 h) or MOI of 0.1 (for 48 h) in medium with glucose plus
glutamine with or without 50 uM bromopyruvate, 50 uM PFK-15. Virus titers measured by a
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plaque assay. (D) Inhibition of pyruvate dehydrogenase and a-ketoglutarate dehydrogenase
reduces VACYV titers. HFFs infected with WT VACYV at an MOI of 2 (for 24 h) or MOI of 0.1
(for 48 h) in medium with glucose plus glutamine in the presence or absence of 100 uM CPI-
613. Virus titers were measured by a plaque assay. Error bars represent the standard deviation of
at least three biological replicates. ns, P> 0.05; **, P <0.01; ***, P <0.001; ****, P <0.0001.
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Figure 3.5. VACYV growth factor (VGF) deletion abolishes the elevation of citrate level

during viral infection.

(A) Inhibition of DNA synthesis does not inhibit the increased citrate level upon VACV

infection. HFFs were infected with VACV at an MOI of 5 in medium with glucose plus

glutamine in the presence or absence of 40 pug/mL AraC. Citrate level was measured at 8 hpi. (B)
Inhibition of protein synthesis reduces citrate level in VACV-infected HFFs. HFFs were infected
with VACV at an MOI of 5 in medium with glucose plus glutamine in the presence or absence of
100 pg/mL Cycloheximide. Citrate level was measured at 2 hpi. (C-E) VGF is required for the
elevation of citrate level during VACYV infection. (C) HFFs were infected with either WT-VACV
or vAVGF or a VGF revertant vAVGF_Rev at an MOI of 5 in medium with glucose plus
glutamine. Citrate level was measured at 4 hpi. (D) HFFs were infected with indicated viruses at
an MOI of 5 in medium with glucose only (Glc). Citrate level was measured at 4 hpi. (E) HFFs
were infected with indicated viruses at an MOI of 5 in with glucose + asparagine (Glc+N), and
citrate level was measured at 4 hpi. (F) VGF mRNA expression in WT-VACV, vAVGF, and
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vAVGF_Rev. RNA was extracted from HFFs infected with indicated viruses at an MOI of 5 for
1 h'in medium with glucose plus glutamine, and reverse transcription-quantitative PCR (qRT-
PCR) analysis was performed. (G) VGF deletion does not affect the levels of other VACV early
proteins. HFFs infected with indicated viruses at an MOI of 5. Western blotting analysis was
performed at indicated time post infection to measure the levels of VACV E3 and L2 proteins.
Error bars represent the standard deviation of at least three biological replicates. ns, P > 0.05; *,

P <0.05; **, P <0.01; *** P <0.001; **** P <0.0001.
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Figure 3.6. Inhibition of the STAT3 pathway and its upstream signaling decreases citrate
levels during VACYV infection.

(A) Inhibition of the EGFR pathway decreases the citrate level in VACV-infected HFFs. HFFs
were infected with WT VACV at an MOI of 5 in the presence or absence of 3 uM afatinib. The
citrate level was measured at 4 hpi. (B) Inhibition of the MAPK pathway decreases the citrate
level during VACYV infection. HFFs were infected with WT VACV at an MOI of 5 in the
presence or absence of 20 UM PD0325901. The citrate level was measured at 2 hpi. (C)
Inhibition of the STAT3 pathway decreases the citrate level in VACV-infected cells. HFFs were
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infected with VACV at an MOI of 5 in the presence or absence of 3 UM stattic. The citrate level
was measured at 4 hpi. (F) siRNA mediated knockdown of STAT3. HFFs were transfected with
a negative control SiRNA or two specific sSiRNA targeting STAT3 for 48 h. Western blotting
analysis was performed to measure the level of STAT3. (G) siRNA-mediated knockdown of
STAT3 decreases citrate level during VACYV infection. HFFs were transfected with indicated
siRNAs for 48 h and then infected with an MOI of 5 of VACV for 4 h, and the citrate level was
measured. All the infections were performed in media with glucose plus glutamine. Error bars
represent the standard deviation of at least three biological replicates. ns, P> 0.05; *, P <0.05;

**,P<0.01; *** P <0.001.
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Figure 3.7. VACYV infection induces non-canonical STAT3 phosphorylation at S727 in a
VGF-dependent manner.

(A) VACV VGF is indispensable to activate STAT3 (S727) phosphorylation. HFFs infected with
indicated viruses at an MOI of 5 for the indicated time. Western blotting analysis was performed
to measure the levels of various forms of STAT3. (B) Upregulation of STAT3 S727
phosphorylation starts early during VACV infection. HFFs infected with indicated viruses at an
MOI of 5. The samples were collected at 10 min post-infection and 8 hpi, respectively, followed
by Western blotting analysis. (C) VACV activates STAT3 (S727) phosphorylation in the
absence of glutamine in the medium. HFFs were infected with indicated viruses at an MOI of 5
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in medium with glucose only (GIc) or with glucose+asparagine (Glc+N). Protein levels were
detected by performing a Western blotting analysis at 4 hpi. (D) Inhibition of the EGFR pathway
decreases STAT3 S727 phosphorylation in VACV infected cells. HFFs were infected with MOI
of 5 of WT-VACYV with or without 3 uM afatinib treatment. Western blotting analysis was
performed at 4 hpi to test the levels of different forms of STAT3 protein. (E) Inhibition of the
MAPK pathway decreases both Y705 and S727 phosphorylation. HFFs were infected with MOI
of 5 of VACV in medium with or without 20 uM PD0325901 treatment. Western blotting
analysis was performed at 2 hpi to detect the levels of different forms of STAT3 protein. (F)
Stattic treatment inhibits S727 phosphorylation. HFFs were infected with MOI of 5 of WT
VACYV with or without 3 uM stattic. At 4 hpi, Western blotting analysis was performed to detect
the levels of different forms of STAT3 protein. (G) STAT3 S727 phosphorylation is independent
of the JAK1/2 pathway. HFFs were infected with an MOI of 5 of VACV in medium with or
without 5 uM ruxolitinib treatment. Western blotting analysis was performed at 4 hpi to measure
different protein levels. (H) Ruxolitinib treatment decreases the induction of citrate level upon
VACYV infection. HFFs were infected with WT VACYV at an MOI of 5 in the presence or absence
of ruxolitinib treatment. The citrate level was measured at 4 hpi. (1) Effects of inhibition of
STATS3 and its upstream signaling pathways on VACV early protein expression. HFFs infected
with WT VACYV at an MOI of 2 in the presence or absence of 3 uM afatinib, 20 uM PD0325901,
3 UM stattic, 5 uM ruxolitinib, 40 pg/mL AraC, or 100 pg/mL cycloheximide. The levels of
VACYV E3 protein was measured at 2 hpi by a Western blotting analysis. (J) Effects of inhibition
of STAT3 and its upstream signaling pathways on VACYV early protein levels. HFFs infected at
an MOI of 2 with a recombinant VACYV expressing Gaussia luciferase under virus early VGF
promoter in the presence or absence of 3 uM afatinib, 20 uM PD0325901, 3 uM stattic, 5 uM
ruxolitinib, 40 ug/mL AraC, or 100 pg/mL cycloheximide. Early gene expression was measured
by a Gaussia luciferase activity assay kit at 2 hpi. All experiments were performed in media with
glucose plus glutamine unless otherwise stated. Error bars represent the standard deviation of at
least three biological replicates. ns, P > 0.05; *, P <0.05; **, P <0.01; **** P <(0.0001. The
blots were from different lanes on the same gel and the dashed lines indicate that some non-

relevant lanes were removed.
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Figure 3.8. Proposed model by which VACYV infection promotes the TCA cycle.

VACYV infection enhances the levels of TCA cycle intermediates and related products. Upon
VACYV infection, the levels of Acetyl-CoA decrease, while the levels of fatty acyl carnitines (key
metabolites for B-oxidation of fatty acids) increase. The increase in the level of citrate can be
attributed to the VACV VGF mediated upregulation of non-canonical STAT3 phosphorylation at
S727 via EGFR and MAPK pathways. Although not upregulated by VACV, the Y705
phosphorylation of STAT3 is also important for enhancing citrate level. It is unclear if additional
viral factors are also required to elevate the TCA cycle and if VGF alone can exert the function
in uninfected cells. Red upward arrows indicate increase and black downward arrows indicate

decrease of indicated intermediates.
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Figure S 3.1. Heatmap of changes in metabolite levels during VACYV infection
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(A) Heatmap of VACV-induced alteration of metabolism in HFFs in medium with glucose plus

asparagine. (B) Heatmap of VACV-induced alteration of metabolism in medium with glucose

only. Color keys indicate the levels of different metabolites; blue: lowest, red: highest.
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Figure S 3.2. Levels of the TCA cycle intermediates at 16 hpi.

VACYV infection increases the levels of most of the TCA cycle intermediates in the absence of
glutamine in the medium. HFFs infected with VACV at an MOI of 3 of in medium with glucose
only (Glc) or glucose+asparagine (Glc+N). The levels of TCA cycle intermediates at 16 hpi were
measured by performing metabolic profiling. ns, P> 0.05; *, P <0.05; **, P <0.01; *** P <
0.001; ****_ P <0.0001.
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Figure S 3.3. Levels of acetyl-CoA at 16 hpi.

VACYV infection decreases the level of acetyl-CoA. HFFs infected with VACV at an MOI of 3 in
medium with glucose only (Glc) or glucose + asparagine (Glc+N). The level of acetyl CoA at 16
hpi was measured by performing metabolic profiling. Error bars represent the standard deviation
of four biological replicates. *, P <0.05; *** P <0.001.
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Figure S 3.4. Effect of VACYV infection on glycolytic intermediate levels at 16 hpi.

(A) Outline of glycolysis pathway. Glucose after a series of reactions is converted into pyruvate,
which can then either be converted to lactate under anaerobic conditions or to acetyl coenzyme A
under aerobic conditions. (B) The glycolysis intermediates are either unaffected or reduced
during VACYV infection. The levels of glycolysis intermediates in HFFs infected with MOI-3 of
WT-VACYV in media with glucose (Glc) or glucose plus asparagine (Glc+N) at 16 hpi as
determined by global metabolic profiling in Fig. 3.1A. ns, P>0.05; *, P <0.05; **, P <0.01;
*ak P <0.001.
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Figure S 3.5. Levels of lactate upon VACYV infection at 16 hpi.

VACYV infection does not significantly affect the level of lactate. The level of lactate in HFFs
infected with MOI=3 of WT-VACYV in media with glucose (Glc) or glucose plus asparagine
(Glc+N) at 8 hpi was determined by global metabolic profiling in Fig. 3.1A. Error bars represent

the standard deviation of four biological replicates. ns, P > 0.05.
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Figure S 3.6. Effect of deletion of VGF on VACYV titers and plaque size.

(A) VGF deletion reduces VACV replication in HFFs. HFFs infected with indicated viruses at
MOI of 0.001 in medium with glucose plus glutamine with 0.001% dialyzed FBS. Virus titers
measured at 72 hpi using a plaque assay. (B) VGF deletion decreases plaque size. The virus
samples acquired from S6 Fig (A) were used to infect a confluent monolayer of BS-C-1 cells for
48 h. The diameters of 50 plaques from each treatment were measured and analyzed as described
in the methods section. Error bars represent the standard deviation of at least three biological
replicates in (A) and 50 plaques in (B). ns, P>0.05; *, P <0.05; **** P <(0.0001.
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Figure S 3.7. Effect of treatment of synthetic VGF peptide on citrate levels.

A synthetic VGF peptide alone did not enhance the levels of citrate in HFFs. HFFs were either
mock-infected, infected with indicated viruses at an MOI of 5 or treated with 2500 ng/mL of a
synthetic VGF peptide. After 4 h of treatment, citrate levels in the samples were measured by a
citrate assay kit. Error bars represent the standard deviation of at least three biological replicates.

*,P<0.05; **, P <0.01.
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Figure S 3.8. EGFR inhibitor suppresses VACV replication.

(A) HFFs were grown in the presence or absence of 3 uM afatinib for 24 h. Cell viability was
measured using a trypan blue exclusion assay. (B) Inhibition of the EGFR pathway reduces
VACV titers. HFFs were infected with VACV at an MOI of 2 in the presence or absence of 3
UM afatinib for 24 h. Virus titers were measured using a plaque assay. Error bars represent the

standard deviation of at least three biological replicates. ns, P > 0.05; ** P <0.01.
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Figure S 3.9. MAPK pathway inhibitor suppresses VACV replication.

(A) Inhibition of the MAPK pathway suppresses VACV replication. HFFs were infected with
VACYV at an MOI of 2 in the presence or absence of 50 uM PD0325901 for 24 h. A plaque assay
was performed to measure virus titers. (B) Inhibition of the MAPK pathway does not decrease
HFF viability. HFFs were grown in for 24 h in the presence or absence of 50 uM PD0325901.
Cell viability was determined using a trypan blue exclusion assay. Error bars represent the

standard deviation of at least three biological replicates. ns, P > 0.05; *** P <0.001.
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Figure S 3.10. STAT3 inhibitor suppresses VACV replication.

(A) Inhibition of the STAT3 pathway suppresses VACV replication. HFFs were infected with
WT VACYV at an MOI of 2 in the presence or absence of 3 uM stattic for 24 h. VACV titers were
measured using a plaque assay. (B) HFFs were grown in the presence or absence of 3 UM stattic
for 24 h. Cell viability was determined using a trypan blue exclusion assay. (C) STAT3
knockdown does not affect HFF viability. HFFs were transfected with indicated siRNAs for 72h,
and a trypan blue exclusion assay was performed to determine the cell viability. Error bars

represent the standard deviation of at least three biological replicates. ns, P> 0.05; **, P <0.01.
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Figure S 3.11. Inhibition of JAK 1/2 pathway has minimal effect on HFF viability.
Inhibition of the JAK1/2 pathway does not alter HFF viability. HFFs were grown in the presence

or absence of 50 uM ruxaolitinib for 24 h. Cell viability was determined by a trypan blue

exclusion assay using a hemocytometer. All experiments were performed in media with glucose

plus glutamine. Error bars represent the standard deviation of at least three biological replicates.

ns, P>0.05.
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Table 3.1. The number of metabolites significantly different upon VACYV infection in
medium with glucose or glucose plus asparagine.

The numbers approaching a significant difference are also shown in the lower two rows. The red

upward arrows indicate increase and the green downwards arrows indicate decrease in indicated

conditions.
Infected/Uninfected
8h 16h

Glc Glc+N Glc Glc+N

Total Biochemicals p<0.05 220 173 145 190
Biochemicals 1 | 156 | 64 109 | 64 95150 511139

Total Biochemicals 0.05< p< 0.10 43 37 44 56
Biochemicals 1 | 14| 29 1918 26 |18 1145
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Table 3.2. The number of metabolites significantly different upon VACYV infection in medium with glucose or glucose plus
asparagine.

Numbers in boldface indicate p<0.05 (boldface number greater than one indicates that the mean values are significantly higher for that

comparison; boldface number lower than one significantly lower).

Super Pathway | Sub Pathway Biochemical Name Glc Glc+N | Glc | Glc+N
8h 8h 16h | 16h
Amino Acid Glycine, Serine and Threonine | glycine 2.82 1.79 1.57 |0.79
Metabolism N-acetylglycine 1.86 |117 [1.04 |0.67
betaine 3.49 1.59 1.26 | 1.06
serine 241 1.48 1.61 | 0.94
N-acetylserine 2.04 1.61 1.07 |0.69
threonine 2.66 1.64 1.63 |0.80
N-acetylthreonine 2.25 1.78 1.09 | 0.75
homoserine lactone 235 | 2.39 3.16 | 1.46
Alanine and Aspartate alanine 1.05 |1.33 1.29 |1.08
Metabolism N-acetylalanine 263 [213 |1.24 |092
aspartate 131 1.23 2.30 | 1.55
N-acetylaspartate (NAA) 1.64 1.34 1.10 | 0.75
asparagine 1.15 1.36 0.53 |0.80
N-acetylasparagine 2.18 1.31 0.80 | 0.57
Glutamate Metabolism glutamate 3.65 |3.50 445 | 249
glutamine 1.49 1.21 1.68 |1.13
alpha-ketoglutaramate* 1.00 |1.23 0.28 | 0.29
N-acetylglutamate 1.79 1.88 1.02 |0.63
N-acetylglutamine 1.90 1.68 1.06 | 0.65
gamma-carboxyglutamate 2.18 1.43 0.87 [0.44
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glutamate, gamma-methyl ester 244 | 2.07 0.99 |1.10
pyroglutamine* 1.76 2.18 1.84 |0.91
N-acetyl-aspartyl-glutamate (NAAG) 1.52 1.40 0.77 |0.42
beta-citrylglutamate 1.21 1.04 0.90 |0.58
carboxyethyl-GABA 2.70 0.18 0.05 | 0.05
N-methyl-GABA 168 |1.32 235 | 1.24
S-1-pyrroline-5-carboxy late 2.61 1.10 211 | 242
Histidine Metabolism histidine 1.92 1.06 1.45 |0.72
N-acetylhistidine 1.45 1.00 0.88 |0.76
imidazole propionate 1.00 |3.55 1.00 |0.85
imidazole lactate 3.55 3.65 2.08 |0.70
carnosine 2.05 1.57 1.21 | 0.62
4-imidazoleacetate 2.90 1.85 1.26 | 1.15
Lysine Metabolism lysine 1.33 [0.99 1.11 |0.85
N6,N6,N6-trimethyllysine 2.03 1.81 0.86 | 0.60
5-(galactosylhydroxy)-L-lysine 0.86 |0.86 0.50 |0.75
saccharopine 2.76 | 4.15 1.48 |1.03
2-aminoadipate 6.56 |5.04 122 |5.31
pipecolate 3.86 |3.19 1.75 ]0.69
6-oxopiperidine-2-carboxylate 1.87 0.82 190 |1.19
5-aminovalerate 3.97 2.53 2.10 | 1.04
N,N,N-trimethyl-5-aminovalerate 2.08 1.48 1.59 |0.78
Phenylalanine Metabolism phenylalanine 1.78 1.17 1.33 | 0.80
N-acetylphenylalanine 1.97 0.59 0.33 | 0.62
1-carboxyethylphenylalanine 592 | 4.17 1.86 |1.49
phenyllactate (PLA) 266 | 227 1.00 | 0.63
Tyrosine Metabolism tyrosine 200 |1.26 1.46 |0.78
4-hydroxyphenylpyruvate 0.85 |0.85 1.00 | 091
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3-(4-hydroxyphenyl)lactate 340 |284 1.77 | 0.65
O-methyltyrosine 0.75 0.63 0.63 |0.33
N-formylphenylalanine 1.14 | 0.57 0.49 |0.88
Tryptophan Metabolism tryptophan 1.86 1.20 1.36 | 0.78
C-glycosyltryptophan 1.12 0.84 0.66 |0.42
kynurenine 1.78 1.20 1.21 | 0.78
indolelactate 3.41 1.99 1.69 | 0.54
Leucine, Isoleucine and Valine | leucine 1.67 1.10 1.25 |0.79
Metabolism 4-methyl-2-oxopentanoate 1.08 [1.02 [1.64 |0.95
isovalerylcarnitine (C5) 2.27 1.34 1.36 | 0.60
beta-hydroxyisovalerate 1.11 0.61 0.87 |0.31
isoleucine 1.48 1.00 1.16 |0.79
N-acetylisoleucine 1.10 |0.67 0.60 |2.16
3-methyl-2-oxovalerate 1.03 |0.95 1.32 | 0.98
2-methylbutyrylcarnitine (C5) 1.68 1.90 1.19 | 0.75
methylsuccinate 1.24 |0.79 0.79 | 1.70
valine 185 |1.15 1.16 |0.82
1-carboxyethylvaline 5.01 3.92 2.51 | 0.96
3-methyl-2-oxobutyrate 116 |0.98 1.40 |0.89
isobutyrylcarnitine (C4) 1.81 1.82 1.26 | 0.88
Methionine, Cysteine, SAM methionine 2.29 1.27 1.24 |0.81
and Taurine Metabolism N-acetylmethionine 250 [264 |1.19 |0.81
N-formylmethionine 3.72 3.59 251 |1.69
methionine sulfone 1.00 1.01 1.29 |1.00
methionine sulfoxide 1.43 1.14 1.35 | 0.87
N-acetylmethionine sulfoxide 1.12 1.41 095 |0.71
S-adenosylmethionine (SAM) 2.22 291 3.29 |1.64
S-adenosylhomocysteine (SAH) 3.21 2.45 0.90 [0.73
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homocysteine 203 | 284 1.67 | 0.52
cystathionine 4.57 5.93 12.3 | 455
cysteine 1.61 1.81 1.37 | 0.87
N-acetylcysteine 1.53 1.14 049 |1.13
cystine 0.11 0.21 0.36 |0.74
lanthionine 1.65 3.00 3.37 | 2.18
hypotaurine 539 |4.10 3.16 |1.20
taurine 528 |347 244 |1.10
N-acetyltaurine 2.29 1.61 1.49 |1.20
3-sulfo-L-alanine 1.29 1.31 1.37 |1.00
Urea cycle; Arginine and arginine 1.35 0.95 1.12 |0.82
Proline Metabolism argininosuccinate 210 [139 |4.24 |1.67
ornithine 1.14 1.08 134 | 1.12
2-oxoarginine* 054 |0.51 0.56 | 0.61
citrulline 2.94 1.75 569 |2.64
proline 2.38 | 2.46 191 | 151
dimethylarginine (SDMA + ADMA) 0.92 1.15 0.58 |0.44
trans-4-hydroxyproline 1.63 1.40 1.06 | 0.79
pro-hydroxy-pro 1.18 1.31 035 [0.25
Creatine Metabolism creatine 1.42 1.62 1.38 | 0.86
creatinine 2.31 1.61 1.27 ]0.83
creatine phosphate 2.80 1.87 1.31 | 0.66
Polyamine Metabolism putrescine 0.80 |1.56 199 |0.68
spermidine 1.76 1.38 0.80 |0.48
5-methylthioadenosine (MTA) 2.65 | 250 2.85 | 1.97
N-acetylputrescine 191 |[4.42 204 |1.01
(N(1) + N(8))-acetylspermidine 478 |11.18 |157 |1.85
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Guanidino and Acetamido 4-guanidinobutanoate 3.08 1.01 1.17 |0.43
Metabolism
Glutathione Metabolism glutathione, reduced (GSH) 7.56 19.27 | 123 |2.33
glutathione, oxidized (GSSG) 2.66 |3.38 293 |1.91
cysteine-glutathione disulfide 0.61 0.76 0.97 |1.20
S-methylglutathione 1035 | 3756 |20.5 |2.48
S-lactoylglutathione 2.49 12.49 |1.88 |0.40
cysteinylglycine 1.23 |[8.55 2.03 | 1.86
5-oxoproline 0.91 0.84 0.52 | 0.52
Peptide Gamma-glutamyl Amino Acid | gamma-glutamylalanine 1.11 1.54 0.49 |0.48
gamma-glutamylcysteine 3.00 5.77 532 | 1.07
gamma-glutamylglutamate 1.97 1.70 2.05 |1.72
gamma-glutamylglutamine 0.19 1.00 1.00 |1.00
gamma-glutamylisoleucine* 200 |1.82 1.07 | 0.66
gamma-glutamyl-epsilon-lysine 0.78 |0.97 0.83 | 0.77
gamma-glutamylthreonine 1.21 2.33 1.65 | 0.76
gamma-glutamylvaline 1.58 1.54 0.88 | 0.60
gamma-glutamyl-2-aminobutyrate 1.51 1.55 0.60 |0.27
Dipeptide leucylglycine 023 |1.27 0.65 |0.29
phenylalanylglycine 0.33 0.98 0.43 |0.33
Acetylated Peptides phenylacetylglycine 1.84 1.51 1.04 | 111
Carbohydrate Glycolysis, Gluconeogenesis, glucose 1.11 0.85 1.06 |0.88
and Pyruvate Metabolism glucose 6-phosphate 1.18 |0.96 |0.44 |0.64
fructose 1,6-diphosphate/glucose 1,6- 0.98 |0.89 0.69 |0.41
diphosphate/myo-inositol diphosphates
dihydroxyacetone phosphate (DHAP) 0.84 0.79 0.63 | 0.36
2-phosphoglycerate 1.25 (042 0.56 |0.35
3-phosphoglycerate 0.47 0.58 0.65 | 0.66
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phosphoenolpyruvate (PEP) 053 |051 0.71 | 0.75
pyruvate 0.92 0.87 1.07 | 1.09
lactate 0.85 |0.87 0.73 | 0.74
glycerate 1.09 1[043 0.48 | 0.45
Pentose Phosphate Pathway 6-phosphogluconate 0.81 0.79 0.97 [0.83
sedoheptulose-7-phosphate 1.92 1.75 0.80 | 0.25
Pentose Metabolism ribitol 10.54 |5.51 2.68 | 0.51
ribonate 3.50 1.32 0.81 |0.47
arabitol/xylitol 3.90 1.90 1.00 |1.00
arabonate/xylonate 263 |0.61 0.18 |0.19
ribulonate/xylulonate* 1.24 0.89 1.18 | 0.88
Glycogen Metabolism maltotetraose 0.66 0.34 0.24 |0.27
Disaccharides and sucrose 255.7 |6.24 252 |5.41
Oligosaccharides
Fructose, Mannose and fructose 1.64 1.14 0.63 | 0.47
Galactose Metabolism mannitol/sorbitol 299 [1.65 [0.85 |0.40
mannose 0.83 0.85 0.42 |0.53
galactonate 5.53 1.98 1.62 | 0.37
Nucleotide Sugar UDP-glucose 1.24 1.23 0.97 |0.52
UDP-galactose 1.33 1.21 1.03 | 0.59
UDP-glucuronate 1.59 0.48 0.61 |0.22
guanosine 5'-diphospho-fucose 1.04 |[0.72 0.96 |0.53
UDP-N- 1.19 1.22 1.04 |0.53
acetylglucosamine/galactosamine
cytidine 5'-monophospho-N- 198 |2.63 1.89 |3.02
acetylneuraminic acid
Aminosugar Metabolism glucuronate 2.52 1.22 0.71 |0.39
N-acetylneuraminate 1.16 1.08 1.15 | 1.08
N-acetylglucosaminylasparagine 2.17 1.71 1.15 | 0.66
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erythronate* 4.45 1.68 1.72 | 1.00
N-acetylglucosamine/N- 0.75 ]0.95 1.08 | 0.88
acetylgalactosamine
Energy TCA Cycle citrate 2.74 1.67 203 |1.71
aconitate [cis or trans] 3.35 1.74 1.97 |1.83
alpha-ketoglutarate 3.80 |223 254 | 1.35
succinate 1.24 0.82 1.29 |0.86
fumarate 1.48 1.77 2.04 | 1.65
malate 185 |2.26 2.08 |1.63
2-methylcitrate/homocitrate 096 |1.11 0.99 |0.94
Oxidative Phosphorylation phosphate 0.99 0.79 0.94 | 0.86
Lipid Fatty Acid Metabolism acetyl CoA 0.19 0.26 0.28 |0.20
Medium Chain Fatty Acid caprylate (8:0) 1.63 |[0.16 0.12 |0.21
pelargonate (9:0) 0.77 1.04 0.77 | 1.27
caprate (10:0) 0.71 0.41 0.63 | 1.00
laurate (12:0) 0.82 0.35 040 |1.01
Long Chain Fatty Acid palmitate (16:0) 0.72 0.64 0.85 [0.78
stearate (18:0) 0.68 | 0.56 099 [0.78
nonadecanoate (19:0) 0.60 |0.55 0.96 | 0.68
10-nonadecenoate (19:1n9) 0.56 0.70 1.08 |1.01
arachidate (20:0) 0.68 0.60 1.08 |0.80
eicosenoate (20:1) 0.55 |0.59 1.01 |0.82
behenate (22:0)* 0.60 |0.41 0.92 |0.51
erucate (22:1n9) 0.60 0.58 0.86 | 0.53
nervonate (24:1n9)* 0.43 0.43 0.68 | 0.44
Polyunsaturated Fatty Acid (n3 | docosapentaenoate (n3 DPA; 22:5n3) 0.83 1.45 0.40 |1.02
and n6) docosahexaenoate (DHA; 22:6n3) 065 |[062 |0.72 |0.94
arachidonate (20:4n6) 0.64 |0.90 1.49 | 1.72
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docosadienoate (22:2n6) 0.45 0.64 0.87 |0.79
dihomo-linoleate (20:2n6) 0.50 0.63 1.13 | 0.91
mead acid (20:3n9) 0.59 0.85 1.62 |0.88
docosatrienoate (22:3n6)* 0.86 |0.93 0.75 |0.91
Fatty Acid, Dicarboxylate glutarate (C5-DC) 2.81 2.00 212 | 1.47
2-hydroxyglutarate 2.50 2.22 232 | 1.57
2-hydroxyadipate 4.08 1.64 6.96 |4.29
maleate 1.26 |0.29 0.35 | 0.67
Fatty Acid Metabolism (also butyrylcarnitine (C4) 2.60 1.60 1.38 | 0.27
BCAA Metabolism) propionyl CoA 011 [0.10 |0.06 |0.07
propionylcarnitine (C3) 1.45 1.89 1.02 | 0.59
methylmalonate (MMA) 0.89 0.75 0.81 |0.65
Fatty Acid Metabolism(Acyl acetylcarnitine (C2) 3.80 1.53 1.36 | 1.27
Carnitine) myristoylcarnitine (C14) 265 [1.95 [1.09 |1.09
palmitoylcarnitine (C16) 2.45 251 152 |1.10
palmitoleoylcarnitine (C16:1)* 296 | 2.62 1.29 |1.43
stearoylcarnitine (C18) 1.61 1.30 142 | 131
linoleoylcarnitine (C18:2)* 3.61 | 4.07 2.86 | 4.87
oleoylcarnitine (C18:1) 2.85 3.29 259 |1.98
margaroylcarnitine (C17)* 1.77 1.90 1.22 |1.63
Carnitine Metabolism deoxycarnitine 2.84 1.98 1.57 |0.92
carnitine 1.24 1.67 1.33 ]0.83
Endocannabinoid N-oleoyltaurine 1.11 1.78 3.25 | 345
N-stearoyltaurine 0.83 1.24 2.20 |2.12
palmitoleoyl ethanolamide* 1.20 |2.49 9.59 |28.64
Inositol Metabolism myo-inositol 295 | 211 236 |1.14
Phospholipid Metabolism choline 2.20 1.23 1.20 | 0.85
choline phosphate 1.39 1.06 0.83 | 0.49
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cytidine 5'-diphosphocholine 6.22 |5.94 3.35 | 1.66

glycerophosphorylcholine (GPC) 1.53 1.55 1.10 | 1.16

phosphoethanolamine 7.04 1.00 231 | 0.91

cytidine-5'-diphosphoethanolamine 4.20 1.67 1.85 | 0.56

glycerophosphoethanolamine 2.19 1.75 0.85 | 0.69

glycerophosphoinositol* 1.94 1.12 0.74 | 0.51

trimethylamine N-oxide 0.81 0.74 0.96 |0.84
Phosphatidylcholine (PC) 1-myristoyl-2-palmitoyl-GPC 0.72 0.70 0.98 |0.58

(14:0/16:0)

1-myristoyl-2-arachidonoyl-GPC 0.97 0.93 0.93 | 0.77

(14:0/20:4)*

1,2-dipalmitoyl-GPC (16:0/16:0) 0.56 |0.54 1.00 |0.53

1-palmitoyl-2-palmitoleoyl-GPC 0.79 0.75 0.98 |0.64

(16:0/16:1)*

1-palmitoyl-2-stearoyl-GPC (16:0/18:0) | 0.52 0.60 1.39 | 0.67

1-palmitoyl-2-oleoyl-GPC (16:0/18:1) 0.78 0.79 1.05 | 0.74

1-palmitoyl-2-gamma-linolenoyl-GPC 0.89 0.91 0.88 | 0.73

(16:0/18:3n6)*

1-palmitoyl-2-arachidonoyl-GPC 0.85 0.84 095 | 0.71

(16:0/20:4n6)

1-palmitoyl-2-docosahexaenoyl-GPC 1.01 1.01 1.22 |0.85

(16:0/22:6)

1-stearoyl-2-oleoyl-GPC (18:0/18:1) 0.70 |0.76 1.12 | 0.66

1-stearoyl-2-arachidonoyl-GPC 0.89 0.81 1.07 |0.72

(18:0/20:4)

1-stearoyl-2-docosahexaenoyl-GPC 0.89 0.86 117 | 0.71

(18:0/22:6)

1,2-dioleoyl-GPC (18:1/18:1) 0.79 |0.80 1.01 |0.74

1-oleoyl-2-linoleoyl-GPC (18:1/18:2)* | 0.83 | 0.72 0.98 | 0.90

1-oleoyl-2-docosahexaenoyl-GPC 095 ]0.92 0.98 |0.81

(18:1/22:6)*
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1,2-dilinoleoyl-GPC (18:2/18:2) 082 |0.84 0.99 |0.97

Phosphatidylethanolamine (PE) | 1,2-dipalmitoyl-GPE (16:0/16:0)* 0.48 0.44 1.54 | 0.46
1-palmitoyl-2-oleoyl-GPE (16:0/18:1) 0.53 |0.54 1.03 | 0.52
1-palmitoyl-2-arachidonoyl-GPE 0.58 |0.60 0.67 |0.51
(16:0/20:4)*
1-palmitoyl-2-docosahexaenoyl-GPE 0.67 |0.48 0.94 | 0.62
(16:0/22:6)*
1-palmitoleoyl-2-oleoyl-GPE 0.57 0.62 0.88 | 0.53
(16:1/18:1)*
1-stearoyl-2-oleoyl-GPE (18:0/18:1) 0.48 |0.49 0.93 |0.45
1-stearoyl-2-arachidonoyl-GPE 0.58 |0.58 0.94 | 0.54
(18:0/20:4)
1,2-dioleoyl-GPE (18:1/18:1) 0.54 |0.59 0.89 | 0.56
1-oleoyl-2-linoleoyl-GPE (18:1/18:2)* | 0.61 0.57 081 | 0.61
1-oleoyl-2-arachidonoyl-GPE 0.55 |0.64 0.69 |0.54
(18:1/20:4)*
1-oleoyl-2-docosahexaenoyl-GPE 0.65 |0.70 0.87 |0.71
(18:1/22:6)*

Phosphatidylserine (PS) 1-palmitoyl-2-oleoyl-GPS (16:0/18:1) 0.51 0.41 0.79 | 0.46
1-stearoyl-2-oleoyl-GPS (18:0/18:1) 0.53 0.45 085 |0.43
1-stearoyl-2-arachidonoyl-GPS 0.57 0.53 0.96 |0.66
(18:0/20:4)

Phosphatidylinositol (PI) 1,2-dioleoyl-GPI (18:1/18:1) 0.37 0.56 1.85 | 0.44
1-stearoyl-2-arachidonoyl-GPI 054 |0.63 1.08 |0.70
(18:0/20:4)
1-oleoyl-2-arachidonoyl-GPI 0.60 0.70 142 | 0.56
(18:1/20:4) *

Lysophospholipid 1-palmitoyl-GPC (16:0) 0.76 |0.70 0.44 |0.54
2-palmitoyl-GPC (16:0)* 0.57 |0.65 0.75 | 0.60
1-palmitoleoyl-GPC (16:1)* 0.75 ]0.86 1.31 |1.07
1-stearoyl-GPC (18:0) 0.82 0.64 0.33 | 0.27
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1-oleoyl-GPC (18:1) 0.79 |0.89 096 |1.27
1-linoleoyl-GPC (18:2) 093 |0.80 0.81 | 1.64
1-arachidonoyl-GPC (20:4n6)* 0.86 |0.84 1.43 | 3.44
1-palmitoyl-GPE (16:0) 071 |0.77 1.15 | 0.45
1-stearoyl-GPE (18:0) 0.72 |0.74 0.52 |0.39
1-oleoyl-GPE (18:1) 0.58 |0.53 1.15 | 0.61
1-arachidonoyl-GPE (20:4n6)* 0.53 |0.54 1.00 | 0.52
1-palmitoyl-GPS (16:0)* 050 043 0.57 | 0.75
1-stearoyl-GPS (18:0)* 0.63 |0.70 0.61 |0.41
1-oleoyl-GPS (18:1) 0.57 | 057 0.80 |0.92
1-palmitoyl-GPI (16:0) 0.67 |0.70 0.74 |0.72
1-stearoyl-GP1 (18:0) 0.89 1.47 0.68 | 0.73
1-oleoyl-GPI (18:1)* 0.67 |0.80 0.67 | 1.25
1-arachidonoyl-GPI (20:4)* 0.61 0.43 1.14 | 8.54
Plasmalogen 1-(1-enyl-palmitoyl)-2-oleoyl-GPE (P- | 0.58 0.55 1.05 |0.52
16:0/18:1)*
1-(1-enyl-palmitoyl)-2-palmitoyl-GPC | 0.74 | 0.79 1.60 | 0.74
(P-16:0/16:0)*
1-(1-enyl-palmitoyl)-2-palmitoleoyl- 1.48 1.16 1.73 |0.93
GPC (P-16:0/16:1)*
1-(1-enyl-palmitoyl)-2-arachidonoyl- 0.64 |0.63 0.88 | 0.55
GPE (P-16:0/20:4)*
1-(1-enyl-palmitoyl)-2-oleoyl-GPC (P- | 1.05 1.11 1.78 | 1.04
16:0/18:1)*
1-(1-enyl-stearoyl)-2-oleoyl-GPE (P- 056 |0.57 1.13 | 0.50
18:0/18:1)
1-(1-enyl-palmitoyl)-2-arachidonoyl- 1.22 1.08 155 |1.23
GPC (P-16:0/20:4)*
1-(1-enyl-stearoyl)-2-arachidonoyl-GPE | 0.56 | 0.58 0.94 |0.53

(P-18:0/20:4)*
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Lysoplasmalogen 1-(1-enyl-palmitoyl)-GPC (P-16:0)* 1.16 1.31 1.00 |0.73
1-(1-enyl-palmitoyl)-GPE (P-16:0)* 1.12 1.04 0.86 | 0.53
1-(1-enyl-oleoyl)-GPE (P-18:1)* 1.08 1.36 0.86 | 0.60
1-(1-enyl-stearoyl)-GPE (P-18:0)* 1.03 |[0.96 0.79 |0.48
1-(1-enyl-oleoyl)-2-oleoyl-GPE (P- 0.68 0.67 1.11 | 0.56
18:1/18:1)*

Glycerolipid Metabolism glycerol 0.96 0.75 0.12 | 0.96
glycerol 3-phosphate 2.83 1.44 094 |0.72
glycerophosphoglycerol 2.69 1.36 1.21 |0.48

Monoacylglycerol 1-myristoylglycerol (14:0) 0.74 ]0.42 0.38 | 1.17
1-palmitoylglycerol (16:0) 0.68 0.55 1.16 | 0.59
1-oleoylglycerol (18:1) 0.97 1.50 0.54 |2.55
2-palmitoylglycerol (16:0) 0.53 0.44 1.12 | 0.65

Diacylglycerol palmitoyl-palmitoyl-glycerol (16:0/16:0) | 0.40 | 0.63 1.14 | 0.63

2 *

;[)a]lmitoyl-arachidonoyl-glycerol 0.33 1.55 122 |0.38
(16:0/20:4) [1]*

palmitoyl-arachidonoyl-glycerol 0.34 0.52 1.99 | 0.46
(16:0/20:4) [2]*

stearoyl-arachidonoyl-glycerol 0.32 0.52 0.91 |0.43
(18:0/20:4) [1]*

stearoyl-arachidonoyl-glycerol 0.30 0.60 0.82 |0.48
(18:0/20:4) [2]*

oleoyl-arachidonoyl-glycerol 0.39 0.62 0.87 | 0.40
(18:1/20:4) [1]*

oleoyl-arachidonoyl-glycerol 0.35 0.42 0.81 | 0.38
(18:1/20:4) [2]*

Sphingolipid Synthesis sphinganine 0.95 0.92 141 |1.18
sphingadienine 0.74 0.70 0.61 | 041
phytosphingosine 094 |0.91 0.72 | 0.66
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Dihydroceramides N-palmitoyl-sphinganine (d18:0/16:0) 0.69 1.03 417 | 3.18

Ceramides N-palmitoyl-sphingosine (d18:1/16:0) 0.84 0.76 153 |0.73
N-stearoyl-sphingosine (d18:1/18:0)* 0.71 0.75 2.37 | 0.90
N-palmitoyl-sphingadienine 0.97 0.87 0.94 | 0.66
(d18:2/16:0)*
N-palmitoyl-heptadecasphingosine 0.83 |0.91 1.45 | 0.77
(d17:1/16:0)*
ceramide (d18:1/14:0, d16:1/16:0)* 0.94 0.79 131 | 0.72
ceramide (d18:1/17:0, d17:1/18:0)* 0.80 1.07 1.70 | 0.76
ceramide (d16:1/24:1, d18:1/22:1)* 0.42 1.44 1.87 |0.86
ceramide (d18:2/24:1, d18:1/24:2)* 051 |0.59 0.88 | 0.36

Hexosylceramides (HCER) glycosyl-N-palmitoyl-sphingosine 0.69 0.74 0.81 | 0.50
(d18:1/16:0)
glycosyl-N-stearoyl-sphingosine 0.62 1.00 1.26 | 0.68
(d18:1/18:0)
glycosyl ceramide (d16:1/24:1, 0.56 1.00 1.05 |0.40
d18:1/22:1)*
glycosyl ceramide (d18:2/24:1, 052 049 0.51 |0.29
d18:1/24:2)*

Lactosylceramides (LCER) lactosyl-N-palmitoyl-sphingosine 0.51 0.55 0.78 |0.40
(d18:1/16:0)
lactosyl-N-nervonoyl-sphingosine 0.46 |0.96 0.64 |0.19
(d18:1/24:1)*

Dihydrosphingomyelins myristoyl dihydrosphingomyelin 0.73 ]0.89 1.16 | 2.42
(d18:0/14:0)*
palmitoyl dihydrosphingomyelin 0.59 0.77 1.18 | 1.47
(d18:0/16:0)*
sphingomyelin (d18:0/18:0, 0.49 0.95 1.85 | 255
d19:0/17:0)*

Sphingomyelins palmitoyl sphingomyelin (d18:1/16:0) 0.70 |0.71 0.94 |0.65
stearoyl sphingomyelin (d18:1/18:0) 0.66 |0.73 1.06 | 0.62
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behenoyl sphingomyelin (d18:1/22:0)* | 0.49 0.63 1.03 | 0.52
tricosanoyl sphingomyelin 0.32 0.54 1.04 | 0.47
(d18:1/23:0)*

lignoceroyl sphingomyelin (d18:1/24:0) | 0.40 | 0.57 0.89 | 0.52
sphingomyelin (d18:2/23:1)* 0.48 0.60 0.76 | 0.52
sphingomyelin (d17:1/14:0, 0.75 0.80 0.72 | 0.61
d16:1/15:0)*

sphingomyelin (d18:1/14:0, 0.72 0.81 0.79 | 0.62
d16:1/16:0)*

sphingomyelin (d18:2/14:0, 0.73 ]0.82 0.81 |0.61
d18:1/14:1)*

sphingomyelin (d17:1/16:0, d18:1/15:0, | 0.71 0.78 0.81 | 0.60
d16:1/17:0)*

sphingomyelin (d17:2/16:0, 0.76 0.85 0.80 | 0.67
d18:2/15:0)*

sphingomyelin (d18:2/16:0, 0.72 0.79 0.74 |0.58
d18:1/16:1)*

sphingomyelin (d18:1/17:0, d17:1/18:0, | 0.63 | 0.76 0.89 |0.62
d19:1/16:0)

sphingomyelin (d18:1/20:0, 0.56 |0.69 1.28 | 0.57
d16:1/22:0)*

sphingomyelin (d18:1/20:1, 0.93 0.74 1.25 | 0.70
d18:2/20:0)*

sphingomyelin (d18:1/21:0, d17:1/22:0, | 1.00 1.00 0.97 |0.39
d16:1/23:0)*

sphingomyelin (d18:1/22:1, d18:2/22:0, | 0.59 0.65 1.04 | 0.60
d16:1/24:1)*

sphingomyelin (d18:2/23:0, d18:1/23:1, | 0.59 0.65 0.99 |0.55
d17:1/24:1)*

sphingomyelin (d18:1/24:1, 0.54 0.62 1.01 | 055

d18:2/24:0)*
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sphingomyelin (d18:2/24:1, 0.58 |0.62 0.90 |0.57
d18:1/24:2)*

Sphingosines sphingosine 0.90 0.80 0.72 | 0.50
hexadecasphingosine (d16:1)* 095 |0.75 0.62 |0.39
heptadecasphingosine (d17:1) 0.69 0.65 0.79 |0.48
eicosanoylsphingosine (d20:1)* 0.91 0.86 0.76 | 1.28

Mevalonate Metabolism 3-hydroxy-3-methylglutarate 3.90 2.94 3.25 | 3.08

Sterol cholesterol 054 |0.67 0.86 | 0.68
7-alpha-hydroxy-3-oxo-4-cholestenoate | 0.68 | 0.70 0.25 [0.25
4-cholesten-3-one 18.09 |14.37 |47.3 |27.66

Primary Bile Acid Metabolism | glycochenodeoxycholate 0.76 | 0.63 095 |1.13
taurochenodeoxycholate 0.71 0.75 084 |1.12

Secondary Bile Acid deoxycholate 6.69 1.00 1.43 | 1.00

Metabolism

Nucleotide Purine Metabolism, inosine 0.27 0.51 0.41 |0.39

(Hypo)Xanthine/Inosine hypoxanthine 022 [054 [0.40 [0.46

containing xanthine 125 |1.08 |221 |1.33
allantoin 3.59 1.38 1.00 | 1.79

Purine Metabolism, Adenine adenosine 5'-diphosphate (ADP) 1.01 1.30 0.97 |0.51

containing adenosine 5'-monophosphate (AMP) 1.72 [136 [1.53 |1.24
adenosine 3',5'-cyclic monophosphate 0.92 1.73 0.74 |0.40
adenosine 1.51 0.99 132 | 115
adenine 1.95 1.88 403 | 451
N1-methyladenosine 225 219 1.10 | 1.73
N6-carbamoylthreonyladenosine 233 |2.86 1.83 |1.10
2'-deoxyadenosine 5'-diphosphate 3.63 2.61 466 | 243
2'-deoxyadenosine 1.52 2.19 3.79 |3.31
guanosine 5'-triphosphate 0.99 1.34 1.23 | 0.17
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Purine Metabolism, Guanine guanosine 5'- diphosphate (GDP) 1.03 1.13 1.00 | 0.34

containing guanosine 5'- monophosphate (5-GMP) [2.62 [223 |[2.09 |154

guanosine 0.77 0.95 0.70 | 0.61

guanine 0.29 0.95 0.49 |0.64

7-methylguanine 268 |3.35 14.8 | 8.80

Pyrimidine Metabolism, dihydroorotate 11.48 | 7.07 499 | 522

Orotate containing orotate 6.24 |576 |[11.9 |3.27

4

orotidine 3.32 3.16 1.16 | 1.05

Pyrimidine Metabolism, Uracil | uridine 5'-triphosphate (UTP) 1.10 1.18 0.80 |0.27

containing uridine 5'-diphosphate (UDP) 1.16 |1.16 |0.81 |0.30

uridine 5'-monophosphate (UMP) 2.63 1.51 1.13 |0.80

uridine 0.48 |0.95 051 |0.44

uracil 0.65 |1.16 0.51 |0.33

pseudouridine 0.79 1.00 099 |141

3-ureidopropionate 1.03 0.70 2.78 | 2.16

beta-alanine 1.78 | 212 1.80 | 1.16

Pyrimidine Metabolism, cytidine triphosphate 1.30 1.50 1.61 | 0.68

Cytidine containing cytidine diphosphate 138 |[157 [1.51 |0.74

cytidine 5'-monophosphate (5'-CMP) 1.59 1.49 1.57 | 1.47

cytidine 0.69 |0.96 0.54 |0.72

cytosine 0.55 |0.67 1.11 | 0.57

2'-deoxycytidine 275 |3.19 2.63 | 242

Purine and Pyrimidine methylphosphate 0.60 | 0.66 0.71 | 0.46
Metabolism

Cofactors and Nicotinate and Nicotinamide nicotinamide 0.57 1.00 1.29 |1.10

Vitamins Metabolism nicotinamide ribonucleotide (NMN) 069 [081 [0.84 |0.69

nicotinamide riboside 041 |0.54 0.14 |0.13
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nicotinamide adenine dinucleotide 1.09 0.98 1.05 | 0.66
(NAD+)
nicotinamide adenine dinucleotide 0.96 0.83 0.38 |0.23
reduced (NADH)
1-methylnicotinamide 2.28 1.96 1.94 | 1.04
adenosine 5'-diphosphoribose (ADP- 0.84 1.12 1.08 |1.36
ribose)
Riboflavin Metabolism riboflavin (Vitamin B2) 1.34 0.91 1.00 |1.19
flavin adenine dinucleotide (FAD) 0.77 0.91 0.85 |0.79
Pantothenate and CoA pantothenate 1.74 1.43 1.45 |0.92
Metabolism coenzyme A 220 |486 |1.47 |0.77
Ascorbate and Aldarate gulonate* 4.65 2.60 0.69 |0.32
Metabolism
Tocopherol Metabolism alpha-tocopherol 0.67 0.67 0.62 |1.93
Folate Metabolism folate 098 |0.72 0.76 | 0.55
Thiamine Metabolism thiamin (Vitamin B1) 1.26 1.13 1.45 | 0.70
Vitamin B6 Metabolism pyridoxine (Vitamin B6) 1.18 |[0.95 1.00 |0.88
pyridoxamine 1.35 |[0.27 0.48 |0.99
pyridoxal phosphate 0.85 0.91 0.72 | 0.46
pyridoxal 1.85 1.58 1.27 | 0.78
Xenobiotics Benzoate Metabolism hippurate 0.96 |0.95 054 |1.13
benzoate 0.94 1.50 092 [0.84
p-cresol sulfate 1.19 0.46 0.37 | 0.71
Food Component/Plant gluconate 2.59 1.34 529 |1.15
beta-guanidinopropanoate 4.07 2.37 2.21 | 1.00
coumaroylquinate (4) 1.00 1.00 1.00 |1.00
ergothioneine 4.03 4.16 196 |0.95
N-glycolylneuraminate 1.22 0.99 0.95 |0.72
quinate 0.89 0.67 0.23 |1.42
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methyl glucopyranoside (alpha + beta) 0.47 1.65 0.61 |1.49
Drug - Antibiotic penicillin G 0.47 0.50 1.14 | 0.73
Chemical sulfate* 0.90 |0.90 1.01 |0.84
O-sulfo-L-tyrosine 1.19 1.15 0.94 | 0.57
phenol red 088 |0.77 0.60 |0.81
trizma acetate 6.41 0.07 0.14 |0.11
thioproline 1.13 1.14 1.05 | 0.97
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Chapter 4 - Viral Growth Factor Mediated Upregulation of Akt
Pathway Enhances ACLY Phosphorylation during Vaccinia Virus

Infection

Introduction

Metabolism has emerged as a new frontier for studying the interactions between host
cells and viruses during viral infections. The host cell possesses the nutritional resources
necessary for replication, and viral infections often result in the alteration of the metabolic
landscape of the infected cell, with different viruses deploying various strategies to hijack the
host cell machineries [1,2]. Although the study of virus-induced metabolic reprogramming has
gained considerable interest, the mechanisms underlying the viral repurposing of host cell
resources to generate the energy and biomolecules required for viral replication remain largely
unexplained. A better understanding of virus-induced metabolic regulation might reveal unique
opportunities for the development of novel antiviral strategies and uncover the fundamental
mechanisms that regulate cellular metabolism.

Vaccinia virus (VACV), the prototypical poxvirus, induces profound alterations in the
metabolism of its host cells [3-6]. VACV induces the oxidative phosphorylation (OXPHOS) and
the oxygen consumption rate (OCR) indicating the increased energy metabolism during VACV
infection [4]. Even when most host cell translation is suppressed, VACV induces the selective
upregulation of OXPHOS-associated mRNA translation [7]. VACYV infection enhances the levels
of several intermediates of the tricarboxylic acid (TCA) cycle, including citrate [6]. Interestingly,
VACV also depends on de novo fatty acid (FA) synthesis to generate an energy-favorable

environment [4], indicating the need for VACV to modulate FA metabolism. We have
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previously reported that VACYV infection is associated with an increase in the levels of carnitine-
conjugated FAs, which are essential for beta-oxidation, whereas the steady-state levels of long-
chain FAs (LCFAs) were reduced [6], suggesting that the VACYV infection induced changes in
FA metabolism. Here, we examined the molecular mechanisms underlying the VACV-mediated
modulation of a key step linking the TCA cycle and FA metabolism.

Citrate, which is the first metabolite produced by the TCA cycle, can be shuttled out of
the mitochondria to generate Acetyl-CoA [8,9]. Acetyl-CoA represents a key precursor of FA
biosynthesis and serves as an important source of the acetyl groups used for histone acetylation
[10]. The conversion rate from citrate to Acetyl-CoA is governed by the enzyme ATP citrate
lyase (ACLY) [9]. Therefore, ACLY links carbohydrate metabolism (glycolysis and the TCA
cycle), glutamine metabolism (reductive carboxylation), FA synthesis, and histone acetylation,
making it a pivotal enzyme in cellular metabolism [11,12]. Unsurprisingly, the expression and
activity of ACLY are significantly upregulated in several malignancies such as bladder, breast,
lung, liver, stomach, prostate, and colon cancers [11,13-17], and the overexpression of ACLY
correlates with poor prognosis in lung adenocarcinoma and blood cancers [14,18]. In addition,
the chemical and genetic suppression of ACLY has been shown to inhibit the proliferation and
progression of various cancers [19]. Because ACLY acts at a critical juncture of host metabolism
(Fig 4.1A), ACLY expression levels could also be affected by many viruses. However, the
mechanisms through which viral infection might modulate this key host metabolic enzyme are
poorly understood.

The phosphorylation of ACLY at serine 455 (S455; in humans and mice) increases
enzymatic activity [20]. ACLY expression is regulated by various signals that communicate

nutritional status and stimulate growth signaling [19]. VACV activates growth factor signaling in
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infected cells via viral growth factor (VGF), the viral homolog of cellular epidermal growth
factor (EGF) and transforming growth factor [21-26]. In addition to critical functions in the
induction of proliferative effects and viral spread, VGF is important for VACV replication in
quiescent cells and mouse models [27,28]. We previously demonstrated that VGF is a key viral
protein that enhances citrate levels in infected cells by increasing EGFR and MAPK activation
and inducing the non-canonical phosphorylation STAT3 [6]. Interestingly, the activation of the
PI3K/Akt pathway by EGFR and insulin signaling represents a primary regulatory mechanism
for ACLY phosphorylation and activation [19,20,29]. VACYV infection also enhances the
phosphorylation of Akt in a VGF-dependent manner [21,30], suggesting a key role for VGF in
the regulation of ACLY in VACV-infected cells.

Here, we report that VACYV infection stimulates the S455 phosphorylation of ACLY in
cultured cells, and the chemical and genetic inhibition of ACLY severely suppresses VACV
replication. We demonstrated that ACLY phosphorylation is necessary for the efficient
expression of VACV early proteins. Remarkably, we found that VGF-induced growth factor
signaling is essential for the VACV-mediated upregulation of ACLY phosphorylation. We
further showed that the upregulation of ACLY phosphorylation during VACV infection is
dependent on the activation of the cellular Akt pathway. These findings identified a novel
function for VGF in the governance of virus-host interactions through the induction of a key
enzyme associated with host FA metabolism. Our study also provides a basis for the role played
by VGF and its downstream signaling cascades in the modulation of lipid metabolism in VACV-
infected cells. Furthermore, our findings expand our understanding of the role played by growth

factors in the regulation of cellular metabolism.
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Materials and methods

Cells and viruses

Primary HFFs were a kind gift from Dr. Nicholas Wallace at Kansas State University.
Primary HFFs and HeLa cells (ATCC CCL-2) were grown in Dulbecco’s modified Eagle
medium (DMEM; Fisher Scientific), supplemented with 10% fetal bovine serum (FBS; Peak
Serum), 2 mM glutamine (VWR), 100 U/ml of penicillin, and 100 ug/ml streptomycin (VWR) in
a humidified incubator at 37 °C with 5% CO2. BS-C-1 cells (ATCC CCL-26) were cultured in
Eagle’s minimal essential medium (EMEM; Fisher Scientific) using the same supplements and
environments described for HFF culture. The WR strain of VACV (ATCC VR-1354) was
amplified, purified, and quantified using previously described titration methods [58]. When the
cells reached the desired confluency of approximately 90-95%, they were infected with the
indicated MOI of the indicated viruses in special DMEM (Fisher Scientific) lacking glucose, L-
glutamine, L-asparagine, sodium pyruvate, and phenol red, which was supplemented with 2%
dialyzed FBS (Gibco), 100 U/ml of penicillin, and 100 pg/ml streptomycin (VWR). The medium
was further supplemented with 1 g/L glucose (Fisher Scientific), glucose plus 2 mM glutamine,
or glucose plus 2 mM L-asparagine as required.
Generation of VGF (C11R) deletion and revertant VACV

vAVGF and vVAVGF_Rev mutant VACYV strains were generated using a previously
described protocol [6]. Briefly, the VGF-encoded C11R gene was replaced with a green
fluorescent protein (GFP) gene through homologous recombination. An overlapping polymerase
chain reaction (PCR) was performed to generate a DNA fragment containing the VACV P11
promoter, followed by the GFP coding sequence. Flanking regions including 500-bp homologous

sequences upstream and downstream of the C11R gene were included to facilitate
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recombination. Recombinant viruses expressing GFP were harvested from HelLa cells (ATCC
CCL-2) and were plaque purified in BS-C-1 cells. After several rounds of purification, when
100% of the plaques expressed GFP, the deletion of both C11R copies at both ends of the virus
genome was verified by PCR. The VGF revertant VACV (VAVGF_Rev) virus was generated
using a similar approach. A DNA fragment containing one copy of the C11R gene under the
natural VACV C11 promoter and followed by a dsRED coding sequence under the P11 promoter
was inserted in the central region of the VACV genome, between the loci VACWR146 and
VACWR147.

Antibodies and chemicals

Antibodies against phospho-ACLY (S455), total ACLY, phospho-STAT3 (S727),
phospho-STAT3 (Y705), and total STAT3, phospho-EGFR (Y1068), total EGFR, phospho-Akt
(S473), total Akt, and horseradish peroxidase-conjugated secondary antibodies were purchased
from Cell Signaling Technology. The anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) antibody was purchased from Santa Cruz Biotechnology.

The ACLY inhibitor SB 204990 was purchased from Cayman Chemicals. Other chemical
inhibitors, including etomoxir, MK-2206 2HCI, H89, stattic, afatinib, and PD0325901 were
purchased from Selleck chemicals and used at the indicated concentrations. Cytosine-1-B-D-
arabinofuranoside (AraC) and cycloheximide were purchased from Sigma-Aldrich.

Cell viability assay

Cell viability assays were performed using a hemocytometer and the trypan blue
exclusion assay, as described previously [59]. Briefly, after performing each indicated treatment
for the indicated time, cells grown in a 12-well plate were harvested with 300 pL trypsin and

mixed with 500 uL DMEM using a micropipette. Equal volumes (20 uL) of the cell suspension
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and 4% trypan blue (VWR) were gently mixed, and the numbers of live and dead cells in each
condition were counted using a hemocytometer.
Western blotting

Western blot was performed as previously described [60]. Briefly, after the indicated
treatment for the indicated time, the cells were lysed in NP-40 cell lysis buffer and reduced with
100 mM dithiothreitol (DTT), followed by denaturation in sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer. The samples were boiled at 99
°C for 5 min and separated by SDS-PAGE, followed by transfer to a polyvinylidene difluoride
(PVDF) membrane. Membrane blocking was performed for 1 h at room temperature in 5%
bovine serum albumin (BSA; VWR) in Tris-buffered saline containing Tween-20 (TBST). The
indicated primary antibodies were diluted in the BSA blocking buffer and incubated overnight at
4 °C. After three washes with TBST for 10 minutes, the membrane was incubated with
horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Finally, the
membranes were developed with Thermo Scientific SuperSignal West Femto Maximum
Sensitivity Substrate and imaged using a c300 Chemiluminescent Western Blot Imaging System
(Azure Biosystems). If western blotting analysis using another antibody was required, the
antibodies were stripped from the membrane by Restore (Thermo Fisher Scientific, Waltham,
MA, United States), and the processes of blocking, primary antibody, secondary antibody, and
imaging were repeated.
Quantitative reverse transcription PCR (QRT-PCR)

After the indicated treatment, total RNA was extracted from cells using TRIzol reagent
(Ambion). The obtained RNA was then purified using Invitrogen PureLink RNA mini kit

(Thermo Fisher Scientific), and the concentration and purity of the extract RNA were determined
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using a nanodrop. To reverse transcribe (RT) the RNA into cDNA, 500 ng RNA was used as a
template. The RT step was performed using random hexamer primers and SuperScript I11 first-
strand synthesis kit (Invitrogen). The relative levels of the indicated mMRNA were detected by
performing a quantitative PCR (qPCR) using an All-in-One 2X gPCR mix (GeneCopoeia) and
primers specific to the indicated genes. qRT-PCR was performed in a CFX96 Real-Time PCR
Detection System (Bio-Rad) machine using the following settings: initial denaturation at 95 °C
for 3 min, followed by 39 cycles of denaturation at 95 °C for 10 s, annealing and reading
fluorescence at 52 °C for 30 s, and extension at 72 °C for 30 s. 18SRNA served as the internal
control for normalization using the 2744¢T method.
RNA interference

Specific siRNAs for the indicated target genes and the negative control sSiRNAs were
purchased from Qiagen. The siRNAs were mixed in Lipofectamine RNAIMAX transfection
reagent (Fisher Scientific) and transfected to the HFFs in a 6 well plate at a final concentration of
5 nm in OPTIMEM media as per the manufacturer’s instructions. After 48 hours post
transfection, the efficiency of knockdown was confirmed using a western blotting assay.
Gaussia luciferase assay

The Gaussia luciferase activity assay in the cell culture supernatant was performed as
previously described [33]. In short, cells were infected with recombinant VACV encoding
Gaussia luciferase under the control of the VGF (C11R) viral early promoter (VEGIluc). After the
indicated time points, the cell culture media was collected, and luciferase activity was measured

using Pierce Gaussia luciferase flash assay kit (Thermo Scientific) and a luminometer.
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Statistical analyses

Unless otherwise stated, the data presented represent the mean of at least three biological
replicates. Data analysis was performed in Microsoft Excel (version 16.14) using a two-tailed
paired t-test to evaluate any significant differences between two means. The error bars indicate
the standard deviation of the experimental replicates. The following convention for symbols was
used to indicate statistical significance: ns, P >0.05; *, P <0.05; **, P <0.01; *** P <0.001;
wack P <0.0001.

Results

VACYV infection upregulates ACLY phosphorylation

We previously showed that VACYV infection increases the levels of citrate [6] and other
TCA cycle intermediates in primary human foreskin fibroblasts (HFFs). Citrate is a key
biomolecule that not only governs TCA cycle activity but also regulates FA metabolism [12].
Citrate can be transported out of the mitochondria into the cytoplasm, where it is converted into
Acetyl-CoA and oxaloacetate (OAA), and Acetyl-CoA serves as a precursor for FA biosynthesis.
The conversion of citrate to Acetyl-CoA is catalyzed by the enzyme ACLY [9]. The
phosphorylation of ACLY at S455 in humans and mice or S454 in rats increases enzymatic
activity [20]. We first tested the effect of VACV infection on ACLY phosphorylation using
primary HFFs infected with the WT Western Reserve (WR) VACYV strain. Remarkably, we
found that VACYV infection increased ACLY phosphorylation at S455 (Fig 4.1B). To determine
the timing of the upregulation of ACLY phosphorylation relative to viral infection, we infected
HFFs with WT VACYV and examined ACLY phosphorylation at different time post-infection.

We found that VACV infection increased ACLY phosphorylation as early as 30 minutes post-
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infection, and this increase remained observable 8 hours post-infection (hpi) (Fig 4.1C),
indicating that the virus was able to modulate ACLY activity starting early during the infection.
Next, we examined the effects of inhibiting ACLY phosphorylation on VACYV replication
using SB 204990, which is a selective and potent inhibitor of ACLY [31]. Notably, SB 204990
treatment significantly reduced the VACYV titers by 18- and 13-fold in cells infected at
multiplicity of infection (MOI) values of 2 and 0.1, respectively (Fig 4.1D), without affecting
HFF viability as measured by a trypan blue assay (Fig 4.1E). We then examined the genetic
suppression of ACLY levels using small interfering RNAs (SiIRNAs). ACLY -specific SIRNAs
effectively reduced the protein expression levels of ACLY (Fig 4.1F) without affecting cell
viability (Fig 4.1G). ACLY silencing severely suppressed VACV replication (Fig 4.1H). Taken
together, these results demonstrated an important role for ACLY in VACV replication.

Stimulation of ACLY phosphorylation requires the efficient expression of VACV

early proteins

VACYV gene expression occurs in a cascade, with early, intermediate, and late stages [32],
and each step in this cascade produces the proteins and precursors that are required for the next
stage. Accordingly, the VACV replication stages can also be classified into three stages,
characterized by the stage of gene expression. Next, we aimed to determine which stages of
VACYV replication require ACLY activity. To study the effects of ACLY inhibition on VACV
gene expression, we infected HFFs with a recombinant VACYV that encodes Gaussia luciferase
under the control of a viral early-protein promoter (C11R, VEGIluc). Viral gene expression can be
assessed by measuring the activity of Gaussia luciferase secreted in the cell culture media [33].
ACLY inhibition by SB 204990 suppressed early VACV gene expression (Fig 4.2A). The

observed upregulation of ACLY phosphorylation at an early timepoint post-infection (Fig 4.1C)
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and the suppression of VACV early gene expression following ACLY inhibition (Fig 4.2A)
suggest that an early VACV replication event is involved in the induction of ACLY
phosphorylation in infected cells. We further examined whether the inhibition of DNA
replication affected ACLY phosphorylation in VACV-infected cells using AraC, a well-
established inhibitor of DNA replication that does not disrupt early viral protein synthesis [34].
Treatment with AraC did not affect the increased ACLY phosphorylation observed in VACV-
infected cells (Fig 4.2B), which suggested that the enhancement of ACLY phosphorylation was
able to occur prior to DNA replication. Next, we tested whether the inhibition of protein
synthesis affected ACLY phosphorylation following VACYV infection by treating the HFFs with
cycloheximide (CHX), a well-known inhibitor of translation [35]. Interestingly, the inhibition of
protein synthesis significantly reduced the increase in ACLY phosphorylation following VACV
infection (Fig 4.2C). CHX treatment reduced ACLY phosphorylation levels in uninfected HFFs
but the effect was minimal compared to that in infected cells. Taken together, these results
indicated that an early viral protein is necessary for the upregulation of ACLY phosphorylation
in VACV-infected HFFs.
Growth factor signaling is essential for the VACV-mediated upregulation of ACLY
phosphorylation

Next, we sought to identify the VACYV early protein responsible for inducing ACLY
phosphorylation. Because VGF is the most highly expressed gene among the 118 VACV early
genes [36,37], and because we previously identified VGF as a key player in the upregulation of
citrate levels in VACV-infected cells [6], we made VGF the primary candidate of our
investigation. We used a recombinant VACYV from which both copies of the VGF gene were

deleted (vVAVGF) from the inverted terminal repeats of the VACV DNA. Furthermore, we
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generated another recombinant VACV containing only one copy of the VGF gene under the
control of its natural promoter but inserted into a different locus than the original VGF gene in
the central region of the viral genome (VAVGF Rev). Remarkably, although infection with WT
VACYV upregulated ACLY phosphorylation, infection with vAVGF abolished this upregulation
(Fig 4.3A). Notably, phosphorylation could be rescued by infection with vAVGF Rev,
indicating that VGF is a crucial viral protein required to induce ACLY activity (Fig 4.3A).
Further tests remain necessary to determine whether VGF alone is sufficient to activate ACLY
phosphorylation or whether co-factors are involved in this process.

VGF is a VACV protein that is secreted early following VACV infection and represents a
viral homolog of cellular EGF and transforming growth factor [24,26,38]. VGF is vital for the
replication and virulence of VACV in animal models and quiescent cells [27,28]. Furthermore,
VGF induces proliferative effects in infected cells and facilitates cellular motility and spread
[21,23] through the activation of the EGFR signaling cascade [21,25]. Because VGF deletion
renders VACV unable to increase ACLY phosphorylation, we surmised that VGF-mediated
EGFR signaling is involved in the upregulation of ACLY phosphorylation. To explore this
possibility, we first tested the effects of an irreversible EGFR inhibitor, afatinib [39], on ACLY
levels at a concentration that was previously shown to not affect HFF viability [6]. Remarkably,
afatinib treatment reduced the observed increase in ACLY phosphorylation in VACV -infected
cells, with minimal effects observed on uninfected controls (Fig 4.3B). Combined with the
previous findings from our lab and others, showing significant reductions in VACV titers
following the inhibition of the EGFR pathway [6,40], our current results indicated that VGF-

induced EGFR signaling and ACLY phosphorylation play major roles in VACV replication.
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MAPK is a downstream effector molecule of EGFR [41,42]. To test whether the MAPK
pathway is involved in the induction of ACLY phosphorylation, we used PD0325901, a selective
inhibitor of the MAPK/ERK pathway [43]. We found that PD0325901 treatment had minimal
effects on ACLY phosphorylation in VACV-infected samples (Fig 4.3B). We have also
previously demonstrated that VGF induces the non-canonical phosphorylation of STAT3 at S727
[6]. To determine whether STAT3 inhibition affected ACLY phosphorylation, we treated cells
with stattic, a well-known STAT3 inhibitor [44]. The effects of stattic treatment on ACLY
phosphorylation were insignificant (Fig 4.3B). These results suggested that ACLY activation
during VACYV infection occurs independently of the MAPK and STATS3 signaling pathways.

VACYV infection upregulates ACLY phosphorylation in an Akt signaling-dependent
manner

Growth factors activate the PI3K-Akt cascade to elicit a variety of cellular functions [45].
Akt is the predominant activator of ACLY phosphorylation [14,20]. Interestingly, VACV
infection is known to activate Akt phosphorylation, which can be observed at an early post-
infection time point [30] and appears to be VGF-dependent [21] (Fig 4.4A). We, therefore,
examined whether Akt is necessary for the induction of ACLY phosphorylation in VACV-
infected cells. We measured the levels of ACLY phosphorylation in uninfected and VACV-
infected HFFs treated with MK-2206, a highly selective Akt inhibitor [46]. MK-2206 treatment
reduced ACLY phosphorylation in both uninfected and VACV-infected conditions (Fig 4.4B).
The reduction in the uninfected control was less pronounced than that observed in VACV-
infected HFFs (Fig 4.4B). After Akt, protein kinase A (PKA) is another well-studied activator of
ACLY [47]. We used H89, a selective inhibitor of PKA [48], to test the effects of PKA inhibition

on ACLY levels following VACYV infection. PKA inhibition, however, was not as efficient as

184



Akt inhibition for reducing ACLY phosphorylation in either uninfected or VACV-infected
conditions (Fig 4.4B), which suggested that PKA plays a less important role than Akt in ACLY
phosphorylation. The chemical inhibition of Akt using MK-2206 also significantly reduced
VACV titers by 11- and 21-fold at an MOI of 2 and 0.1, respectively (Fig 4.4C), without
affecting HFF viability (Fig 4.4D). These findings agree with previous report showing reduction
of VACV titers upon Akt inhibition [30] and highlight the importance of Akt-induced ACLY
phosphorylation for VACV replication. We further tested the effects of EGFR, MAPK, and
STAT3 inhibition on Akt levels during VACYV infection. Unsurprisingly, the inhibition of EGFR,
but not MAPK or STATS3, suppressed Akt phosphorylation in VACV-infected cells but not in
uninfected controls (Fig 4.4E). Taken together, these results indicated that the VGF-induced
EGFR pathway serves as an upstream activator of Akt phosphorylation during VACV infection,
which results in enhanced ACLY phosphorylation. ACLY phosphorylation during VACV
infection occurs independently of EGFR-induced MAPK, which is a mechanism that is also
evident in several cancers [14].

Discussion

We report that VACYV infection increases the S455 phosphorylation of ACLY and
provide evidence to support the dependence of this activation on VGF, the VACV homolog of
cellular EGF. EGFR-induced Akt phosphorylation is critical to the enhancement of ACLY
phosphorylation in VACV-infected cells. These findings provide a platform for examining the
role played by VGF in the modulation of aspects of the host cell metabolism that involve the

functions of ACLY.
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ACLY sits at the crossroads of the TCA cycle, FA metabolism, and glutamine
metabolism. Interestingly, VACV induces changes in all three aforementioned aspects of cell
metabolism, suggesting that ACLY serves as a key player in the mediation of VACV-host
interactions. We have previously shown that VACYV infection increases the levels of TCA cycle
intermediates [6]. VACV has also been shown to upregulate glutamine metabolism, such that the
absence of glutamine from the growth media severely attenuates VACYV replication [3,4], and
VACYV depends on FA metabolism for efficient replication [4]. Paradoxically, despite the
increased phosphorylation of the catalyst (ACLY), VACYV infection appears to induce the
production of higher levels of the reactant (citrate) and lower levels of the product (Acetyl-CoA).
We did not observe a significant increase in the protein levels of the mitochondrial citrate
transporter or any obvious increases in levels of phosphorylated ACC1, which catalyzes the
irreversible carboxylation of Acetyl-CoA required for FA synthesis (not shown). Furthermore, a
general decrease in the steady-state levels of LCFA was observed following VACYV infection [6].
LCFAs are acylated and then carnitylated by carnitine palmitoyltransferase (CPT1), and the
modified LCFAs are then transported into the mitochondrial matrix, where they undergo beta-
oxidation to fuel the TCA cycle [49]. Interestingly, the levels of carnitylated FASs increase
following VACYV infection, suggesting the VACV-induced upregulation of FA beta-oxidation
[6]. Furthermore, the mRNA levels of CPT1B, which mediates the carnitylation of fatty acyl
CoA s targeted for transport into the mitochondria for beta-oxidation, increased during VACV
infection in a VGF-dependent manner (not shown). VACYV infection upregulates the beta-
oxidation of FAs in a VGF-dependent manner (not shown). Our observations indicated that the
observed increase in ACLY phosphorylation led to increased FA metabolism, geared toward

generating beta-oxidation intermediates that are eventually recycled to the TCA cycle to generate
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energy. These findings support a previous report that ACLY positively regulated the carnitine
system [50].

Our results raised an intriguing question: why does VACV go through such lengths to
upregulate the levels of TCA cycle intermediates? By upregulating ACLY phosphorylation and
redirecting the host metabolism toward the carnitylation of FAs, VACV could achieve two
separate goals. First, because VACV is an enveloped virus, it requires lipid molecules to
synthesize its membrane [51]. The decrease in LCFA levels may reflect the enhanced
consumption of lipids during virion morphogenesis. Second, lipid metabolism is essential for the
generation of an energy-rich state to support the increased demands associated with viral
replication [4]. Although VACYV generally inhibits the overall protein synthesis of the host cell,
OXPHOS-related genes that are essential for energy generation are selectively upregulated [7].
Our results that VACV induced increases in carnitylated FAs, CPT1B mRNA, and the beta-
oxidation of FAs provide physiological relevance to the selective upregulation of CPT1B mRNA
observed during VACYV infection [7].

VGF is crucial for the induction of ACLY phosphorylation in VACV-infected cells.
VACV activates the PI3K-Akt pathway early during infection [30], and Akt phosphorylation
increases upon VACYV infection in a VGF-dependent manner [21]. Here, we showed that VACV
induced ACLY phosphorylation via the VGF-induced EGFR-Akt signaling pathway, starting
early during infection, and ACLY inhibition suppressed VACV early gene expression,
demonstrating a crucial role for the interaction between VGF and ACLY in VACV replication.
Our preliminary experiments indicate that VGF is sufficient to induce ACLY phosphorylation in
the absence of VACYV infection (not shown). Additional mechanistic studies remain necessary to

characterize the motifs involved in the molecular interactions between VGF and ACLY and the
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impacts of this interaction on the beta-oxidation of FAs. Taken together, these results combined
with the report that VGF upregulates non-canonical STAT3 phosphorylation to induce citrate
levels, our current study highlights the importance of VGF as a “master” regulator of cellular
metabolic alterations during VACV infection.

ACLY is not the sole source of Acetyl-CoA and is not exclusively localized to the
cytoplasm [52]. During nutrient-restricted conditions, such as starvation, the enzyme ACCS2 can
convert acetate into Acetyl-CoA [53,54]. During human cytomegalovirus (HCMV) infection, the
loss of the ability to utilize citrate for Acetyl-CoA synthesis through ACLY has little effect on
either lipid synthesis or viral growth because ACCS2 compensates for the loss of ACLY [55].
Because acetate supplementation did not enhance VACYV replication (not shown) and ACLY
inhibition severely suppressed viral replication, the function of ACCS2 appears unlikely to be of
similar importance as ACLY during VACV infection. Although ACLY is a predominantly
cytosolic enzyme, several studies have reported its localization to the nucleus [52,56]. The
Acetyl-CoA generated in the nucleus by nuclear ACLY is vital for homologous recombination
[56] and histone acetylation [52]. Further studies remain necessary to determine the intracellular
distribution of ACLY during VACYV infection and the effects, if any, of altered localization
patterns on the modulation of transcription.

In conclusion, this study demonstrated that the VGF-EGFR-Akt-induced ACLY
phosphorylation is crucial for VACYV replication. Because poxviruses are widely used to develop
oncolytic agents [57], and the ACLY -induced metabolism is often dysregulated in cancer cells
[12,19], our findings could lead to improvements in poxvirus-based oncolytic virotherapy and

the development of better antipoxvirus agents.
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Figure 4.1. VACYV upregulates ACLY phosphorylation.

(A) ATP citrate lyase (ACLY) is a key player in cell metabolism. The enzyme ACLY converts
citrate, generated by the TCA cycle from glucose or glutamine, into acetyl coenzyme A and
oxaloacetate. Acetyl coenzyme A can be further utilized for lipid synthesis, sterol synthesis, and
histone acetylation (B) Vaccinia virus (VACYV) infection induces the activation of ACLY
phosphorylation at serine 455. Human foreskin fibroblasts (HFFs) were infected with wild-type

(WT) VACV at a multiplicity of infection (MOI) of 5. Western blotting analysis was performed
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to measure the levels of ACLY at 4 h post-infection (hpi). (C) The upregulation of ACLY S455
phosphorylation can be observed early during VACYV infection. HFFs infected with WT VACV
at an MOI of 5. The samples were collected at 10 minutes, and 1, 2, 4, and 8 hpi, followed by
western blotting analysis. (D) The inhibition of ACLY suppresses VACV replication. HFFs were
infected with WT VACYV in the presence or absence of 100 uM SB-204990. Virus titers were
measured by a plaque assay at 24 hpi (MOI = 2) and 48 hpi (MOI =0.1). (E) The inhibition of
the ACLY does not alter HFF viability. HFFs were grown in the presence or absence of 100 uM
SB-204990 for 48 h. Cell viability was determined by trypan blue exclusion assay using a
hemocytometer. (F) siRNA-mediated knockdown of ACLY. HFFs were transfected with a
negative control SiRNA or two specific SiRNAs targeting ACLY for 48 h. Western blot was
performed to measure the levels of ACLY protein expression. (G) ACLY knockdown does not
affect HFF viability. HFFs were transfected with the indicated siRNAs for 48 h, and cell viability
was determined by trypan blue exclusion assay. (H) siRNA-mediated knockdown of STAT3
decreases VACYV infection. HFFs were transfected with the indicated siRNAs for 48 h and
infected with WT VACYV at an MOI of 2 or 0.1. Viral titers were measured at 24 hpi (MOI = 2)
and 48 hpi (MOI = 0.1). Unless otherwise stated, all infections were performed in media
containing both glucose and glutamine. Error bars represent the standard deviation of at least
three biological replicates. ns, P> 0.05; *, P <0.05; **, P <0.01; *** P <0.001.
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Figure 4.2. ACLY phosphorylation is required for the efficient expression of VACV early
proteins.

(A) ATP citrate lyase (ACLY) inhibition reduces vaccinia virus (VACV) early gene expression.
Human foreskin fibroblasts (HFFs) were infected at a multiplicity of infection (MOI) of 2 with
recombinant VACV expressing Gaussia luciferase under the control of the virus growth factor
(VGF) early gene promoter in the presence or absence of 100 pM SB-204990. Early gene
expression was measured using a Gaussia luciferase activity assay kit at 1, 2, and 4 h post-
infection (hpi). (B) The inhibition of translation but not of DNA synthesis does inhibit increased
ACLY phosphorylation upon VACV infection. HFFs were infected with wild-type (WT) VACV
at an MOI of 5 in the presence or absence of 40 pg/mL AraC or 100 pg/mL cycloheximide.
ACLY levels were measured at 4 hpi by a Western blotting. Unless otherwise stated, all the
infections were performed in media containing both glucose and glutamine. Error bars represent

the standard deviation of at least three biological replicates. *, P <0.05; **, P <0.01.
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Figure 4.3. VACYV infection induces ACLY S455 phosphorylation in a VGF-dependent
manner.

(A) Vaccinia virus (VACV) virus growth factor (VGF) is crucial for the activation of ATP citrate
lyase (ACLY) phosphorylation (S455). Human foreskin fibroblasts (HFFs) were infected with
the indicated viruses at an MOI of 5. Western blotting analysis was performed to measure the
levels of ACLY at 4 h post-infection (hpi). (B) VGF-induced epidermal growth factor receptor
(EGFR) signaling is required to activate ACLY phosphorylation in VACV-infected cells. HFFs
infected with WT VACYV at an MOI of 5 in the presence or absence of 3 uM afatinib, 20 uM
PD0325901, or 3 uM stattic. ACLY levels were detected by western blotting at 4 hpi. Unless
otherwise stated, all the infections were performed in media containing both glucose and

glutamine.
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Figure 4.4. VACYV infection upregulates ACLY phosphorylation in an Akt-dependent

manner.

(A) Vaccinia virus (VACYV) infection induces protein kinase B (Akt) phosphorylation in a virus

growth factor (VGF)-dependent manner. Human foreskin fibroblasts (HFFs) were infected with

the indicated viruses at a multiplicity of infection (MOI) of 5 for indicated time points. Western

blotting analysis was performed to measure the levels of ATP citrate lyase (ACLY). (B) Akt

inhibition suppresses ACLY phosphorylation under VACV-infected conditions. HFFs infected
with MOI 5 of wild-type (WT) VACYV for 4 h in the presence or absence of 5 uM MK 2206 (Akt
inhibitor) or 5 uM H89 (PKA inhibitor). ACLY levels were measured by western blot. (C) The
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inhibition of the Akt suppresses VACV replication. HFFs were infected with WT VACYV in the
presence or absence of 5 UM MK 2206. Virus titers were measured by a plaque assay at 24 hpi
(MOI = 2) and 48 hpi (MOI = 0.1). (D) The inhibition of Akt does not affect HFF viability.
HFFs were grown in the presence or absence of 5 uM MK 2206 for 48 h. Cell viability was
determined by trypan blue exclusion assay. (E) The inhibition of epidermal growth factor
receptor (EGFR) signaling suppresses Akt phosphorylation upon VACYV infection. HFFs
infected with WT VACYV at an MOI of 5 in the presence or absence of 3 uM afatinib, 20 uM
PD0325901, or 3 uM stattic. Akt levels were detected by western blotting assay at 4 hpi. Unless
otherwise stated, all the infections were performed in media containing both glucose and
glutamine. ns, P >0.05; ** P <0.01; *** P <0.001.
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Abstract

Asparagine biosynthesis and breakdown are tightly regulated in mammalian cells. Recent
studies indicate that asparagine supply could be a limiting factor for the replication of some
viruses such as vaccinia virus and human cytomegalovirus. In this Viewpoint, we highlight the
importance of asparagine metabolism during virus replication and rationalize that asparagine
metabolism could be a viable target for broad-spectrum antiviral development. To achieve this
goal, more studies into asparagine metabolism during viral infections are demanded. These
efforts would benefit beyond viral diseases, as asparagine supply is also a limiting factor in
various stages of cancer development.

Key words: Asparagine, Metabolism, Vaccinia virus, Human cytomegalovirus, antiviral
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Background

Viruses are obligate intracellular parasites that rely on their host cells for macromolecules
and other resources needed for replication. It has been known since the 1950s that viruses depend
on specific host metabolic pathways for efficient replication. Therefore, it was not surprising
when cellular metabolism recently emerged as a major interface in studying virus-host
interactions. While a virus takes advantage of its host cell metabolism, it may have different
metabolic requirements as compared to the host cell. Viruses often hijack and alter cellular
metabolism to fulfill their needs for replication. However, a cellular metabolic pathway can also
be a barrier to viral replication if the metabolic pathway does not meet virus demands.

Amino acids are vital biomolecules for both cellular and viral protein synthesis. They
also act as anaplerotic substrates to feed the tri-carboxylic acid (TCA) cycle and
gluconeogenesis, as precursors for nucleotide metabolism, and as precursors for non-essential
amino acids and specialized metabolites such as polyamines. Given their critical roles in various
processes, many viruses target the amino acid metabolic pathways to meet their needs for
replication. Recent findings from our own and others indicate that the highly regulated and
limited supply of asparagine in mammals could be a barrier for the replication of certain viruses,

making it an attractive target for antiviral development.
Asparagine metabolism is highly regulated in mammalian cells

Asparagine metabolism is tailored in mammalian cells such that the supply of this amino
acid is limited, and its breakdown restricted (Figure 5.1). After the transamination of
oxaloacetate (OAA) to generate aspartate, glutamine acts as the sole source of the amino group
in a reaction catalyzed by asparagine synthetase (ASNS) to produce asparagine and glutamate.

Therefore, unlike most other amino acids with multiple biosynthetic pathways, the only way for
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the de novo cellular biosynthesis of asparagine is via ASNS, a process completely dependent on
the availability of glutamine. Furthermore, asparagine is synthesized at the very end of the TCA
cycle (from OAA), which limits its de novo supply. Asparaginase is the enzyme that hydrolyzes
asparagine to aspartate. While mammalian cells can synthesize asparagine, asparaginase activity,
though found in lower organisms, is lost in mammalian cells *. This results in an inability to
catabolize asparagine, making mammalian cells maintain the limited level of asparagine.
Moreover, ASNS is suppressed by its substrate, glutamine 2, suggesting that it is a regulatory
mechanism to prevent excess asparagine biosynthesis. These mechanisms combine to tightly
regulate asparagine metabolism.

It is intriguing to ponder why asparagine metabolism regulation is so unique compared to
other amino acids in mammals. Recent advances in cancer research may provide clues to an
answer. Excess amounts of asparagine seem to promote cancer development, as high ASNS
expression indicates a poor prognosis for many tumor types 2. On the other hand, genetic or
chemical interference of asparagine biosynthesis is detrimental to cancer cells 5. These findings
suggest that cells need a low, yet uninterrupted supply of asparagine. To ensure this balance is
maintained, mammalian cells developed the strategies mentioned earlier to regulate the supply
and breakdown of asparagine. Because of these outstanding features, asparagine production can
be used as a measure to indicate the availability of TCA cycle intermediates and reduced

nitrogen that is required for the biosynthesis of other non-essential amino acids 2.

Asparagine supply is a limiting factor in vaccinia virus (VACV) and human

cytomegalovirus (HCMV) infections

Several recent publications have demonstrated that asparagine supply is a limiting factor

for viral replication under certain circumstances. Our finding showed that this is the case for viral
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protein synthesis during VACYV infection in the absence of glutamine®. VACV has a large
double-stranded DNA genome that encodes for more than 200 viral proteins. VACYV infection
causes an acute increase in the demand for nascent protein synthesis. This is especially true
during the late stage of virus infection when large numbers of viral particles are being produced.
Notably, VACV-encoded proteins also contain almost 100% more asparagine content than
human proteins. When glutamine, the precursor of asparagine, is absent during VACYV infection,
there is an accumulation and imbalance in the levels of most amino acids. Under such conditions,
asparagine is the least abundant amino acid. Interestingly, the addition of exogenous asparagine
reduces the buildup of amino acids observed under glutamine-depleted conditions. This indicates
that asparagine availability is a critical limiting factor in maintaining amino acid balance for
efficient protein synthesis in VACV-infected cells. In line with this finding, the addition of
asparagine fully rescues VACV replication from glutamine depletion, specifically by rescuing
the viral protein synthesis.

Another study by Lee et al. showed that asparagine metabolism is also crucial for the
acute replication of HCMV'. A screen of almost 7,000 small interfering RNAs (siRNA) targeting
host genes identified ASNS as a critical host factor for HCMV replication. When ASNS was
knocked down, HCMV replication was severely limited. Moreover, inhibition of asparagine
biosynthesis suppresses viral immediate-early gene expression during HCMV infection. The data
suggest asparagine biosynthesis is critical for HCMV replication. Furthermore, HCMV
replication is dependent on the availability of asparagine because the addition of exogenous
asparagine can fully rescue the HCMV replication from ASNS inhibition.

Because many viral infections cause a rapid and robust increase in nascent protein

synthesis to facilitate the production of virus particles, it is possible that asparagine supply can be
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a limiting factor for the replication of other viruses, even for those that do not have high
asparagine content in their proteomes. Interestingly, in both VACV and HCMV infections, no
upregulation of ASNS was reported. However, a review paper indicates that adenovirus infection
causes selective upregulation of ASNS in infected cells and the knockdown of ASNS severely
impairs its replication®. This suggests that some viruses may have evolved ways of modulating
asparagine biosynthesis.

In fact, in physiological conditions where protein synthesis is in high demand, asparagine
supply could also be a limiting factor. Asparagine metabolism is gaining attention in cancer
research as tumors require increased biomolecule synthesis to sustain their rapid growth. For
example, asparagine availability determines the invasiveness and metastatic potential of breast
cancer °. Asparagine is also important for the proliferation of multiple cancer cells, especially in
the absence of glutamine 3. Kaposi's sarcoma-associated herpesvirus (KSHV) transformed
cancer cells utilize asparagine for the biosynthesis of purine and pyrimidines, which are the
essential building blocks of nucleic acids®. It is not clear whether asparagine level directly
impacts KSHYV replication. In addition to cancers, asparagine is also crucial for blood vessel
formation 1°. In agreement with these observations, a growing body of evidence indicates that
asparagine is essential in coordinating general translation, regulating cellular signaling for amino
acid homeostasis, and governing the metabolic availability during biological processes. When
cells are starved of several different amino acids, they enhance asparagine biosynthesis to
regulate gene expression 2%, Conversely, asparagine governs the coordination of protein and
nucleotide synthesis by acting as an amino acid exchange factor to promote cancer cell

proliferation 4.
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Is asparagine metabolism a viable target for antiviral development?

Given that asparagine supply governs the efficient replication of some viruses, asparagine
metabolism could be targeted to develop effective antiviral approaches. In fact, genetic or
chemical interference of asparagine metabolism results in severe suppression of the replication of
VACYV in cultured cells®. Many poxviruses cause significant morbidity and mortality in humans
and economically important animals. With further testing in animal models, this approach may
result in the treatment of diseases caused by other poxviruses. The inhibition of early phenotype
and inhibition of virus replication that occurs shortly after viral entry implies asparagine
synthetase inhibitors could alleviate the HCMV -related complications seen in
immunocompromised and transplant recipient patients’. The benefits of targeting asparagine
metabolism likely extend to other diseases, including cancers. In fact, for decades, L-
asparaginase-mediated depletion of asparagine has been successfully used to treat various
cancers such as acute lymphoblastic leukemia, acute myeloid leukemia, and non-Hodgkin's
lymphoma??.

Multiple approaches could be used to develop drugs targeting asparagine metabolism.
Inhibiting ASNS would limit asparagine biosynthesis, while increasing asparaginase
activity/expression would deplete the pool of asparagine. Combinatorial treatment of ASNS
inhibition and asparagine depletion may offer a more effective treatment. Since asparagine and
glutamine metabolism go hand-in-hand, the development of novel inhibitors that target both
metabolic pathways would be more efficient in treating some diseases. Additionally, a dietary or
therapeutic intervention of asparagine levels could also be a possible approach to slow the

development of some cancers that are reliant on asparagine °. These developments will require
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collaborative efforts among virologists, medicinal chemists, structure biologists,
pharmacologists, and clinicians.

In conclusion, we argue that the study of asparagine metabolism in viral infection and
other pathological conditions is more relevant than ever. Going forward, more insights into this
perspective will facilitate understanding the viral replication mechanism, and provide new
intervention strategies of viral diseases, as well as cancers.
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Figure- Chapter 5
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Figure 5.1. De novo biosynthesis and breakdown of asparagine in mammalian cells.

The final product of the TCA cycle, oxaloacetate, gets converted into aspartate by the enzyme
aspartate transaminase (AST). The enzyme asparagine synthetase (ASNS) catalyzes the transfer
of amino group (highlighted in red) from glutamine to aspartate to form asparagine and
glutamate as a by-product. ASNS is inhibited by its substrate, glutamine (indicated by the blunt
arrow). The hydrolysis of asparagine to aspartate is mediated by asparaginase. However, this

activity is absent in mammalian cells.
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Chapter 6 - Conclusions and Future Directions

To date, the vaccine using VACV remains the only vaccine to have eradicated a human
disease: smallpox. Smallpox is considered one of the deadliest diseases in human history,
responsible for the deaths of approximately 300 million people in the 20th century alone [1].
Despite the eradication of smallpox, poxviruses continue to have significant impacts on public
health. Many members of the Poxviridae family, such as monkeypox, cowpox, and molluscum
contagiosum virus, can cause significant morbidity and mortality in both humans and animals.
Moreover, the resurgence of smallpox remains a possible biothreat due to the existence of
unregistered stocks or potential de novo synthesis. However, poxviruses have also been widely
developed as vaccine vectors and oncolytic agents. Understanding poxvirus replication strategies
and the interactions of poxviruses with host cells is essential to the development of novel
strategies for poxvirus infection management and to facilitate the development of poxvirus-based
tools as vaccine vectors and oncolytic treatments. This chapter aims to highlight how the
findings reported in this dissertation could further the fields of virology and cancer biology and
contribute to therapeutic development. We also aim to propose future directions based on the

findings reported in this dissertation.
Asparagine metabolism as a novel therapeutic target

Asparagine is an amino acid that plays a key role in controlling the metabolic functions
of cells. Until recently it was thought that unlike the other 19 common amino acids, asparagine is
merely a subunit of polypeptide; a non-essential amino acid. Because asparagine plays an
essential role in the coordination of the cellular signaling involved in amino acid homeostasis,
the coordination of general translation, and the regulation of metabolic availability during

various pathologies, including cancer, asparagine metabolism could represent an attractive target
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for the development of novel therapeutics. The study of asparagine metabolism has become even
more relevant given that the crucial role of asparagine in the replication of several viruses, as
highlighted in Chapters 2 and 5.

Our findings that asparagine is a critical limiting amino acid for VACV protein synthesis
could lead to the development of novel antipoxvirus agents that target asparagine metabolism
[2,3]. The genetic and chemical inhibition of asparagine synthetase (ASNS) drastically reduced
VACYV replication in cell culture, laying the foundation for further studies examining the effects
of suppressing asparagine biosynthesis on poxvirus replication in an animal model. We further
showed that treatment with L-asparaginase (ASNase; the enzyme that degrades asparagine)
suppressed VACYV replication. The verification of this finding in vivo could lead to the
development of treatment strategies aimed against diseases caused by pathogenic poxviruses.
The approach of modulating asparagine metabolism, if successful, could have implications on
the development of therapeutic strategies against other viruses that depend on asparagine for
efficient replication (see Chapter 5).

Our study could also lead to the development of novel anti-cancer agents using VACV as
a vector to target asparagine metabolism. The successful use of bacterial ASNase for the
treatment of acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML), and non-
Hodgkin’s lymphoma are pioneering examples of anti-cancer treatment strategies that target the
metabolic vulnerabilities of cancer cells [4,5]. One noteworthy feature of asparagine metabolism
is that the enzyme asparaginase is typically inactive in mammalian cells (for reasons not yet
known), making the use of asparagine to feed the TCA cycle through conversion to aspartate
unlikely [6]. Further, the expression of an L-asparaginase homolog from a lower organism (such

as yeast or zebrafish) compromises the growth of tumors that depend on the availability of
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asparagine [6]. More recently, asparagine bioavailability was demonstrated to serve as a key
determinant of the metastatic potential in a mouse model of breast cancer [7]. Decreasing
asparagine availability was also shown to decrease the invasive potential and metastasis of breast
cancer [7]. This metabolic susceptibility in breast cancer can be targeted by arming VACV,
which is already widely used as an oncolytic agent, with the asparaginase enzyme from zebrafish
(zASPG) to generate a recombinant virus that is safe and therapeutically efficacious. zZASPG
MRNA can be extracted, reverse transcribed, and inserted into the VACV genome through
homologous recombination using specific primers. After the successful generation and
amplification of the recombinant zASPG-encoding VACYV, its efficacy for the suppression of
breast cancer progression can be tested in a mouse model. A similar approach could be used
against several other human cancers because high ASNS expression has been found to serve as a
poor prognostic marker in tumors [8].

Taken together, combined with further optimization and testing in animal models, our
findings regarding the role of asparagine metabolism during VACV replication has the potential
to be applied in the development of novel antiviral strategies and cancer therapeutics.

Outlook to the VACV-induced reprogramming of host metabolism

By using cutting-edge metabolic profiling, combined with classical genetic, chemical,
and biochemical approaches, we showed that VACV infection induces profound alterations in
the metabolism of host cells. We found that VACYV infection elevates the levels of intermediates
produced by the central metabolic hub: the TCA cycle. We also identified VACV VGF as a key
viral protein involved in the alteration of host metabolism. Remarkably, VGF induces non-
canonical STAT3 phosphorylation through the EGFR and MAPK axis. We further identified the

EGFR, MAPK, and STAT3 pathways as the major cellular pathways that are induced by VACV
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to increase host citrate levels for efficient replication. These findings, although noteworthy in
themselves, posed several exciting questions that, when answered, could significantly advance
current knowledge regarding virus-induced metabolic reprogramming. Further, the VGF-
mediated selective activation of the non-canonical STAT3 pathway provides a unique tool for
exploring the functions of the canonical and non-canonical STAT3 pathways. Additionally, the
findings from our study could result in the development of unique molecular tools to facilitate
our understanding of metabolic regulation mediated by growth factor signaling. In the following
section, we will discuss how we can follow up our findings to further our understanding of the
role played by VACV VGF in the modulation of host metabolism.

A major question that remains unanswered is which molecular mechanisms underlie the
VGF-induced non-canonical STAT3 signaling that results in the elevation of TCA cycle
intermediates. Although we found that treatment with VGF peptides alone was not sufficient to
enhance citrate levels in uninfected HFFs [9], this finding remains inconclusive because whether
the peptide is fully biologically active remains unclear. Further tests that more closely mimic the
natural route of VGF expression and processing, in the absence of VACYV infection, remain
necessary to answer this question. Fully biologically active VGF alone may not be sufficient to
induce metabolic changes in VACV-infected cells. Previous studies have identified VACV C16
protein as a key player in the modulation of glutamine metabolism [10,11]. VACV mutants
featuring the deletion of C16, either alone or in combination with the deletion of VGF, could be
a great starting point to further explore the contributions of this protein to the altered metabolism
mediated by VACV.

Another “black box” in our current understanding is the exact functions and mechanisms

of canonical (Y705) and non-canonical (S727) STAT3 phosphorylation and their roles in the
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elevation of citrate levels during VACV infection. Although VACYV infection does not induce
canonical STAT3 phosphorylation, canonical STAT3 phosphorylation appears to be important
for increasing citrate levels [9]. Because no inhibitors have been identified that can specifically
inhibit the canonical or non-canonical STAT3 pathways, attributing functional roles to these axes
during virus-induced metabolic changes has been challenging. The use of mouse embryonic
fibroblasts (MEFs) expressing various phospho-resistant STAT3 mutations could provide
valuable information regarding the contributions of these two functional arms of the STAT3
signaling pathway. The alterations in the subcellular localization of STAT3, if any, that occur
under uninfected, WT and VGF-deleted VACV-infected, or VGF-treated conditions also remain
to be determined.

Another piece of information that is missing is the contribution of glucose to the TCA
cycle in support of VACV replication. Although glutamine is preferred over glucose for the
efficient replication of VACV [12,13], we have found that the glucose can also sustain virus
replication at an appreciable level [3]. Furthermore, our metabolic profiling revealed similar or
decreased levels of glycolytic intermediates in VACV-infected cells compared to uninfected
controls. These findings could indicate one of the following three possibilities: (a) glucose
transport or uptake is impaired during VACV infection, (b) VACV induces the Warburg effect in
infected cells to induce aerobic glycolysis, or (c) glycolytic intermediates are heavily consumed
to feed the TCA cycle. The first option is unlikely because glucose levels are comparable
between infected and uninfected controls. The second option, although theoretically possible, is
also unlikely for the following reasons. First, the levels of lactate (which serves as a readout for
Warburg effect) were similar between VACYV infected and uninfected cells [9]. Second, VACV

induces hypoxic responses under normoxic conditions but did not decrease the level of TCA
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cycle intermediates in infected cells, which would be expected during the Warburg effect [11].
These observations indicate the likelihood that the third option is most likely occurring, which
suggests an increase in glycolytic metabolism during VACV infection. Further experiments are
warranted to test this possibility.

Another piece of the puzzle that remains to be solved is the determination of whether
glucose or glutamine is driving the increases in the citrate levels that induce FA biosynthesis and
oxidation. In addition to glucose, glutamine and the beta-oxidation of FAs are major contributors
to TCA cycle intermediates. Although VACYV is well-established to induce glutaminolysis
[11,12], we have also demonstrated that VACV can induce the TCA cycle in a glutamine-
independent manner [9]. However, VACYV appears to depend on FA metabolism to generate an
energy-favorable environment [13], and VACYV infection increases the levels of fatty acyl-
carnitines [9], which are indispensable contributors to beta-oxidation. In addition, VACV
infection increases the phosphorylation of ACLY, a protein that has been shown to positively
regulate FA oxidation [14]. All of these findings indicate an increase in FA oxidation during
VACYV infection, which is supported by our preliminary results showing increased CPT1B
MRNA levels and FA oxidation during VACYV infection. An increase in ACLY phosphorylation
combined with decreased levels of Acetyl-CoA and long chain FAs during VACV infection
appears to be almost paradoxical. These findings could be due to the rapid utilization of FAs to
synthesize virus particles or to feed beta-oxidation. To fully understand the effects of VACV
infection on FA metabolism, de novo FA biosynthesis should also be measured, in addition to
measuring FA oxidation. More work remains necessary to identify the cell signaling pathways

and viral factors that contribute to these changes.
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As discussed briefly in the chapter 4, ACLY can be localized not only in the cell
cytoplasm but also in the nucleus. Cytoplasmic ACLY generates Acetyl-CoA for FA
biosynthesis, whereas its nuclear counterpart is known to regulate gene transcription by
modulating histone acetylation [15]. Because a significant decrease can be observed in the levels
of Acetyl-CoA in virus-infected cells, and Acetyl-CoA is the sole donor of acetyl groups used for
histone acetylation, VACV likely induces changes to histone acetylation upon infection. Further
tests remain necessary to determine the subcellular distribution of ACLY and the effects of
VACYV infection on histone acetylation.

For all of the experiments discussed above, these effects remain to be verified in an
animal model, which is likely to present a more complex response to viral infection. The effects
of VACV (WT, VGF-deleted, or the revertant mutant) infection and VGF peptide treatment on
metabolic reprogramming in vivo should be explored. Whether VACYV infection induces STAT3
phosphorylation, ACLY phosphorylation, and TCA cycle enrichment in a mouse model should
also be examined. Differences in the metabolism and signaling pathways following infection in
different tissues with different basal metabolic statuses would also be interesting to examine.

In the long-term, the findings from these studies will advance our understanding of virus-

host interactions at the metabolic interface to a whole new level.
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