
Review
Targeted Metabolic Reprogramming to Improve
the Efficacy of Oncolytic Virus Therapy
Barry E. Kennedy,1 Maryanne Sadek,1 and Shashi A. Gujar1,2,3,4

1Department of Pathology, Dalhousie University, Halifax, NS B3H 1X5, Canada; 2Department of Microbiology and Immunology, Dalhousie University, Halifax, NS B3H

1X5, Canada; 3Department of Biology, Dalhousie University, Halifax, NS B3H 1X5, Canada; 4Beatrice Hunter Cancer Research Institute, Halifax, NS B3H 1X5, Canada
Oncolytic viruses (OVs) represent a promising new class of can-
cer therapeutics and cause antitumor effects by two major
mechanisms: (1) directly killing cancer cells in a process known
as oncolysis, or (2) initiating a powerful antitumor immune
response. Interestingly, energy metabolism, within either can-
cer cells or immune cells, plays a pivotal role in defining the
outcome of OV-mediated antitumor effects. Following thera-
peutic administration, OVs must hijack host cell metabolic
pathways to acquire building blocks such as nucleotides, lipids,
and amino acids for the process of replication that is necessary
for oncolysis. Additionally, OV-stimulated antitumor immune
responses are highly dependent on the metabolic state
within the tumor microenvironment. Thus, metabolic reprog-
ramming strategies bear the potential to enhance the
efficacy of bothOV-mediated oncolysis and antitumor immune
responses.
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ONCOLYTIC VIRUSES
Oncolytic viruses (OVs) cause anticancer effects through two main
mechanisms: (1) by directly killing cancer cells (oncolysis), and (2)
by promoting antitumor immunity that can attack cancer cells at
local as well as metastatic sites.1 In 2005, the potential of OVs
was finally realized when the first OV-based therapy, Oncorine
(H101), was approved by the Chinese State Food and Drug
Administration (SFDA) for clinical use against nasopharyngeal
carcinoma.2 The first US Food and Drug Administration (FDA)-
approved OV, a modified herpes simplex virus (HSV), talimogene
laherparepvec (T-Vec), was approved in 2015 for clinical use
against metastatic melanoma.3 These historic approvals amplified
the interest in OV research and promoted greater focus on the
strategies to improve OV-based therapies in clinical settings.
Thus far, it has become apparent that, to achieve optimal anti-
tumor outcomes, OVs will need to be combined with interventions
that synergistically enhance OV-based anticancer mechanisms.
Not surprisingly, there are 96 clinical trials worldwide testing
OVs against a wide range of cancers (https://clinicaltrials.gov/).
Indeed, most of these clinical trials employ some type of combina-
tion intervention to achieve optimum anticancer benefits. Recent
discoveries now suggest that cell metabolism within the tumor
microenvironment (TME) (i.e., of either cancer or immune cells)
can be strategically exploited to formulate efficacious, novel OV-
based combination therapies.4–7
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Energy metabolism is essential for bioenergy production and synthe-
sis of biological building blocks in all cells. However, energy meta-
bolism in cancers is different from that of normal cells.8–12 Glucose,
the major energy source for all cells, is consumed and broken down
through glycolysis to pyruvate by both normal and cancer cells, albeit
at much higher rates by cancer cells. In normal cells, pyruvate enters
the tricarboxylic acid (TCA) cycle where it is oxidized through a series
of reactions to release stored energy. Conversely, cancer cells undergo
a process known as the “Warburg effect” or aerobic glycolysis, where
glucose is used as a precursor for macromolecule synthesis in addition
to being broken down to pyruvate. The pyruvate that is produced is
typically reduced to lactic acid, generating nicotinamide adenine
dinucleotide (NAD)+, which is required for continued glycolysis.
This diversion is largely regulated by a cancer-induced block at pyru-
vate dehydrogenase (PDH).13 To compensate for the loss of glucose
flux into the TCA cycle, cancers often supplement their TCA cycle
with the breakdown of glutamine through a process called glutami-
nolysis,14 as well as increased flux into acetyl coenzyme A (CoA)
from fatty acid oxidation.15 Such metabolic rewiring establishes a
pro-growth state suitable to sustain proliferation by cancer cells.
Interestingly, the reliance of cancer cells on the “Warburg effect”
makes them susceptible to certain metabolic inhibitors. Some exam-
ples of this phenomenon include: an increased sensitivity of cancer
cells to inhibition of the glycolytic enzyme hexokinase with
2-deoxy-glucose, activation of PDH with dichloroacetate (DCA), or
inhibition of glutaminolysis16 with compound 968.17 Whether such
cancer-specific metabolic vulnerabilities can be exploited to promote
the antitumor efficacy of OVs has remained mostly speculative
thus far.

Cancer Metabolism and Oncolytic Viral Infection

Similar to cells, viruses require macromolecules such as amino acids,
nucleic acids, and lipids for replication. Because most viruses do not
intrinsically encode enzymes required for synthesis of these biomol-
ecules, they often hijack host cell metabolic pathways to meet their
needs for replication.5 Below we will describe the relationship
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Figure 1. Metabolic Reprogramming Strategies to Enhance Efficacy of OV

Therapies

There are several targets in central energymetabolism that have the potential to alter

the replication and oncolytic capacity of OVs. Dotted lines point to viruses that can

be affected through targeting the respective metabolic pathway. Upward-facing

arrows show viruses that were enhanced by the indicated metabolic inhibitor, while

downward-facing arrows are used to identify viruses that were negatively influenced

by the respective metabolic inhibitor. The following metabolic pathways are high-

lighted: glycolysis, pyruvate metabolism, TCA cycle, fatty acid b-oxidation,

cholesterol synthesis, glutaminolysis, and oxidative phosphorylation. Bold lines

represent the direction of metabolic flux in cancer cells, and inhibitory lines indicate

targets of metabolic inhibitors. 2-DG, 2-deoxy-glucose; DCA, dichloroacetate;

PDK, pyruvate dehydrogenase kinase; ACoA, acetyl coenzyme A; aKG, a keto-

glutarate; FTi, inhibitor of farnesyl transferase; ROS, reactive oxygen species.
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between OVs and specific cancer metabolic pathways. Also, we will
discuss how metabolic reprogramming through pharmacological or
genetic means has been used to alter antitumor effects of OVs (sum-
marized in Figure 1).

Glycolysis

Virus infection in both normal and cancer cells is typically associated
with an upregulation of glucose uptake and glycolysis.18–25 For
example, Mayaro virus and oncolytic HSV-1 activate the glycolytic
enzyme 6-phosphofructo-1-kinase (PFK-1),26,27 oncolytic human
cytomegalovirus (HCMV) and human immunodeficiency virus type
1 increase glucose transporter expression,28,29 and hepatitis C virus
enhances hexokinase activity.30 Despite this virus-induced increased
glycolysis, inhibition of glycolysis with inhibitors such as 2-deoxy-
glucose enhances oncolysis by many viruses, including adenovirus,
Newcastle disease virus, Kaposi’s sarcoma-associated herpesvirus
(KSHV), influenza, and reovirus.4,6,31–33 Interestingly, anti-viral de-
fenses through type I interferon require glycolysis to fight viral infec-
tion through an unclear mechanism.34,35 These findings suggest that
infection-induced glycolytic upregulation is an anti-viral mechanism.
Taken together, these studies show that blocking glycolysis can be a
strategy to increase the susceptibility of cancer cells to OVs.
1418 Molecular Therapy Vol. 28 No 6 June 2020
Pyruvate Metabolism

PDH catalyzes pyruvate oxidation fueling the TCA cycle. Inhibition
by phosphorylation of PDH is a common occurrence in cancers
and contributes to the production of lactic acid. Infection of several
OVs, including vaccinia virus, hepatitis C virus, influenza A
(H1N1) virus, and reovirus, inhibit PDH activity through increased
expression of inhibitory PDH kinases (PDKs).4,25,36,37 Similar to
increased glycolysis, inhibition of PDH appears to be anti-viral in ac-
tion, as the activation of PDH, through DCA-induced inhibition of
PDKs, results in enhanced oncolysis by adenovirus, measles, and
reovirus.4,38,39 These observations suggest that an increased flux of
pyruvate into the TCA cycle supports augmented oncolysis by OVs.
Alternatively, in the absence of the cancer context, pharmacological
or genetic inhibition of PDKs decreases the replication of influenza
and hepatitis C virus, indicating possible context-dependent as well
as virus-specific effects for PDH during host-virus interactions.25,36

TCA Cycle

The TCA cycle supports cellular anabolic pathways that lead to the
generation of amino acids, nucleic acids, and lipids. Viruses depend
on these essential building blocks for replication, and therefore
have evolved to hijack cellular anabolic pathways. For example, cit-
rate-derived fatty acids and oxaloacetate-derived nucleic acids have
been shown to be incorporated into viral progeny in several OVs
such as influenza,40 HCMV,20,41–43 M1 virus,7 and vaccinia virus.44

Therefore, it is hypothesized that an enhanced TCA cycle flux creates
a state that is conducive for viral replication. Indeed, increased meta-
bolic flux through glutamine carboxylation into alpha ketoglutarate
enhances oncolytic properties of adenovirus and HCMV.6,41 Simi-
larly, the inhibition of fatty acid b-oxidation and flux into TCA cycle
with etomoxir or trimetazidine reduces vaccinia replication.45 Here, it
is noteworthy that the activity of the RIG-I-MDA5-MAVS complex, a
major anti-virus defense system that is directly bound to mitochon-
drial membranes, is suppressed by increasing metabolic flux into
the TCA cycle, resulting in an environment that favors virus replica-
tion.39 These observations further support the notion that the
enhancement of flux into the TCA cycle is beneficial for OV replica-
tion and subsequent oncolysis.

Oxidative Phosphorylation

Oxidative phosphorylation, a process in which ATP is produced as a
result of the transfer of electrons fromNADH or FADH2 to oxygen in
the mitochondria, has been linked to infection and replication of
several viruses. For example, high rates of oxidative phosphorylation
are required for the replication of oncolytic HCMV and Sindbis vi-
rus,43,46, whereas inhibition of oxidative phosphorylation or inher-
ently low rates of oxidative phosphorylation impedes KSHV, influ-
enza, and herpes replication.33,47,48 Furthermore, reactive oxygen
species (ROS), a byproduct of oxidative phosphorylation, also plays
a role in viral replication and oncolysis. High levels of ROS enhance
virus-induced cytotoxicity of reovirus,4 Sindbis virus,46 and hepatitis
C virus.49 Furthermore, activation of NRF2, a ROS-activated tran-
scription factor, enhances oncolysis by vesicular stomatitis virus.50

Conversely, the prevention of ROS generation with antioxidants
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Figure 2. Potential Metabolic Targets to Enhance

OV-Driven Antitumor Immune Response

Left panel: An immunosuppressive metabolic milieu within

TME. This non-conducive metabolic profile within TME

alters the function and differentiation of infiltrating immune

cells (e.g., inhibition of CD8+ T effector and memory cells,

promotion of immunosuppressive M2 macrophages [MF]

and CD4+ Tregs). Furthermore, immune checkpoints

(e.g., PD-1, PD-L1) exaggerate the Warburg effect in

cancers through promotion of mTOR-driven glycolysis.

Right panel: The proposed metabolic reprogramming

strategies to enhance OV-induced antitumor immune

response. For this, the metabolic inhibitors targeting

cancer-specific metabolic aberrations (e.g., inhibitors of

mTOR, glycolysis, indoleamine 2,3-dioxygenase [IDO,

tryptophan catabolism enzyme], glutaminolysis, or aden-

osine synthesis) can be used to correct TME-associated

negative effects on immune cells. Additionally, the inhibi-

tion of checkpoint molecules can also be used to cause

metabolic reprogramming of TME. Another option, as

reported by Rivadeneira et al.,64 would be to use OVs to

induce the expression of proteins, such as leptin (shown in black), to influence immune cell metabolism. The ultimate goal of such metabolic reprogramming strategies will be

to potentiate OV-induced antitumor immunity. Yellow arrows indicate differentiation; green cells represent functionally competent cells; red cells represent dysfunctional cells;

yellow stars indicate potential targets for inhibition; small red arrows indicate desired metabolic levels for optimal antitumor immune response. Treg, regulatory T cell; PD-1,

programmed cell death protein 1; PD-L1, programmed cell death-ligand 1; mTOR, mammalian target of rapamycin; IDO, indoleamine 2,3-dioxygenase; TCA, tricarboxylic

acid cycle; OVs, oncolytic viruses.
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augments oncolytic effects of adenovirus in glioma.51 In line with
increased metabolic flux into the TCA cycle, these findings suggest
that high rates of oxidative phosphorylation and ROS production
are typically associated with enhanced oncolysis.

Immunometabolism in the Context of Cancer and OV Therapies

In addition to OV-mediated oncolysis, the other major consideration
for OV-based therapies is the OV-induced potent antitumor immune
response. As the latest advances in immunometabolism have
captured, metabolism shapes both quantitative and qualitative aspects
of immune responses.52 Thus, the effect of metabolic reprogramming
on the antitumor immune response should be considered while stra-
tegically designing an optimal OV therapy. Within an immunosup-
pressive TME, each component of an antitumor immune response
has a unique metabolic requirement (summarized in Figure 2).52 Spe-
cifically, CD8+ cytotoxic T cells require a substantial glycolytic flux,
ROS generation from mitochondria, and glutaminolysis.53–55 Alter-
natively, CD8+ memory T cells rely on a high metabolic flux (most
notably from fatty acid oxidation) into mitochondria.56,57 Thus,
CD8+ T cell function can be modified through the use of metabolic
reprogramming agents. For example, inhibition of glycolysis by
2-deoxy-glucose drives a memory like phenotype in CD8+ T cells
and can be therapeutically used during ex vivo expansion of CD8+

T cells to enhance in vivo antitumor functions.58 Additionally,
CD4+ T helper cells preferentially use glycolysis over oxidative phos-
phorylation, whereas immunosuppressive CD4+Foxp3+ regulatory
T cells (Tregs) use oxidative phosphorylation over glycolysis.59,60

Indeed, forcing metabolic flux into mitochondria, by PDK inhibition
with DCA, drives the formation of Tregs.61 Pro-inflammatory (M1)
macrophages show breaks at isocitrate dehydrogenase and succinate
dehydrogenase within the TCA cycle, which result in inflammatory
gene expression and nitric oxide production. Conversely, anti-inflam-
matory (M2) macrophages rely on an unbroken TCA cycle.62 Exper-
imentally, M1 macrophage differentiation can be driven by
mimicking the break in the TCA cycle through the inhibition of
glutaminolysis using the glutaminase 1 inhibitor BPTES (bis-2-(5-
phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide).63 These find-
ings show the importance of considering the consequences of meta-
bolic reprogramming strategies on immune cells.

Metabolically aberrant TME is non-conducive for the initiation and
sustenance of competent antitumor immune responses, aiding the
immunological subversion of tumor cells. Cancer cells outcompete
immune cells for essential metabolites, such as glucose, tryptophan,
and glutamine, and produce immunosuppressive metabolites,
including lactic acid (through aerobic glycolysis), kynurenine
(through IDO [indoleamine 2,3-dioxygenase]-mediated breakdown
of tryptophan), and adenosine (through CD73/CD39/CD38-medi-
ated breakdown of extracellular ATP or NAD+). Such metabolic ab-
errations in TME establish an immunosuppressive environment
that favors macrophage polarization into pro-tumor M2 phenotype,
CD8+ T cell exhaustion, and Treg development.65–69 Additionally,
immune checkpoints (i.e., PD-L1 [programmed cell death-ligand
1]/PD-1 [programmed cell death protein 1]) exaggerate the metabolic
disparity between cancer and immune cells by further promoting the
Warburg effect in cancers through mTOR (mammalian target of ra-
pamycin) signaling.66 However, an engineered manipulation of can-
cer metabolism can be used to enhance antitumor immune response.
For example, the inhibition of glycolysis to lower lactate production in
cancer cells, using either knockdown of glycolytic genes or immune
Molecular Therapy Vol. 28 No 6 June 2020 1419
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checkpoint inhibitors, promotes antitumor CD8+ T effector cell
response.55,66 Thus, strategic targeting of cancer metabolism can
enhance the antitumor ability of infiltrating immune cells.

The implications for metabolic reprogramming on OV-induced anti-
tumor immunity remain largely unknown but are being acknowl-
edged. Indeed, a recent study by Rivadeneira et al.64 showed that
engineered oncolytic vaccinia virus expressing the adipokine, leptin,
in cancer cells results in a functionally competent antitumor CD8+

T cell response. Here, OV-expressed leptin induces the memory
phenotype in infiltrating CD8+ T cells through stimulation of mito-
chondrial activity.64 With such ability to accommodate meta-
bolism-regulating genes, OVs can be harnessed to correct the sup-
pressive metabolic milieu, ultimately allowing for the development
of desired antitumor immune reactivities.

Conclusion

Based on the evidence thus far, it is clear that cell metabolism is
pivotal in regulating the efficacy of OV-based cancer therapies. OVs
often prefer a specific, yet definable, intracellular metabolic environ-
ment, which can be engineered through metabolic reprogramming.
Furthermore, the OV-induced antitumor response can also be opti-
mized through strategic metabolic reprogramming of either cancer
or immune cells. Hence, targeted metabolic reprogramming can be
used to improve OV-induced oncolysis as well as antitumor immu-
nity, and thus can be harnessed to formulate efficacious OV-based
cancer therapies.
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