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ARTICLE INFO ABSTRACT

Keywords: Viruses have developed sophisticated strategies to control metabolic activity of infected cells in order to supply
Dengue virus NS3 replication machinery with energy and metabolites. Dengue virus (DENV), a mosquito-borne flavivirus
Glycolysis

responsible for dengue fever, is no exception. Previous reports have documented DENV interactions with
metabolic pathways and shown in particular that glycolysis is increased in DENV-infected cells. However, un-
derlying molecular mechanisms are still poorly characterized and dependence of DENV on this pathway has not
been investigated in details yet. Here, we identified an interaction between the non-structural protein 3 (NS3) of
DENV and glucokinase regulator protein (GCKR), a host protein that inhibits the liver-specific hexokinase GCK.
NS3 expression was found to increase glucose consumption and lactate secretion in hepatic cell line expressing
GCK. Interestingly, we observed that GCKR interaction with GCK decreases DENV replication, indicating the
dependence of DENV to GCK activity and supporting the role of NS3 as an inhibitor of GCKR function.
Accordingly, in the same cells, DENV replication both induces and depends on glycolysis. By targeting NAD(H)
biosynthesis with the antimetabolite 6-Amino-Nicotinamide (6-AN), we decreased cellular glycolytic activity and
inhibited DENV replication in hepatic cells. Infection of primary organotypic liver cultures (OLiC) from hamsters
was also inhibited by 6-AN. Altogether, our results show that DENV has evolved strategies to control glycolysis in
the liver, which could account for hepatic dysfunctions associated to infection. Besides, our findings suggest that
lowering intracellular availability of NAD(H) could be a valuable therapeutic strategy to control glycolysis and
inhibit DENV replication in the liver.

Glucokinase regulator protein
NAD(H) metabolism

Hepatocyte

Primary organotypic liver cultures

1. Introduction modulating the expression or activity of numerous metabolic enzymes

(Sanchez and Lagunoff, 2015; Mayer et al., 2019; Thaker et al., 2019).

Viruses depend on host cell metabolism to acquire the energy and
metabolites they need for their replication. They feed on cellular re-
sources but in many cases, they have also evolved mechanisms to
actively induce metabolic reprogramming to meet their needs,
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Viruses interfere especially with central carbon metabolism (CCM (Diaz
et al., 2022; Girdhar et al., 2021)) including glycolysis which produces
both ATP and intermediate metabolites required for the biosynthesis of
complex molecules. By characterizing the metabolic pathways
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modulated by viruses, these studies have identified key enzymatic cas-
cades essential for viral replication. This provides basic knowledge on
metabolic pathways and virus-host interactions. It has also led to the
development of innovative therapeutic approaches based on the tar-
geting of host cell metabolism to restrict viral growth (Erken et al.,
2021).

Research carried out on different species of the Flaviviridae family,
which includes major human pathogens such as hepatitis C virus (HCV),
dengue virus (DENV), West Nile virus (WNV), Japanese encephalitis
virus (JEV) and Zika virus (ZIKV), illustrates these “viro-metabolic”
interactions. Flaviviridae are enveloped viruses with a single-stranded
RNA genome of positive polarity encoding a large polyprotein that is
processed by viral and cellular proteases into mature structural and non-
structural (NS) proteins. Because HCV is associated with liver steatosis
in chronically infected patients, this virus has been extensively studied
for its ability to interfere with carbohydrate-lipid metabolism. At
cellular level, HCV infection stimulates the synthesis of neutral lipids in
hepatocytes, promoting the formation of replication complexes on the
surface of cytosolic lipid droplets. Furthermore, HCV uses the lipopro-
tein synthesis pathway to produce low-density virions enriched in tri-
glycerides (TG), called lipo-viral particles (LVP), which are essential for
its propagation (Diaz et al., 2008, 2022; Piver et al., 2017; Scholtes et al.,
2012). Several key proteins related to lipid metabolism were shown to
be induced or activated by HCV, leading to increased lipogenesis and
lipid accumulation in infected hepatocytes (Shimotohno, 2021;
Dubuisson and Cosset, 2014). In addition, HCV infection has been
associated with increased consumption of simple metabolites, notably
glucose, to fuel lipogenesis and meet the needs for replication (Diamond
et al., 2010; Ramiere et al., 2014). Importantly, this ability to modulate
lipid metabolism is not unique to HCV, but extends to mosquito-borne
Flaviviridae that are responsible for acute infections such as ZIKV
(Martin-Acebes et al., 2019), WNV (Martin-Acebes et al., 2014), JEV
(Kao et al., 2015) and DENV (Heaton et al., 2010; Jordan and Randall,
2017). In the case of DENV, several studies showed that infection in-
creases glycolysis and lipogenesis in infected cells (Jordan and Randall,
2016, 2017; Lee et al., 2020). An interaction was identified between the
NS3 protein of DENV and fatty acid synthase (FASN) at the virus repli-
cation site (Heaton et al., 2010). This interaction was associated with
higher fatty acid biosynthesis in DENV-infected cells, while de novo
synthesized lipids preferentially co-fractionate with DENV RNA, sug-
gesting a direct effect of the viral protein on enzymatic activity (Heaton
et al., 2010). In addition, it has been shown that intracellular fatty acids
become a source of energy via beta-oxidation for infected cells (Fer-
nandes-Siqueira et al., 2018), illustrating the fine tuning of anabolic vs
catabolic pathways by DENV.

In addition to lipids, Flaviviridae also increase the consumption of
glucose which is a major source of metabolites and energy. However, the
molecular mechanisms involved are still poorly characterized. Large-
scale mapping of virus-host interactions provide valuable insights on
cellular viral cycle (Perrin-Cocon et al., 2020; Hafirassou et al., 2017),
and a few studies have identified some direct modulation of cellular
enzyme activity by viral proteins (Ramiere et al., 2014; Kao et al., 2015;
Fontaine et al., 2014; Allonso et al., 2015; Perrin-Cocon et al., 2022). In
particular, we have demonstrated that the NS5A protein of HCV in-
teracts directly and increases the activity of hexokinases, which are the
first rate-limiting enzymes of glycolysis that catalyze glucose phos-
phorylation to produce glucose-6-phosphate (G6P)(Ramiere et al., 2014;
Perrin-Cocon et al., 2022). This virus-host interaction increases glucose
consumption and the level of triglyceride biosynthesis. For DENV, an
interaction between NS3 and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was reported to decrease GAPDH glycolytic activity
(Silva et al., 2019). Meanwhile, DENV infection increases glycolysis,
which suggests the possible accumulation of glycolysis intermediates
essential for the connected anabolic pathways (Lee et al., 2020; Fer-
nandes-Siqueira et al., 2018; Fontaine et al., 2014), however underlying
mechanisms remain unknown.
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The human genome contains five genes encoding distinct hexokinase
isoenzymes, known as HK1, HK2, HK3, GCK (for glucokinase) and
HKDC1, with distinct enzyme properties and tissue distributions. GCK is
mainly expressed in pancreas and liver, and is a monomeric allosteric
enzyme with a higher Km for glucose compared to other hexokinases.
Whereas GCK is inactive at normal blood glucose concentration, it be-
comes highly active when glucose availability rises, thus contributing to
normalize glycemia. When necessary, to slow down cellular glycolysis,
GCK activity is negatively regulated by the glucokinase regulator protein
(GCKR) through direct interaction (Beck and Miller, 2013). In order to
understand how DENV interferes with glycolysis in infected cells, we
analyzed virus-host protein interactions and serendipitously found that
NS3 interacts with GCKR. This observation is unsettling given that the
prevalence of liver damage in dengue hemorrhagic fever is as high as
80% in some studies and hepatomegaly increases the risk of developing
a severe form of dengue infection (Leowattana and Leowattana, 2021).
Thus, although dengue infects different tissues, liver infection correlates
with the severity of the disease. Hence, DENV-NS3 interaction with
GCKR suggests a specific interference between DENV infection and
regulation of GCK in the liver. We thus investigated how do DENV
replication and NS3 viral protein interfere with glycolysis in hepatocytic
cells. We demonstrated that GCKR modulation interfered with viral
replication and that decreasing cellular glycolytic activity using 6-ami-
nonicotinamide (6-AN), a pharmacological inhibitor of NADH meta-
bolism, inhibited DENV replication. This antiviral effect was confirmed
in primary organotypic liver cultures (OLiC) from hamsters, demon-
strating that lowering intracellular availability of NADH is a potential
therapeutic strategy to inhibit DENV replication in the liver.

2. Materials and methods
2.1. Cell culture and reagents

Unless otherwise stated, all chemicals were from Merck Sigma-
Aldrich (Saint Quentin-Fallavier, France) and cell culture reagents
were from Life Technologies (ThermoFisher Scientific, Saint Aubin,
France).

2.2. Replicon

Plasmid containing the subgenomic replicon DENV-R2A or con-
taining the full-length genome DENV-G2A were obtained from Ralf
Bartenschlager (Department of Molecular Virology, Heidelberg, Ger-
many). Plasmid pFK-DVs-R2A was linearized with Xbal (100 pL reac-
tion): 10 pg plasmid DNA, 10 pL 10X buffer (50 mM Potassium Acetate,
20 mM Tris-acetate, 10 mM Magnesium Acetate, pH 7.9), 1 pL 100X
BSA, 5 pL Xbal (20 U/pL), and H20 to 100 pL. After 2 h incubation at
37 °C, the plasmid was purified using the NucleoSpin® Gel and PCR
Clean-up kit (Macherey-Nagel, Hoerdt, France). RNA transcription was
performed as previously described (Fischl et al., 2013). RNA was syn-
thesized using the SP6 promoter using mMESSAGE mMACHINE'™ SP6
Transcription Kit (Ambion, ThermoFisher Scientific) and accordingly to
provider recommendations. Viral RNA was purified from reaction mix
using precipitation with lithium chloride and quantified by absorbance
measurement. Purified RNA was immediately frozen at -80 °C until
transfection. RNA was transfected into cells in suspension by electro-
poration as described (Fischl et al., 2013; Scholtes et al., 2008). Elec-
troporation conditions were 960 pF and 270 V with a Gene Pulser system
(Bio-Rad, Marnes-la-Coquette, France) in a cuvette with a gap width of
0.4 cm (Bio-Rad). Immediately after electroporation, cells were resus-
pended in complete medium and seeded in 96 wells plates. For assaying
the luciferase activity, cells were washed once with PBS, and lysed
directly in the plate by incubation during 20 min at room temperature
with 50 pL of ice-cold Passive Lysis Buffer (Promega, Charbon-
niéres-les-Bains, France). 30 pL of cell lysates were transferred to white
96 wells plates and 100 pL of Renilla-Glo® Luciferase Assay System mix
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added before luminescence quantification using a luminometer Tristar 5
(Berthold, Freiburg, Germany) for 5 s. To normalize RNA electropora-
tion efficiency, basal luminescence was measured at 4 h
post-electroporation. Replication at latter times was expressed as fold of
RLU at 4 h.

2.3. DENV infection

Virus stocks were obtained by transfecting BHK-21 cells with in vitro
transcripts of the recombinant DENV genome containing the GFP (ge-
notype 2, strain 16681) (Fischl et al., 2013). Infectivity titers in culture
supernatants and virus stocks were quantified by determining the tissue
culture infectious dose 50 (TCID50) per milliliter using a limiting dilu-
tion assay as described elsewhere (Lindenbach et al., 2005). Huh7 and
Huh7-GCK'/HKZ cells were seeded one day before infection at a MOI =
0.1. The day of infection, cells were washed twice before incubation
with Opti-MEM™ I Reduced Serum Medium containing DENV for 4 h.
Then, inoculum was removed and cells incubated with complete me-
dium for the duration of the experiment.

2.4. Animals and ethical authorization

Syrian golden hamsters (Mesocricetus auratus) used in this study
were obtained from Janvier Labs (Le Genest-Saint-Isle, France) with
clean health monitoring report. The sex of the animals was random and
dependent on the litter threw by the mother. Animals were euthanized
at seven to nine days old. This study was performed according to French
ethical committee (CECCAPP) regulations (accreditation
CECCAPP_ENS _2014_034).

2.5. Preparation of Organotypic liver cultures (OLiC)

The procedure was adapted from the protocol for Organotypic Brain
Cultures (OBC) described previously (Welsch et al., 2017). One day
before the dissection, Millicell® cell culture inserts with PTFE mem-
branes (Merck) were pre-activated with OLiC medium. The OLiC me-
dium contains 375 mL of Minimal Essential Medium GlutaMAX
(ThermoFisher Scientific), 125 mL of heat-inactivated horse serum
(Gibco), 2.5 g of D-glucose (Sigma-Aldrich) and 1 mL of human re-
combinant insulin (10 mg/mL) (Sigma-Aldrich), and was sterilized with
a 0.22 pm-pore size filter. The OLiC medium is identical to the OBC
medium described elsewhere by Welsch et al. (2017) and used by Ferren
et al. (2021) and Shyfrin et al. (2022) for organotypic brain, lung, and
kidney cultures. Seven to nine-day suckling hamsters were sacrificed
and their abdominal cavity was opened. Livers were collected and
placed into a solution of Hibernate®-A medium (Sigma-Aldrich) sup-
plemented with 100 I.U./mL of penicillin and 100 pg/mL streptomycin
(Corning). The biggest lobe of the liver was isolated and was placed on 3
layers of Whatman paper with their longitudinal axis perpendicular to
the tissue chopper blade and sliced transversely using the McIlwain®
tissue chopper (Campden Instruments) at 500 pm thickness for all ex-
periments. The slices were dissociated under a dissection microscope.
Undamaged and homogenous slices were selected and maintained on an
air-liquid interface provided by PTFE membranes pre-activated with
OLiC medium.

2.6. OLIC infection

A 2 pL drop containing 1000 viral plaque-forming units (pfu) of the
DENV2-EGFP was placed on each organotypic liver slice. Infected slices
were incubated at 37 °C until collection. For treatment with 6-AN, the
compound was diluted at the appropriate concentration in the culture
medium (100 pM), and slices were then treated by adding a 2 pL drop of
this medium on the top of each slice daily until the end of the experi-
ment; For Mock treatments, OLiC were treated with medium containing
DMSO at the equivalent concentration to 6-AN treated samples. Viral
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progression was followed by epifluorescence microscopy. Pictures were
obtain using a Nikon Eclipse Ts2R optical microscope and stitched using
the Stitching plugin in ImageJ. 90 h post-treatment, MTT assay was
performed to evaluate the metabolic activity. 100 pL of 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide were added per slice
directly in insert and incubated 4 h at 37 °C. Slices were transferred in a
plate (one slice per well) with 200 pL of DMSO and heated 10 min at
37 °C to solubilize formazan. 75 pL of these were transferred and the
absorbance was measured at OD = 490 nm and OD 570 nm (Tristar 5,
Berthold).

2.7. ORF cloning into gateway-compatible plasmids

NS3 full length, NS3 helicase or NS3 protease ORFs were cloned from
DENV genotype 2 (strain 16,681), using the Gateway recombination-
based cloning system (de Chassey et al., 2008). Viral ORFs were
PCR-amplified (with Novagen KOD polymerase, Merck-Millipore) from
a DNA template using sequence-specific primers fused to attBl.1 and
attB2.1 recombination sites. PCR products were subsequently cloned
into pDONR223 to generate entry plasmids (BP Clonase II Enzyme mix;
ThermoFisher Scientific). Entry plasmid containing the ORF of GCKR
was picked from the Human ORFeome v3.1 collection (Open Biosystem,
Huntsville, AL, USA (Lamesch et al., 2007)). Each ORF was transferred
by in vitro recombination into the different Gateway-compatible desti-
nation vectors used in this study (LR Clonase II Enzyme mix; Life
Technologies). LR reaction products were subsequently transformed
into DH5a competent bacterial cells and grown overnight on LB-agarose
plates containing ampicillin before amplification into liquid LB medium
also containing ampicillin. Plasmids were purified using a NucleoSpin
Plasmid kit from Macherey-Nagel and validated by sequencing (Euro-
fins, Nantes, France).

2.8. Glucose and lactate quantification

Metabolites were quantified from cell supernatants using the Glucose
Oxidase (GO) assay kit and the Lactate assay kit from Millipore Sigma-
Aldrich. Assays were performed according to the manufacturer’s in-
structions and results were normalized to protein quantity (DC Protein
Assay; Bio-Rad) or number of cells per sample.

2.9. Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA from tissue slices was extracted using the NucleoSpin RNA
extraction kit (Macherey-Nagel) according to manufacturer instructions.
Viral RNA was extracted from culture supernatant using the QIAmp viral
RNA extraction kit with AVL Buffer (Qiagen, Les Ulis, France) according
to manufacturer instructions. cDNA was obtained by reverse transcrip-
tion of 250 ng of the extracted RNA using High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Thermo Fisher Scientific) ac-
cording to manufacturer protocol, in a final reaction volume of 20 pL.
0.4 pL of the cDNA reaction product was used for qPCR using Quanti-
Nova SYBR Green RT-PCR Master Mix (Qiagen) in the presence of 0.5
pM of the following primers: 5- GAGCGTGAAAAGGTGGATGC-3' and 5'-
TGTCTGCGTAGTTGATGCCTT-3' for DENV c¢DNA amplification, 5'-
AAAAGCGGATGGTGGTTCCT-3' and 5-GCTGTCACTGCCTGGTACTT-3'
for RLP13a cDNA amplification. PCR was performed with the StepO-
nePlus Quantitative PCR System (Applied Biosystems, ThermoFisher
Scientific) and analyzed with the StepOne v2.3 software (Applied
Biosystems).

2.10. Protein-complementation assay (PCA)

NS3 interaction with GCKR was determined by NanoLuc Two-Hybrid
(N2H) assay, a recently developed split-luciferase complementation
assay (Choi et al., 2019). In this system, two complementary fragments
of NanoLuc, F1 and F2, are fused to proteins of interest. The
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reconstitution of NanoLuc activity by trans-complementation of F1 with
F2 is dependent on the physical interaction of candidate proteins. This
assay was used to test the interaction of GCKR with either NS3
full-length or its helicase or its protease domains. The NS3 coding se-
quences were cloned by in vitro recombination (Gateway system;
Thermo Fisher) from entry plasmids into pDEST-N2H-N1, whereas the
GCKR sequence was cloned into the pDEST-N2H-C2 vector. The ob-
tained constructs were co-transfected in HEK-293T cells with the Jet-
Prime reagent (Polyplus-Transfection, Illkirch-Graffenstaden, France).
This allowed for the co-expression of NS3 N-terminally tagged with
fragment F1 of NanoLuc together with GCKR C-terminally tagged with
fragment F2 of NanoLuc. After 48 h of culture, cells were lysed and
NanoLuc activity was determined as previously described (Coutant
et al., 2019; Giraud et al., 2021). The bioluminescent signal obtained
when co-expressing N1-NS3 and GCKR-C2 was compared to the sum of
the signals obtained when co-expressing N1-NS3 with F2 or GCKR-C2
with F1 (background signal).

2.11. Western-blot analysis

Cell lysates were prepared in lysis buffer (1% Triton X-100, 5 mM
EDTA in PBS with 1% protease inhibitor cocktail (Merck Sigma-
Aldrich)). After elimination of insoluble material, proteins were quan-
tified, separated by SDS-PAGE and analyzed by western-blot on PVDF
membrane. After saturation of the PVDF membrane with PBS-0.1%
Tween 20 supplemented with 5% (w/v) non-fat milk powder, blots were
incubated 1 h at room temperature with the primary antibody in PBS-
0.1% Tween 20 (1:2000 dilution). After washing, incubation with the
secondary HRP-labeled antibody (1:10,000 dilution) was performed for
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1 h at room temperature and detected by enhanced chemiluminescence
reagents according to the manufacturer’s instructions (SuperSignal
Chemiluminescent Substrate, Thermo Fisher Scientific).

2.12. Statistics and reproducibility

All statistical analyses were performed with GraphPad Prism soft-
ware. The confidence interval was set to 95% in all statistical tests.
Details of statistical analyses can be found in the figure legends. The p
values and sample size (n) are indicated either directly in the figure or in
the legend. The mean + standard error of the mean (SEM) is displayed
unless otherwise stated.

3. Results
3.1. DENV-NS3 protein interacts with GCKR and enhances glycolysis

DENV-NS3 protein was previously reported to bind GAPDH and
inhibit its activity (Silva et al., 2019), potentially enabling the accu-
mulation of glycolysis intermediates essential for connected anabolic
pathways. As part of a prospective study to identify new protein-protein
interactions (PPIs) between viral factors and cellular enzymes of the
glycolytic pathway, we found that the NS3 protein of DENV binds GCKR,
the negative regulator of GCK. This was achieved by NanoLuc
Two-Hybrid (N2H) technology, a split-luciferase complementation
assay, developed for PPIs detection (Choi et al., 2019). Two comple-
mentary fragments of the bioluminescent enzyme NanoLuc were fused
to GCKR and DENV-NS3, respectively. Once the two constructs were
co-expressed in HEK-293T cells, the luciferase activity which depends on
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reconstitution of the NanoLuc enzyme, demonstrated an interaction
between NS3 and GCKR (Fig. 1A). Although full-length NS3 (NS3-fl) or
its isolated protease domain (NS3-prot) showed an interaction with
GCKR, the strongest signal was observed with the helicase domain of
NS3 (NS3-heli) suggesting that this region plays a preponderant role in
the interaction with GCKR.

Since GCKR is an important regulator of GCK hexokinase activity in
the liver, we investigated the effect of NS3 expression on glycolysis in
Huh7-GCK'/HK2 hepatocytic cells. This cell line was previously
described in details and corresponds to the hepatocellular carcinoma
cell line Huh7 where the cancer-associated hexokinase HK2 was
knocked-out and replaced by GCK, the isoenzyme expressed in primary
hepatocytes (Perrin-Cocon et al., 2021). As opposed to parental Huh7,
these cells respond to extracellular glucose concentrations and produce
lipids similarly to primary hepatocytes. As shown in Fig. 1B, NS3-fl
expression increased both glucose consumption and lactate secretion
in Huh7-GCKt/HKZ2 cells, indicative of an increase in glycolytic activ-
ity. In contrast, the isolated protease or helicase domains of NS3 had no
effect, thus demonstrating that full length NS3 protein is required for a
functional effect on glycolysis. Finally, we observed that replication of
the subgenomic DENV replicon (sgDENV-R2A), expressing luciferase as
a reporter instead of structural proteins (Chatel-Chaix et al., 2016), in
Huh7-GCK'/HK2 cells increased by 2-fold glucose consumption
(Fig. 1C), which is in agreement with previous observations in human
foreskin fibroblasts (Fontaine et al., 2014). Overall, these results shed
light on how DENV-NS3 modulates glycolytic activity in infected liver
cells, potentially by interfering with GCKR activity.

3.2. DENYV replication depends on cellular hexokinase activity

Results presented above show that glycolysis is a pathway tightly
regulated by DENV, suggesting that glucose is essential for viral repli-
cation. Whether glucose can be substituted by other sources of carbon is
unknown. To address this question, we first analyzed DENV replication
in Huh7-GCK'/HKZ2 cultured in the presence of glucose or other sources
of carbon such as glutamine or galactose, another hepatocyte-
metabolizable hexose. As shown in Fig. 2A, the highest replication of
DENV subgenomic replicon was observed with glucose. Neither sup-
plementation with glutamine, galactose or both of them enabled strong
DENV replication (Fig. 2A), whereas cell proliferation was not signifi-
cantly different according to carbon source (Supplementary Fig. 1).
Moreover, viral replication was proportional to glucose concentration in
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the culture medium up to 2 g/L (Fig. 2B). DENV replication thus
depended particularly on the presence of glucose in cell culture medium
which is fueling glycolysis.

To further support this conclusion, we compared the replication in
Huh7-GCK " /HK2 vs Huh?7 cells expressing HK2. Indeed, we previously
found that Huh7-GCK*/HKZ2 cells had a higher glycolytic activity than
Huh?7 cells from which they are derived, with restored lipogenesis and
glycogenesis (Perrin-Cocon et al., 2021). A recombinant strain of DENV
type 2 expressing GFP as a viral growth reporter was used (DENV-GFP;
strain 16681). Interestingly, we observed an increased infection of
GCK-expressing cells compared to Huh7 cells expressing HK2 (Fig. 3A
and B). Accordingly, replication of a DENV-R2A replicon was enhanced
in transfected Huh7-GCK'/HK2" cells compared to Huh7 cells (Fig. 3C
and D) and confirmed by quantifying NS3 protein expression by
western-blot (Fig. 3E). Therefore, Huh7-GCK/HK2 cells better repli-
cate DENV than parental Huh7 cells expressing HK2.

To further establish the role of GCK in DENV replication, standard
Huh7 cells were transduced with increasing amounts of a lentiviral
vector expressing GCK. We observed that viral replication was propor-
tional to the amount of GCK expressed in the cells (Fig. 4A and B), and
correlated with hexokinase activity measured in homogenates of trans-
duced cells (Fig. 4C). Taken together, these observations confirm that
DENV depends on glucose for its replication, and that the level of GCK
controls the level of viral replication.

3.3. DENV replication is repressed by GCKR expression in Huh7-GCK*/
HKZ" cells

As mentioned above, GCKR is the natural repressor of GCK. In a
feedback loop slowing down cellular glycolysis, fructose-6-phosphate
acts as an allosteric effector of the interaction of GCKR with GCK,
forcing GCK into a weakly active form (Beck and Miller, 2013). Since
DENV replication depends on glycolysis, we tested whether modulation
of GCK-GCKR interaction was able to control viral replication. We
observed that the addition of fructose-6-phosphate at the moment of cell
electroporation with DENV replicon, inhibited by about 50% viral
replication (Fig. 5A). Conversely, addition in the cell culture medium of
a GCK-GCKR interaction inhibitor (AMG-3969) increased DENV repli-
cation (Fig. 5B), further supporting the idea that GCK-GCKR interaction
modulates viral replication. To confirm these observations, GCKR was
overexpressed in order to limit GCK activity in Huh7-GCK/HK2" cells,
resulting in reduced DENV replication (Fig. 5C). Mutations that impact
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Fig. 2. Replication of DENV depends on glucose. A) Huh7-GCK/HK2" cells were electroporated with sgDENV-R2A replicon and cultured in DMEM medium con-
taining SVF and pyruvate, in absence (Ctl.) or presence of glucose (+Glc.), or glutamine (+GlIn.), or galactose (+Gal.) as indicated. 72 h post electroporation, Renilla
luminescence was measured and normalized to the 4 h value that reflects transfection efficiency. Presented data correspond to means + SEM of 3 experiments, and p-
values were determined by one-way ANOVA for multiple comparison (* p < 0.05) B) Huh7-GCK "/HKZ2 cells were electroporated with sgDENV-R2A replicon and
cultured in presence of increasing concentration of glucose as indicated on the graph. Replication was determined after 72 h as in A) and normalized to replication at

[Glucose] = 0. Presented data correspond to means + SEM of 2 experiments.
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Fig. 3. Huh7-GCK'/HK2 cells better replicate DENV than parental Huh7 cells. A) Cells were infected at a MOI = 0.1 with DENV-GFP and the percentage of infected
cells was analyzed by flow cytometry at 24, 48, 72 and 96 h post-infection. Presented data correspond to means + SEM of 3 experiments (* p < 0.05 was determined
by two-way ANOVA). B) Observation by fluorescence and bright-field microscopy of infected cells at 72 h post infection. C) Cells were electroporated with sgDENV-
R2A replicon and Renilla luminescence was analyzed at 4, 24, 48 and 72 h post-electroporation. Data were normalized to the 4 h value that reflects transfection
efficiency. Presented data correspond to means + SEM of 3 experiments. D) Replication of sgDENV-R2A at 72 h post-electroporation. Luciferase activity in cell lysates
was normalized to Huh7 cells (n = 52, paired t-test, **** p < 0.0001). E) Western-blot of DENV-NS3 protein in cell homogenates after electroporation of sg-DENV-
R2A replicon of one experiment. Actine was used as housekeeping gene.
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Fig. 4. DENV replication depends on GCK expression and activity. A) Huh7 cells were transduced with increasing amounts of a lentiviral vector expressing GCK as
described in the Material and Methods section. Cells were electroporated with sgDENV-R2A replicon and Renilla luminescence analyzed at 72 h post-electroporation.
Data were normalized to replication observed in mock-transduced Huh7 cells (@). Presented data correspond to means + SEM of 3 experiments (* p < 0.05, ** p <
0.01, one-way ANOVA for multiple comparison). B) Western-blot showing the expression of GCK after lentiviral transduction. 30 pg of whole cellular protein lysate
were loaded on the gel for each condition and blotting was revealed with anti-GCK or anti-actin antibody. C) Hexokinase activity determined in cell homogenates
from cell lines obtained in A) and B). Presented data correspond to means + SEM of 3 experiments (** p < 0.01, one-way ANOVA for multiple comparison).

GCKR'’s capacity to interact with GCK have been described in the liter- wild-type GCKR or its mutant GCKRP*'*A had no effect on DENV repli-
ature. In particular, mutation D413A in GCKR, was reported to decrease cation in Huh?7 cells that do not express GCK (Fig. 5D), confirming that it
its capacity to inhibit GCK (Choi et al., 2013). As expected, over- is the specific inhibition of GCK by GCKR that inhibits viral replication.
expression of the GCKRP*'3A mutant in Huh7-GCK*/HK2" cells had no
effect on DENV replication (Fig. 5C). Interestingly, overexpression of
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Fig. 5. GCKR modulates DENV replication in Huh7-GCK"/HK2" cells. A) Huh7-GCK*/HKZ2 cells were electroporated with sgDENV-R2A replicon in absence (Ctl.) or
presence of 5 mM fructose-6-phosphate (+Fru-6-P) and Renilla luminescence was analyzed at 72 h post-electroporation. Luminescence was normalized to the 4 h
value that reflects transfection efficiency. Replication was normalized to control. Presented data correspond to means + SEM (n = 6, paired t-test, **** p < 0.0001).
B) Huh7-GCK*/HKZ' cells were electroporated with sgDENV-R2A replicon and incubated in absence or presence of 1 pM AMG-3969 for 72 h. Renilla luminescence
was analyzed and normalized to the 4 h value that reflects transfection efficiency. Replication was normalized to control (Ctl.). Presented data correspond to means
+ SEM (n = 3, paired t-test, * p < 0.05). C) Huh7-GCK'/HKZ cells or D) Huh7 cells were electroporated with sgDENV-R2A replicon and plasmid for GCKR or
D413AGCKR expression. Renilla luminescence was analyzed at 72 h post-electroporation and luminescence was normalized to the 4 h value that reflects transfection
efficiency. Replication was normalized to control (Ctl.). Presented data correspond to means + SEM (n = 7, paired t-test, ** p < 0.005).

3.4. DENV replication is repressed by NAD synthesis inhibitor 6-amino-
nicotinamide (6-AN)

NAD™ is essential for glycolysis as it is used by GAPDH and lactate
dehydrogenase (LDH) as a coenzyme. 6-Aminonicotinamide (6-AN) is an
inhibitor of NAD" biosynthesis that affects several metabolic pathways
including glycolysis and pentose phosphate pathway (PPP), as depicted
in Fig. 6A. Since DENV-NS3 interferes with GCKR activity, the potential
increase of G6P (product of glucose phosphorylation by hexokinases),
could feed PPP to enhance the production of ribose-5-phosphate (R5P;
Fig. 6A), a key precursor in the synthesis of purine and pyrimidine

nucleotides. 6-AN is well known as a potent inhibitor of G6PD, which is
the first enzyme controlling the entry of G6P into the PPP and the pro-
duction of R5P. We thus tested the effect of 6-AN on DENV replication in
Huh7-GCK'/HKZ cells. As shown in Fig. 6B, DENV replication was
suppressed by 80% in the presence of 6-AN. Surprisingly, this inhibition
was not reverted by D-ribose (Fig. 6B), which can be phosphorylated by
the ribokinase RBKS into R5P to sustain nucleotide biosynthesis (Sahoo
et al., 2023; Pauly and Pepine, 2000). This suggested that inhibition of
the PPP was not at the origin of DENV inhibition by 6-AN despite
DENV’s high dependence for nucleotides biosynthesis pathways in this
model (see Fig. 6C showing that DENV replication is strongly suppressed
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by pyrimidine biosynthesis inhibitor Brequinar).

In contrast, DENV replication inhibition by 6-AN was reverted by
NAM riboside, a precursor of the NAD salvage pathway (Fig. 6B and
Supplementary Fig. 2). Once internalized, 6-AN is used instead of
nicotinamide (NAM) by nicotinamide phosphoribosyl transferase
(NAMPT), the first enzyme of the Nicotinamide Adenine Dinucleotide
(NAD) salvage pathway. It is thus metabolized into 6-Amino-Nicotin-
amide Adenine Dinucleotide (6ANAD) and 6ANAD Phosphate
(6ANADP), which are non-reducible forms of NAD and NADP and thus
inhibitors of enzymes using these metabolites as cofactors. We
confirmed that DENV replication was indeed dependent on the activity
of the NAD-salvage pathway, using the specific NAMPT inhibitor FK-
866, whose effect was also reverted by the addition of NAM-riboside
in the culture medium (Fig. 6D). This suggests that 6-AN metabo-
lization into 6ANAD(P) decreases the pool of NAD(P) that is available for
metabolic functions, in particular glycolytic NAD-dependent enzymes
(Fig. 6A, dashed red line).

This was confirmed in Huh7-GCK'/HK2 cells treated with 6-AN
where a decrease in NAD™ correlated with a lower consumption of
glucose and addition of NAM riboside restored both the pool of NAD "
and the consumption of glucose (Fig. 7A and B). As a consequence,
intracellular ATP is decreased by 6-AN and restored by NAM riboside,
revealing its indirect impact on CCM (Fig. 7C). At the same time, cell

viability determined by trypan blue exclusion assay was not impacted by
6-AN treatment and cellular growth only weakly affected (Fig. 7D and
E). It was further confirmed by the positive correlation between viral
replication and intracellular ATP levels which are progressively restored
by increasing doses of NAM riboside in presence of 6-AN (Supplemen-
tary Figs. 2 and 3). Overall, these observations indicate that inhibition of
NAD biosynthesis by 6-AN is efficient to block glycolysis and inhibit
DENV replication in cell cultures.

3.5. 6-An inhibits DENV replication in hamster-derived organotypic liver
cultures

In this study, we used the Huh7-GCK/HKZ2' cell line, which is quite
unique in that it enables analysis of both GCK and GCKR activities.
However, it is important to note that although these cells express GCK
instead of HK2, they remain cancer cells with an anabolism-oriented
metabolism associated with high proliferation, unlike primary hepato-
cytes that do not proliferate. Therefore, we wondered whether 6-AN
efficiently inhibited DENV replication in primary liver cells, ex-vivo.
To answer this question, we infected hamster liver slices maintained in
culture (OLiC) as previously performed for measles virus and SARS-CoV-
2 infection of organotypic brain, lung and kidney cultures (Welsch et al.,
2017; Ferren et al., 2021; Shyfrin et al., 2022). 500 pm-thick liver slices



E. Ogire et al.

A B

Antiviral Research 228 (2024) 105939

* * *
200+ 59 400 -
2 T s-,] T T
° = = 44 o
O 150 g—g = » 3004 l
=) S5 @ f ©
= 2% 3 80
0 100 o © = S 200+
g. 8% 2+ 9=
& 50 85 £ <:t 100
— b —4 -
2 |—_=| ‘_5‘ é 14 |;| >
=z (O]
0 T T T 0 T T 0 T T T
- + + 6-AN - + + 6-AN . + + 6-AN
- = + NAM Riboside - - + NAM Riboside - - + NAM Riboside
E
100
80 ] [ < % 1000000 l
. M .
z 53
8 607 %
E 40 E_.g 500000 -
o . =
= 204 SE
0 T T T 0 T T T
- + + 6-AN - + + 6-AN
. . + NAM Riboside = o + NAM Riboside

Fig. 7. Effect of 6-AN on cell metabolism. Huh7-GCK*t/HKZ cells treated or not with 0.5 mM 6-AN + 0.5 mM NAM riboside for 72 h. A) NAD" was quantified as
indicated in material and methods in cells. B) Glucose consumption was determined in culture supernatant and C) intracellular ATP determined using luminescent
assay. Are presented means + SEM (n = 3, paired t-test * p < 0.05). D) % of viability and E) cell proliferation were determined after 72 h of culture. Are presented

means + SEM of 3 experiments.

from hamsters were cultured at the air/liquid interface on porous pol-
ytetrafluoroethylene (PTFE) membranes as described in Material and
Methods. The day of slicing, OLiCs were infected with 10° PFU of
DENV-GFP and treated or not with 100 pM 6-AN in the subnatant culture
medium. 90 h post-infection, we were able to observe infectious GFP foci
in liver slices cultured in control condition, whereas no infection was
detected in liver slices treated by 6-AN (Fig. 8A). Total cellular RNA was
extracted from liver slices and DENV genomes were quantified. We
observed a 2 log( decrease of intra-liver DENV genomes in presence of
6-AN (Fig. 8B) and a total inhibition of DENV particle secretion in cul-
ture medium (Fig. 8C). Quantification of ribosomal protein L13a
(RPL13a) as a housekeeping gene revealed that 6-AN treatment had no
impact on the quantity of extracted RNA (Fig. 8D and Supplementary
Fig. 4A). 6-AN treatment had no impact as well on global metabolic
activity determined by MTT assay (Fig. 8E and Supplementary Fig. 4B).
Sodium Dodecyl Sulfate (SDS) was used in these experiments as a
chemical inducer of cell death as already described for 3D cell culture
models (Welch et al., 2021; Tseng et al., 2015). Indeed, SDS profoundly
impacted tissue viability measured by MTT assay (Fig. 8E and Supple-
mentary Fig. 4B) and completely annihilated quantity of extracted RNA
(Supplementary Fig. 4A). These results indicate the absence of toxicity
of 6-AN in OLiC. Altogether, these results confirm that 6-AN effectively
inhibits DENV replication in primary liver cells.

4. Discussion
Studies analyzing how viruses control cellular metabolism to repli-

cate have often overlooked the unique metabolic characteristics of the
cell types they infect. Aside canonical hepatitis viruses A to E that mostly

(or exclusively) replicate in the liver, several other viruses, including
yellow fever virus in the first place, have a significant tropism for this
organ (Mrzljak et al., 2019). This could relate to the unique metabolic
functions of hepatocytes which play a pivotal role in the regulation of
systemic metabolism. Since hepatocytes are a major source of various
metabolites, it is not surprising that viruses targeting these cells have
evolved dedicated strategies for manipulating the metabolism of these
cells. Although DENV can replicate in many cell types, several studies
have found the virus in the liver of deceased patients and shown its
ability to replicate in primary human hepatocytes (Suksanpaisan et al.,
2007; Aye et al., 2014). From a pathophysiological point of view, liver
damage is a component of the natural history of the disease. Hepato-
megaly is encountered in 10-80% of cases, depending on the study, and
elevation of hepatitis markers such as AST is observed in 80-90% of
cases (Leowattana and Leowattana, 2021). Hepatic steatosis was
observed in patients in some studies (Aye et al., 2014). Even if we cannot
exclude inflammation as a contributor to this symptom, the ability of the
virus to directly induce and deregulate hepatocyte carbohydrate and
lipid metabolism appears as a potential enhancer of clinical manifesta-
tions. Acute liver failure is also observed in some critical cases, ulti-
mately leading to patient’s death (Leowattana and Leowattana, 2021). It
is therefore important to control DENV replication in the liver to limit
damage to this vital organ. Here, we demonstrate that DENV NS3 pro-
tein interacts with GCKR, the negative regulator of the liver-specific
hexokinase GCK and promotes glycolysis. Enhanced GCK expression
and glycolytic activity correlates with an increase in DENV viral repli-
cation. By using in vitro and ex vivo models, we also established that
inhibition of NAD(H) metabolism, which dampens cellular glycolysis,
inhibits DENV replication. These findings provide a better
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Fig. 8. 6-AN inhibits DENV infection in hamster OLiCs. OLiCs prepared as described in material and methods were infected with 10° PFU of DENV-GFP and treated
or not with 6-AN at the concentration of 100 pM in the subnatant culture medium for 90 h. A) Observation of GFP foci by microscopy. Hamster OLiCs were imaged at
day 4 post-infection using a Nikon Eclipse Ts2R epifluorescence microscope. Scalebar = 1 mm. B) DENV RNA were quantified in OLiC homogenates by specific gPCR

and normalized to total cellular RNA extracted. Are presented quantification means + SEM of 5 liver slices providing from 5 animals (n = 5, Mann-Whitney test,

< 0.01). C) Determination of DENV particle secretion in cell subnatants of the 5 liver slices. D) Quantification of ribosomal protein L13a (RPL13a) as an housekeeping
gene in infected OLiCs at 90 h post-infection. E) After 90 h of treatment with 6-AN or SDS, determination of tissue metabolic activity by MTT assay was obtained by
incubating slices with reagent for 2 h at 37 °C (n = 5, ANOVA, **** p < 0.0001).

understanding of molecular mechanisms by which DENV hijacks hepa-
tocyte metabolism, and pave the way for host-directed therapies con-
trolling DENV replication in the liver.

Only few studies have already analyzed the consequences of DENV
infection on the metabolism of hepatocyte cells. A seminal work by El-
Bacha et al. showed that in the HepG2 cell line, DENV infection in-
duces a metabolic stress associated with mitochondrial dysfunction
(El-Bacha et al., 2007). Following infection, intracellular ATP level
collapses, highlighting the energy requirements and consumption asso-
ciated with viral replication. Heaton et al. demonstrated in Huh7.5 cells
(derived from Huh7 cells) that the viral protein NS3 recruits the cellular
enzyme FASN at the replication site, thereby increasing intracellular
lipid biosynthesis (Heaton et al., 2010). Fernandes-Siqueira et al. sub-
sequently demonstrated that DENV replication in Huh7 cells increases
glucose metabolism, and this plays an anaplerotic role in the oxidation
of endogenous fatty acids (Fernandes-Siqueira et al., 2018). Our results,
obtained in Huh7 cells engineered to re-express GCK alike normal he-
patocyte, unravel a new molecular mechanism used by DENV to inter-
fere with hepatocyte metabolism. Indeed, we showed that NS3 interacts
with GCKR and increases glycolysis. One of the consequences of NS3
interaction with GCKR could be to prevent GCKR interaction with GCK
due to steric hindrance. To investigate this hypothesis, we have carried
out molecular docking simulation to build a three-dimensional model of
the complex formed between NS3 and GCKR. We used the ClusPro server
to dock NS3 onto GCKR as previously described using default parame-
ters (Desta et al., 2020; Vajda et al., 2017; Kozakov et al., 2013, 2017).
The obtained model of GCKR-NS3 complex (Supplementary Fig. 5A) was
compared to the published 3D structure of the GCKR-GCK complex (PDB
code 4LC9 and Supplementary Fig. 5B). The superimposition of the two
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complexes on the GCKR backbone revealed steric interference between
GCK and NS3. Indeed, the site of NS3 interaction on GCKR is close to the
site of interaction with GCK, as revealed by the tangle of NS3 and GCK if
we try to make them both interact with GCKR (Supplementary Fig. 5C).
It suggests that NS3 may interfere with GCKR capacity to bind and to
inhibit GCK activity, thus explaining why NS3 expression increases
glycolysis in Huh7-GCK " /HK2" cells (Fig. 1B). This hypothesis is also in
agreement with the increased replication observed when GCK was
progressively overexpressed during viral replication (Fig. 4A). Over-
expression of GCK, leads to higher quantity of free GCK that enhances
cellular glycolytic activity, and thereby amplifying viral replication.
Taken together, these observations suggest that it is the relative pro-
portion of free GCK that could modulate viral replication. NS3, by
modulating the availability of GCKR to interact with GCK, could
therefore indirectly increase free GCK and thus boost its activity and,
consequently, the viral replication that depends on it.

This interaction is of importance in hepatocytes since GCKR inhibi-
tory activity on glycolysis is intimately linked to the expression of the
liver-specific hexokinase GCK. Accordingly, GCKR overexpression or its
enhanced interaction with GCK inhibits viral replication (Fig. 5). This
further argues for DENV dependence on glycolysis in hepatocytes and
NS3 interaction with GCKR appears to be specifically useful in the liver
for controlling this essential pathway for viral replication. Interestingly,
NS3 was previously described as a direct interactor of GAPDH, another
glycolytic enzyme, reducing its activity (Silva et al., 2019). However,
our results indicate that NS3 as well as DENV subgenomic replicon
expression in hepatoma cells expressing GCK both result in enhanced
activity of the glycolysis pathway, supporting the viral need of glucose
metabolism (Fig. 1). Thus, NS3 protein may be able to modulate the
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carbon flow in glycolysis in a complex manner, by interfering directly
with glycolytic enzymes such as GAPDH or indirectly as a decoy for
modulators of glycolysis such as GCKR. This multiple interference of the
virus with glycolysis should enable adaptation to the infected host cell to
maintain a high level of glycolysis. Finally, it highlights the capacity of
DENV to enhance glycolysis in a multiple approach, according to
metabolic specificity of the cell type and potentially whether certain
isoenzymes such as hexokinases are expressed or not. Qur observations
also complement previous work showing that NS3 activates fatty acid
biosynthesis in hepatocytes (Heaton et al., 2010). Indeed, the activation
of glycolysis by DENV NS3 protein, is increasing the production of py-
ruvate that can fuel downstream metabolic pathways, such as TCA cycle
and lipid biosynthesis. Altogether, this could contribute to the induction
of transient steatosis as already reported in some patients.

Another major observation of our study is that inhibition of the cell’s
glycolytic capacity by down-regulation of NAD(H) metabolism strongly
inhibits DENV replication both in vitro and ex vivo. We demonstrated
the importance of NAD(H) metabolism in maintaining a high level of
glucose metabolism and ATP synthesis to support viral replication
(Figs. 6 and 7). Moreover, chemical inhibition of NAD(H) biosynthesis
both in HCC cell lines and in liver slices inhibits viral replication (Figs. 6
and 8). Altogether, these observations highlight the importance of the
intracellular pool of NAD(H) coenzyme to sustain the glycolytic flux
induced during infection. As previously reported for Hepatitis B (Ren
et al., 2019) and Zika (Sahoo et al., 2023) viruses, we observed that
6-AN was a potent inhibitor of DENV replication. However, the inhibi-
tory effect of 6-AN on viral replication was not due to the inhibition of
ribose-5-phosphate synthesis as suspected, but to its inhibitory effect on
global NAD(H) metabolism. Indeed, we observed that 6-AN reduced the
amount of intracellular NAD™ and that viral replication was restored by
the addition of NAM riboside, the precursor of NAD(H) synthesis by the
salvage pathway. This could be linked to reduced glucose consumption
and intracellular amounts of ATP upon 6-AN treatment that is restored
by addition of NAM riboside. A similar mechanism was described for
Zika virus replication (Sahoo et al., 2023), however according to our
knowledge, this report shows for the first time DENV inhibition by 6-AN.
Furthermore, this was established in Huh7-GCK/HKZ2 cells and ex-vivo
in hamster liver slices (OLiCs). This latter model consists of slices of liver
tissue obtained by cutting of the organ from animals immediately after
sacrifice. Slices are cultured and infected at the air/liquid interface on
microporous membranes as previously described for other organs and
with other viruses (Ferren et al., 2021; Shyfrin et al., 2022). Organotypic
cultures allow the tissue physiological structure and organization to be
preserved with all cell types and the intercellular connections within the
tissue. This culture system is therefore able to bridge the gap between
the simplicity of cell cultures and the excessive complexity of an animal
model. It enables infection of liver cells in a 3D culture system charac-
teristic of the tissue and maintenance of the low proliferation of these
cells in their native context. Under these conditions, we observed a 2
logo inhibition of viral replication with 6-AN and total inhibition of
infectious particle secretion with no appreciable effect on cell viability
(Fig. 8 and Supplementary Fig. 4). Indeed, in the liver NAD(H) meta-
bolism is central in both catabolic and anabolic pathways such as glu-
cogenesis, glycogenesis or lipogenesis. The antimetabolite 6-AN has
been used for decades in preclinical trial in combination with other
chemicals to increase the effectiveness of treatment in many cancers,
including liver cancer (Dietrich et al., 1968; Dewey and Hawes, 1963).
Recently, in the light of a better-provided rational, 6-AN has been
re-purposed in preclinical studies because of its ability to inhibit PPP (Li
etal., 2013; Kaushik et al., 2021; Arbe et al., 2020). Induction of reactive
oxygen species (ROS)-mediated apoptosis by ER stress in lung cancer
cells was involved (Kaushik et al., 2021). Our study strongly suggests
that targeting NAD metabolism to inhibit glycolysis, and thus the ca-
pacity of cells to replicate the virus, could be an efficient therapeutic
approach to control dengue infection in liver. This is especially relevant
as hepatocytes have the intrinsic capacity to increase glycolysis when
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blood glucose concentration rises which could allow increased viral
replication.

The use of therapeutic molecules targeting host rather than viral
proteins is a promising strategy, since it limits the risk of developing
resistance due to a higher genetic barrier, and has a broader potential of
action since it can render the host refractory to infection. Identification
of the interaction between NS3 and GCKR, that is regulating glycolysis
activity in the liver, should therefore pave the way to develop host
metabolism directed strategies to limit hepatic infection and associated
complications.
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