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SUMMARY
During infection, dengue virus (DENV) and Zika virus (ZIKV), two (ortho)flaviviruses of public health concern
worldwide, induce alterations of mitochondria morphology to favor viral replication, suggesting a viral co-
opting of mitochondria functions. Here, we performed an extensive transmission electronmicroscopy-based
quantitative analysis to demonstrate that both DENV and ZIKV alter endoplasmic reticulum-mitochondria
contact sites (ERMC). This correlated at the molecular level with an impairment of ERMC tethering protein
complexes located at the surface of both organelles. Furthermore, virus infection modulated the mitochon-
drial oxygen consumption rate. Consistently, metabolomic andmitoproteomic analyses revealed a decrease
in the abundance of several metabolites of the Krebs cycle and changes in the stoichiometry of the electron
transport chain. Most importantly, ERMC destabilization by protein knockdown increased virus replication
while dampening ZIKV-induced apoptosis. Overall, our results support the notion that flaviviruses hijack
ERMCs to generate a cytoplasmic environment beneficial for sustained and efficient replication.
INTRODUCTION

(Ortho)flavivirus infections constitute a major public health

concern worldwide. With an estimation of 390 million people in-

fected per year, dengue virus (DENV) causes the most prevalent

arthropod-borne viral disease.1 Although DENV mainly circu-

lates in (sub-)tropical regions, it has also now reached Europe

and North America because of the vector colonization of these

areas.2,3 Upon infection through the bite of an Aedes-type mos-

quito, symptoms associated with dengue fever can manifest as

severe fevers which may be hemorrhagic and eventually lead

to plasma leakage-induced shock syndrome and death.4 In

2015, Zika virus (ZIKV), another flavivirus closely related to

DENV, quickly emerged in South America causing unexpected

syndromes such as microcephaly in newborns following vertical
iScience 28, 111599, Janu
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transmission, in addition to other neurological complications in

adults such as Guillain-Barré syndrome.5,6 Unfortunately, no

treatments against DENV and ZIKV are currently available, partly

due to our limited knowledge of the cellular andmolecular mech-

anisms involved in the flavivirus life cycle and pathogenesis,

which could constitute therapeutic targets.

DENV and ZIKV are single positive-stranded RNA viruses

belonging to theOrthoflavivirus genuswithin the Flaviviridae fam-

ily. Following entry into the host cell, the viral RNA genome

(vRNA) is translated into a single polyprotein at the membrane

of the endoplasmic reticulum (ER). This viral protein product is

cleaved by host and viral proteases, generating three structural

proteins (C, prM, and E) which assemble with the vRNA to

form new viral particles, and seven non-structural proteins

(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) which are
ary 17, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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involved in the replication of the viral genome.7 The viral replica-

tion takes place in cytoplasmic substructures called viral replica-

tion organelles (vRO) that are derived from ER membrane

alterations induced by virus infection.8–15 vROs comprise:

1- vesicle packets, believed to be the site of vRNA replication;

2- virus bags, ER cisternae in which immature assembled virions

accumulate; and 3- convoluted membranes (CM), that are en-

riched in NS3, NS4B, and NS4A13,16,17 whose functions are

poorly understood. It was proposed that CMs dampen antiviral

cellular processes, such as early innate immunity response

and apoptosis to favor viral replication.

In DENV- and ZIKV-infected cells, mitochondriamake physical

contact with CMs and exhibit an elongated morphology, which

stimulates viral replication.16,18 This regulation of mitochondrial

morphodynamics was attributed to NS4B which partly resides

in CMs. The pharmacological destabilization of CMs induces

mitochondria fragmentation and correlates with the stimulation

of virus-induced apoptosis.19 Conversely, mitochondria elonga-

tion positively influences the size and abundance of CMs and

dampens the RIG-I-dependent type-I and -III interferon induc-

tion.16 This supports a model in which flaviviruses regulate mito-

chondrial functions through their contacts with CMs for the

benefit of replication. There have been several conflicting reports

about the impact of flavivirus infection on mitochondrial respira-

tion,18,20–23 which may be explained by the use of different cell

models, the time of infection, or their susceptibility to induce

innate immunity and cell death upon stress. This results in chal-

lenges to analyze the phenotypes, especially regarding the

contribution of interferon. Thus, a kinetic analysis of the respira-

tion of infected cells over the course of infection in an interferon-

free context is lacking so far.

ER-mitochondria contact sites (ERMC) rely on protein-protein

connections maintaining a 10-25 nm-wide interface between the

ER and the mitochondria that allows transfers of molecules

between both organelles.24–26 This ultrastructure contributes to

several cellular processes such as calcium homeostasis, lipid

transport, autophagy regulation, mitochondrial morphodynam-

ics, apoptosis induction, and early innate immunity.27–31 Illus-

trating their important roles in cellular processes, ERMCs are a

target of viruses (such as hepatitis C virus, cytomegalovirus

and influenza virus) for interfering with mitochondrial-mediated

antiviral responses.32–35 Interestingly, treatment of cells with

Mito-C, a compound that induces both mitochondrial fission

and the formation of ERMCs did inhibit DENV replication.36

Recently, we have shown that DENV-induced mitochondria

elongation positively regulates the biogenesis of CMs.16 This

was accompanied by a decrease in colocalization between the

ER and mitochondria at the cellular level in confocal microscopy

with a resolution that did not allow us to discriminate between or-

ganelles in close contacts from those in proximity. However,

while there was some evidence of the loss of ERMC in electron

microscopy,16 it is still unknown whether DENV and other flavivi-

ruses such as ZIKV globally alter ERMCs and what the resulting

impacts are regarding cellular processes such as oxidative

respiration and apoptosis.

In this study, we show an overall alteration of the ERMC

compartment following DENV and ZIKV infections. Concomi-

tantly, reducing the expression of several ERMC proteins
2 iScience 28, 111599, January 17, 2025
responsible for tethering mitochondria and the ER increased

DENV and ZIKV replication, supporting that both viruses alter

ERMC to stimulate viral replication. Interestingly, the expression

profile of several ERMC proteins was changed with a drastic

decrease in the levels of RRBP1 over the course of the infection

and the appearance of an alternative ZIKV-specific SYNJ2BP

protein product. This suggests that both viruses destabilize

ERMC by targeting tethering proteins. Furthermore, both DENV

and ZIKV modulated mitochondrial respiratory metabolism in

living cells. This correlated with a decrease in the abundance

of several metabolites of the Krebs cycle and changes in the stoi-

chiometry of the electron transport chain. Most importantly, tar-

geting ERMC by silencing either RRBP1 or SYNJ2BP increased

respiration and dampened ZIKV-induced apoptosis supporting

the importance of ERMC alteration by DENV and ZIKV for atten-

uating antiviral cellular processes and for maintaining a cyto-

plasmic environment favorable to the viral replication.

RESULTS

DENV and ZIKV alter endoplasmic reticulum-
mitochondria contact sites
Previous observation of DENV-infected Huh7 cells at the ultra-

structural level suggested that ERMCs were altered. Although

this was not quantified, this correlated with a decrease of 3D co-

localization between mitochondria and ER in a limited number of

analyzed cells in confocal microscopy, i.e., at a resolution which

is too low to precisely detect and measure heterotypic organelle

contacts.16 The molecular mechanism underlying this pheno-

type was not described and it was also not established whether

this phenotype is specific for DENV or also expands to other rele-

vant flaviviruses, such as ZIKV. To clearly address whether

DENV and ZIKV infections induce a global alteration of

ERMCs, we carried out a comprehensive quantitative ultrastruc-

tural analysis of DENV- and ZIKV-infected Huh7.5 hepatoma

cells using transmission electron microscopy. In order to ensure

that any observed phenotype is not caused by early innate im-

mune activation, a process that relies on mitochondrial protein

MAVS, the Huh7.5 cell line was chosen as a model because

these cells are defective in RIG-I-dependent interferon induction

which is the primary immune pathway involved in DENV

sensing.16,37,38 Replication kinetic experiments in Huh7.5 cells

(Figure S1A) established that the peak of DENV (serotype 2 strain

16681s) and ZIKV (contemporary strain H/PF/2013) particle pro-

duction was achieved at 2 days post-infection (dpi) as monitored

by plaque assays. Moreover, ZIKV replicated more slowly than

DENV in this cell line and a higher multiplicity of infection (MOI)

was required for ZIKV to achieve a percentage of infection close

to 100% at this time point (Figure S1A). As a result, to maximize

the number of infected cells at 2 dpi for imaging, we have used

MOIs of 1 and 10 for infections with DENV and ZIKV, respec-

tively. Consistent with our previous studies in Huh7 cells,16 we

have also confirmed that with these selected MOIs, the propor-

tion of infected Huh7.5 cells exhibiting elongated mitochondria

increased over the course of the infection with a more marked

phenotype with DENV than with ZIKV (Figures S1B and S1C).

Subsequently, more than two hundred mitochondria per condi-

tions (n = 215–351) were analyzed for ERMCs in single sections
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of cells using transmission electron microscopy following 48 h of

infection with the ZIKV H/PF/2013 or DENV 16681s. In unin-

fected conditions, 74.7% of mitochondria were surrounded by

ER tubules with up to 75% of the mitochondrial perimeter being

in contact with these ER membranes (median at 31.4%;

Figures 1A–1C). In stark contrast, both DENV and ZIKV-infected

cells exhibited a reduced proportion of mitochondria in contact

with ER membranes, with a phenotype more pronounced for

DENV than for ZIKV. In addition, when the two organelles were

still physically associated, only 19% of the mitochondria perim-

eter in average were in contact with ER following both ZIKV and

DENV infections, compared to 35% in uninfected condition (Fig-

ure 1C). Consistent with the previous observation, mitochondria

showed an elongated morphology and were often located in the

vicinity of CMs (Figure 1A).

To examine the impact of both virus infections on ERMCs at a

molecular level in a larger cell population, we analyzed the extent

of protein-protein interactions involved in tethering mitochondria

and ER using proximity ligation assay (PLA). This technique allows

the detection of the proximity between two proteins at amaximum

distance of 40 nm and the analysis of the intracellular localization

of protein complexes using confocal microscopy. We focused our

PLA analysis on three ERMC tethering complexes known to

contribute to ERMC formation and/or stability, namely the interac-

tions between: 1- ER resident vesicle-associated membrane pro-

tein-associated protein B (VAPB) and the mitochondrial outer

membrane protein, protein tyrosine phosphatase-interacting pro-

tein 51 (PTPIP51, also named RMDN3)39; 2- ER resident ribo-

some-binding protein 1 (RRBP1) and the mitochondrial protein

synaptojanin 2-binding protein (SYNJ2BP)40,41; and 3- the ERpro-

tein inositol 1,4,5-trisphosphate receptor 1 (IP3R1) andmitochon-

drial voltage-dependent anion-selective channel 1 (VDAC1) via

the chaperone glucose-regulated protein 75 (GRP75)42 (Fig-

ure 2A). First, we confirmed that PLA signals detected for these

three different tethering complexes mostly colocalized with the

mitochondria network in Huh7.5 cells stably expressing the mito-

chondria-localized mito-mTurquoise2 fluorophore (Figure S2A).

Second, PLAs involving non-interacting ERMC proteins VAPB

and SYNJ2BP1 resulted in much less signal than that for

RRBP1-SYNJ2BPassociation, highlighting the specificity of com-

plex detection even though these proteins are all present in the

reticulo-mitochondrial interface (Figure S2B). PLAswere then per-

formed for RRBP1-SYNJ2PB, VAPB-PTPIP51 and IP3R1-VDAC1

interactions in uninfected- or DENV/ZIKV infected-Huh7.5 cells at

2 and 3 dpi and combined with the immunostaining of NS3 viral

protein to identify infected cells. As expected, we detected a

high amount of RRBP1-SYNJ2BP (Figure 2B), VAPB-PTPIP51

(Figure 2C) and IP3R1-VDAC1 (Figure S2C) interactions in the un-

infected condition in confocal microscopy. These signals were

specific to the targeted protein-protein interactions since omitting

either primary antibody gave very little, if any, PLA signal (Fig-

ure 2D, see Ab alone controls). Strikingly, when comparing

ZIKV- or DENV-infected (green) and uninfected cells in the same

images, it was obvious that the RRBP1-SYNJ2BP PLA signal

was less abundant in infected cells (Figure 2B). Subsequent quan-

tification of the PLA dots per cell demonstrated an overall

decrease in PLA signal in NS3-positive cells (i.e., infected) in all

three assays (Figures 2D and S2C) which was particularly marked
for ZIKV at 48 h post-infection (hpi). For DENV, this phenotype ap-

peared later compared to ZIKV since the signal reduction became

significant at 72hpi for RRBP1-SYNJ2BP and IP3R1-VDAC1 inter-

actions. Overall, these data demonstrate a decrease in the abun-

dance of the RRBP1-SYNJ2BP, IP3R1-VDAC1 and VABP-

PTPIP51 ERMC tethering complexes and confirm an alteration

of ERMCs by DENV and ZIKV at the molecular level. Interestingly,

this decrease was particularly prominent for RRBP1-SYNJ2BP

and IP3R1-VDAC1 at 3 dpi. Confirming these results in other

cell lines, the abundance of PLA signals for RRBP1-SYNJ2BP

complexes was also reduced in both trophoblastic JEG-3 cells

and lung adenocarcinoma A549 cells infected with DENV or

ZIKV compared to the uninfected control (Figure S3).

To examine the impact of DENV and ZIKV infection on the

expression of ERMC proteins, we performed western blotting

on extracts from uninfected or infected Huh7.5 cells at 2 and 3

dpi. The expression levels of GRP75, VDAC1, VAPB and

PTPIP51 remained mostly unchanged upon ZIKV and DENV in-

fections (Figures S4A and S4B). In contrast, the expression of

RRBP1 was reduced at 48 h post-infection with a further

decrease of its levels at 72hrs post-infection (Figures 3A and

S4A). Moreover, an alternative SYNJ2BP product exhibiting a

higher molecular weight was detected in ZIKV-infected cells at

48 and 72 h post-infection (Figures 3A and S4A). Finally, our

immunofluorescence-based confocal microscopy analysis of

DENV- and ZIKV-infected cells did not reveal any major changes

in the sub-cellular distribution of IP3R1, VDAC1, RRBP1,

SYNJ2BP and PTPIP51 in DENV/ZIKV infection (Figures S5

and 3B). Interestingly, viral infection induced a drastic relocaliza-

tion of ER-resident VAPB into large NS3-positive foci reminis-

cent of CMs (Figure 3B), suggesting that DENV and ZIKV alter

VAPB/PTPIP51-dependent ERMC by physically sequestering

VAPB. Altogether, these data strongly support that DENV and

ZIKV target ERMC tethering complexes.

DENV and ZIKV perturb mitochondrial respiration
The remodeling of organelles such as ER or mitochondria by fla-

viviruses and maintaining vROs is presumably highly energy-

consuming while being a source of cellular stress. Considering

that mitochondria is the powerhouse of the cell, we investigated

the impact of flaviviral infection on the oxidative respiration

process in mitochondria, which is the main source of energy in

the form of adenosine triphosphate (ATP) in cells. Briefly, we

analyzedmitochondrial respiration properties in living uninfected

and infected Huh7.5 cells at 24, 48 and 72 h post-infection by

measuring the oxygen consumption rate (OCR) while sequen-

tially adding oligomycin (ATP synthase inhibitor), FCCP (protono-

phore) and rotenone/antimycin A (complex I and III inhibitors,

respectively) that directly act on the electron transport chain of

the inner mitochondrial membrane (Figure 4A). The OCR profile,

an indicator of mitochondrial respiration was normalized to the

mean basal OCR in the uninfected conditions in each indepen-

dent experiment. The OCR slightly increased at 24 h post-infec-

tion with both viral infections compared to the uninfected condi-

tion (Figures 4B and 4E). Very interestingly, the OCR profiles

were shifted down at later time points of the infection at levels

attributed to the non-mitochondrial oxygen consumption

(Figures 4C–4E) suggesting that mitochondria are no longer
iScience 28, 111599, January 17, 2025 3



Figure 1. DENV and ZIKV infection alter endoplasmic reticulum-mitochondria contact sites

Huh7.5 cells were infected with DENV 16681s (multiplicity of infection (MOI) = 1), or ZIKV H/PF/2013 (MOI = 10) or left uninfected. Forty-eight hours later, cells

were processed for transmission electron microscopy.

(A) Electron micrographs of uninfected and infected cells. Red arrows indicate ER-mitochondria contact sites. CM: convoluted membranes; VP: vesicle packets;

M: mitochondria; VB: virus bags. Scale bar = 1 mm.

(B) Proportion of mitochondria with or without contacts with the ER; n = number of mitochondria analyzed per condition. ****: p% 0.0001; two-way ANOVA test.

(C) Percentage of the mitochondrial perimeter in contact with ER. The mitochondria of (B) which were not in contact with ER were excluded from this quanti-

fication. Values in the 5%–95% percentile range are shown. Analyses were made with micrographs from 2 independent infection experiments (54–197 mito-

chondria per condition). ****: p % 0.0001; Kruskal-Wallis test.
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able to efficiently perform oxidative respiration. Analyzing the

OCR profiles revealed increases in the basal respiration, the

ATP-linked respiration, and the maximal respiration at 24 h

post-infection whereas a drastic significant shut-off of these in-

dicators was observed at 72 h post-infection demonstrating a
4 iScience 28, 111599, January 17, 2025
time-dependent modulation of the oxidative respiration by flavi-

viruses. (Figure 4E).

To gain more insight about the causes of this respiration alter-

ation at the late time points of flaviviral infection, we analyzed the

mitochondrial levels of proteins involved in the Krebs cycle and
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the electron transport chain (ETC) by performing quantitative

mass spectrometry on mitochondria purified from uninfected

and ZIKV- and DENV-infected-Huh7.5 cells at 48 h post-infec-

tion. We have included in the analysis a second ZIKV strain

from the African lineage, namely MR766. This mitoproteomic

analysis identified changes in the stoichiometry of several

proteins of the ETC proteins compared to uninfected cells

(Figures 4F and 4G and Table S1). Most notably, the composition

of the complex II (succinate dehydrogenase), which is a compo-

nent of both the Krebs cycle and the ETC was changed upon

infection. Indeed, mitochondrial levels of sub-units D and C of

SDH were increased upon DENV and ZIKV MR766 infections,

respectively, compared to other subunits. Interestingly, the

SDH assembly factor SDHAF2 was less abundant in mitochon-

dria fromDENV-infected cells and this phenotypewas confirmed

by western blotting on purified mitochondria (Figure S6A). How-

ever, in contrast to SDH, the mitochondrial levels of all other en-

zymes of the Krebs cycle remained unchanged (Figure 4G and

Table S1). The changes in SDH composition correlated with a

drastic decrease of several metabolites of the Krebs cycle (i.e.,

a-ketoglutarate/succinate for the two ZIKV strains, and fuma-

rate/malate for all tested viruses) as measured by gas chroma-

tography-coupled mass spectrometry (GC-MS) (Figures 4G

and S6B). Interestingly, in the case of DENV infection, the levels

of citrate and cis-aconitate were specifically increased, which

suggests a dysfunction of the Krebs cycle downstream aconi-

tase activity. In addition to complex II, the stoichiometries of

complexes I, III and IV were also altered in DENV- and ZIKV-in-

fected cells with COX6C, COX7A2, COA4 and NDUFS4 being

modulated by all three tested flaviviruses (Figures 4F and 4G

and Table S1). In contrast, some modulated ETC proteins were

specific to either virus (Figure 4F). Flow cytometry analysis of in-

fected cells with MitoTracker Orange showed that DENV and

ZIKV did not induce a notable decrease in the mitochondrial po-

tential at 48 hours post infection (Figure S6C). This strongly sup-

ports that the observed respiration and mitoproteome pheno-

types were not the result of a loss of mitochondrial integrity at

that time point. Altogether, these data combining respirometric,

proteomic and metabolomic approaches clearly demonstrate

that ZIKV and DENV interfere with the mitochondrial respiratory

metabolism.

Endoplasmic reticulum-mitochondria contact site
alteration increases mitochondrial respiration
Since DENV and ZIKV infections induce a shut-off of the mito-

chondrial oxygen consumption over time and disrupt ERMCs,

we investigated the impact of the alteration of this sub-cellular

compartment on respiration. To that aim, we analyzed the oxy-
Figure 2. DENV and ZIKV infection decrease the interactions between

(A) Schematic representation of ERMC tethering complexes. Created with BioRe

(B and C) Huh7.5 cells were infected with DENV 16681s (MOI = 1) or ZIKV H/PF/2

subjected to proximity ligation assays (PLA) to detect (B) SYNJ2BP-RRBP1 or (C) V

infected cells. Cells were imaged using confocal microscopy. Representative im

(D) Quantification of PLA dot abundance for RRBP1-SYNJ2BP, VAPB-PTPIP51,

dependent experiments. Values in the 5%–95% percentile range are shown. ****:

72hpi dataset (normal distribution of the data for the three conditions), which was

over 2 independent experiments were analyzed. The ‘‘Ab alone’’ specificity cont

6 iScience 28, 111599, January 17, 2025
gen consumption of living cells following expression knockdown

of ERMC tethering proteins by transducing cells with shRNA-ex-

pressing lentiviruses. Indeed, it is well established that knock-

down of ERMC proteins destabilizes physical contacts between

ER and mitochondria organelles.43–46 We identified short hairpin

RNAs (shRNA) whose expression led to efficient silencing of

SYNJ2BP, RRBP1, VAPB and PTPIP51 without reducing cellular

viability 4 days post-transduction (Figures S7A and S7B).

The IP3R1-GRP75-VDAC1 tethering complex was voluntarily

omitted from the analysis because we reasoned that knocking

these factors downmay induce pleiotropic effects related to their

ion channel activity and their role in calcium homeostasis and not

to the contacts per se.42 To exclude the possibility that potential

phenotypes would be due to changes in mitochondrial morpho-

dynamics (which can influence viral replication),16,18 we used

confocal microscopy to control that ERMC protein knockdown

did not change the morphology of the mitochondrial network

compared to the non-target shRNA (shNT) control condition (Fig-

ure S7D). As control, knockdown of fission factor DRP1 and

fusion factorMFN2 led tomitochondrial elongation and fragmen-

tation, respectively (Figures S7A and S7D). Moreover, flow cy-

tometry analysis of ERMC protein-depleted cells showed no

impact of ERMC alteration on the mitochondrial potential (Fig-

ure S7C). Interestingly, the respiration in Huh7.5 cells in which

ERMC proteins were knocked down globally increased as

compared to the shNT control condition (Figures 5A–5C). This

trend was observed for the basal, maximal and ATP-linked mito-

chondrial oxygen consumption rates although this was not al-

ways statistically significant for all parameters and tested

shRNAs. In contrast, no obvious changes in theOCR parameters

were observed when mitochondrial morphodynamics was

modulated upon DRP1 and MFN2 knockdown. These data indi-

cate that ERMC alteration by DENV and ZIKV stimulates respira-

tion independently of mitochondria morphodynamics and may

explain why respiration is increased at early time points. Such

a viral regulation might also attenuate the respiratory stress

induced later in the infection.

Endoplasmic reticulum-mitochondria contact protein
knockdown increases viral replication
We next investigated the impact of the RNAi-mediated alteration

of ERMCs on viral replication. Huh7.5 cells in which ERMC pro-

teins were knocked down were infected with a DENV reporter vi-

rus (DENV-R2A) expressing Renilla reniformis luciferase (Rluc),

allowing us to evaluate DENV replication levels by measuring

bioluminescence in cells at 2 days post-infection. We observed

an increase in DENV-R2A replication upon ERMC protein knock-

down, which was more pronounced when VAPB and PTPIP51
ERMC proteins

nder.com.

013 (MOI = 10) or left uninfected. Two or three days later, cells were fixed and

APB-PTPIP51 interactions, and immunostained for NS3 viral protein to identify

ages are shown. Scale bar = 20 mm.

and IP3R1-VDAC1 interactions in uninfected- and infected cells from two in-

p% 0.0001; *: p% 0.05; Kruskal-Wallis test for all except for RRBP1-SYNJ2BP

analyzed with a one-way ANOVA test. Between 40 and 90 cells per condition

rols were not taken into account for the statistical analysis.

http://BioRender.com


Figure 3. Flaviviruses modify the intracellular distribution of VAPB and the expression profiles of RRBP1 and SYNJ2BP

(A) Huh7.5 cells were infected with DENV 16681s (MOI = 1) or ZIKV H/PF/2013 (MOI = 10) or left uninfected. 48 or 72 h post-infection, cell extracts were prepared,

and the expression levels of the indicated proteins were analyzed by western blotting. The arrow indicates the ZIKV-induced SYNJ2BP protein product. Protein

expression levels relative to uninfected control and normalized to actin are indicated in red.

(B) Cells were infected as in (A) and were imaged at two days post-infection by confocal microscopy using antibodies detecting VAPB and PTIP51. Infected cells

were detected with anti-NS3 antibodies. Scale bar: 20 mm.
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were depleted (Figure 5D). Consistently, comparable pheno-

types were obtained when cells were infected with either wild-

type DENV2 16681s or ZIKV H/PF/2013 since the production

of infectious viral particles as measured by plaque assays

was increased upon knockdown of ERMC proteins (except for

the shPTPIP51/DENV condition; see discussion) (Figures 5E

and 5F). As controls and in line with previous observations,16

the modulation of mitochondrial morphodynamics showed the

expected phenotypes. Indeed, the silencing of DRP1, which

results in enhanced mitochondrial elongation, stimulated DENV

replication while the reduction of MFN2 expression impaired it

(Figures 5D and 5E). Most importantly, RRBP1 and SYNJ2BP

knockdown resulted in increased replication of both DENV and

ZIKV in human primary monocytes isolated from two healthy do-

nors (Figures 5G and 5H). As a control condition, monocyte treat-

ment with the NS5 RNA polymerase inhibitor NITD00847,48

decreased vRNA levels, demonstrating a productive replication

in these primary cells. Overall, these data indicate that ERMC

proteins restrict viral replication and further support that the

DENV- and ZIKV-induced modulation of the physical contacts

between mitochondria and ER is proviral.

RRBP1 and SYNJ2BP regulate ZIKV-induced apoptosis
We have previously shown that CM integrity relies on VCP

ATPase activity which is required to dampen ZIKV-induced

apoptosis.19 Since CMs are physically connected to mitochon-

dria through residual associated ER membranes and consid-

ering that ERMCwere reported to regulate mitochondria-depen-

dent cell death,49–52 we hypothesized that the alteration of
ERMC integrity dampens apoptosis during flaviviral infection.

To test this, we measured the activity of caspase 3 (the major

regulator of the execution phase of apoptosis) in Huh7.5 cells

upon RRBP1 or SYNJ2BP silencing. We chose this ERMC teth-

ering couple since it was the most impacted by ZIKV infection

(Figure 2). Very interestingly, upon RRBP1 or SYNJ2BP deple-

tion, the activity of caspase 3/7 was reduced in lysates of

ZIKV-infected cells as measured using a bioluminescence-

based assay (Figure 6A). We confirmed these phenotypes by

flow cytometry using the CellEvent caspase-3/7 green reagent,

a fluorescent biosensor of caspase 3/7 activity, and anti-NS3 an-

tibodies to detect ZIKV-infected cells (Figure 6B).While 61.8%of

the cells were apoptotic (i.e., CellEvent-positive) in control in-

fected conditions (shNT), this proportion was reduced to

13.2% and 15.3% when RRBP1 and SYNJ2BP were knocked

down, respectively. Moreover, the proportion of ZIKV infected

cells which were non-apoptotic (i.e., NS3-positive/CellEvent-

negative cells) drastically increased under these conditions

(13.8% for shNT versus 59.7% and 49.6% for shRRBP1 and

shSYNJ2BP, respectively). Furthermore, by combining these

markers with the amine reactive viability dye LIVE/DEAD aqua

fixable stain (Figure 6C), we showed that the silencing of

RRBP1 and SYNJ2BP decreased the proportion of dead ZIKV-

infected cells, namely cells that were apoptotic and exhibited a

ruptured plasma membrane (% of NS3-gated CellEvent-positive

and LIVE/DEAD-positive cells; Figure 6C). Finally, as expected,

no apoptosis was observed in any uninfected conditions demon-

strating that ERMC destabilization per se does not induce

apoptosis (Figure 6B). In contrast, as positive control, treatment
iScience 28, 111599, January 17, 2025 7
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of the cells with actinomycin D robustly induced apoptosis. Alto-

gether, these data support that ZIKV alters ERMC integrity to

dampen infection-induced apoptosis and promote replication.

DISCUSSION

In this study, we demonstrate that DENV and ZIKV modulate the

mitochondrial oxidative respiration and virus-induced apoptosis

in favor of viral replication notably by altering the physical con-

tacts between mitochondria and the ER. Our observations are

consistent with the fact that ERMCs were reported to play a

crucial role in the induction of the apoptosis pathway.49–52

Such morphological remodeling allows flaviviruses to create a

proviral cytoplasmic environment. This is in line with the fact

that DENV replication is impaired when cells are treated with

Mito-C, a drug that induces both mitochondrial fission and

ERMC formation.36 Although there is reported evidence that

mitochondrial fission can be initiated at sites where the ER tu-

bules wrap mitochondria and constrict mitochondria prior to

DRP1 recruitment,30 we did not observe any changes in mito-

chondria morphology upon ERMC protein knockdown in

Huh7.5 cells (Figure S7D) supporting that the phenotypes re-

ported here are independent of DRP1-mediated fission regula-

tion by flaviviruses.16,18

Flavivirus infections induce the formation of membranous

replication factories from the ER membranes.8,9 More recently,

it was shown that DENV and ZIKV induce the elongation of mito-

chondria in the vicinity of CMs.16,18 Consistent with previous

observations,16 we noticed that mitochondria remain connected

to CMs via residual associated ER membranes. This raises the

hypothesis that the morphogenesis of CMs uses the reticulo-

mitochondrial interface as a source of ER membranes via the

destabilization of this specific cytoplasmic compartment. In

addition, we show that DENV and ZIKV alter ERMCs by

decreasing the abundance of three different tethering protein

complexes (RRBP1-SYNJ2BP, IP3R1-VDAC1 and VAPB-

PTPIP51). We did not observe any difference in the expression

level of VDAC1, VAPB, and PTPIP51. Interestingly, RRBP1 levels

were reduced after 48 h of infection with both viruses while a

ZIKV-specific SYNJ2BP product exhibiting a higher molecular

weight was detected. Whether this results from a flavivirus-spe-

cific regulation of alternative splicing or of posttranslational mod-
Figure 4. DENV and ZIKV perturb mitochondrial respiration

Huh7.5 cells were infected with DENV 16681s (MOI = 1) or ZIKV H/PF/2013 (MO

(A) Schematic representation of the respiration profile in living cells generated wit

ionophore carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), and am

I inhibitor rotenone are sequentially added to analyze various parameters of the

(B–D) The oxygen consumption rates (OCR) of uninfected and infected cells were

basal OCR in the uninfected condition for each independent experiment. The me

(E) Based on the data of (3b-d), basal respiration, ATP production, andmaximal res

ANOVA test (N = 3).

(F–G) DENV/ZIKV-infected and control cells were analyzed two days post-infecti

purified mitochondria (N = 4), as well as for the abundance of the Krebs cycle m

(F) A Venn diagram illustrating the electron transport chain proteins whosemitocho

16681s, ZIKV H/PF/2013 or ZIKV MR766. (G) Schematic representation of the mi

elements indicate proteins/metabolites that were downregulated upon DENV/ZI

tabolites. The expression of the proteins in gray were not significantly impacted

Isocitrate and oxaloacetate were not detected using GC-MS in these experimen
ifications will be explored in future studies. While VAPB-PTPIP51

and IP3R1-VDAC1 were reported to contribute to calcium ho-

meostasis, autophagy and phospholipid transfer,39,53–55 the

contribution of the RRBP1-SYNJ2BP complex to specific

cellular function beyond contributing to ERMCs is unknown.56

This could explain why DENV and ZIKV specifically target this

protein-protein couple to separate ER and mitochondria without

affecting essential cellular processes. Interestingly, RRBP1 was

recently shown to regulate ER morphology under cell starva-

tion.56 While this raises the possibility that RRBP1 regulates

the formation of ER-derived vROs, our preliminary data using

a replication-independent vRO induction system (pIRO-Z)57

showed that RRBP1 and SYNJ2BP knockdown did not impact

the de novo biogenesis of vesicle packets. However, we cannot

exclude a role of ERMC in CM morphogenesis or virion assem-

bly. In addition, MIGA2 and ESYT1, two proteins also regulating

ERMCs via their binding to VAPB and SYNJ2BP, respec-

tively58,59 might also be part of this process. The putative target-

ing of MIGA2/VAPB complex by DENV (instead of PTIPI51/

VAPB) could explain in that case why the knockdown of

PTPIP51 did not stimulate wild-type DENV production (although

it did for the reporter virus for reasons we cannot explain; Fig-

ure 5D–5E). Moreover, our ERMC cellular distribution analysis

using confocal microscopy (Figures 3A and S5) showed that in

some infected cells, VAPB relocalized to NS3-positive structures

which are reminiscent of CMs while this was not observed for

RRBP1, another ER-resident protein. It is thus tantalizing to

speculate that flaviviruses sequester VAPB in these large virus-

induced ER-derived structures to modulate the functions of the

VAPB-PTIP51 tethering complex in autophagy and lipid and cal-

cium transfer to mitochondria.39,54,55 Notably, Gomez-Suaga

has reported that VAPB-PTIP51-mediated ERMCs negatively

regulate the formation of autophagosomes. Considering that

autophagy is required for the efficient replication of both DENV

and ZIKV,60 it will be relevant to investigate whether the disrup-

tion of VAPB-PTPI51 tethering complexes by ZIKV and DENV

promotes this proviral cellular process.

Interestingly, a recent mass spectrometry-based study has

shown that in human fibroblasts, herpes simplex virus type 1,

influenza A virus and betacoronavirus HCoV-OC43 infections

decrease the abundance of mitochondrial proteins involved in

ERMC whereas the human cytomegalovirus (HCMV) infection
I = 10), or left uninfected for 24, 48 and 72h before analysis.

h the Seahorse technology. The ATP synthase inhibitor oligomycin, the proton

ixture of mitochondrial complex III inhibitor antimycin A/mitochondrial complex

respiration.

measured at the indicated time points and were normalized to the mean of the

an normalized OCR from five experiments is shown.

piration were determined. ****: p% 0.0001; ***: p% 0.001; *: p% 0.05; one-way

on for their mitochondrial protein composition following mass spectrometry on

etabolites measured by GC-MS in 4 independent experiments.

ndrial abundancewas significantly changedwhen cells are infected with DENV

tochondrial electron transport chain coupled to the Krebs cycle is shown. Blue

KV infection. In contrast, yellow elements highlight upregulated proteins/me-

by flaviviral infections. All values were normalized to the uninfected condition.

ts.
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Figure 5. ERMC proteins negatively regulate mitochondrial respiration and viral replication

(A–C) Huh7.5 cells were transduced with lentiviruses expressing shRNAs which target the indicated proteins (MOI = 4). Four days later, cells were trypsinized,

counted, and processed for measurements of various parameters of the oxygen consumption rate using the Seahorse technology as described in the STAR

(legend continued on next page)
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primarily increased ERMC protein levels.34 Increasing the abun-

dance of ERMC proteins such as VAPB,MFN1/2 fusion proteins,

fission-associated proteins DRP1 and MFF, and ER-mediated

calcium transfer proteins PTPIP51 and VDAC1 occurred very

early during the infection (8 h post-infection). This HCMV-medi-

ated regulation of ERMCs favors cellular processes such as

ER-to-mitochondria calcium flux, mitochondrial fragmentation,

and reshaping of the cristae for the benefit of HCMV particle pro-

duction. In line with the study mentioned above, a prior work

showed that influenza virus infection also alters ERMCs and in-

duces mitochondria elongation to promote replication.35 This

highlights that viruses from families other than Flaviviridae have

evolved to co-opt mitochondrial functions via diverse strategies.

The biogenesis of vROs is initiated early in infection and their

maintenance presumably requires high energy levels in the

form of ATP. Consistently, we show here that in the first 24 h of

infection, DENV and ZIKV infections significantly increase the

oxidative respiration followed by a near complete shut-down of

this bioenergetic process later in the infection, which correlated

with a decrease in the levels of several metabolites of the Krebs

cycle (Figures 4 and S6B). This might result from the mitochon-

drial stress and the onset of cytopathic effects generated by

the accumulation of ER-associated viral proteins over the course

of the infection. The close analysis of oxygen consumption rate

profiles using the Seahorse technology with different inhibitors

of the ETC revealed that global respiration was impacted by

DENV and ZIKV rather than only the maximal respiration for

instance. In line with our data, a recent study showed increases

in oxygen consumption and ATP production in astrocytes at the

early time points of the infection (i.e., 18 to 24 h post-infection).22

In contrast, later in the infection, the phenotype was reversed

with an observed decrease in oxygen consumption at 48 h

post-infection. These data support our model of high energy

needs when DENV and ZIKV establish the infection notably dur-

ing the biogenesis of vROs. It is worth mentioning that some

studies reported contrasting phenotypes. For instance, it was re-

ported that DENV infection increases oxidative respiration in

Huh7 and HepG2 liver cells at 2 days post-infection.18,20 Other

studies showed an inhibition of the basal and maximal oxygen

consumption in first-trimester primary trophoblasts and fetal

lung fibroblasts infected with ZIKV, that correlated with the frag-

mentation of the mitochondrial network.21,23 In neurons, ZIKV

infection also induced mitochondrial fission by decreasing the

expression of the fusion factor MFN2 despite low levels of viral

replication.61 Pharmacological inhibition of DRP1 (and hence,
Methods section. Data were normalized to the mean basal OCR of the non-target

Kruskal-Wallis test; N = 4–5.

(D) Cells were transduced as in (a-c). Two days post-transduction, cells were infec

(Rluc) at an MOI of 0.01. Two days post-infection, the luciferase activity was m

condition. ***: p % 0.001; **: p % 0.01; Kruskal-Wallis test; N = 6–10.

(E–F) Two days post-transduction, cells were infected with DENV 16681s (E

of extracellular viral particles were determined by plaque assays. All values w

Wallis test; N = 3–6.

(G and H) Primary human monocytes were transduced with lentiviruses encoding

with either DENV 16681s or ZIKV H/PF/2013 at an MOI of 1 in the presence of the

cells were collected and analyzed for their content in (G)RRBP1 andSYNJ2BPmR

treatedwith 10 mMof the NS5RNA polymerase inhibitor NITD008 to demonstrate a

shown.
of fission) reduced ZIKV-induced cell death in this model. In

addition, some studies reported that DENV and ZIKVmaymodu-

late mitophagy, a mitochondria quality control that is also linked

to mitochondria morphology and cell survival.62–64 Overall,

this suggests that a functional interplay between mitochondrial

morphodynamics, respiratory metabolism, and virus-induced

apoptosis dictates the fate of the infected cell.

The studies mentioned above highlight some inconsistencies

in the descriptions of mitochondrial morphodynamics and en-

ergy consumption during flavivirus infection. Some of these dis-

crepancies may be explained by the used viral strains and/or cell

types that are more prone to cell death induction (and meta-

bolism suppression) upon infection/stress (e.g., neurons, im-

mune competent cells). Additionally, we believe that our kinetic

analysis described here demonstrates that the time of infection

(and most probably the extent of viral protein and remodeled or-

ganelles accumulation) is an important determinant of flaviviral

impact on respiratory metabolism, which may partly explain

these discrepancies. Furthermore, we used here Huh7.5 cells

which are deficient in RIG-I-dependent signaling and interferon

production. Thus, we can rule out that the observed phenotypes

of this study are due to the activation of antiviral innate immunity.

The fact that ERMC protein knockdown increased the oxygen

consumption rate (Figures 5A–5C) supports the model in which

DENV and ZIKV alter ERMCs to stimulate mitochondrial activity

to delay cell death at the late time points of infection and maxi-

mize replication. While the flaviviral determinants of ERMC alter-

ation remain unknown, we favor the idea that this morphological

remodeling requires the prior ER-related biogenesis of replica-

tion organelles per se which involves the concerted action of

several flaviviral nonstructural proteins.

Apoptosis is a programmed cell death that is induced by both

extrinsic and intrinsic pathways. This process is most likely

induced in flavivirus-infected cells by the massive stress due to

the multiple damage-associated molecular patterns resulting

from the extensive remodeling and reprogramming of the cyto-

plasm. However, premature cell death is presumably not optimal

for viral replication. The intrinsic apoptosis pathway relies on the

activation of caspase 3 through the release of BCL-2 family pro-

teins from mitochondria.65 Given that ERMCs were reported to

regulate this cell death pathway, we investigated whether their

alteration could influence ZIKV-induced apoptosis. In this study,

we demonstrate that the alteration of ERMCs by knocking down

RRBP1 and SYN2BP decreases apoptosis in ZIKV-infected cells

(Figure 6). ERMCs notably regulate this cell death induction
shRNA (shNT) control conditions as in Figures 4B–4E. *: p% 0.05; **: p% 0.01;

ted with DENV-R2A reporter viruses which expressRenilla reniformis luciferase

easured as a readout of viral replication and normalized to the shNT control

) or ZIKV H/PF/2013 (F) at a MOI of 0.1). 48 h later, the infectious titers

ere normalized to the shNT condition. **: p % 0.01; *: p % 0.05; Kruskal-

shNT, shSYNJ2BP or shRRBP1. 2 days post-transduction cells were infected

panflaviviral anti-E antibody to enhance the infection. One day post-infection

NAs and (H) viral RNAs using RT-qPCR. As control conditions,monocyteswere

productive replication in these cells. Mean valueswith standard deviations are
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pathway through IP3R1 and VDAC1 which interact and act as

calcium channels to directly transfer calcium from the ER to

mitochondria. Since an overload of calcium in mitochondria

leads to apoptosis,66 it is tempting to speculate that the loss

of ERMCs reduces the amounts of mitochondrial calcium

and thus, delays the induction of apoptosis. Mitochondrial

fission positively regulates the activation of apoptosis, notably

through the interaction between DRP1 and BAX, a pro-apoptotic

factor.67–70 However, RRBP1 and SYN2JBP knockdown did not

result in apparent changes in mitochondria morphology, thus al-

lowing us to conclude that these phenotypes were not related to

the mitochondria elongation induced by DENV and ZIKV. Inter-

estingly, we have already shown that the integrity of CMs during

ZIKV infection is required to both dampen apoptosis and main-

tain the elongated morphology of mitochondria.19 This suggests

that both DENV/ZIKV-induced mitochondria elongation and

ERMC alteration independently regulate apoptosis. It is inter-

esting to note that in our cell culture system, mitochondria integ-

rity appeared to be preserved upon DENV/ZIKV infection and

ERMC protein knockdown since we did not detect any obvious

changes in the mitochondrial membrane potential (Figures S6C

and S7C).

Finally, the ERMC compartment also serves as a signaling

platform during early antiviral innate immunity leading to the in-

duction of type I and III interferons. When RIG-I senses a foreign

RNA, it is translocated to the surface of the mitochondria and

binds the mitochondrial antiviral-signalling protein adaptor

(MAVS) which is located at the ERMC.32 Several inhibition mech-

anisms of RIG-I activation by flaviviruses have been discovered

in the last decade, notably by inhibiting its TRIM25-and 14-3-

3ε-dependent translocation to mitochondria.16,71–77 Thus, per-

turbing the reticulo-mitochondrial interface may constitute

another strategy to inhibit or delay cellular processes that could

be harmful for flaviviruses. Interestingly, such a mechanism to

dampen RIG-I-dependent innate immune signaling was already

shown for the influenza virus which belongs to another virus fam-

ily.35We can rule out the possibility that our phenotypes in RIG-I-

deficient Huh7.5 cells are due to interferon induction. Given that

flavivirus replication was enhanced in human primarymonocytes

upon RRBP1 and SYNJ2BP knockdown, it will be interesting to

evaluate in future studies whether the alteration of ERMCs by fla-

viviruses contributes to countering antiviral immunity in immune-

competent cells in addition to cell death.

Overall, our data demonstrate that the morphological pertur-

bations of the ERMCs by DENV and ZIKV modulate mitochon-

drial respiratory metabolism to sustain the energetic needs of

the flaviviral life cycle. This study further supports a model in
Figure 6. ERMC alteration dampens ZIKV-induced apoptosis

(A) Huh7.5 cells were transduced with lentiviruses expressing shRNAs which ta

infected with ZIKV H/PF/2013 (MOI = 20) or left uninfected. Two days post-infe

measuring bioluminescence using the Caspase-Glo 3/7 assay kit. The showed r

(B) Cells were transduced and infected as in (A). Two days post-infection (i.e., 4 da

detected by flow cytometry using the CellEvent caspase-3/7 green reagent, the

bodies, respectively. Actinomycin D treatment (2.5 mM, 24 h) was used as a posit

caspase activity in function of NS3 expression.

(C) Gated ZIKV-infected cells (i.e., NS3+ cells) were analyzed for apoptosis indu

biosensors, respectively. All values were normalized to the shNT condition. **: p
which these viruses perturb ERMC to hijack specific host factors

that are required for CM morphogenesis, and vice-versa. More

studies are required to better understand these mechanisms at

a molecular level, including the specific viral determinants

involved in the alteration of ERMCs and mitochondrial respira-

tion. It will be also interesting to evaluate how this impacts mito-

chondrial functions other than apoptosis and innate immunity,

such as calcium homeostasis or lipid metabolism.
Limitations of the study
In the study, we show that ZIKV and DENV infections alter endo-

plasmic-reticulum-mitochondria contact sites. However, the

molecular mechanisms underlying this morphological remodel-

ing remain poorly characterized. First, although such an alter-

ation correlates with changes in the profile of tethering proteins

RRBP1 and SYNJ2BP in infected cells, future studies will have

to address whether these two phenotypes are mechanistically

linked. This includes investigating whether the ZIKV-induced

SYNJ2BP product results from posttranslational modifications

of SYNJ2BP or from messenger RNA (mRNA) splicing-related

expression of an additional SYNJ2BP isoform. In any case, it

would be highly relevant to assess the impact of overexpressing

such an alternative SYNJ2BP product or ‘‘non-modifiable’’ mu-

tants on ERMCs stability and viral replication efficiency. In the

same line of ideas, is the RRBP1 expression decrease upon

infection due to enhanced protein degradation (possibly by

NS2B/3 viral protease), and/or to an impairment at the mRNA

transcription, stability, or translation level? Second, the viral

determinant of the disruption of the reticulo-mitochondrial inter-

face is still unknown. Our repeated attempts failed to link this

phenotype to NS4B, a ‘‘natural suspect’’ given its reported ca-

pacity to induce mitochondria elongation. Thus, other viral pro-

teins (alone or in combination) might control this process and

will have to be assessed in overexpression studies. Answers to

these key remaining questions will help to better understand

the cytoplasmic remodeling by orthoflaviviruses and may

contribute to identifying novel therapeutic targets.
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Materials availability

This study did not generate new unique reagents.
rget the indicated proteins (MOI = 4). Two days post-transduction, cells were

ction, cell lysates were prepared, and apoptosis induction was measured by

esults are representative of three independent experiments.

ys post-transduction), apoptosis induction, cell death, and ZIKV infection were

amine reactive viability dye LIVE/DEAD aqua fixable stain, and anti-NS3 anti-

ive control of apoptosis induction. The plots show representative results of the

ction and cell viability using the CellEvent caspase-3/7 green and LIVE/DEAD

% 0.01; ns: not significant; one-way ANOVA test; N = 3.
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Data and code availability

d The mass spectrometry proteomics data have been deposited

to the ProteomeXchange Consortium (http://proteomecentral.

proteomexchange.org) via the PRIDE partner repository. The GC-MS

metabolomics data have been deposited on Mendeley Data (https://

data.mendeley.com/).

d This article does not report the original code.

d Any additional information required to reanalyze the data reported in this

article is available from the lead contact upon request.
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sition and analysis; A.Léveillé and D.G: PBMC and primary monocyte prepara-

tion; P.S and A.P: Mass spectrometry and data analysis. Z.N and L.H: Metab-

olite extraction, GC-MS, and data analyses. L.C.C: Study conceptualization,

design, and funding, data analysis, article editing. All authors have read, re-

viewed, and agreed to this version of the article.
14 iScience 28, 111599, January 17, 2025
DECLARATION OF INTERESTS

The authors declare that they have no conflicts of interest.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
B Cell lines

B Primary cell cultures

B Virus strains

d METHOD DETAILS

B Antibodies

B Lentivirus production, titration, and transduction

B Cell viability assays

B Renilla luciferase assays

B Virus production assays

B Immunofluorescence-based confocal microscopy

B Proximity ligation assays

B Transmission electron microscopy

B Oxygen consumption rate measurements

B Mitochondria affinity purification and quantitative LC-MS/MS

B GC-MS metabolomic analyses

B Human primary monocytes infection

B Caspase-Glo 3/7 assays

B Flow cytometry

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.

2024.111599.

Received: March 16, 2023

Revised: July 17, 2024

Accepted: December 11, 2024

Published: December 14, 2024

REFERENCES

1. Bhatt, S., Gething, P.W., Brady, O.J., Messina, J.P., Farlow, A.W., Moyes,

C.L., Drake, J.M., Brownstein, J.S., Hoen, A.G., Sankoh, O., et al. (2013).

The global distribution and burden of dengue. Nature 496, 504–507.

https://doi.org/10.1038/nature12060.

2. Liu-Helmersson, J., Quam, M., Wilder-Smith, A., Stenlund, H., Ebi, K.,
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-DENV NS4B GeneTex GTX124250

Rabbit anti-ZIKV NS4B GeneTex GTX133311

Rabbit anti-ZIKV NS3 GeneTex GTX133309

Mouse monoclonal anti-DENV NS3 GeneTex GTX629477

Rat polyclonal antibodies against

DENV2 16681 NS3

Not commercial, produced by Medimabs reported before (Anton et al., 2021)

Mouse anti-VDAC1 Abcam ab14734

Mouse anti-GRP75 Abcam ab2799

Rabbit anti-IP3R1 Novus Biologicals NBP2-22458

Mouse anti-VAPB ProteinTech 66191-1-Ig

Mouse anti-RRBP1 Invitrogen MA5-18302

Rabbit anti-PTPIP51 Sigma-Millipore HPA009975

Rabbit anti-SYNJ2BP Sigma-Millipore HPA000866

Rabbit anti-TOM20 Cell Signaling Technology 42406

Rabbit anti-SDHAF2 RayBiotech 144-64204

Bacterial and virus strains

ZIKV H/PF/2013 European Virus Archive Global N/A

ZIKV MR766 European Virus Archive Global N/A

DENV2 16681s (Fischl & Bartenschlager, 2013) N/A

Rluc-expressing DENV-R2A (Fischl & Bartenschlager, 2013) N/A

Chemicals, peptides, and recombinant proteins

NITD008 Tocris Small Molecules 6045/1

Deposited data

Proteomics ProteomeXchange PXD057947

Metabolomics Mendeley Data 6yvtysrwfv.1

Experimental models: Cell lines

Huh7.5 Gift from Patrick Labonté (INRS) N/A

Vero E6 ATCC CRL-1586

JEG-3 ATCC HTB-36

A549 ATCC CCL-185

HEK293T Gift from Frédérick-Antoine Mallette (University of Montreal) N/A

HeLa Gift from Frédérick-Antoine Mallette (University of Montreal) N/A

Software and algorithms

Fiji ImageJ.net version 2.16.0

GraphPad Prism 8 Graphpad version 8.0.1

MaxQuant J€urgen Cox Laboratory; https://www.biochem.mpg.de/

6304115/maxquant

version 1.5.6.2

Perseus J€urgen Cox Laboratory; https://www.biochem.mpg.de/

6304220/perseus

version 1.6.10.43

Chemstation Agilent, Santa Clara, USA N/A

MassHunter Agilent, Santa Clara, USA N/A

Wave Agilent, Santa Clara, USA version 2.6.1

FlowJo BD version 10.0

Image Lab Bio-Rad version 5.0
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Other

Mission shSYNJ2BP Millipore Sigma TRCN0000121988

Mission shRRBP1 Millipore Sigma TRCN0000117408

Mission shVAPB Millipore Sigma TRCN0000152520

Mission shPTPIP51 Millipore Sigma TRCN0000135580

Mission shDRP1 Millipore Sigma TRCN0000001097

Mission shMFN2 Millipore Sigma TRCN0000082686
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Huh7.5 (Human, male), A549 (Human, male), HEK293T (Human female), VeroE6 (African green monkey, female), and HeLa (Human,

female) cells were cultured in Dulbecco’s modified Eagle medium (DMEM, Life Technologies) supplemented with 10% fetal bovine

serum (FBS, Wisent), 1% non-essential amino acids (Life Technologies) and 1% penicillin-streptomycin (Life Technologies). JEG-3

cells (Human, female) were cultured in Eagle’s minimum essential medium (EMEM, with Earle’s salts, Wisent) supplemented as

described above for DMEM.Huh7.5 cells stably expressingmito-mTurquoise2were produced exactly as before using lentiviral trans-

duction16 and were maintained in 5 mg/mL zeocin (Life Technologies). VeroE6, JEG-3 and A549 cells were obtained from ATCC. The

identity of HEK293T and HeLa cells has been confirmed by the short tandem repeats (SRT) profiling authentication method at

Génome Québec (Montreal, Canada). The other cell lines were not authenticated. All cell lines were systematically and regularly

tested for the absence of mycoplasma contamination with the PCR Mycoplasma Detection Kit (#G238 (AG); Applied Biological

Mat. Inc.).

Primary cell cultures
Human peripheral blood mononuclear cells (PBMC) were isolated from venous blood obtained from female healthy volunteers by

centrifugation over Ficoll-Paque. Blood donations were obtained from informed and consenting individuals, as per institutionally

approved procedures (INRS ethic protocol #CER-15-397). All donors were 20 to 60-year-old non-smokers and have not taken

anti-inflammatory drugs for the last 10 days before the experiments. Information related to ancestry, race, or ethnicity is not available.

Sampleswere processedwithin 30minutes of blood collection. Upon isolation, PBMCswere counted, and cell viability was assessed

using trypan blue exclusion before starting experiments. For monocyte isolation, 1 mL of a 106/mL PBMC suspension was added to

6-well plates. The PBMCs were incubated at 37�C in a 5% CO2 atmosphere for 2 hours in RPMI 1640 medium, 10% FBS, 10 mM

HEPES, and 1% penicillin/streptomycin. The supernatant, containing nonadherent PBMCs, was removed, and adherent monocytes

were washed twice before lentivirus transduction.

Virus strains
ZIKV H/PF/2013 and ZIKV MR766 strains were provided by the European Virus Archive Global (EVAg). Virus stocks were generated

by amplification in VeroE6 cells following inoculation with a multiplicity of infection (MOI) of 0.001. Virus aliquots were stored at 80�C
until use. Infectious titers were determined by plaque assays exactly as reported before.78 DENV2 16681s and reporter Rluc-ex-

pressing DENV-R2A particles were generated using a reverse genetics system (a kind gift of Ralf Bartenschlager)79 and by electro-

porating VeroE6 cells with in vitro-transcribed DENV RNA genomes as reported before.80

METHOD DETAILS

Antibodies
Rabbit anti-DENV NS4B (GTX124250; cross-reactive for ZIKV), rabbit anti-ZIKV NS4B (GTX133311), rabbit anti-ZIKV NS3

(GTX133309) and mouse monoclonal anti-DENV NS3 (GTX629477; cross-reactive for ZIKV) were obtained from Genetex. Rat poly-

clonal antibodies against DENV2 16681 NS3 which are cross-reactive with ZIKV NS3 were generated by Medimabs (Montreal, Can-

ada) as reported before.19 Mouse anti-VDAC1 (ab14734) and mouse anti-GRP75 (ab2799) were obtained from Abcam. Rabbit anti-

IP3R1 (NBP2-22458) antibodies were obtained from Novus Biologicals. Mouse anti-VAPB (66191-1-Ig) was obtained from

ProteinTech. Mouse anti-RRBP1 (MA5-18302) was obtained from Invitrogen. Rabbit anti-PTPIP51 (HPA009975) and rabbit anti-

SYNJ2BP (HPA000866) were obtained fromSigma-Millipore. Rabbit anti-TOMM20 (42406) and anti-SDHAF2 (144-64204) antibodies

were purchased at Cell Signaling Technology and RayBiotech, respectively.
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Lentivirus production, titration, and transduction
Knockdowns of ERMC proteins were achieved by transduction with lentiviruses expressing MISSION shRNA from MilliporeSigma

(shSYNJ2BP: TRCN0000121988; shRRBP1: TRCN0000117408; shVAPB: TRCN0000152520; shPTPIP51: TRCN0000135580). Con-

structs expressing shDRP1 and shMFN2 were already described.16 For lentivirus production, HEK293T cells were transfected with

packaging plasmids pCMV-Gag-Pol, pMD2-VSV-G and pLKO-shRNA using 25 kDa linear polyethylenimine (Polysciences Inc.)

exactly as before.16,19,80 Two days post-transfection, lentivirus-containing medium was collected, filtered and stored at -80�C until

use. Lentivirus titration was performed in HeLa cells. Cells were seeded at 50,000 cells/well in 24-well plates and lentivirus-containing

medium was titrated in 10-fold serial dilutions (10-1 to 10-3, in duplicate). Transduced cells were selected one-day post-transduction

treatment with 1 mg/mL puromycin. Six days post-transduction, cells were washed once in PBS, and then fixed and stained with 1%

crystal violet/10% ethanol for 20 minutes. Stained cells were washed with tap water. Colony-forming units were counted, and titers

were determined taking into consideration the dilution factor. Huh7.5 cells were transduced with lentiviruses at a MOI of 5-10 in the

presence of 8 mg/mL polybrene.

Cell viability assays
7,500 Huh7.5 cells/well in 100 ml of DMEM were seeded in 96-well plates and transduced as indicated above. Four days post trans-

duction, 20 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 5 mg/mL were added to the medium for 1 to

4 hr at 37�C. Medium was removed and 150 mL of 2% (v/v) of 0.1 M glycine in DMSO (pH 11) were added to dissolve the MTT pre-

cipitates. Absorbance at 570 nm was read with Spark multimode microplate reader (Tecan).

Renilla luciferase assays
1.105 Huh7.5 cells/well were plated in 12-well plates in triplicates and transduced as indicated above. The day after, the culture me-

dium was replaced. Two days post-transduction, cells were infected with virus DENV-R2A reporter virus (MOI=�0.01). 2 days later,

the medium was removed, and cells were lysed in 200 ml of luciferase lysis buffer (1% Triton-X-100; 25 mM Glycyl-Glycine, pH7.8;

15 mMMgSO4; 4 mMEGTA; 1 mMDTT added directly prior to use). 30 ml of lysates were transferred into a white 96-well plate. Lumi-

nescence was read with a Spark multimode microplate reader (Tecan) after injection of 150 ml of assay buffer (25 mMGlycyl-Glycine

pH7.8; 15mMKPO4 buffer pH7.8; 15mMMgSO4; 4mMEGTA; 1mM coelenterazine freshly added before the assay). All values were

normalized to the shNT control condition.

Virus production assays
2.105 Huh7.5 cells/well were plated in 6-well plates and transduced in the presence of 8 mg/mL polybrene. The day after, culture me-

diumwas changed. Two days post-transduction, cells were infected with DENV2 16681s or ZIKV H/PF/2013 (MOI = 0.1). Three hours

later, culture mediumwas changed. Two days post-infection, cell supernatants were collected, filtered at 0.45 mm, and kept at -80�C
until use. 2.105 VeroE6 cells/well were seeded in 24-well plates. The day after, cells were infected in 10-fold serial virus dilutions (10-1

to 10-6) in duplicate in complete DMEM. Three hours post-infection, the medium was removed, and replaced with serum-free MEM

(Life Technologies) containing 1.5% carboxymethylcellulose (MilliporeSigma). Five (ZIKV) or seven (DENV) days post-infection, cells

were fixed for 2 hours in 5% formaldehyde. Cells were washed vigorously with tap water and stained with 1% crystal violet/10%

ethanol for 20 minutes. Cells were washed with tap water. Plaques were counted, and infectious titers in particles forming unit

(PFU/mL) were calculated.

Immunofluorescence-based confocal microscopy
Huh7.5 cells were seeded on coverslips before immunofluorescence assay and infected the day after with DENV2 16681s (MOI = 1-5)

or ZIKVH/PF/2013 (MOI=5-10) 2- or 3-days post-infection, cells were washed three timeswith PBS and fixed for 20minuteswith PBS

containing 4% paraformaldehyde (PFA). Coverslips were rinsed 3 times with PBS and kept at 4�C in PBS until use. Prior immuno-

staining, cells were permeabilized for 15 min in PBS containing 0.2% Triton X-100, and then blocked for 1hr with PBS containing

5% bovine serum albumin (BSA) and 10% goat serum (Thermo-Fisher). Coverslips were incubated 2 hours with primary antibodies

at room temperature diluted in PBS/5%BSA. Coverslips were washed three times in PBS and incubated for 1hr at room temperature

and in the dark with Alexa Fluor (488, 568 or 647)-conjugated secondary antibodies (Life Technologies) diluted in PBS/5%BSA. Cov-

erslips were washed three times in PBS and incubated 15 min in PBS containing 4’, 6’-diamidino-2-phenylindole (DAPI; Life Tech-

nologies) diluted 1/10,000 for nuclei staining. Coverslips werewashed three times in PBS, and once inwater before beingmounted on

slides with FluoromountG (Southern Biotechnology Associates). Cells were observed and imaged using a LSM780 confocal micro-

scope (Carl Zeiss Microimaging) at the Confocal Microscopy Core Facility of the INRS-Centre Armand-Frappier Santé Bio-

technologie. Images were processed with the Fiji software.

Proximity ligation assays
Huh7.5 cells were cultured on coverslips and infected as above. In the case of JEG-3 and A549 cells, they were infected at aMOI of 1

and processed two days post-infection. Coverslips were washed three times with PBS and fixed for 20 min with PBS/4% PFA. Cov-

erslips were rinsed 3 times with PBS and kept at 4�C in PBS until use. Prior to the assay, cells were permeabilized with 0.2% Triton

X-100 for 15 min. Proximity ligation assays were performed using the Duolink PLA Kit (Millipore-Sigma) according to the
e3 iScience 28, 111599, January 17, 2025
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manufacturer’s protocol. Briefly, cells were blockedwith the kit buffer for 1 hr at 37�C in prior incubation with the indicatedmouse and

rabbit primary antibodies for 2 hours at room temperature. Coverslips were washed three times with the buffer A from the kit and

incubated for 1 hr at 37�C with PLUS and MINUS PLA probes. Coverslips were washed three times in buffer A and incubated for

30 min at 37�C with the ligation solution. Coverslips were washed three times with buffer A and incubated 100 min at 37�C with

the kit amplification solution. After final washeswith buffer B, coverslips were stained as abovewith rat anti-NS3 antibodies and Alexa

Fluor488 anti-rat antibodies (see STAR Methods for immunofluorescence-based confocal microscopy). Cells were then incubated

for 15 min in 0.01% buffer B and a 1/10,000 dilution of DAPI (Life Technologies) for nuclei staining. Coverslips were washed three

times in buffer B, then once in 0.01% buffer B andmounted on slides with FluoromountG (Southern Biotechnology Associates). Cells

were observed and imaged using a LSM780 confocal microscope (Carl ZeissMicroimaging) at the ConfocalMicroscopy Core Facility

of the INRS-Centre Armand-Frappier Santé Biotechnologie. The quantifications of the intracellular PLA dots were performed with the

Fiji software. Briefly, 8-bit format images were processed for each channel. We increased the signal for NS3 to saturation in order to

delineate the entire cell area. The threshold of PLA signal was adjusted to eliminate the non-specific background. A given PLA signal

was considered positive when bigger than 0.02mm2 and having a circularity between 0.02 and 1.00. PLA dots were counted in each

cell. Same acquisition and counting settings were applied to all data for each experiment.

Transmission electron microscopy
Infected cells were prepared for transmission electron microscopy exactly as previously reported.19,80 Briefly, Huh7.5 cells were

seeded on Lab-tech chambers SlideTM (Thermo Fisher) and infected with DENV 16681s MOI 1 or ZIKV H/PF/2013 MOI of 10.

Two days later, cells were fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer pH 7.4 overnight at 4�C and washed three

times with washing buffer. Cells were postfixed for 1 hour with the washing buffer containing 1% aqueous OsO4 and 1.5% aqueous

potassium ferrocyanide. Following three washes in washing buffer, samples were dehydrated in sequential dipping into a series of

ethanol-dH2O solutions of increasing concentration up to 70% followed by a 1 hour-long staining with 2% uranyl acetate in 70%

ethanol. Samples were washed twice in 70% ethanol and subjected to a progressive dehydration with up to 100% ethanol. A Graded

Epon-ethanol series (1:1, 3:1) was used to infiltrate the samples before embedding in 100%Epon and polymerizing in an oven at 60�C
for 48hrs. A Diatome diamond knife using a Leica Microsystems EM UC7 ultramicrotome was used to cut serial sections (90-100 nm

thick) from the polymerized blocks. Ultrathin sections were then transferred into 200-mesh copper grids and stained during 6minutes

with 4% uranyl acetate and 5 minutes in Reynold’s lead. Image acquisitions of TEM grids were performed with a FEI Tecnai G2 Spirit

120 kV TEM equipped with a Gatan Ultrascan 4000 CCD Camera Model 895 (Gatan, Pleasanton, CA) located at McGill University

Facility for Electron Microscopy Research. TEM images were analyzed using the Fiji software for measurements of mitochondria

perimeter and ERMC length in cells from the single sections exhibiting a large cytoplasm (basal side of the cell). Ultrastructures

were considered as ERMCs when the measured distance between ER and mitochondria was below 50nm. The ratio between these

two values indicated the percentage of the mitochondrial perimeter in contact with ER.

Oxygen consumption rate measurements
The day prior the assay, Seahorse 96-well sensor cartridges (Agilent) were hydrated overnight at 37�C in a non-CO2 incubator with

200 ml/well of the Seahorse XF calibrant (Agilent). The day of the assay, living cells were trypsinized and counted with Trypan blue.

50,000 cells/well were seeded into a Seahorse XF 96-well cell culture microplate (Agilent) in DMEM and incubated for at least 4 hours

at 37�Cwith 5%CO2. Culture mediumwas changed for 180 ml of Seahorse XF DMEMwhich was supplemented with 1 mM pyruvate,

2 mM glutamine and 10 mM glucose. Cells were incubated for 1 hour in a non-CO2 incubator at 37
�C. For measurements of the ox-

ygen consumption rates, we used the Seahorse XF Cell Mito Stress Test kit (Agilent) according to the manufacturer’s instructions.

Briefly, 20 ml oligomycin 10 mM, 22 ml FCCP 10 mM and 25 ml rotenone/antimycin A 5 mM were loaded into the ports of the sensor

cartridges. Sensor cartridges were placed on top of the Seahorse XF cell culture microplate. Sequential drug addition (10-fold dilu-

tion) and time-lapse oxygen consumption rate measurements were achieved with a Seahorse XFe96 analyzer (Agilent). OCR values

were obtained usingWave 2.6.1 software (Agilent) to determine the basal respiration, themaximal respiration and the ATP production

in each sample. For each experiment, all values from the uninfected and infected conditions were normalized to the average of the

first three measures of the OCR in the uninfected or shNT condition (corresponding to the basal respiration, i.e., the average level of

mitochondrial respiration in normal conditions). Then, the average and SEM were calculated between three to five independent

experiments and plotted using GraphPad Prism 8.0 software.

Mitochondria affinity purification and quantitative LC-MS/MS
For the determination of mitochondrial proteome, four independent affinity purifications were performed for each experimental con-

dition as follows. Huh7.5 cells were infected with DENV2 16681s (MOI=2), ZIKV H/PF/2013 (MOI=10) or ZIKV MR766 (MOI=2) to

achieve 100%of infection. Forty hours later, cells were prepared, andmitochondria were purifiedwith the HumanMitochondria Isola-

tion Kit (Miltenyi Biotec) according to the manufacturer’s instructions. Briefly, were washed twice with cold PBS and counted. Ten

million cells were then lysedwith a Dounce homogenizer on ice in the kit lysis buffer supplemented with EDTA-free protease inhibitors

(Roche). Cell homogenates were subjected to immunoprecipitation using magnetic beads-coupled anti-TOMM22 antibodies. Iso-

lated mitochondria were centrifuged at 13,000xg for 2 minutes at 4�C and resuspended in in 40 ml U/T buffer (6 M urea, 2 M thiourea,

10 mM Hepes (pH 8.0)), and reduction and alkylation carried out with 10 mM DTT and 55 mM iodoacetamide in 50 mM ABC buffer
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(50 mM NH4HCO3 in water pH 8.0), respectively. For the determination of the whole proteome, 5 x 106 washed cells were lysed in a

buffer containing 6 M guanidium chloride and 10 mM Tris(2-carboxyethyl)phosphine (TCEP), 0.1M Tris/HCl (pH 8). Fifty micrograms

of cleared protein lysates were reduced/alkylated and peptides were purified on stage tips as described above After digestion with

1 mg LysC (WAKO Chemicals USA) at room temperature for 3 h, the suspension was diluted in ABC buffer, and the protein solution

was digested with trypsin (Promega) overnight at room temperature. Peptides were purified on self-assembled stage tips with three

C18 Empore filter discs (3M) and analyzed by liquid chromatography coupled to mass spectrometry on a QExactive HF instrument

(Thermo Fisher Scientific) as previously described.81

Raw mass-spectrometry data were processed with MaxQuant software versions 1.5.6.2 using the built-in Andromeda search en-

gine to search against the human proteome (Homo sapiens; UniprotKB #UP0000005684; release 2012_02) containing forward and

reverse sequences concatenatedwith the DENV (UniprotKB #P29990) and ZIKV (UniprotKB #KU955593) viral proteins, and the label-

free quantitation (LFQ) algorithm as described previously.82,83 Additionally, the intensity-based absolute quantification (iBAQ) algo-

rithm and ‘‘Match Between Runs’’ option were used. In MaxQuant, carbamidomethylation was set as fixed andmethionine oxidation

and N-acetylation as variable modifications, using an initial mass tolerance of 6 ppm for the precursor ion and 0.5 Da for the fragment

ions. Search results were filtered with a false discovery rate (FDR) of 0.01 for peptide and protein identifications.

Perseus software version 1.6.10.43 was used to further process the affinity-purification and global proteome dataset. Protein

tables were filtered to eliminate the identifications from the reverse database and common contaminants. In analyzing mass spec-

trometry data, only proteins identified on the basis of at least one peptide and a minimum of 3 quantitation events in at least

one experimental group were considered. Significant interactors were determined by Welch’s paired T-tests with permutation-

based false discovery rate statistics on LFQ intensities (Global proteomes) or the relative abundance of Mitochondria-

enriched proteins after normalization against the corresponding cellular lysates (Mitoproteome) (n=4, (|Log2(fold-change))| R

1.58), -Log10(P-value) R 2.). We performed 250 permutations, and the FDR threshold was set at 0.05. The parameter S0 was set

at 1 to separate background from specifically enriched interactors (mitoproteome), or to define significantly up- or down-regulated

proteins in pairwise comparisons (global proteome).84 UniprotKB accession codes of protein groups and proteins associated with

Krebs cycle and electron transport chain identified by mass spectrometry, and their respective LFQ intensities, normalized ratios

and significance values are provided in Table S1. The complete list of identified proteins will be published alongside a different study.

GC-MS metabolomic analyses
For infection experiments, Huh7.5 cells were infected with DENV2 16681s (MOI=2), ZIKV H/PF/2013 (MOI=10) or ZIKV MR766

(MOI=2) to achieve 100% of infection, and collected two days post-infection for metabolite preparation. Briefly, cells were washed

on ice three times with a cold and filtered isotonic solution (0.9% NaCl). Cells were then quickly collected with 800 mL of 80% MS-

grade methanol which was stored at -80�C. Samples were stored at -80�C until metabolite extraction. In parallel, additional replicate

samples were generated for cell counting after trypsinization, and quality controls using western blotting to ensure that the infection

was successful. Experiments were designed so that between 0.75 x 106 and 2 x 106 cells were used for subsequent processing for

GC-MS.

Membranes disruption was carried by sonication at 4�C (twice 10 min, 30 sec on, 30 sec off, high setting, Diagenode Bioruptor).

Extracts were cleared by centrifugation (15,000 rpm, 10 min, 4�C) and supernatants were transferred into new tubes containing 1ml

800 ng/ml myristic acid-D27 (Sigma; dissolved in pyridine). Next, they were dried in a cold trap (Labconco) overnight at� 4�C. Pellets
were solubilized in 30 ml pyridine containing methoxyamine-HCl (10 mg/mL, Sigma) by sonication and vortex, and were incubated at

RT for 20 min (methoximation). Samples were centrifuged (15,000 rpm, 10 min, RT) and the supernatants were transferred into

glass vials containing MTBSTFA (70 ml, Sigma) for derivatization at 70�C for 1 h. One mL was injected per sample for GC–MS analysis.

GC–MS instrumentation and software were all from Agilent. GC–MS methods and analyses are as previously described.85 Data an-

alyses were performed using the Chemstation andMassHunter software (Agilent, Santa Clara, USA). Three replicates per experiment

for each condition were processed. The included data show the mean and SEM obtained from the analysis of 4 independent

experiments.

Human primary monocytes infection
PBMC-derived primary monocytes were prepared as described above. Prior to transduction, adherent primary humanmonocytes in

a dedicated well for cell counting were scraped, and the cell suspension was used to determine cell number for calculating the vol-

umes of lentiviruses required to perform a transduction with a multiplicity of infection (MOI) of 5. For transduction, all media were

removed, and fresh RPMI 1640 medium, 10% FBS, 10 mMHEPES, and 1% penicillin/streptomycin medium containing 8 mg/mL pol-

ybrene and shRNA-expressing lentiviruses were added and incubated overnight at 37�C in a 5%CO2 atmosphere. Subsequently, the

cells were gently washed twice with PBS, and fresh mediumwas added. Two days post-transduction, monocytes were infected with

ZIKVH/PF/2013 andDENV2 16681s at aMOI of 1 through antibody-dependent enhancement. For virus-antibody complex formation,

virus suspensions were incubated for 30 minutes at 4�C in the presence of 1 mg/mL 4G2 panflaviviral anti-E antibody (Genetex,

GTX57154). 1 mL of fresh RPMI containing virus-antibody complexes then added to the well with adherent primary monocytes

and incubated at 37�C with 5% CO2 for 2 hours. After the infection, the inoculum was removed, and fresh cell medium was added.

As replication control, NS5 inhibitor NITD008 (Tocris Small Molecules) was added at a final concentration of 10mM. One day post-

infection, adherent cells were collected and subjected to RNA extraction with the RNeasy mini kit (Qiagen) and RT-qPCR.
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Caspase-Glo 3/7 assays
300,000 Huh7.5 cells were seeded in 6-well plates and transduced with shRNA-expressing lentivirus at a MOI of 4 with 8mg/mL poly-

brene. Two days post transduction, cells were infected with ZIKV H/PF/2013 (MOI of 20) or left uninfected. Two days post infection,

cells were scraped in culture medium, collected, and centrifuged for 1 min at 10,000 rpm. Cell pellets were resuspended in 70 mL of a

50/50% mixture containing PBS and the Caspase-Glo 3/7 reagent (Promega). Lysates were incubated at least 2 hours protected

from the light at room temperature. Luminescence was measured in duplicates in white 96-well plates (30 ml/well) with a Spark

multi-mode microplate reader (Tecan). All values were background-subtracted and normalized to the shNT-transduced uninfected

condition.

Flow cytometry
300,000 Huh7.5 cells were prepared exactly as in Caspase-Glo 3/7 assays. Two days post-infection, cells were detached by trypsin

treatment and stained with 25 nM MitoTracker� Orange CM-H2 TMRos (Thermo-Fisher) for 30 min at 37�C followed by a treatment

with 4mM CellEvent caspase 3/7 green (Thermo-Fisher) and the amine reactive viability dye LIVE/DEAD aqua fixable stain (Thermo-

Fisher) for 30min in the dark at room temperature. Cells were fixed with 2% formaldehyde and permeabilized with 0.1% Triton X-100.

To identify ZIKV-infected cells, total cells were stained for ZIKV using a rat polyclonal anti-NS3 antibodies and subsequently with goat

anti-rat cross-adsorbed AlexaFluor 647-conjugated secondary antibodies. Cells were stored at 4�C in the dark until flow cytometry

processing (performed within 24 hr) and data acquisition with a BD LSRFortessa instrument at the Flow Cytometry Core Facility of

INRS. Data analysis was performed using FlowJo version 10.0 software. After setting of singlets, infected Huh7.5 were defined as

NS3+ cells and analyzed for active caspase 3/7 expression and LIVE/DEAD signal.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures were either plotted in Prism 8.0 or in Microsoft Excel. Images were processed in FIJI and frequently median filtered to reduce

noise. For statistics, data were analyzed using GraphPad Prism 8.0 software. Normality test was determined using the D’Agostino &

Pearson test. For all figures except Figures 1B and S2B, the significance compared to uninfected controls was determined using

either the one-way ANOVA test (with a Dunnett’s multiple comparison follow-up test) and the non-parametric Kruskal-Wallis test

(with a Dunn’s follow-up test) for data presenting a normal distribution and a non-normal distribution, respectively, as specified

in legends. For Figure 1B, statistical significance was evaluated with a two-way ANOVA test (with a Dunnett’s multiple

comparison follow-up test). For Figure S2B, we used the non-parametric Mann–Whitney test. p values < 0.05 were considered sig-

nificant: ****: p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05.
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