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conditions participate in brain homeostasis and surveillance. Under pathogenic states,

leading to sustained neuroinflammation, brain damage, and cognitive disorders.
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ing the question of the mechanism governing ZIKV-induced microglia's reactivity. In
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we demonstrate that IFNs-I produced by ZIKV-infected neurons are the main regula-
tors of the phagocytic capacity and the pro-inflammatory gene expression profile of
reactive, non-infected microglial cells. We identify protein kinase R (PKR), whose
expression is activated by IFNs-I, as a major regulator of the phagocytic capacity,
pro-inflammatory response, and morphological changes of microglia induced by
IFNs-I while up-regulating STAT1 phosphorylation and IRF1 expression. Results
obtained herein in vitro with primary cultured cells and in vivo in ZIKV-infected adult
immunocompetent mice, unravel a role for IFNs-I and PKR in directly regulating
microglia's reactivity that could be at work in other infectious and non-infectious

brain pathologies.
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1 | INTRODUCTION

Microglial cells are the innate immune, phagocytic cells of the central
nervous system (CNS) that arise from primitive myeloid precursor
cells, reaching the brain rudiment early during embryogenesis. They
are highly plastic cells that dynamically respond to local environmental
inputs persisting in adulthood as long-lived cells maintained by slow
local self-renewal (Arutyunov & Klein, 2023; Chhatbar & Prinz, 2021;
Paolicelli et al., 2022).

Under physiological conditions, microglia is involved in brain
homeostasis and surveillance maintaining the CNS health and
influencing learning and memory (Borst et al., 2021; Garaschuk &
Verkhratsky, 2019; Ransohoff & El Khoury, 2015). They are character-
ized by a ramified morphology with a small cell body and multiple
long, thin ramified processes that are constantly moving, surveying
their proximal environment (Savage et al., 2019). They shape neuronal
networks during development and adulthood eliminating inactive syn-
apses through complement 3 (C3)-dependent phagocytosis (Schafer
et al., 2012; Stevens et al., 2007; Wang et al., 2020). They secrete
neurotrophic factors (Borst et al, 2021), eliminate cellular debris
(Neumann et al., 2009), and protect the CNS against pathological
inputs (Borst et al., 2021). In the adult “healthy” brain, microglial cells
display little transcriptional heterogeneity except for variations related
to the brain region (Grabert et al., 2016; Lopes et al., 2022), the age
(Grabert et al., 2016; Lopes et al., 2022; Olah et al., 2018; Sala Frigerio
et al., 2019) and the sex (Sala Frigerio et al., 2019; Villa et al., 2018).

In response to local CNS signals associated with different patho-
genic states of the CNS, microglial cells undergo strong morphological
and transcriptional changes adopting a hypertrophic morphology with
a large cell body and short processes (Savage et al., 2019;
Schwabenland et al., 2021). They interact with neurons and synapses,
potentially leading to the pathological destruction of functional synap-
ses in link with a sustained neuroinflammatory response and the
development of cognitive disorders (Butler et al., 2021; Hong
et al, 2016; Roy et al., 2020; Vasek et al., 2016). Compared with
homeostatic microglia, microglia associated with neurological patholo-
gies are highly heterogeneous (Paolicelli et al., 2022) in such a way
that reactive microglial cells are classified into varying subsets
displaying among other diverse transcriptional signatures (e.g. disease
associated microglia, DAM; activated response microglia, ARM;
interferon-responsive microglia, IRM; proliferative associated micro-
glia, PAM) (Borst et al., 2021; Butovsky & Weiner, 2018; Chhatbar &
Prinz, 2021; Lopes et al., 2022; Olah et al, 2020; Paolicelli
et al., 2022; Sala Frigerio et al., 2019). Microglial subsets displaying a
type | interferon (IFN-I) response signature (IRM) have been found
associated with the development of Alzheimer's disease (AD) in AD
murine models (Chen & Colonna, 2021; Ising et al.,, 2019; Mathys
et al.,, 2017; Sala Frigerio et al., 2019) and post-mortem human sam-
ples (Chen & Colonna, 2021; Olah et al., 2020; Taylor et al., 2014) as
well as in association with traumatic brain injury (Todd et al., 2023)
and aging (Deczkowska et al., 2017; Lopes et al, 2022; Olah
et al., 2018; Sala Frigerio et al., 2019) raising the question of the role
of type | interferons (IFNs-I) on microglia's reactivity.

The IFN-I response constitutes the main innate antiviral response
designed to inhibit viral replication and propagation. It is triggered by
the recognition of cytoplasmic nucleic acids, mostly of viral origin,
by pattern-recognition receptors (PRRs) (Jensen & Thomsen, 2012)
leading to the rapid transient up-regulation of the expression of the
Ifnb1 gene coding for IFN beta (IFNB). After binding to its receptor
IFNAR present on the surface of most cell types (including neurons),
IFNB activates the phosphorylation of transcription factors STAT1 and
2 further inducing the expression of a large set of interferon stimulated
genes (ISGs) including the genes coding for IFNs alpha (IFNsA) that
amplify the response (Schneider et al., 2014). While the IFN-I response
is essentially an antiviral system, it can also be triggered by endoge-
nous, cytoplasmic host DNAs and RNAs (Crow & Stetson, 2022) pro-
moting brain inflammation and neurological disorders (Baruch
et al., 2014; Crow & Manel, 2015; Crow & Stetson, 2022; Hofer &
Campbell, 2013).

In this work we have analyzed the effect of IFNs-I secreted by
ZIKA virus (ZIKV)-infected neurons as well as of recombinant IFNB on
microglia's C3-dependent phagocytosis and pro-inflammatory
response while questioning the role on this effect of the kinase PKR,
encoded by a main ISG (Schneider et al., 2014). ZIKV is a human,
emerging, neurotropic, mosquito-borne flavivirus (Javed et al., 2018)
for which there is evidence in humans (Acosta-Ampudia et al., 2018;
da Silva et al., 2017; Lannuzel et al., 2019), macaques (Hsu
et al, 2022; Raper et al., 2020), and mice (de Oliveira Souza
et al., 2018; Figueiredo et al., 2019) that delayed neuropathies of the
CNS, associated with cognitive disorders, can develop following neo-
natal and adult infections. Reactive microglia is a major trait of ZIKV
brain infection yet, in adult human and mice brain, ZIKV infects neu-
rons but not microglial cells (Figueiredo et al., 2019; Hayashida
et al., 2019; Manet et al., 2020; Manet et al., 2022). The capacity of
IFNs-1 and PKR to affect microglia's reactivity was analyzed at the
molecular and cellular level in vitro, with mature primary cultured
microglia (PCM) and neurons (PCNs) (alone or combined) and in vivo,
following intracranial (IC) ZIKV infection of immunocompetent mice
that, contrary to immuno-comprised mice often used in the context of
ZIKV infection (Christian et al., 2019), have an inducible antiviral IFN-I

response.

2 | MATERIALS AND METHODS

Virus: The FG15 Asian ZIKV strain, isolated from a patient during a
ZIKV outbreak in French Guiana in December 2015, was obtained
from the Virology Laboratory of the Institut Pasteur of French Guiana.
Viral stocks were prepared from the supernatant of infected C6/36
cells, clarified by centrifugation and titrated on Vero cells (ATCC, CRL-
1586) by a focus-forming assay (FFA). Stocks were kept at —80°C. All
experiments with ZIKV were carried out in biosafety level three
facilities.

Mice: C57BL/6J (B6) mice (purchased from Janvier Labs France),
B6-Ifnar KO mice (from Institut Pasteur animal facility, France), and

Collaborative Cross CCO71 mice (purchased from the Systems
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Genetics Core Facility, University of North Carolina and bred at the
Institut Pasteur) were maintained under specific-pathogen-free condi-
tions with a 14-h light and 10-h dark cycle and ad libitum food and
water. In all experiments, mice were killed by cervical dislocation. All
experimental protocols were approved by the Institut Pasteur Ethics
Committee (dap190107) and authorized by the French Ministry of
Research (#19469), in compliance with French and European
regulations.

Antibodies: Primary and secondary antibodies used for immuno-
fluorescence and Western blot are listed in Table 1.

Primary culture of microglia: Primary cultured microglial cells
(PCMCs) were prepared from pools of cortices from 0- or 1-day-old
newborn Bé mice (n = 12 newborns per culture) either wild type or
Ifnar KO. After decapitation, hemispheres were dissected and stripped
of meninges, olfactory bulbs, and cerebellum. Cortices were incubated
at 37°C with 0.25% trypsin (Gibco, 25200-056) for 15 min and with
0.6 mg/mL final concentration of DNAse | (Sigma, 11284932001) for
5min and then mechanically dissociated with a pipette. After

dissociation, glial cells were plated into poly-L-ornithine- (Sigma,
P3655) coated cell culture dishes containing glial culture medium:
DMEM (Gibco, 31885) supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Gibco), 0.5% penicillin-streptomycin (Gibco,
15140-148) and 1% L-Glutamine (Gibco, 25030-024). Cells were
maintained in incubators at 37°C 5% CO, and medium was replaced
at 1 and 3 DIV (days in vitro). Microglia were detached from the astro-
cytic layer after 13 DIV by gentle shaking and plated in 12-well plates
with 600,000 cells/well for RNA extraction and Western blot, in
24-well plates containing coverslips with 100,000 cells/well for immu-
nofluorescence and phagocytosis. The absence of astrocytes was con-
firmed by immunofluorescence and RT-qPCR (Figure Slab). Cells
were maintained in glial culture medium at 37°C and 5% CO02. One
day after plating, cells were either treated with conditioned media
(CMs) from non- or ZIKV-infected primary cultured neurons (PCNs),
treated with indicated amounts of murine recombinant IFNB
(8234 MB, Bio-Techne) at final concentrations ranging from 50 to
5000 U/mL with 1000 U/mL = 1 ng/mL or infected. For treatments

TABLE 1 Antibodies.
Primary antibodies Species Source Reference Figure
Anti-MAP2 Mouse Sigma M4403-50UL Figure 3a-c
Anti-MAP2 Goat Bio-Techne NBP3-05552-50UL Figure 3d
Anti-ZIKV NS2B Rabbit Euromedex GTX133308 Figures 3a-c, 5a, and 6f
Anti-Ibal Rabbit Wako 019-19,741 Figures 3d, 7a,b, and S1a
Anti-lbal Goat Sobodia 011-27,991 Figure 3c
Anti-lbal Goat Abcam Ab5076 Figures 5a and 6f
Anti-NeuN Guinea pig Merck ABN90 Figures 5a and 6f
Anti-GAPDH Mouse Cell Signaling 97,166 Figure 9a-d,g-j
Anti-BActin HRP Mouse Santa Cruz sc-47,778 Figure 9e,f
Anti-STAT1 Mouse BD 610,115 Figure 9a-d,i
Anti-phSTAT1 Rabbit Cell Signaling 91,675 Figure 9a-d,i
Anti-lkB Mouse Santa Cruz sc-56,710 Figure 9e-h
Anti-phlkB Mouse Cell Signaling 9246 Figure 9e-h
Anti-IRF3 Mouse Cell Signaling 4302S Figure 9a
Anti-phIRF3 Mouse Cell Signaling 4947S Figure 9a
Anti-IRF1 Rabbit Cell Signaling 8478S Figure 9j
Secondary antibodies Species Source Reference Figure
Anti-mouse Alexa 647 Chicken Invitrogen A-21463 Figure 3a,b
Anti-mouse Alexa 488 Chicken Invitrogen A-21200 Figure 3c
Anti-rabbit Cy3 Donkey Jackson 711-166-152 Figure 3a-d
ImmunoResearch
Anti-goat Alexa 647 Chicken Invitrogen A-21469 Figure 3c,d
Anti-mouse HRP Donkey Jackson 715-035-151 Figure 9a-j
ImmunoResearch
Anti-rabbit HRP Donkey Jackson 711-035-152 Figure 9a-d.,i,j
ImmunoResearch
Anti-rabbit Alexa 488 Goat Thermo Fisher A11008 Figures 5a and 6f
Anti-goat Alexa 568 Donkey Thermo Fisher A11057 Figures 5a and 6f
Anti-guinea pig Alexa 647 Goat Thermo Fisher A21450 Figures 5a and 6f
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with CMs and ZIKV, the whole medium was removed and replaced
with 0.5 mL of either glial culture medium, CMs collected from non-
or ZIKV-infected PCNs or medium containing ZIKV viral particles.
Recombinant IFNB or Newcastle Disease Virus (NDV) diluted in
100 pL of medium were added directly in the culture medium. When
MAR1-5A3 anti-IFNAR antibody (ThermoFisher,
15820839) was added overnight at 2.6 ug/mL final concentration.
The inhibitor of PKR (iPKR) C16 (Merck, 527450) at a 50 uM final

concentration (unless indicated otherwise) or the corresponding vol-

indicated,

ume of DMSO was added directly in the culture medium for 1 h
before treatment or infection as described by Pham et al. (2016). Fol-
lowing incubation with C16, the inhibitor was removed and cells fur-
ther treated as indicated.

Complemented C3 opsonization of sheep red blood cells and phago-
cytosis: Sheep blood was obtained from Rockland Clinisciences
(R311-0050) and purified in Alsevers solution. Purified sheep red
blood cells (SRBCs) were washed two times with PBS-0.1% bovine
serum albumin and incubated with anti-SRBC rabbit IgM
(MyBioSource, 0544-MBS524107) for 30 min at room temperature
(RT) with rotation. After centrifugation (4 min at 4000 rpm), SRBC-
IgM were washed with PBS and re-suspended in glial culture medium
without serum. Complement C3 present in C5-deficient human serum
(Sigma, C1163) was added to the resuspended SRBC-IgM to a 10%
(volume per volume) final concentration and incubated for 20 min at
37°C. After centrifugation (4 min at 4000 rpm), SRBC-IgM opsonized
with C3 (C3-SRBCs) were re-suspended in pre-warmed glial culture
medium without serum. For phagocytosis of C3-SRBCs by PCMCs,
0.5 mL of glial medium containing C3-SRBCs were added to PCMCs
cultured in 24-well plates containing coverslips to a final ratio of
15 C3-SRBCs per microglial cell. After adding C3-SRBCs, culture
plates were centrifuged for 2 min at 4°C at 1500 rpm and then either
placed on ice and immediately fixed (TO) or fixed after 15 min of incu-
bation at 37°C (T15), in order to allow for phagocytosis to take place
before fixation. Cells were fixed with 4% formaldehyde for 15 min at
RT. C3-SRBCs were labeled using an F(ab)', anti-rabbit antibodies
coupled to Cy3 (Jackson ImmunoResearch, 715-546150) that recog-
nizes the IgM bound to SRBCs.

Primary neuronal culture: Primary cortical neurons were prepared
from individual fetuses from two or more genetically identical B6
females at day 15.5 and 16.5 of gestation. Cortexes from 6 to
8 fetuses/female were carefully dissected out, incubated for 15 min
with Trypsin (Sigma, T6763) and DNAse | (Sigma, 11284932001) at
1 and 0.5 mg/mL final concentration respectively and mechanically dis-
sociated by triturating with a polished Pasteur pipette. Each embryo
was dissected individually and cells from the different fetuses were
mixed before plating. Neurons were maintained in Neurobasal medium
supplemented with B27 supplement (Gibco, 17504-044), L-glutamine
(Gibco, 25030-024) and antibiotic/antimycotic (Gibco, 15240-096).
Tissue culture plate wells and coverslips for immunofluorescence
microscopy were coated with poly-D-lysine 0.1 mg/mL (Sigma, P7280)
and laminin 20 pg/mL (Sigma, L2020) final concentrations. For RNA
extraction, cells were plated in 6-well plates with 600,000 cells/well.

For immunofluorescence and WB, cells were plated in 12-well plates

with 120,000 and 250,000 cells/well respectively. Cells were main-
tained at 37°C and 5% CO02. The total volume of culture medium was
changed at 1 DIV and one third of the culture medium was changed at
8 DIV. Primary cultured neurons (PCNs) were infected at a multiplicity
of infection (MOI) = 5 at 11 DIV. For ZIKV infection, 1 mL of medium
was removed and replaced with 1 mL of medium containing the virus.
Two hours after infection, the inoculum was removed and new culture
medium (2/3 fresh and 1/3 old) was added. For NDV infection, NDV
diluted in 100 pL of medium was added directly in the culture medium.
The IPKR C16 (Merck, 527450) at a 50 uM final concentration or the
corresponding volume of DMSO was added directly in the culture
medium for 1 h before treatment or infection.

Primary co-cultures of neurons and microglia: Neurons and micro-
glia cultured as previously indicated were mixed together at a neuron:
microglia ratio of 5:1. For this, microglial cells were detached from the
astrocytic layer by gentle shaking at 10 DIV. After washing with PBS,
PCMCs were resuspended in neurobasal medium and added to the
8 DIV-old primary neuronal culture. Three to four days after adding
microglial cells, co-cultures were infected as previously described for
ZIKV-infection of PCNs.

Mouse ZIKV intracerebral (IC) infection: All infection experiments
were performed in a biosafety level 3 animal facility as described pre-
viously (Manet et al., 2020). After being anesthetized by intraperito-
neal (IP) injection of Ketamine 70 mg/kg and Xylazine 5 mg/kg,
groups of 5- to 6-week-old mice were inoculated by IC injection. Mice
received either 10° foci forming units (FFUs) of ZIKV FG15 in NaCl or
NaCl alone in a volume of 10 pL. Survival and clinical signs were mon-
itored daily for 6 days, and the mice were euthanized for brain collec-
tion. When indicated, 20 ug of the PKR inhibitor C16 (Merck,
527450) were administered 45 min before and 3 days after infection.
A 5 mg/mL stock of C16 in 100% DMSO was diluted 1:25 in NaCl
and 100 uL were injected intraperitoneally (IP). Control group
received 100 pL of 4% DMSO in PBS.

RT-gPCR: Total RNA from primary cultured and co-cultured neurons
and microglia was extracted using the RNeasy Plus kit (Qiagen). Brain
tissue samples were homogenized at 4°C in 1 mL of Trizol reagent (Life
technologies), using ceramic beads and an automated homogenizer
(PreCellys). RNA was reversely transcribed using high capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to the manu-
facturers' recommendations using random primers. qPCR was per-
formed using SENSIFAST SYBR NO-ROX MIX (Bio-TechnoFix) reagents
at: 95°C 2 min, then 40 cycles at 95°C 5's, 60°C 10s, 72°C 15 s, fol-
lowed by a dissociation step. Relative quantification of mRNA expres-
sion was calculated by the AC; method using as reference genes: RplpO
for PCNs and PCMCs and Hrpt1 for brain extracts. Sequences (5'-3') of
primers used for gPCR analysis are listed in Table 2.

Immunofluorescence, immunohistochemistry, and image analysis:

() PCNs and PCMCs: Primary neurons and microglia cultured
alone or combined were fixed with 4% formaldehyde in PBS at RT for
15 min and permeabilized with 0.5% Triton X-100 in PBS at RT
for 10 min for microglia and 30 min for neurons and co-cultures. The
cells were incubated for 1 h at RT with the corresponding primary
antibodies (listed in Table 1) diluted in PBS-5% bovine serum albumin.
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TABLE 2 Oligonucleotides.

RNA

amplified Forward oligo Reverse oligo

Rplp0 cactggtctaggacccgagaag ggtgcctctggagatttteg
Hprt1 tcctectcagaccgcetttt cctggttcatcatcgctaate
ZIKV RNA ccgctgeccaacacaag ccactaacgttcttttgcagacat
Ifnb1 cagctccaagaaaggacgaac ggcagtgtaactcttctgeat
Irf7 cagcgagtgctgtttggagac aagttcgtacaccttatgegg
Irf1 actcgaatgcggatgagacc tgctttgtatcggectgtgt
Ifna4 tgatgagctactactggtcagc gatctcttagcacaaggatggc
Isg15 catctatgaggtctttctgacgc ttaggccatactcccccage
Eif2ak2 ttcacacgtgcttcacggagt atgtctcaggtcggtcecttgg
Usp18 cgtgttggtttacacaacat gaggcactgttatcctcttc
Cxcl10 gacggtccgctgcaactg gctteectatggecctcatt

116 agttgccttcttgggactga tccacgatttcccagagaac
Nos2 gccaccaacaatggcaaca cgtaccggatgagctgtgaatt
Tnf ccctcacactcagatcatcttct gctacgacgtgggctacag
Ccl5 gtgctccaatcttgeagtegtgtt acttcttctctgggttggcacaca
Ccl2 ggtccctgtcatgettctg gttaactgcatctggctgag
I11b tgccaccttttgacagtgatg aaggtccacgggaaagacac
C4 ggcagcacaatcagtgtcaa tcattggcatcccatgegtatt
Cc3 ggaagatccgagccttttac ccacaccatcctcaatcactac
Clga tctcagcecattcggcagaac taacacctggaagagcccctt
Aifl cagggatttgcagggaggaa gtagctgaacgtctcctegg
Bdnf gccttcatgcaaccgaagta tgagtctccaggacagcaaa
Mef2c agatctgacatccggtgcag tcttgttcaggttaccaggtg
Apoe agaccctggaggctaaggac agagccttcatcttcgcaat
Clec7a atggttctgggaggatggat cctggggagctgtatttctg
Cx3cr1 tgagtgactggcacttcctg cgaggaccaccaacagattt
Ifng aactggcaaaaggatggt gacctcaaacttggcaatac
Gfap acaccagcacttcccttectt tctgctcatctttectcttee
Cd11b ccttcatcaacacaaccagagtgg cgaggtgctcctaaaaccaagce
NDV RNA agtgatgtgctcggaccttc cctgaggagaggcatttgcta

After washing with PBS, the cells were next incubated for 45 min at
RT with the corresponding secondary antibodies (listed in Table 1),
Hoechst (Invitrogen, 33342) and when indicated, phalloidin-Alexa
488 (Molecular Probes, A12379) or -Alexa 633 (Molecular Probes,
A22284). For phagocytosis, samples were analyzed using an inverted
wide-field microscope (Leica DMI6000) with a 100x (oil) objective and
an ORCA flash 4 camera (Hamamatsu). Z-series of images were taken
at 0.25 um increments. For the determination of phagocytosis and
association indexes, images were acquired blindly, only looking at
DAPI (nucleus) staining. In Figure 1, samples were analyzed with an
inverted microscope (Leica DMI6000) equipped with a confocal
Spinning Disc scanning head (Spinning Disc Yokogowa CSU-X1M1).
This system is equipped with a 63x lens, 1.4-numerical-aperture oil
immersion lens (Plan APO) and motorized platine XY (Mdrzhduser
Wetzlar SCAN IM 127-83). Images were captured in the z-axis corre-
sponding to the optical axis of the microscope at 0.30 um intervals.

MetaMorph 7.7.5 (Molecular devices) imaging software was used for
image capture. The images were analyzed using the Image J software
(National Institute of Health).

(ii) Brains slices: Immunofluorescence was performed at the confo-
cal microscopy platform IMPRT (Institut de Médecine Prédictive et de
Recherche Thérapeutique, Lille) as described previously (Violet et al.,
2015). Images of hippocampal sections from CCO71 mice were
acquired using LSM 710 confocal laser-scanning microscope (Carl
Zeiss). The confocal microscope was equipped with a 488-nm Argon
laser, 561-nm diode-pumped solid-state laser, and a 405-nm ultraviolet
laser. The images were acquired using an oil 63x Plan-APOCHROMAT
objective (1.4 NA). All recordings were performed using the appropriate
sampling frequency (16 bits, 1024-1024 images, and a line average of
4). Immunohistochemistry was performed at the HistIM platform of
Institut Cochin. Slides were incubated for 15 min at 95°C in a solution
of deparaffinization and antigen retrieval at pH 6 before incubation
20 min at RT with the primary antibodies. Detection was performed
using a Leica BOND Polymer Refine Detection System DS9800. Sec-
tions were lightly counterstained with hematoxylin, then dehydrated
and cleared in graded alcohol and Ottix plus (MM-France), and finally
covered with glass slips. Images were acquired using a Lamina slide
scanner (Perkin Elmer) and analyzed using the QuPath software.

ImmunoFISH: For immunoFISH (Figure 3b), cells were treated for
immunofluorescence before in situ RNA hybridization. Following
immunofluorescence, cells were post-fixed for 5 min at RT with 4%
paraformaldehyde in PBS, washed 2 times for 5 min in PBS and with
Stellaris RNA FISH Wash Buffer A (Biosearch Technologies, SMF-
WA1-600) containing 10% formamide for 5 min. Coverslips were hybrid-
ized with Stellaris RNA FISH Hybridization Buffer (Biosearch Technolo-
gies, SMF-HB1-10) containing 10% formamide and 1% of ZIKV positive
strand probe (Biosearch Technologies, SS858758-01-47). Hybridization
was performed on slides overnight at 37°C. After hybridization, cover-
slips were washed with Stellaris RNA FISH Wash Buffer A 10% formam-
ide for 30 min at 37°C, followed by incubation with Hoechst (Invitrogen,
33,342) diluted in PBS 1X for 30 min at RT and washed with Stellaris
RNA FISH Wash Buffer B (Biosearch Technologies, SMF-WB1-200).

Western blot: Total protein extracts from PCMCs were collected
in 2x Laemmli buffer for a final concentration of approximately
1.5 x. After heating, protein extracts were loaded in sodium dodecyl
sulfate Bolt 4%-12% Bis-Tris polyacrylamide precast non-reducing
gels (life technologies). Loaded proteins were transferred on PolyVi-
nyliDene diFluoride (PVDF) membrane. Membranes were incubated
overnight at 4°C with primary antibodies (listed in Table 1), washed
with TBS-T (Tris Base Sodium Tween 0.1%) and incubated with the
corresponding secondary antibodies (listed in Table 1) for 1 h at
RT. Fusion FX Vilber Lourmat was used for chemiluminescent pro-
tein detection. Relative quantification of proteins was carried out
using Image J software.

Statistics: Data were analyzed using Prism version 9.4 (GraphPad
Software). The statistical analysis used and the number, n, of indepen-
dent experiments or mice is specified in the corresponding figure leg-
ends. When the data was analyzed using a paired t-test, independent

paired experiments were represented in different colors.
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Exogenous IFNs-| increase the phagocytic capacity of non-infected microglia. (a, b) Four independent primary cultures of microglial

cells were incubated with conditioned media collected from three independent non- or ZIKV-infected PCNs at 64 h post-infection (p.i) for 6 h
before being incubated with sheep red blood cells opsonized with complement C3 (C3-SRBC). After 15 min incubation with C3-SRBC, PCMCs were
fixed and analyzed in a wide field microscope. (a) Phase contrast and immunofluorescence analysis with filamentous Actin (F-Act) labeled with
phalloidin, SRBCs labeled with anti-sheep antibody and DNA labeled with DAPI. White arrow indicates an external (bound but not phagocytosed)
SRBCs and yellow arrow indicates an internal (phagocytosed) SRBCs. Scale bars = 10 um. (b) The association (external + internal SRBCs/cell) and
phagocytosis (internal SRBCs/cell) indexes were determined after counting the external and internal SRBCs from a minimum of 35 cells/independent
experiment. Dot plots show means with one dot for each independent experiment. Significance was assessed by one-way ANOVA Tukey's multiple
comparison test. p-value <0.05 (*) and ns = not significant. (c) PCMCs were incubated with increasing amounts of recombinant IFNB for é h before
being incubated with C3-SRBCs. After 15 min incubation with C3-SRBCs, PCMCs were fixed and analyzed in a wide field microscope as in (a) and
the phagocytosis index was determined as in (b). Dot plots show means with one dot for each independent experiment represented in a different
color. Significance was assessed by ratio paired t-test. p-value <0.05 (*) and ns = not significant; p-value near significance is indicated.

3 | RESULTS

3.1 | Exogenous IFNs-I activate the phagocytic
capacity and the pro-inflammatory response of PCMCs

In order to test the effect of IFNs-| secreted by ZIKV-infected PCNs
on the phagocytic capacity of PCMCs, C3-SRBCs were added to

microglial cells either non-treated (NT) or previously treated for 6 h
with conditioned media collected from non- (CM_NI) or ZIKV-infected
(CM_ZIKV) PCNs in the presence or absence of an antibody directed
against the IFNs-I receptor (anti-IFNAR) that neutralizes IFNs-I signal-
ing (Sheehan et al., 2006). In parallel, C3-SRBCs were added to micro-
glial cells previously incubated for 6 h with the same amount of ZIKV
present in CM_ZIKV as determined by titration (NT_ZIKV). After
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FIGURE 2 Treatment with recombinant IFNB activates the pro-inflammatory gene expression profile of non-infected microglia. Primary
cultured microglial cells (PCMCs) were treated with increasing amounts of recombinant IFNB for 6 and 24 h before collection of RNAs. Levels of
RNA expression were determined by RT-gPCR with respect to Rplp0 used as reference gene. Bars represent means with symbols corresponding
to each independent experiment. Significance was assessed by two-way ANOVA Dunett's multiple comparison test compared with the
corresponding NT conditions. p-value <0.0001 (****), <0.001 (***), <0.01 (**), <0.05 (*), and ns = not significant.

adding C3-SRBCs, microglial cells were either immediately fixed
(TO) or further incubated for 15 min at 37°C before fixation (T15).
Phase contrast and fluorescence microscopy images (Figure 1a) were
used in order to determine the external (bound but not yet phagocy-
tosed) and the internal (phagocytosed) C3-SRBCs as indicated by a
white and yellow arrow respectively in Figure 1a (NT_15 min panels).
The corresponding indexes of association (internal and external
C3_SRBCs per cell) and of phagocytosis (internal C3_SRBCs per cell)
were determined (Figures 1b and S1a). As expected, association but
not phagocytosis was observed at TO (Figures 1b and S1a) with no sig-
nificant variations observed for the association index at TO among the
different conditions analyzed (Figure 1b). Both, the association and
phagocytosis indexes increased at T15 (Figure 1b) with respect to TO
(Figures 1b and Sic). The incubation of PCMCs with CM_ZIKV
strongly increased the amount of C3-SRBCs phagocytosed at T15 by
microglial cells with respect to microglial cells NT, treated with CM_NI
or ZIKV alone (ZIKV) (Figure 1a,b). The increase of the phagocytic
capacity of microglial cells induced by CM_ZIKV was abolished in the
presence of the anti-IFNAR antibody (Figure 1a,b), indicating that
IFNs-1 present in CM_ZIKV were the main factors responsible for the
activation of phagocytosis. No significant effect was observed in
the presence of ZIKV alone, ruling out a direct effect of the virus on
microglial cells. No ZIKV RNA was detected after treatment of micro-
glial cells with CM_ZIKV in contrast to ZIKV-infected neurons from
which CMs were collected (Figure S1d), in agreement with the inabil-
ity of ZIKV to infect microglial cells.

The capacity of exogenous IFNs-l to activate C3-dependent
phagocytosis by microglial cells was further investigated by incubating
PCMCs with recombinant IFNB (reclFNB) for 6 h prior to adding
C3-SRBCs. After 6 h of incubation with reclFNB, the phagocytic
capacity of microglial cells was significantly increased (Figure 1c)
reaching a phagocytosis index similar to the one induced by CM_ZIKV
(Figure 1b).

The response of microglial cells to reclFNB was further analyzed
with respect to their capacity to mount a pro-inflammatory response
(Figure 2). As previously observed following treatment of PCMCs with
CM_ZIKV (Manet et al., 2022, Figure 5), a significant or near significant
induction of the expression of pro-inflammatory genes such as Tnf, 116,
Nos2, and Ccl2 (Figure 2) and of the C3 gene coding for complement
factor C3 was rapidly observed after 6 h treatment of PCMCs in corre-
lation with the amount of reclFNB, alongside with a significant inhibi-
tion of the expression of the Mef2c gene that codes for a negative
regulator of the microglia inflammatory response (Deczkowska
et al,, 2017). A late activator effect was observed after 24 h of treat-
ment for the expression of the Aifl gene coding for IBA1, whose up-
regulation is characteristic of reactive microglia (Ji et al., 2013), and for
the expression of the C4 gene coding for complement factor C4. Under
the same conditions, reclFNB had no effect on the expression of the
ApoE gene whose up-regulation is a main trait of disease associated
microglia (DAM) (Butovsky & Weiner, 2018; Keren-Shaul et al., 2017).
In the case of the genes associated with a pro-inflammatory response,
the up-regulation induced by reclFNB was transient, diminishing after
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24 h of treatment, as it was also the case for some ISGs such Isg15 and
Eif2ak2 (coding for kinase PKR) including the expression of the Usp18
gene (Figure S2) that codes for the main long-lasting inhibitor of IFNAR
signaling (Schneider et al., 2014).

Results shown here demonstrate that IFNs-I secreted by
ZIKV-infected neurons as well as treatment with reclFNB directly
induce a strong response in microglia significantly enhancing their
phagocytic capacity as well as their capacity to mount a pro-
inflammatory response. However, the transcriptional effect of

reclFNB on microglial cells cultured alone was only transient.

3.2 | A prolonged neuron/microglia crosstalk leads
to a sustained IFNs-I dependent microglia response in
the context of ZIKV infection

In order to analyze the capacity of ZIKV-infected neurons to induce
a sustained response in microglial cells, we performed primary
co-cultures of neurons and microglia (with a neuron: microglia ratio of
5:1) that were either not exposed (NI) or exposed to ZIKV. After
48 and 72 h, the cells were fixed and analyzed by immunofluores-
cence (Figure 3a-d) while in parallel, the expression of ZIKV RNA and
of genes associated with reactive microglia was assessed by RT-qPCR
(Figure 3e-g).

In agreement with previous results obtained by our group and
others (Figueiredo et al., 2019; Hayashida et al, 2019; Manet
et al., 2022), neurons (labeled N), but not microglial (labeled M) cells
were infected by ZIKV (Figure 3a,b). At 72 h p.i., ZIKV NS2B protein
(Figure 3a) or RNA (Figure 3b) were detected within neurons but not in
microglial cells (Figure 3a,b). Non-infected (NI) microglial cells were
occasionally seen surrounding the soma and nucleus of a ZIKV-infected
neuron (Figure 3c) similarly to what has been described in the case of
neuronal corpse removal by microglia in vivo (Damisah et al., 2020).
This was not observed in the absence of infection even when a micro-
glial cell was seen positioned closely to neurons (Figure 3d).

Consistently with the absence of infection of microglial cells, the
amount of ZIKV RNA detected by gPCR was not higher in co-cultures
than in neurons cultured alone (Figure 3e). On the contrary, it was
lower at 48 h p.i. in the presence of microglia suggesting that micro-
glial cells could alleviate, at least transiently, the burden of ZIKV RNA
present in ZIKV-infected neurons (Figure 3e).

In order to assess the capacity of ZIKV-infected neurons to
induce a sustained microglial response, we measured the expression
of the Aif1, Tnf and Il1b genes at 48 and 72 h p.i. (Figure 3f). As
expected for genes expressed by microglia rather than neurons, their
expression was observed under co-culture conditions and not in neu-
rons cultured alone (Figure 3f). In agreement with the activation of a
sustained microglial response induced by ZIKV-infected neurons,
a significant up-regulation of the expression of these genes was
observed in co-cultures at 48 h that persisted up to 72 h p.i. compared
with their respective expression levels measured in the absence of
ZIKV (NI) (Figure 3f). A sustained expression of the Ifnb1 gene was
observed until 72 h p.i. with no significant differences observed
between neurons cultured alone or co-cultured with microglial cells
(Figure 3f), suggesting that RNAs coded by Ifnb1 were mainly pro-
duced by ZIKV-infected neurons.

In order to test the role of microglia IFNs-I signaling in their sus-
tained response to ZIKV-infected neurons, neurons were co-cultured in
parallel with microglial cells either wild type (wt) or defective for the
IFNAR receptor (Ifnar KO) (Figure 3g). The activation of the expression
of the Aif1 and Tnf genes observed in co-cultures with wt microglia was
absent with Ifnar KO microglia (Figure 3g), demonstrating the main role
of microglial IFNAR signaling in their response to ZIKV-infected neu-
rons. The decreased Aif1 and Tnf gene expression in co-cultures with
Ifnar KO compared to wt microglia was not related to a decrease of
ZIKV RNA or Ifnbl gene expression (Figure 3g) that were either
increased (ZIKV RNA at 72 h p.i.) or not significantly affected. Also
under the same conditions, ZIKV had no effect on the expression of the
Cx3crl gene, a maker specific of microglial cells (Figure S3).

Together with confirming the effect of reclFNB (Figure 2) and of
IFNs-1 secreted by ZIKV-infected neurons (Manet et al, 2022,
Figure 5) in activating a pro-inflammatory response in microglial cells,
results obtained with co-cultures demonstrate that the IFN-I depen-
dent response of microglial cells to ZIKV-infected neurons can be sus-

tained under conditions of prolonged neuron/microglia crosstalk.
3.3 | PKRregulates the inflammatory response
and phagocytic capacity of reactive microglia

In order to unravel the mechanism underlying the reactivity of micro-

glial cells to IFNs-I, we questioned the potential role of kinase PKR

FIGURE 3 ZIKV infection of neurons co-cultured with microglia leads to the sustained activation of a pro-inflammatory response in
non-infected microglia. Primary co-cultures of neurons (PCNs) and microglia (pglia) (either wild type (wt) or IfnarKO) were either non- (NI) or ZIKV-
infected (ZIKV) at a multiplicity of infection (MOI) of 5. At indicated times p.i., cells were fixed and labeled for immunofluorescence analysis (a-d)
and in parallel, RNAs were collected for gene expression analysis (e-g). (a, b) Neurons were labeled with anti-MAP2, ZIKV was labeled with either
anti-NS2B or a fluorescent probe specific of the positive strand of ZIKV RNA, filamentous Actin (F-Act) was labeled with phalloidin and DNA with
DAPI. (c, d) Neurons were labeled with anti-MAP2, ZIKV was labeled with anti-NS2B, microglia was labeled with anti-IBA1 and DNA with DAPI.

N = neurons and M = wt microglia. Scale bars = 10 um. (e-g) RNAs from neurons (PCNs) cultured either alone or co-cultured with wt or IfnarKO
microglia (uglia) were collected at 48 and 72 h p.i. RNA levels of the indicated genes were determined by RT-qPCR with respect to Rplp0 used as
reference gene. (e, f) Bars represent means with symbols corresponding to each independent experiment shown in different colors and significance
assessed by ratio paired t-test. (g) Bars represent means with symbols corresponding to each independent experiment with significance assessed by
two-way ANOVA Sidak's multiple comparison test. p-value <0.0001 (****), <0.001 (***), <0.01 (**), <0.05 (*), and ns = not significant.
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that positively regulates the expression of pro-inflammatory genes
(Gal-Ben-Ari et al., 2019) and that is encoded by a major ISG
(Schneider et al., 2014) whose expression is up-regulated following
treatment of PCMCs cells with CM_ZIKV (Manet et al, 2022,
Figure 5) or reclFNB (Figure 2). To this aim, PCMCs were treated with
either the C16 inhibitor of PKR (iPKR) or DMSO during 1 h before
adding conditioned media from non- (CM-NI) or ZIKV-infected
(CM_ZIKV) neurons. The capacity of PCMCs to express pro-
inflammatory genes and phagocytose C3-SRBCs was assessed 6 h
after adding conditioned media. A 6 h treatment of PCMCs with
CM_ZIKV in the presence of DMSO induced a significant or near sig-
nificant up-regulation of genes coding for pro-inflammatory and com-
plement factors such as Tnf, Nos2, Ccl2, C3, and C4 (Figure 4a)
similarly to results obtained with CM_ZIKV in the absence of DMSO
(Manet et al., 2022, Figure 5). The capacity of CM_ZIKV to induce the
expression of these genes was significantly inhibited when microglial
cells were previously incubated with iPKR.

Treatment with iPKR also completely inhibited the robust expres-
sion of the ISGs Irf7 and Isg15 induced by IFNs-I present in CM from
ZIKV-infected neurons (Figure 4b; Manet et al., 2022, Figure 5). More
surprisingly, iPKR also inhibited the low but significant expression of
the Ifnb1 gene induced following treatment with conditioned media
from ZIKV-infected neurons (Figure 4b), demonstrating a major role
for PKR in regulating not only microglia's pro-inflammatory response
but also its IFNs-I gene expression and response that occurred in the
absence of ZIKV replication (Figure S4). Under the same conditions,
iPKR had no effect on the expression of the Clec7a gene whose
expression was not significantly affected after a 6 h treatment with
CM_ZIKV + DMSO (Figure 4c) and also had no significant effect on
the expression of the Cd11b gene, coding for one of the subunits of
the C3 receptor, that was weakly but significantly induced following
treatment with CM_ZIKV + DMSO (Figure 4c). These results are in
agreement with those obtained in the context of PCMCs treated with
reclFNB in the presence or absence of iPKR (Figure S7a).

In Figure 4d are shown the results of phagocytosis in the presence
or absence of iPKR. We reproduce here in the presence of DMSO, the
results previously obtained in the absence of DMSO (Figure 1) confirm-
ing the activator effect of the conditioned media from ZIKV-infected
neurons (CM_ZIKV) on the C3-dependent phagocytic capacity of micro-
glial cells. The treatment with iPKR significantly prevented the increase
in the phagocytosis index induced by CM_ZIKV (Figure 4d).

Overall, the results obtained in vitro with PCMCs in the presence of
iPKR identified PKR as the critical factor responsible of the up-regulation
of the phagocytic capacity and the pro-inflammatory response of micro-
glial cells induced by IFNs-I produced by ZIKV-infected PCNs.

3.4 | Invivo, PKR plays a major role in regulating
the reactivity of non-infected microglia to IC ZIKV
infection

The effect of the C16 inhibitor of PKR (iPKR) on the response of
microglial cells to ZIKV infection was then tested in vivo on the Col-
laborative Cross mouse strain CCO71 that we have previously

characterized as developing a strong microglia response 6 days post
ZIKV infection (Bourdon et al., 2023; Manet et al., 2020; Manet
et al., 2022). Immunofluorescence analysis of the brains of IC ZIKV-
infected mice confirmed the strong response of microglia to ZIKV-
infection in the CA region of the hippocampus at 6 days post-
infection (dpi). Reactive microglial cells remained visible in this region
of the brain at 9 and 15 dpi (Figure 5a) even though the presence of
NS2B was no longer detected and ZIKV RNA replication stopped
(Figure 5b). The persistency of this response observed by immunoflu-
orescence at the cell level (Figure 5a) was confirmed at the transcrip-
tional level by the persistent significant up-regulation of the
expression of the microglial Aif1 gene coding for IBA1 (Figure 5b).

In order to test the role of PKR on microglia's response to ZIKV
infection in vivo, NI and ZIKV-IC infected CCO71 mice were treated
with C16 (iPKR) or DMSO by IP injection 45 min before and 3 days
after IC infection. The animals were sacrificed at 6 dpi, one hemisphere
was used for gene expression analyses and the other for immunofluo-
rescence. RNAs were purified from total brain extracts and the expres-
sion of genes of interest was measured by RT-qPCR (Figure 6a-d).
Treatment with iPKR significantly reduced the increased expression of
genes associated with a pro-inflammatory response induced 6 days
after IC ZIKV infection. This was the case of the genes: Cxcl10, Nos2,
Ccl2, Ccl5, and ll1b with a significant or near significant inhibitory effect
also observed for the C4 and C3 genes coding for the corresponding
complement factors (Figure 6a). By contrast, we did not observe a sig-
nificant effect of iPKR on the ZIKV-induced expression of the Tnf and
116 genes (Figure S5). A significant iPKR-dependent inhibitory effect
was observed for the ZIKV-induced expression of the Aifl gene
(Figure 6b) whereas, under the same conditions, treatment with iPKR
had no effect on the expression of genes not affected by ZIKV infec-
tion such as Bdnf and Mef2c (Figure S5). In agreement with results
obtained in vitro (Figure 4c), iPKR had no significant effect on the
expression of the Cd11lb gene induced following ZIKV infection
(Figure S5). The inhibitory effect of iPKR was not a consequence of
either a diminution of ZIKV RNA (Figure 6c) or of the expression of the
Ifnb1 gene and of major ISGs (Ifna4, Isg15, Eif2ak2) that were not signif-
icantly affected by iPKR treatment (Figure 6d). Correlation analysis of
the expression of genes related to a pro-inflammatory response (ll1b
and C4) and microglia reactivity (Aif1) that were significantly affected
after iPKR treatment, showed that their expression (as measured under
NI + iPKR and ZIKV + DMSO conditions) was positively correlated
with ZIKV RNA content (Figure 6e). However, the coefficient and sig-
nificance of the correlation was stronger when the expression of these
genes was plotted against the expression of the Eif2ak2 gene, itself
positively correlated to ZIKV RNA (Figure 6e). This is in agreement with
a mechanism where ZIKV induces a pro-inflammatory response and
the reactivity of microglia through PKR.

At the cellular level, under ZIKV + DMSO conditions, the micro-
glial cells present within the region of infection displayed a condensed
morphology with a large cellular body and thick, short, weakly rami-
fied processes (Figure 6f), which is often associated with “hyper-reac-
tive” microglial cells (Savage et al., 2019; Schwabenland et al., 2021).
Interestingly, treatment with iPKR seemed to modify the morphology
of microglial cells present within the region of infection that adopted
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under ZIKV + iPKR conditions a morphology resembling that most
commonly described for homeostatic microglia (Savage et al., 2019;
Schwabenland et al., 2021) with a small cellular body and multiple,
thin ramified processes (Figure 6f).

The effect of ZIKV infection and iPKR on microglia's morphology
was further assessed by anti-lbal immunohistochemistry on brain
sections of the same mice analyzed in Figure 6. Whole slide images of
the brains were analyzed using the QuPath software in order to mea-

sure the cell body area of microglial cells present either in the whole
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hippocampal region (Figure 7a, yellow selection) or more specifically
in the CA region (Figure 7a, green selection) that corresponds to the
region of the hippocampus where we have observed the highest den-
sity of NS2B+ neurons 6 days post IC ZIKV infection (Figures 5 and
6f). The quantified cell body area of microglial cells in the whole hip-
pocampus (Figure 7b, yellow selection) was not significantly increased
after ZIKV infection (Figure 7c). However, when the cell body area of
microglial cells was analyzed more specifically in the CA region of the

hippocampus, a significant increase of microglia's cell body area was

Ccl2 Cc3 C4
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Relative Expression (MRNA)

FIGURE 4 Kinase PKR is a major regulator of non-infected microglia's inflammatory and phagocytic response to ZIKV-infected neurons.
Primary cultured microglial cells (PCMCs) were incubated with DMSO or the inhibitor of PKR (C16) for 1 h before being either non-treated (NT),
treated with conditioned media from non- (CM_NI) or ZIKV-infected (CM_ZIKV) primary cultured neurons or ZIKV alone (NT_ZIKV) for 6 h. In
Figure 4a-c are shown the gPCR results obtained from three independent primary cultures of microglia treated with conditioned media collected
from three independent primary cultures of neurons. RNAs were collected and gene expression analysis was carried out by RT-gPCR with respect
to Rplp0 used as reference gene for genes associated with (a) the pro-inflammatory response, (b) IFN-I response with the level of Ifnb1 expression
present in the three ZIKV-infected PCNs from which the CMs were collected (PCN_ZIKV 64 h) also shown, (c) DAM response. Dot plots show
means with one dot for each independent experiment represented in different colors. Significance was assessed by ratio-paired t-test. (d) After
15 min incubation with C3_SRBCs, phagocytosis index was determined as in Figure 1. Dot plots show means with one dot for each independent
experiment. Significance was assessed by two-way ANOVA Tukey's multiple comparison test. p-value <0.01 (**), <0.05 (*), and ns = not

significant; p-values near significance are indicated.
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observed after ZIKV infection (Figure 7c) indicative of ZIKV predomi-
nantly affecting the morphology of microglial cells positioned near the
region of infection. The significant enlargement of the cell body area
induced by ZIKV infection in the CA1 region was lost after treatment
with iPKR (Figure 7c). In agreement with a main role for PKR regulat-
ing microglial morphology, the average cell body area of microglial
cells present in each CA region was significantly positively correlated
with the expression of the Eif2ak2 gene measured in the correspond-
ing brain (Figure 7d). The correlation was weaker when the average
cell body area was plotted against the ZIKV RNA content of the corre-
sponding brain (Figure 7d) despite a strong positive correlation
between Eif2ak2 expression and ZIKV RNA content, indicative of
ZIKV infection affecting microglial morphology not directly but
through PKR. Following ZIKV infection, some microglial cells (red
arrow in Figure 7b, ZIKV-DMSO), were seen closely surrounding neu-
ronal nuclei similarly to what we have observed in ZIKV-infected pri-
mary co-cultures of neurons and microglia (Figure 3c). Alongside with
the quantification of the cell body area, we also quantified the number
of microglial cells in the regions of interest. Even though a trend
towards an increase of the number of microglial cells was observed
after ZIKV infection, the differences observed between the different
conditions analyzed remained non-significant either in the whole hip-
pocampus or the CA region (Figure 7e). Similar densities of microglial
cells were observed in the whole hippocampus and the CA region
(Figure 7e) showing that, while ZIKV infection enhanced the
expression of Aif1 and pro-inflammatory genes and modified the mor-
phology of microglial cells in the region of infection, through a PKR-
dependent mechanism, it did not significantly affect the number of
microglial cells present within this region.

Overall, in vivo, PKR appeared as a major regulator of the main
transcriptional and morphological traits adopted by reactive NI micro-
glia in response to IC ZIKV infection such as the up-regulation of the
expression of genes coding for IBA1, for pro-inflammatory and com-

plement factors and the adoption of an ameboid-like morphology.

3.5 | Endogenous IFNs-I regulate the inflammatory
response and phagocytic capacity of virus-infected
microglia through PKR

In comparison to the effect of exogenous IFNs-I (either reclFNB or
IFNs-1 produced by ZIKV-infected neurons) on microglial cells, we

questioned the capacity of endogenous IFNs-I produced by virus-
infected PCMCs to activate the pro-inflammatory response and phago-
cytic capacity of microglia. For this, PCMCs treated or not with the
anti-IFNAR antibody were infected with the Newcastle Disease Virus
(NDV), an avian paramyxovirus that induces a strong IFNs-| response in
murine cells. Five hours after infection, gene expression (Figure 8a-c)
and phagocytosis of C3-SRBCs (Figure 8d) were analyzed. Infection of
PCMCs with NDV induced a strong IFNs-I response that, as expected,
was inhibited by anti-IFNAR antibodies (Figure 8a). NDV infection also
induced the expression of the genes Il6, Nos2, Cxcl10, Ccl2, Tnf, and C3
that was significantly neutralized by the anti-IFNAR antibody
(Figure 8b) with a near significant effect observed for the Tnf gene
(Figure 8b). Under the same conditions, treatment with anti-IFNAR had
no effect on the expression of the Clga and Cd11b genes that were
not significantly affected following NDV infection or anti-IFNAR treat-
ment (Figure 8c) in agreement with results showing the lack of effect
of reclFNB treatment on Cd11lb expression in microglial cells
(Figure S7b). PCMCs's phagocytosis index that was significantly
increased 5 h after NDV infection (Figure 8d) was significantly reduced
in the presence of anti-IFNAR antibody (Figure 8d). Thus, as previously
shown following treatment of NI PCMCs with exogenous IFNs-I, we
demonstrate here that endogenous IFNs-I produced by virus-infected
PCMCs also regulate the expression of pro-inflammatory genes as well
as the enhancement of the C3-dependent phagocytic capacity of
microglial cells.

In order to test the role of PKR on the response of microglia
to endogenous IFNs-I, PCMCs were incubated with iPKR 1 h
before NDV infection. Results obtained following gene expression
analysis (Figure 8e), demonstrated a main role for PKR in regulating
NDV-induced expression of pro-inflammatory genes C3, 1l6, and
Nos2, while under the same conditions iPKR treatment had no sig-
nificant effect on the expression of the Cd11b gene that was not
affected by either NDV infection (Figure 8e) or anti-IFNAR treat-
ment (Figure 8c). Treatment of PCMCs with iPKR also induced a
significant decrease of the level of expression of the Ifnb1 and
abolished the capacity of NDV infection to induce ISG (Irf7)
expression (Figure 8f), while it did not affect NDV replication
(Figure Séa).

We demonstrate here that, as in the case of exogenous IFNs-I,
PKR plays a main role in regulating the ISGs expression, pro-
inflammatory, and phagocytosis response induced by endogenous
IFNs-I in NDV-infected microglia.

FIGURE 5

ZIKV infection induces a sustained microglia response in immunocompetent mice, in the absence of microglia infection. CC071

mice (5-6 weeks-old) were necropsied at days 6, 9, and 15 following IC inoculation of either NaCl or 10° FFU of ZIKV. One hemisphere was used
for immunofluorescence and the other hemisphere was used for RNA extraction and gene expression analysis. (a) Brain sections of non-infected
(NI) and ZIKV-infected (ZIKV) mice were labeled at 6, 9, and 15 days post-infection (dpi) with anti-NeuN (specific of neurons), anti-IBA1 (specific
of microglia) and anti-NS2B (specific of ZIKV) antibodies and with DNA labeled with DAPI. Maximum intensity projection of confocal sections

(z projection) and the corresponding merge images are shown. Scale bars = 10 um. (b) Levels of RNAs of ZIKV and the Aif1 gene (coding for
microglia's marker IBA1) were determined following RT-gPCR analysis of total brain extracts with respect to Hrpt1 used as reference gene.
Symbols represent individual mice. Dot plots show means with one dot for each brain and significance assessed by one-way ANOVA Tukey's
multiple comparison test. p-value <0.0001 (****), <0.01 (**), and ns = not significant.
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3.6 | PKRinhibition does not prevent ISG
and pro-inflammatory gene expression in
NDV-infected neurons

The role of PKR in regulating ISG and pro-inflammatory gene expres-
sion previously demonstrated in microglial cells was also analyzed in
neurons. For this, primary cultured neurons (PCNs) were infected with
NDV in the presence or absence of iPKR under the same conditions
used in the case of microglial cells. As previously shown (Manet
et al.,, 2022, Figure S1), NDV infection induced an IFNB response in
neurons as indicated by the up-regulation of the expression of the
Ifnb1 and Irf7 genes (Figure 8g). Contrary to results observed in micro-
glial cells (Figure 8f), treatment with iPKR had no significant effect on
the level of expression of Ifnb1 and did not prevent the significant up-
regulation of Irf7 induced by NDV in neurons (Figure 8g). Similarly,
iPKR treatment did not prevent the significant up-regulation of Ccl2
and C3 genes induced by NDV in neurons (Figure 8g), contrary to
what was observed in microglial cells for the C3 gene (Figure 8e). As
in the case of microglial cells, iPKR had no effect on NDV replication
in neurons (Figure Séa). Of note, neurons displayed a much lower
basal level of Eif2ak2 gene expression compared with microglia
(Figure S6b).

Thus, the strong dependency of reactive microglia on PKR for the
induction of the expression of the genes of the IFNB and pro-
inflammatory response was shown here to be specific of microglial

cells compared to neurons.

3.7 | PKRis amajor regulator of STAT1
phosphorylation in microglial cells

In order to question the mechanism through which PKR could vehicle
the response of microglia to IFNs-I, we analyzed the capacity of PKR
to regulate the phosphorylation of the signal transducer activator of
transcription STAT1 that regulates IFNAR signaling (Schneider
et al., 2014) and has been associated with a pro-inflammatory state of
microglia (Butturini et al., 2019; Rangaraju et al., 2018). In addition,
we analyzed the phosphorylation of the inhibitor of NF-kB (IkB)
whose phosphorylation by PKR is a well described mechanism that

links PKR to the induction of the expression of pro-inflammatory

genes (Gal-Ben-Avri et al., 2019). PCMCs treated with either DMSO or
iPKR were infected with NDV (Figure 9a,b,e,f) or treated with condi-
tioned media collected from non-infected (CM_NI) or ZIKV-infected
(CM_ZIKV) PCNs (Figure 9c,d,g,h). Proteins extracts collected 5 h
after NDV infection and 6 h after incubation with conditioned media
were analyzed by Western blot. Infection with NDV and incubation
with CM_ZIKV significantly induced the phosphorylation of STAT1
(Stat1ph) (Figure 9a-d) whereas, no significant phosphorylation of IkB
(IkBph) was observed under the same conditions (Figure 9e-h).
Treatment with iPKR significantly inhibited the phosphorylation
of STAT1 induced by NDV infection (Figure 9a,b) and CM_ZIKV
(Figure 9¢,d). The effect was dose dependent with the phosphorylated
form of STAT1 (Stat1ph) no longer detected in protein extracts from
NDV-infected PCMCs treated with 50 uM of iPKR, that corresponds
to the concentration of iPKR used in Figures 4 and 7. Under the same
conditions, iPKR treatment had no effect on the phosphorylation of
the transcription factor IRF3 (IRF3ph), a main regulator of Ifnb1 gene
expression, induced following NDV-infection (Figure 9a). Interestingly,
no phosphorylation of STAT1 was detected in NDV-infected PCNs
that expressed very low levels of total STAT1 compared to microglial

cells (Figure 9i).

3.8 | PKRregulates IRF1 protein level in primary
cultured microglial cells and Irf1 gene expression in
brain extracts of ZIKV-infected mice

Homodimers of phosphorylated STAT1 regulate the expression of
transcription factor IRF1 (Forero et al., 2019; Feng et al., 2021) that is
a major regulator of the phagocytosis, inflammation, and DAM tran-
scriptional profiles of microglia (Gao et al., 2019). Particularly, IRF1 is
necessary to establish the reactive state of microglia in response to
stimulation by lipopolysaccharide (LPS) regulating LPS-stimulated
phagocytosis, LPS-induced expression of genes such as Nos2, IL6,
Ccl2, Ccl5 as well as the ameboid-like morphology adopted by micro-
glia in response to LPS (Yang et al., 2022). In order to question the
potential role of IRF1 in microglia reactivity to NDV and CM_ZIKV,
the level of IRF1 was measured by WB in protein extracts from
PCMCs and neurons non- and NDV-infected as well as from PCMCs

incubated with different neuronal conditioned media. Western blot

FIGURE 6

In vivo, kinase PKR regulates the pro-inflammatory and Aif1 gene expression response to ZIKV infection. CCO71 mice (5-6 weeks-

old) were treated with DMSO or the inhibitor of PKR (IPKR) 1 h before and 3 days after IC inoculation of either NaCl (NI) or 10° FFU of ZIKV.
Mice were necropsied 6 days after infection with one hemisphere used for immunofluorescence and the other one used for RNA extraction and
gene expression analysis. (a-d) Levels of RNAs purified from whole brain extracts were determined by RT-qPCR with respect to Hrpt1 used as
reference gene. Symbols represent individual mice with n = 10 (NI + iPKR), n = 12 (ZIKV 4+ DMSO) and n = 11 (ZIKV + iPKR). Dot plots show
means with one dot for each brain and significance assessed by one-way ANOVA Tukey's multiple comparison test. p-value <0.0001 (****),
<0.001 (***), <0.01 (**), <0.05 (*) and ns = not significant; p-values near significance are indicated. (e) Correlation analysis of the expression levels
of the Il1b, C4, and Aif1 genes (as determined in NI + iPKR and ZIKV + DMSO conditions) with either Eif2ak2 expression or ZIKV RNA
expression. Symbols represent individual mice. (f) Brain sections of ZIKV-infected mice treated either with DMSO (ZIKV + DMSO) or PKR
inhibitor C16 (ZIKV + iPKR) were labeled with anti-NeuN (specific of neurons), anti-IBA1 (specific of microglia) and anti-NS2B (specific of ZIKV)
antibodies and with DNA labeled with DAPI. Merge images of maximum intensity projection of confocal sections (z projection) are shown. Scale

bars = 10 um.
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FIGURE 7 PKRregulates the
morphological transformation of
microglia induced by ZIKV infection.
Immunohistochemical analysis of

3 NLiPKR, 4 ZIKV_DMSO and

7 ZIKV_iPKR mice among those
analyzed in Figure 6.

(a) Representative images of brain
sections stained with an anti-IBA1
immunoperoxidase antibody. Images
obtained with a slide scanner
microscope were analyzed using the
QuPath software in order to assess
the cell body area and the number of
microglial cells in the region of the
whole hippocampus (yellow selection)
and the CA (green selection).

(b) Enlarged representative images of
microglial cells with the cell body
region selected by QuPath indicated in
yellow. (c) Cell body areas of
independent microglial cells as
determined using QuPath. Symbols
represent individual microglial cells. In
the case of the whole hippocampus,

n =735 (NI_IPKR),n = 1763
(ZIKV_DMSO) and n = 1988
(ZIKV_iPKR) cells. In the case of the
CA region, n = 188 (NI_iPKR), n = 477
(ZIKV_DMSOQO) and n = 437
(ZIKV_iPKR) cells. The values were
converted to logyo. Dot plots show
medians with significance assessed by
the non-parametric Mann-Whitney
test with p-value <0.05 (*) and

ns = not significant; p-values for
ZIKV-DMSO versus ZIKV_iPKR
conditions are indicated.

(d) Correlation analysis of the average
cell body area of microglial cells
present in each CA region with either
Eif2ak2 mRNA or ZIKV RNA
expression measured in the
corresponding brains. Symbols
represent average values per brain.

(e) Symbols represent individual mice
with n = 3 (NI_iPKR), n = 4
(ZIKV-DMSO), and n = 7 (ZIKV_iPKR).
Dot plots show means with
significance assessed by one-way
ANOVA Tukey's multiple comparison
test with ns = not significant.
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FIGURE 8 Endogenous IFNs-I increase the pro-inflammatory and phagocytic capacity of newcastle disease virus (NDV)-infected microglia.

(a-d) Primary cultures of microglia (PCMCs) were either non-infected (NI) or infected with NDV in the presence or absence of anti-IFNAR
antibody. (a-c) Gene expression analysis using RNAs collected 5 h post-infection were carried out by RT-gPCR using Rplp0 as reference gene.
Dot plots show means with one dot for each independent culture represented in different colors. Significance was assessed by ratio paired t test.
p-value <0.0001 (****), <0.001 (***), <0.01 (**), <0.05 (*), and ns = not significant; p-values near significance are indicated. (d) After 15 min
incubation with C3_SRBCs, phagocytosis index was determined as in Figure 1. Dot plots show means with one dot for each independent
experiment. Significance was assessed by two-way ANOVA Tukey's multiple comparison test. p-value <0.01 (**), <0.05 (*), and ns = not

significant; p-values near significance are indicated. (e-g) PCMCs (g, f) or PCNs (g) were incubated with DMSO or the inhibitor of PKR (IPKR) 1 h
before NDV infection. Gene expression analysis using RNAs from PCMCs and PCNs, collected 5 and 8 h post-infection respectively, were carried
out by RT-gPCR using Rplp0 as reference gene. Dot plots show means with one dot for each independent culture represented in different colors.
Significance was assessed by ratio paired t test. p-value <0.001 (***), <0.01 (**), <0.05 (*) and ns = not significant; p-values near significance are
indicated.
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analysis of the protein level of IRF1 in non- and NDV-infected neu-
rons and microglia revealed that microglial cells expressed high basal
and NDV-induced levels of IRF1 protein whereas IRF1 was weakly
detected in neurons (Figure 9j). An enhancement of the protein
level of IRF1 was also observed in the presence of DMSO after stimu-
lation of microglial cells with conditioned media from ZIKV-infected
neurons compared with stimulation with conditioned media from NI
neurons (Figure 9j). Treatment of microglial cells with iPKR under the
conditions used for the inhibition of STAT1 phosphorylation induced
by CM_ZIKV + iPKR in PCMCs (Figure 9c,d), completely inhibited the
basal as well as the induced level of microglial IRF1 protein expression
(Figure 9j).

While binding of IFNs-I to their IFNAR receptor leads to the
phosphorylation of STAT1 and STAT2 and the formation of phosphor-
ylated STAT1/STAT2 heterodimers (Schneider et al., 2014), the for-
mation of phosphorylated STAT1/STAT1 homodimers and the
subsequent induction of Irfl expression can occur in response to
IFNs-1 provided that sufficient levels of phosphorylated STAT1 are
induced (Forero et al., 2019). As shown in Figure 9k, treatment with
reclFNB induced a robust expression of Irf1 expression in PCMCs that
was only weakly observed in PCNs (Figure 9k), which is in agreement
with results shown in Figure 9i indicating higher amounts of total and
phosphorylated STAT1 in PCMCs compared to PCNs.

The link between PKR and IRF1 was also tested in vivo. For this,
the expression level of the Irf1 gene was analyzed in brain extracts
from ZIKV-infected adult immunocompetent mice treated with
DMSO or iPKR described in Figure 6. As shown in Figure 9I, treatment
with iPKR inhibited the expression of the Irf1 gene (p-value = 0.08)
induced in whole brain extracts following ZIKV infection while it had
no effect (p-value = 0.54) on the ZIKV-induced expression of Irf7 that
does not depend on phosphorylated STAT1 homodimers or IRF1 for
its expression (Forero et al., 2019). These results are indicative of a
role for PKR in regulating ZIKV-induced Irf1 expression in the brain of

adult immunocompetent mice infected by ZIKV.

4 | DISCUSSION

Reactive microglial cells are characterized by their capacity to mount a
pro-inflammatory response and to display an enhanced complement
C3-dependent phagocytic capacity. The results presented in this study
demonstrate the major role played by exogenous and endogenous
IFNs-I in directly activating these two through microglia's IFNAR sig-
naling and kinase PKR. A role for IFNAR-signaling in regulating micro-
glia's reactivity has been previously described in the context of
lymphocytic  choriomeningitis virus (LCMV) infection (Nayak
et al., 2013), murine prion disease (Nazmi et al., 2019) and in a murine
model of AD (Roy et al., 2020; Roy et al., 2022). However, in these
studies the direct effects of IFNs-I on microglia were not explored.
Also in these studies, microglial cells were proposed to be at the origin
of the expression of IFNs-1 that in turn would signal other cell types
of the brain, such as astrocytes for C3 expression (Roy et al., 2020)

and neurons for neurotoxic pathology (Roy et al., 2022). By contrast,

we describe therein a mechanism where microglial cells are not the
producers of IFNs-I but respond to IFNs-I produced by neurons. We
demonstrate here that IFNs-l secreted by ZIKV-infected neurons
directly activate the phagocytic capacity, pro-inflammatory state and
IFN-1 response of NI microglia through PKR. We also demonstrate a
role for PKR in regulating the morphology of microglia in vivo mediat-
ing microglia's cell body enlargement upon ZIKV infection. By doing
so, we unravel the mechanism controlling the ZIKV-induced activation
of microglia in the brain of adult immunocompetent mice under condi-
tions where neurons, but not microglial cells, are infected by the virus.

The binding of IFNs-I to their IFNAR receptor triggers the activa-
tion of kinases JAK1 and TYK2 that phosphorylate transcription fac-
tors STAT1 and STAT2 (Figure 10) predominantly leading to the
formation of phosphorylated pSTAT1/pSTAT2 heterodimers
(Schneider et al., 2014), which, in association with IRF9, regulate the
expression of I1SGs (among which the gene coding for PKR) and
the innate antiviral response. By contrast, the expression of pro-
inflammatory genes mainly relies on NF-kB whose activation is not
directly linked to IFNAR signaling and/or on the formation of phos-
phorylated pSTAT1/pSTAT1 homodimers that promote the expres-
sion of transcription factor IRF1 (Feng et al, 2021). These
homodimers are mainly formed in response to IFN gamma (IFNG)
(Schneider et al., 2014). However, even though underrepresented
compared with heterodimers, pSTAT1/pSTAT1 homodimers can also
be formed in response to type | IFNs provided that a sufficient
amount of STAT1 is phosphorylated, leading to an IFN-I dependent
induction of the expression of transcription factor IRF1 (Forero et al.,
2019). Results obtained here with iPKR identified PKR as the major
direct regulator of STAT1 phosphorylation in microglial cells either
treated with CM_ZIKV or infected with NDV whereas under the same
conditions, no significant effect was observed on IkB phosphorylation
necessary for the activation of NF-kB.

The basal level of expression of the Eif2ak2 gene is higher in
microglial cells as compared to neurons (Figure Séb). This coincides
with a low basal level of pSTAT1 detected in NI and NT PCMCs but
not in neurons (Figure 9i), that could explain the basal level of IRF1
present in PCMCs even in the absence of induction (Figure 9j). We
show here that within a short period of time (6 h post-treatment),
iPKR down-regulates pro-inflammatory and ISGs expression levels
induced by exogenous IFNs-I present in conditioned media from ZIKV-
infected neurons (Figure 4). STAT1 and IRF1 have been described as
main regulators of microglia's pro-inflammatory response and phagocy-
tosis (Butturini et al., 2019; Gao et al., 2019; Rangaraju et al., 2018;
Yang et al., 2022). Also an ISG such as Lgals3bp has been recently
shown to regulate microglia's reactivity (Arutyunov et al., 2024). Thus,
iPKR could rapidly negatively regulate the pro-inflammatory response
and phagocytic capacity of microglia by affecting the basal and induced
levels of p-STAT1 and IRF1 alongside with the induction of ISG expres-
sion. However, we cannot exclude that PKR could also contribute to
phagocytosis through protein-protein interactions and/or protein
phosphorylation.

The effect of PKR on IFN-I dependent microglia's activation could

be maintained throughout a longer period of time through a two-step
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mechanism (Figure 10). First, IFNs-1 secreted by ZIKV-infected neurons
induce an IFNAR-dependent phosphorylation of STAT1 and STAT2
that triggers the expression of ISGs, leading to the up-regulation of
PKR. Second, PKR induced by IFNs-I further increases STAT1 phos-
phorylation enhancing IRF1 expression, thereby maximizing the
IRF1-dependent activation of the phagocytosis and pro-inflammatory
response of NI microglial cells. Results presented here are consistent
with previous works that have associated PKR with the regulation of
neuroinflammation (Carret-Rebillat et al., 2015; Couturier et al., 2011)
and more recently, to microglia activation and memory loss in a murine
model of Gulf War lliness (Carreras et al., 2023). The major inhibitory
effect of iPKR on STAT1 phosphorylation also explains the strong inhi-
bition of ISGs expression in NDV-infected microglia treated with iPKR
although Ifnb1 gene expression remained significantly induced due to
the presence of phosphorylated IRF3 that was not affected by iPKR.
Results obtained here also point out a role for PKR in up-regulating the
expression of the Ifnb1 gene in microglial cells either treated with con-
ditioned media from ZIKV-infected neurons (Figure 4b) or infected
with NDV (Figure 8f). The PKR-dependent regulation of the expression
of Ifnb1 is likely mediated by IRF1 (Figure 10), which has been
shown to bind the promoter region and induce the expression of Ifnb1
(Feng et al., 2021). Further experiments are required to determine the
mechanism behind PKR-driven phagocytosis. The gene Cd11b codes
for one of the subunits of the receptor of C3 that is engaged in phago-
cytosis by microglia. We show here results indicative of an increase of
Cd11b expression in vitro, following treatment of microglia with condi-
tioned media from ZIKV-infected neurons (Figure 4c) and in vivo, fol-
lowing IC ZIKV infection (Figure S5). However, we did not detect a role
for PKR in regulating ZIKV-induced Cd11b expression, which we also
show not to be affected by reclFNB (Figure S7b). These results seem
to exclude a role for PKR in regulating microglia's phagocytosis through
Cd11b expression. However, CD11B needs to go through conforma-
tional changes in order to be functionally activated and we cannot
exclude a role for PKR in this step. PKR could also affect microglia's
phagocytosis by regulating microglia's ISG expression, which we show
here to be strongly dependent on PKR.

Contrary to what we observed in microglia, PKR played no signifi-
cant role in regulating the expression of genes associated with the
IFN-1 or pro-inflammatory response in neurons that express very low
levels of STAT1 and IRF1. In vivo, in the brain of ZIKV-infected mice
at 6 dpi, iPKR had non-significant effects on the level of expression of

the Ifnb1 gene, of ISGs Ifna4, Irf7, Isg15, and on ZIKV RNA content.
This is indicative of neurons being the main cells producing IFNs-I fol-
lowing brain ZIKV infection of adult immunocompetent mice under
conditions where neurons are the only cell type infected by ZIKV
(Figueiredo et al., 2019; Hayashida et al., 2019; Manet et al., 2022).
Notwithstanding a lack of significant effect on IFNs-I expression in
whole brain extracts, a significant inhibition of the expression of genes
associated with the pro-inflammatory response induced following
ZIKV infection was observed after iPKR treatment in vivo. It occurred
concomitantly with a significant inhibition of the expression of the
Aifl gene, of the increased cell body area of microglia and of
the expression of Irf1 induced by ZIKV-infection. This is indicative of
PKR playing a critical role in regulating the reactivity of microglia in
the brain of ZIKV-infected adult immunocompetent mice.

Although significant, the effect of iPKR treatment on the expression
of genes associated with a pro-inflammatory response induced following
ZIKV brain infection was not total and the effect on Irf1 expression was
only nearly significant suggesting the contribution of a mechanism inde-
pendent of PKR. Such a mechanism could depend on the expression of
IFNG that, through binding to its receptor IFNGR, is a major inducer of
pSTAT1 and Irf1 expression independently of the IFN-I response (Feng
et al.,, 2021). Indeed, a significant increase of the expression of the Ifng
gene coding for IFNG was observed after IC ZIKV infection at 6 dpi
(Figure S5). Interestingly, the ZIKV-induced expression of Ifng was signifi-
cantly inhibited by iPKR, possibly in relation with the effect of iPKR on
the expression of genes coding for chemoattractants such as Ccl2, Ccl5,
and Cxcl10 that would limit the recruitment of IFNG-expressing cells.
Even though this reflects the capacity of iPKR to limit the IFNG response
in ZIKV-infected brains, a low level of Ifng expression could still be mea-
sured in the brain of iPKR-treated mice (Figure S5). This residual Ifng
expression could be responsible for the residual iPKR-independent
expression of Irf1 and its subsequent effects on the pro-inflammatory
response and phagocytic capacity of microglia.

Protective as well as deleterious functions have been associated
with reactive microglia in the context of neurodegenerative diseases
(AD) and viral infection (West Nile Virus, WNV). Although microglial
cells participate in the clearance of Af plaques and are associated with
a protective function in AD, there is also evidence that at later stages
of the disease they mediate synapse loss, exacerbate Tau pathology
and secrete neurotoxic factors (Hansen et al., 2018; Perea et al., 2020).

In the case of WNYV infection, microglia are crucial for limiting viral

FIGURE 9

Kinase PKR is a main regulator of the phosphorylation of STAT1 and of IRF1 expression in microglial cells. (a-h, j) Primary cultured

microglial cells (PCMCs) were incubated with DMSO or the inhibitor of PKR (C16) for 1 h before being (a, e) either non- (NI) or NDV-infected and
(c, g, j) either non-treated (NT) or treated with conditioned media from non- (CM_NI) or ZIKV-infected (CM_ZIKV) primary cultured neurons. Total
protein extracts were collected 5 h after NDV infection and 6 h after treatment with CMs and submitted to a Western blot analysis. (b, d, f, h)
Dot plots show means with one dot for each independent experiment represented in different colors. Significance was assessed by one-way
ANOVA Tukey's multiple comparison test. p-value <0.0001 (****), <0.05 (*), and ns = not significant. (i-k) Primary cultured neurons (PCNs) and
microglial cells (PCMCs) were (i, j) either non- (NI) or NDV-infected for 5 h or (k) treated with recombinant IFNB for 6 h. (i, j) Protein extracts or
(k) RNAs were collected and submitted to Western blot or gPCR analysis respectively. (I) The level of expression of the Irf1 and Irf7 genes in total
RNAs purified from whole brain extracts of mice described in Figure 6 was analyzed by RT-qPCR with respect to Hrpt1 used as reference gene.
Symbols represent individual mice with n = 10 (NI + iPKR), n = 12 (ZIKV 4+ DMSO), and n = 11 (ZIKV + iPKR). Dot plots show means with
significance assessed by one-way ANOVA Tukey's multiple comparison test. p-value <0.0001 (****) and ns = not significant.
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FIGURE 10 Type | IFNs secreted by ZIKV-infected neurons activate non-infected microglial cells through kinase PKR that up-regulates
STAT1 phosphorylation and IRF1 expression. First, type | IFNs secreted by ZIKV-infected neurons bind to the IFNAR receptor of non-infected
microglial cells to induce the phosphorylation of STAT1 and STAT2 necessary to activate the expression of ISGs among which the gene coding for
kinase PKR (Schneider et al., 2014). Second, kinase PKR increases the rate of phosphorylation of STAT1 in microglial cells followed by the
subsequent increase of the expression of the gene coding for transcription factor IRF1 that activates the pro-inflammatory response and the
phagocytic capacity of microglial cells (Gao et al., 2019; Yang et al., 2022) alongside with inducing the expression of the Ifnb1 gene coding for

IFNB (Feng et al., 2021). The diagram was created using BioRender.com.

spread but they are also responsible for functional synapse loss, cogni-
tive impairment and neurodegeneration (Vittor et al., 2020). Thus, while
proper microglia function can be protective and crucial for pathogen
host defense, its prolonged activation can be deleterious and lead to
neuronal injury. In the case ZIKV infection, a loss of neurons has been
reported following neonatal infection of immunocompetent mice
(Ireland et al., 2020) but this was not reported by Figueiredo et al.
(2019) while infecting adult mice, even though they observed func-
tional synapse loss and memory impairment (Figueiredo et al., 2019).
Future work using partial microglia depletion and long-term PKR inhibi-
tion should help us to determine the positive and negative functional
implications of the PKR-dependent ZIKV-induced activation of micro-
glia with respect to ZIKV replication, ZIKV-induced inflammatory
and DAM response, neuronal and synapse loss and Tau pathology
spreading.

Kinase PKR is a major antiviral factor that is targeted by several
viruses (Dabo & Meurs, 2012; Rothenburg & Brennan, 2020) but, on the
contrary, ZIKV has been shown to take advantage of PKR activity to

favor its replication in vitro, in human dermal fibroblasts (Ponia
et al,, 2021) and A549 cells (Ricciardi-Jorge et al., 2023). However, there
is presently no data demonstrating that this could also be the case
in vivo, in neuronal cells. Under conditions used here, we did not observe
an effect of PKR inhibition, positive or negative, on ZIKV replication in
the brain of ZIKV-infected adult mice (Figure 6c). This rules out the pos-
sibility that the effects of iPKR treatment on ZIKV-induced pro-
inflammatory response could be the consequence of an effect on ZIKV
replication. Hence, inhibiting PKR activity appears as a way to dampen
ZIKV-induced brain inflammation without promoting viral replication.
Beyond viral infection, the expression of IFNs-I can be induced by
self-nucleic acids resulting from, among others, an excess of DNA dam-
age, the activation of endogenous retroelements or mitochondria dys-
function (Crow & Stetson, 2022; Kato et al., 2017; Rongvaux, 2018;
Stetson et al., 2008; Wolf et al., 2016; Zhao et al., 2018). Results
obtained in this work, suggest that the persistent production of IFNs-I
by aged/stressed/damaged neurons could induce a persistent activa-

tion of “naive” microglia and thus account for the presence of subsets
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of active microglial cells displaying an IFN-I response signature that
have been described in association with aging (Deczkowska
et al., 2017; Lopes et al., 2022; Olah et al., 2018; Sala Frigerio
et al., 2019), neuropathologies such as AD (Chen & Colonna, 2021;
Ising et al., 2019; Mathys et al., 2017; Olah et al., 2020; Sala Frigerio
et al., 2019) and brain injury (Todd et al., 2023). It would be interesting
to analyze if, as demonstrated in this work, a PKR-dependent phos-
phorylation of STAT1 leading to an increased expression of IRF1 is also
at work in these neuropathologies associated with an Interferon

Responsive Microglia (IRM) signature.
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