Pieter Vancamp 
  
Petra Spirhanzlova 
  
Anthony Sébillot 
  
Lucile Butruille 
  
Jean-David Gothié 
  
Sébastien Le Mével 
  
Michelle Leemans 
  
Karn Wejaphikul 
  
Marcel Meima 
  
Bilal B Mughal 
  
; Karn Wejaphikul 
  
Pierre Roques 
  
Sylvie Remaud 
  
Jean-Baptiste Fini 
  
Prof. Dr Barbara A Demeneix 
email: barbara.demeneix@mnhn.fr
  
  
The pyriproxyfen metabolite, 4'-OH-PPF, disrupts thyroid hormone signaling in neural stem cells, modifying neurodevelopmental genes affected by ZIKA virus infection

Keywords: Pyriproxyfen, mouse neuroprogenitors, Musashi-1, thyroid hormones, ZIKA virus DMSO: dimethyl sulfoxide, MSI1: musashi-1, NSC: neural stem cell, ON: overnight, PBT Xenopus Eleutheroembryonic Thyroid Assay

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Multiple lines of evidence link infection by the ZIKA virus (ZIKV) to congenital Zika syndrome and the increased prevalence of neonatal microcephaly in Central and South America starting from early 2015 [START_REF] Alvarado | Zika Virus Infection in Pregnancy, Microcephaly, and Maternal and Fetal Health: What We Think, What We Know, and What We Think We Know[END_REF][START_REF] De Araújo | Association between microcephaly, Zika virus infection, and other risk factors in Brazil: final report of a case-control study[END_REF][START_REF] De Araújo | Association between Zika virus infection and microcephaly in Brazil, January to May, 2016: preliminary report of a case-control study[END_REF][START_REF] Faizan | Zika Virus-Induced Microcephaly and Its Possible Molecular Mechanism[END_REF][START_REF] Rocha | Zika Virus Infection and Microcephaly: A Case-Control Study in Brazil[END_REF]. Experiments on human brain organoids and neurospheres showed that neural stem cells (NSCs) are a direct target of ZIKV [START_REF] Qian | Brain-Region-Specific Organoids Using Mini-bioreactors for Modeling ZIKV Exposure[END_REF]. ZIKV reduced NSC proliferation, altered fate choice, increased cell death and decreased neuronal cell layer volumes [START_REF] Garcez | Zika virus disrupts molecular fingerprinting of human neurospheres[END_REF][START_REF] Garcez | Zika virus impairs growth in human neurospheres and brain organoids[END_REF]. ZIKV infection in mice led to smaller brains with thinner cortical layers and associated neurological disabilities by interfering with the cellular processes required for normal brain development (Zhang et al., 2019).

Remarkably, certain regions in North-Eastern Brazil showed a much higher prevalence of ZIKV-associated microcephaly than others, prompting the question as to whether other factors could be linked to this regional effect [START_REF] Butler | Brazil asks whether Zika acts alone to cause birth defects[END_REF][START_REF] Peiter | Zika epidemic and microcephaly in Brazil: Challenges for access to health care and promotion in three epidemic areas[END_REF][START_REF] Rodrigues | Risk of Zika-related microcephaly: stable or variable?[END_REF]. It has been suggested that the use of the pesticide pyriproxyfen (PPF), a juvenile hormone analog, approved worldwide for use against household insects and in agriculture [START_REF] Who | Pyriproxyfen in Drinking-water: Use for Vector Control in Drinking-water Sources and Containers[END_REF][START_REF] Wilson | The molecular site of action of juvenile hormone and juvenile hormone insecticides during metamorphosis: how these compounds kill insects[END_REF], could be implicated in the rise of microcephaly cases [START_REF] Albuquerque | Epidemia de microcefalia e vírus Zika: a construção do conhecimento em epidemiologia[END_REF][START_REF] De Araújo | Association between microcephaly, Zika virus infection, and other risk factors in Brazil: final report of a case-control study[END_REF][START_REF] Parens | A Possible Link Between Pyriproxyfen and Microcephaly[END_REF][START_REF] Reduas | REPORT from Physicians in the Crop-Sprayed Town regarding Dengue-Zika, microcephaly, and massive spraying with chemical poisons[END_REF]. High amounts of PPF were used in the same northeastern region where most ZIKV cases associated with microcephaly were found [START_REF] Albuquerque | Pyriproxyfen and the microcephaly epidemic in Brazil -an ecological approach to explore the hypothesis of their association[END_REF][START_REF] Parens | A Possible Link Between Pyriproxyfen and Microcephaly[END_REF]. This could be yet another example of a drug or pesticide exacerbating the effects of viral infection [START_REF] Grandjean | Severity of COVID-19 at elevated exposure to perfluorinated alkylates[END_REF][START_REF] Larsen | Reye's Syndrome[END_REF]. Even though a small cohort (< 80 cases) did not find a link between PPF and congenital microcephaly [START_REF] De Araújo | Association between microcephaly, Zika virus infection, and other risk factors in Brazil: final report of a case-control study[END_REF], it remains to be experimentally investigated whether or not the pesticide could be implicated in the microcephaly outbreak [START_REF] Parens | A Possible Link Between Pyriproxyfen and Microcephaly[END_REF].

PPF was first introduced into Brazilian drinking water in late 2014 to control the Aedes aegypti mosquito population, the vector for the dengue and the ZIKA viruses. The WHO recommended that daily intake of PPF should not exceed 0.3 mg/L for an average adult, and advised that the concentration of PPF in drinking water containers should be lower than 0.01 mg/L ((WHO), 2008). The main pathway of PPF metabolism is hydroxylation at the 4'-position, producing principally 4'-OH-PPF in both vertebrates and invertebrates [START_REF] Who | Pyriproxyfen in Drinking-water: Use for Vector Control in Drinking-water Sources and Containers[END_REF][START_REF] Ose | Bioconcentration and Metabolism of Pyriproxyfen in Tadpoles of African Clawed Frogs, Xenopus laevis[END_REF][START_REF] Yoshino | Metabolism of Pyriproxyfen. 2. Comparison of in Vivo Metabolism between Rats and Mice[END_REF][START_REF] Zhang | Cross resistance to insect growth regulators in pyriproxyfenresistant housefly[END_REF]. PPF is documented to be rapidly taken up and metabolized, resulting in low bio-concentrations of the parent compound circulating in the organism [START_REF] Ose | Bioconcentration and Metabolism of Pyriproxyfen in Tadpoles of African Clawed Frogs, Xenopus laevis[END_REF]. We therefore hypothesized that 4'-OH-PPF rather than PPF could be the main compound acting in vivo.

We decided thus to carry out our experiments using the PPF metabolite 4'-OH-PPF.

In 2017, Chavali et al. found that the RNA binding protein Musashi-1 (MSI1) is indispensable for ZIKV replication. MSI1 is an important translational regulator in NSCs in vertebrates [START_REF] Chavali | Neurodevelopmental protein Musashi-1 interacts with the Zika genome and promotes viral replication[END_REF]. Interestingly, we previously showed that this gene is downregulated in vivo in the murine subventricular zone (SVZ) by T3/thyroid hormone (TH) receptor α (TRα), when progenitors commit to the neuroblast lineage [START_REF] López-Juárez | Thyroid Hormone Signaling Acts as a Neurogenic Switch by Repressing Sox2 in the Adult Neural Stem Cell Niche[END_REF]. THs regulate many developmental processes including cell proliferation, migration and differentiation to acquire the characteristic brain cytoarchitecture [START_REF] Bernal | Thyroid hormones and brain development[END_REF][START_REF] Moog | Influence of maternal thyroid hormones during gestation on fetal brain development[END_REF]. In severe cases of hypothyroidism, disruption of these processes also leads to smaller brains and aberrant cortical layer formation (Morreale de [START_REF] Morreale De Escobar | Role of thyroid hormone during early brain development[END_REF].

PPF was previously shown to interfere with thyroid-responsive endpoints in the amphibian metamorphosis assay and pubertal rat assays [START_REF] Wegner | Identifying reference chemicals for thyroid bioactivity screening[END_REF]. Using a newly validated but far shorter OECD assay, the Xenopus Eleutheroembryonic Thyroid Assay (XETA: OECD test 248), we questioned if and how 4'-OH-PPF interfered with TH action, given its structural similarities to the bioactive TH 3,3',5'-triiodothyronine (Fig 1), and whether it affected Msi1 mRNA and protein levels.

We used two TH model systems: Xenopus laevis tadpoles [START_REF] Fini | Thyroid Hormone Signaling in the Xenopus laevis Embryo Is Functional and Susceptible to Endocrine Disruption[END_REF]OECD TG 248, 2019), and mouse subventricular zone-derived NSCs [START_REF] Kortenkamp | Removing Critical Gaps in Chemical Test Methods by Developing New Assays for the Identification of Thyroid Hormone System-Disrupting Chemicals-The ATHENA Project[END_REF]. We tested how the metabolite impacts MSI1, as well as key genes and processes underlying cortical development. A final experimental approach examined ZIKV replication and TH target gene expression in mouse neuroprogenitors in the presence and absence of 4'-OH-PPF.

Materials and methods

XETA assay. We used the modified XETA test (OECD TG 248, 2019) to assess the thyroid-disrupting potential of environmental concentrations of 4'-OH-PPF in vivo. This assay employed Tg(thibz:eGFP) transgenic Xenopus laevis tadpoles.

Chemical exposure. Stock solutions of 4'-OH-PPF (HPC -Ref.675366) were prepared as follows: 15 mg 4'-OH-PPF was dissolved in 5 mL Dimethyl sulfoxide (DMSO, Sigma) to obtain a 3 g/L stock solution (stored at -20 °C). The final solution was prepared daily prior to exposure by adding 1 μL of stock solution to 10 mL Evian. All groups contained 0.01% DMSO. We used maximum concentrations of 4'-OH-PPF in drinking water according to WHO recommendations.

Fifteen NF 45 Tg(thibz:eGFP) Xenopus laevis tadpoles were placed into each well (i.e. one exposure group) of a 6-well plate. Eight mL of previously prepared 4'-OH-PPF solution was added per well. Tadpoles were exposed for 72 h at 23 °C with daily renewal at the same hour for the XETA assay. For gene expression analysis, exposure was limited to 24 h. Tadpoles were exposed to 4'-OH-PPF ± 5 nM T3 (3,3′,5-triiodo-L-thyronine sodium salt (Sigma).

GFP signal imaging.

After exposure, tadpoles were rinsed in Evian and anaesthetized using Ethyl 3-aminobenzoate methanesulfonate salt (MS-222) (Sigma, CAS 886-86-2, 100 mg/L; Stock 1 g/L -1 g of MS-222 and 1 g NaHCO₃ dissolved in 1 L Evian, pH 7.4-8). One Tg(TH/bzip:eGFP) tadpole was placed per well into 96-well plate (black, conic based) and faced with the ventral region upwards. Color images were acquired with an Olympus SZX12 Stereo Microscope equipped with a 1.2X objective and a 25X magnification, long-pass GFP filters and a QImaging Exi Aqua CCD camera at 3 s exposure time. Then, tadpoles were euthanized in 1 g/L MS-222, fixed overnight (ON) in paraformaldehyde (PFA) 4% and stored at -20 °C in cryoprotectant (150 g sucrose (Sigma) and 150 mL ethylene glycol (Sigma), volume adjusted to 500 mL with PBS). Using ImageJ, non-specific red and blue signal was substracted to quantify Integrated density of the green channel.

Tadpole behavioral assays.

After 72 h exposure, tadpoles were rinsed in Evian and placed in 12-well plates with one tadpole per well each containing 4 mL Evian. After 10 minutes acclimatization, tadpole were tracked for 10 minutes with 30 s light/30 s dark intervals using a Daniovision (Noldus) device. Distances travelled during each 10 s of the 10 minute trials were quantified and exported (Ethiovision XT 1.5 program). Values were normalized to the mean of controls.

Head and brain measurements. Previously fixed tadpoles were placed in a Petri dish and positioned to expose the dorsal body part. Color images of tadpole heads on a black background were taken using a Leica MZ16F stereomicroscope equipped with a QImaging Retiga-SRV camera. Brain and head area, width of forebrain, midbrain and forebrain/midbrain junction were measured in ImageJ with manually defined ROIs.

Mice. Eight week-old wild-type male C57BL/6JRj mice purchased from Janvier Labs (Le Genest St. Isle, France) were kept under standard conditions (22 °C, 50% humidity, 12 h light/dark cycle, food and water ad libitum). All procedures were conducted according to the Guidelines for 

Virus.

Virus strain H/PF/13 from EVA program (ref 23484; sequence I.D. KJ776791.1) was amplified in vitro in a single round in C6/36 mosquito cells (ATCC® CRL-1660™) and titrated using VERO E6 cell line (ATCC CRL-1586) and by QRT-PCR with a titer of 2x10 7 TCID50%/mL corresponding to around 5.4x10 8 RNA genome copies/mL. The virus stock was aliquoted and stored at -80 °C until use.

Adult mouse neurosphere assay. Five mice were sacrificed per neurosphere culture.

Brains were removed and lateral SVZs dissected in cold DMEM-F12-glutamax 1/50 Glc 45%, and then incubated in digestion medium (papain, DNase [Worthington], L-cysteine [Sigma-Aldrich]) for 30 min at 37 °C. Cells were dissociated, the single cell suspension was spinned down (1000 rcf, 5 min), and equally distributed in wells containing growth medium (DMEM-F12-glutamax [Gibco], 40 μg/mL insulin [Sigma], 1/200 B-27 supplement [Gibco], 1/100 N-2 supplement [Gibco], 0.3% glucose, 5 mM Hepes, 100 U/ml penicillin/streptomycin) containing the growth factors EGF and FGF (20 ng/mL [Peprotech]). Using a radio-immunoassay, we found that the B-27 medium contains 0.3 nM T3.

To measure cell proliferation and gene expression, 10 4 cells/well in 100 µL/well were exposed in 96-well plates (12 wells/group). On day 0, 10 -2 , 10 -1 , or 3x10 -1 mg/L 4'-OH-PPF ± 10 nM T3 (Sigma -CAS 55-06-1) was applied for 7 days (5% CO2, 20% O2 at 37 °C). Thirty µL/well of growth medium was added every other day. At day 7, brightfield images were taken (ZEISS AXIO Zoom V16 macroscope; 21 images/well) and neurospheres were measured using ImageJ. Then, after 5 min centrifugation at 1000 rcf, cell pellets were frozen at -20 °C.

The effects of 3x10 -1 mg/L 4'-OH-PPF on MSI-1, activated caspase-3, DCX and OLIG2 protein expression were analyzed on neurosphere cultures grown in the same conditions for 7 days, and subsequently dissociated into single cells, to plate 50x10 4 cells onto 24-well Glass Slips (Millicell EZSLIDE, PEZGS0896) coated with 0.1 mg/mL Poly-D-Lysine (Sigma-Aldrich), in culture medium without EGF/FGF for 1 or 5 days. After, cells were fixed with 4% PFA for 10 min.

To address viral replication in vitro, 3×10 5 cells in 5 mL medium were exposed to 0.01% DMSO ± 4'-OH-PPF 10 -1 mg/L from day 2-7 of proliferation, with 1.5 mL medium added every other day. At day 7, neurospheres were dissociated and infected with ZIKV particles diluted in DMEM medium to a multiplicity of infection of 0.5 particles per cell during 1 h at 37 °C (i.e. ± 1 million cells in 80 µl of viral suspension). Cells were then washed 5x in 3 mL DMEM before distribution (Six replicates of 150.000 cells/well for control (0.01% DMSO) and 4'-OH-PPF condition). 10 -1 mg/L 4'-OH-PPF was added every other day.

Viral replication was analyzed every day for a period of 4 days by RT-PCR using primers and probes derived from [START_REF] Lanciotti | Genetic and Serologic Properties of Zika Virus Associated with an Epidemic, Yap State, Micronesia[END_REF] (ZIKV_F, and ZIKV_R) encompassing a small segment coding for the E protein. Five µL of culture supernatant from each well and time point was diluted 1/100. Three µL of the dilution was mixed with RT-qPCR medium (primers, probes, enzyme and buffer) in a 96-well plate and ran on a Bio-Rad CFX thermocycler (Supersript III platinum one step qPCR system, Invitrogen). Results were quantified relative to ZIKV Vero supernatant diluted from 10 7 RNAcopies/mL to 330 copies/mL that was previously calibrated [START_REF] Hamel | Biology of Zika Virus Infection in Human Skin Cells[END_REF]. At day 4, cells were spinned down 5 min at 1000 rcf and frozen at -20 °C.

RT-qPCR.

After 24 h exposure, tadpoles were rinsed and anaesthetized in 100 mg/L MS-222. Two brains were placed in one microdissection tube containing 100 μL lysis solution (Ambion RNAqueous). Tubes were snap-frozen and stored at -80 °C prior to RNA extraction (Invitrogen).

Quality of samples was verified using Agilent bio-analyzer. cDNA was synthetized using Reverse Transcription Master Mix (Fluidigm), and 20x diluted (5 μL DNA in 95 μL nuclease-free water). The qPCR mix contained following components: 0.15 μL reverse primer (10 pM), 0.15 μL forward primer (10 pM) (Supplementary table 1), 1.7 μL nuclease-free water and 3 μL Power SYBR master mix per reaction. For the final reaction, 5 μL qPCR mix was added in each well together with 1 μL diluted cDNA (in duplicate, with water and RT-controls included on every 384-well plate). Comparative Ct measurements and melting curve were quantified using QuantStudio 6 flex qPCR device (Life technologies). The geometric mean of ef1a and odc housekeeping genes for each sample was subtracted from Ct values, resulting in the ΔCt value. Median values of the control group were subtracted from each ΔCt value to provide ΔΔCt values. Fold change was calculated as 2 -ΔΔCt .

Mouse neurospheres were pooled after 7 days of proliferation, RNA extracted (Invitrogen) and retrotranscriptions performed (Fluidigm). Pre-amplifications (10 cycles) and qPCR were performed using TaqMan Preamp MasterMix and TaqMan Universal PCR MasterMix, respectively (ThermoFisher), and specific TaqMan probes (Invitrogen, Supplementary table 1). Every qPCR amplification was run in triplicate. 2 -ΔΔCt values were calculated using three housekeeping genes, ActB, Gapdh and Hprt.

Immunohistochemistry.

After 24 h exposure, tadpoles were euthanized using MS-222 (1 g/L) and fixed in 4% PFA for 3 h. Then, tadpole brains were dissected and placed in PBT (1% Triton X-100 in PBS) ON at 4 °C. Next, brains were blocked in 10% normal goat serum in PBT for 3 h at 4 °C, and incubated with the primary antibody (1/300, Musashi-1, polyclonal rabbit: Abcam ab21628, UK) in 10% blocking in PBT ON at 4 °C. Next morning, plates were washed in PBT, and incubated with the secondary AlexaFluor488-conjugated anti-rabbit antibody (1/400, Thermofisher Scientific) in 10% normal goat serum in PBT ON at 4 °C. Brains were washed in PBS. Images of the dorsal brains were taken using a Leica MZ16F stereomicroscope (QImaging Retiga-SRV camera). Mean integrated density was calculated with the threshold set to 60 using ImageJ.

Mouse neurosphere cells were blocked with 10% donkey serum, 0.2% triton and 1% BSA in PBS for 30 min, and then incubated with the primary antibody: polyclonal rabbit-anti-Musashi-1: 1/300 (Abcam ab21628, UK); rabbit-anti-activated caspase-3: 1/300; goat-anti-DCX, 1:500; rabbit-anti-OLIG2; 1:300; in blocking solution ON at 4 °C. After washing in PBS, cells were incubated with an Alexa488 or Alexa594 secondary antibody (1:500, Invitrogen) in 1% donkey serum, 0.2% PBT and 1% BSA for 2 h at room temperature. Cells were washed in PBS, incubated with DAPI for 5 min and mounted with Prolong Gold antifade reagent. Ten fluorescence images per well were acquired using a Leica TCS-SP5 confocal microscope and processed with ImageJ. Quantifications were done on 4 µm stack images.

Statistical analysis

Statistical analysis was performed using GraphPad Prism v9.00. Normality tests were performed prior to statistical analysis. In the case two means had to be compared, a two-tailed, unpaired students t test was utilized, or a Mann-Whitney U test as non-parametrical alternative. In case of more than 2 means, a one-way ANOVA or Kruskal-Wallis ANOVA was performed, followed by Tukey's, Dunnett's or Dunn's multiple comparison post-test in case of significance. A two-way ANOVA followed by Bonferroni's multiple comparisons test was used to analyse ZIKV replication.

Data are presented as bar & scatter plots depicting mean ± standard error of mean (SEM) or standard deviation (SD), as indicated in the figure legend. P values <0.05 were considered as statistically significant.

Results

4'-OH-PPF negatively affects TH signaling, tadpole motility and brain morphology

To investigate whether the PPF metabolite disrupted TH signaling, transgenic Tg(thibz:eGFP) tadpoles were exposed for 72 hours to an environmentally-relevant dose range of 4'-OH-PPF in the presence or absence of 5 nM T3 using the XETA assay. Control tadpole brains showed low basal 

4'-OH-PPF affects brain musashi-1 gene and protein expression in

Exposure to 4'-OH-PPF increases Msi and dysregulates genes involved in NSC differentiation.

We analyzed, using the same protocol, whether a 7-day 4'-OH-PPF exposure during NSC proliferation, modified expression of genes required for NSC proliferation and differentiation (Fig 

Exposure to 4'-OH-PPF increases MSI1 protein, NSC apoptosis and the neuron to glia ratio.

Next, using 4'-OH-PPF (3x10 -1 mg/L), we exposed SVZ-derived neurospheres for 7 days during proliferation, dissociated the NSCs, and subsequently differentiated them in the absence of 

4'-OH-PPF does not aggrevate ZIKV replication, but certain neuro/glia markers are differentially affected as opposed to ZIKV alone.

Based on the previous findings that the PPF metabolite disrupted TH signaling, we set up a protocol for testing whether ZIKV infection was modulated by 4'-OH-PPF. NSCs proliferated for a week, and then exposed to 4'-OH-PPF for the last 5 days of proliferation. Next, neurospheres were dissociated and the NSCs infected once with ZIKV, with the virus not displaying any additional cytotoxicity to 4'-OH-PPF at the used viral concentrations. We then incubated them for another 4 days ± 4'-OH-PPF (Fig 5A). We measured ZIKV replication in two independent experiments, where we quantified RNA copy numbers (copies/mL) in the supernatant by RT-PCR each day postinfection. Viral replication increased as a function of time post-infection ± 4'-OH-PPF, from 10 4 to 10 8 copies/mL. The presence of 4'-OH-PPF only significantly reduced replication at day 4 after ZIKV infection, but the values remained within the same order of magnitude ( 10 We analyzed Gfap as a general marker for NSCs, and Nestin and Sox2 for activated NSCs (Fig. 5C). Gfap levels were increased in the presence of ZIKV and even more significantly when combined with 4'-OH-PPF (Fig 5C,p<0.01). Nestin levels decreased as a function of viral presence, whether or not 4'-OH-PPF was present too (p<0.01 in all cases). Sox2 was unaltered.

Expression of this gene strongly decreased in ZIKV infection as compared to controls (p<0.001), while with co-exposure to 4'-OH-PPF no effect was observed. The metabolite by itself decreased Sox10 expression (p<0.001), a marker for early-committed OPCs, while ZIKV infection increased its expression (p<0.001). When NSCs were exposed to 4'-OH-PPF and infected with ZIKV, Sox10 mRNA levels normalized as compared to controls (p<0.001). Expression of Ng2, marking immature oligodendrocytes, was unaltered in all conditions. Lastly, both Dlx2 and Dcx levels, markers for neuronal committed cells, increased as a function of viral infection, with or without exposure to 4'-OH-PPF (p<0.01).

Thus, not until the third day of incubation does 4'-OH-PPF aggravate viral replication in SVZ-NSCs, and this despite deregulating a number of genes implicated in neurodevelopmental processes. However, the gene profile were significantly distinct from ZIKV infection alone, notably Dio2, Egfr and Sox10 were differentially regulated.

Discussion

ZIKV infection was proposed as the causative factor in the sudden microcephaly outbreak in Brazil in 2015. Data from human cultured NSCs, brain organoids and animal models indicate that these neuropathies predominantly resulted from a ZIKV-associated decrease in NSC proliferation, cell-cycle dysregulation, altered fate choice and increased apoptosis during brain development [START_REF] Cugola | The Brazilian Zika virus strain causes birth defects in experimental models[END_REF][START_REF] Gaburro | Zika virus-induced hyper excitation precedes death of mouse primary neuron[END_REF][START_REF] Garcez | Zika virus impairs growth in human neurospheres and brain organoids[END_REF][START_REF] Li | Zika Virus Disrupts Neural Progenitor Development and Leads to Microcephaly in Mice[END_REF][START_REF] Li | Zika Virus Protease Cleavage of Host Protein Septin-2 Mediates Mitotic Defects in Neural Progenitors[END_REF]. In the present study, we investigated whether there could be a connection between the higher prevalence of microcephaly cases in some regions in North-Eastern Brazil [START_REF] Peiter | Zika epidemic and microcephaly in Brazil: Challenges for access to health care and promotion in three epidemic areas[END_REF], and the pesticide PPF introduced in 2014 in to these regions, intensively used thereafter [START_REF] Albuquerque | Epidemia de microcefalia e vírus Zika: a construção do conhecimento em epidemiologia[END_REF][START_REF] Parens | A Possible Link Between Pyriproxyfen and Microcephaly[END_REF]. As a suspected TH-disruptor [START_REF] Wegner | Identifying reference chemicals for thyroid bioactivity screening[END_REF], PPF could hamper neurodevelopment and increase virus susceptibility, aggravating the adverse effects ZIKV has on brain development.

Our hypothesis was based on two ideas. First, THs are key to evolutionary expansion of brain size and complexity, a primary characteristic of humans [START_REF] Dorus | Accelerated Evolution of Nervous System Genes in the Origin of Homo sapiens[END_REF]. These hormones regulate NSC pool expansion, progenitor multiplication, fate choice, migration and differentiation, important processes underlying normal brain development [START_REF] Moog | Influence of maternal thyroid hormones during gestation on fetal brain development[END_REF]. Amongst the genes specifically implicated in human brain evolution are TH-regulated genes such as transthyretin (TTR) [START_REF] Dorus | Accelerated Evolution of Nervous System Genes in the Origin of Homo sapiens[END_REF] and sonic hedgehog (SHH) [START_REF] Vallender | Genetic basis of human brain evolution[END_REF]. Many genes involved in neuroprogenitor proliferation have also undergone human-specific acceleration [START_REF] Vallender | Genetic basis of human brain evolution[END_REF]. One such gene is adenlyate-cyclase-activating-polypetide 1 (ADCYAP1), which is also a TH-regulated gene [START_REF] Egri | Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) Regulates the Hypothalamo-Pituitary-Thyroid (HPT) Axis via Type 2 Deiodinase in Male Mice[END_REF]. All primary microcephaly genes are implicated in cell cycle or neuroprogenitor control [START_REF] Dorus | Accelerated Evolution of Nervous System Genes in the Origin of Homo sapiens[END_REF]. Second, classic cases of viral infection exacerbated by pesticide or drug use exist.

Reye's Syndrome has been linked to aspirin usage in children and viral meningitis [START_REF] Larsen | Reye's Syndrome[END_REF], and higher plasma levels of perfluorobutanoic acid, an endocrine disruptor belonging to the class of perfluorinated alkalyte substances, has been linked to higher risks of a more severe course of COVID-19 [START_REF] Grandjean | Severity of COVID-19 at elevated exposure to perfluorinated alkylates[END_REF].

A central idea was that if not PPF, the hydroxylated metabolite 4'-OH-PPF [START_REF] Ose | Bioconcentration and Metabolism of Pyriproxyfen in Tadpoles of African Clawed Frogs, Xenopus laevis[END_REF], could affect TH signaling and disrupt TH-regulated neurodevelopmental processes. One potential target is the negatively TH-regulated gene Msi1 whose encoded protein MSI1 is a crucial mediator of viral replication [START_REF] Chavali | Neurodevelopmental protein Musashi-1 interacts with the Zika genome and promotes viral replication[END_REF]. We tested our hypothesis in two models: Xenopus laevis tadpoles and in vitro mouse neurospheres. We and others have previously established the role of TH in both models (see for instance: [START_REF] Fini | Thyroid Hormone Signaling in the Xenopus laevis Embryo Is Functional and Susceptible to Endocrine Disruption[END_REF][START_REF] Luongo | Absence of Both Thyroid Hormone Transporters MCT8 and OATP1C1 Impairs Neural Stem Cell Fate in the Adult Mouse Subventricular Zone[END_REF][START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF]), making them highly appropriate to study the effects of TH-disrupting compounds [START_REF] Fini | Human amniotic fluid contaminants alter thyroid hormone signalling and early brain development in Xenopus embryos[END_REF][START_REF] Kortenkamp | Removing Critical Gaps in Chemical Test Methods by Developing New Assays for the Identification of Thyroid Hormone System-Disrupting Chemicals-The ATHENA Project[END_REF]. Lastly, we infected NSCs pre-exposed to 4'-OH-PPF with ZIKV to evaluate viral replication and potentially exacerbating effects on the TH signaling pathway.

The results from the XETA assay confirmed our initial hypothesis that the lowest environmentally relevant concentrations of 4'-OH-PPF (10 -7 mg/L) exhibited anti-thyroid activity in the tadpole brain. Furthermore, we found that major brain compartments developed disproportionately. This could also explain the observed decreased tadpole mobility, and corroborates the pesticide's toxicicity for several aquatic animals studied at doses lower (i.e. down to 5 µg/L [START_REF] Caixeta | Ecotoxicological assessment of pyriproxyfen under environmentally realistic exposure conditions of integrated vector management for Aedes aegypti control in Brazil[END_REF][START_REF] Lajmanovich | Insecticide pyriproxyfen (Dragón®) damage biotransformation, thyroid hormones, heart rate, and swimming performance of Odontophrynus americanus tadpoles[END_REF]) than the ones recommended in drinking water by the WHO ((WHO), 2008). Downregulation of Msi1 mRNA and protein levels by T3 in the tadpole brain was abolished by the metabolite, that at a dose of 3x10 -1 mg/L increased Msi1 mRNA and MSI1 protein levels in murine SVZ-derived NSCs. The XETA assay together with other studies on NSCs showing Msi1 is negatively regulated by TH [START_REF] López-Juárez | Thyroid Hormone Signaling Acts as a Neurogenic Switch by Repressing Sox2 in the Adult Neural Stem Cell Niche[END_REF], indicate 4'-OH-PPF acts as a TH-antagonist, downregulating TR-dependent gene expression.

Proliferation of cultured mouse NSCs exposed to 3x10 -1 mg/L 4'-OH-PPF was strongly decreased, in a similar fashion to adult-onset hypothyroidism in mice reduced SVZ-NSC cycling [START_REF] Lemkine | Adult neural stem cell cycling in vivo requires thyroid hormone and its alpha receptor[END_REF], emphasizing the relevance of this model. In addition, the metabolite triggered cell apoptosis. In zebrafish too, exposure to 1.66 mg/L PPF up until 4 days post-fertilization increased apoptotic cell numbers in the head region [START_REF] Maharajan | Toxicity assessment of pyriproxyfen in vertebrate model zebrafish embryos ( Danio rerio ): A multi biomarker study[END_REF]. In another study however, exposing zebrafish embryos to doses up to 1 mg/L from day 0-7 post-fertilization, did not alter NSC proliferation, nor caused abnormal brain development, as assessed by volumetric analysis and cell counts with FACS [START_REF] Dzieciolowska | The larvicide pyriproxyfen blamed during the Zika virus outbreak does not cause microcephaly in zebrafish embryos[END_REF]. However, FACS was performed 24 hours postfertilization, and thus within a small exposure window, which does not exclude harmful effects could develop later, or after prolonged exposure. Furthermore, there seemed to be a downward trend in NSC numbers, although not significant due to the high variability amongst groups [START_REF] Dzieciolowska | The larvicide pyriproxyfen blamed during the Zika virus outbreak does not cause microcephaly in zebrafish embryos[END_REF].

We also tested genes and immunomarkers for neuroglial commitment, a process strongly affected by TH in mouse SVZ-NSCs in vitro [START_REF] Gothié | Adult neural stem cell fate is determined by thyroid hormone activation of mitochondrial metabolism[END_REF] and in vivo [START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF].

We observed an increased expression of the neuronal markers Dlx2 and Dcx, concomitant with decreased Sox10 expression marking oligodendrocytes, with 3x10 -1 mg/L 4'-OH-PPF. This corresponded to the increased neuro/glia ratio. At first, the increase was unexpected, since low intracellular T3 status stimulates oligodendroglial lineage commitment [START_REF] Remaud | Transient hypothyroidism favors oligodendrocyte generation providing functional remyelination in the adult mouse brain[END_REF].

However, OLIG2-positive oligodendrocyte precursors might be blocked in the differentiation step towards maturation, which is highly T3-dependent [START_REF] Dugas | The T3-induced gene KLF9 regulates oligodendrocyte differentiation and myelin regeneration[END_REF].

Irreversibly impaired human brain development and craniofacial hypoplasia occur in (severe) hypothyroidism [START_REF] Bernal | Thyroid hormones and brain development[END_REF][START_REF] Bernal | Thyroid hormone transporters-functions and clinical implications[END_REF][START_REF] Moog | Influence of maternal thyroid hormones during gestation on fetal brain development[END_REF]. This point raises concerns as to whether the pesticide poses risks for foetal neurodevelopment too [START_REF] Bernal | Thyroid hormone regulated genes in cerebral cortex development[END_REF][START_REF] Moog | Influence of maternal thyroid hormones during gestation on fetal brain development[END_REF].

Fetal mice exposed to a high dose of 30 mg PPF and more per kg body weight, had a reduced brain weight [START_REF] Shahid | Repeated exposure of pyriproxyfen to pregnant female mice causes developmental abnormalities in prenatal pups[END_REF]. At much lower doses of 0.0021 mg/kg, newborns had slight head malformations, although neurodevelopmental processes were not investigated at the cellular level [START_REF] Vani | Pyriproxyfen does not cause microcephaly or malformations in a preclinical mammalian model[END_REF]. The authors also suggested that materno-foetal transfer of the compound was neglibible and could not explain microcephaly appearance [START_REF] Vani | Pyriproxyfen does not cause microcephaly or malformations in a preclinical mammalian model[END_REF]. However, WHO guidelines allow up to 0.3 mg PPF per liter drinking water, resulting in an estimated intake of 0.1 mg/kg body weight in humans ((WHO), 2008), underlining the fact that this and other pesticides require improved testing protocols to provide more solid data [START_REF] Audouze | A systems biology approach to predictive developmental neurotoxicity of a larvicide used in the prevention of Zika virus transmission[END_REF].

With the presence of 4'-OH-PPF, Msi1 levels strongly increased in tadpole brain regions bordering the ventricular system, where the majority of NSCs reside during brain development. Msi1 is a key negatively TH-regulated gene in NSCs [START_REF] López-Juárez | Thyroid Hormone Signaling Acts as a Neurogenic Switch by Repressing Sox2 in the Adult Neural Stem Cell Niche[END_REF], and MSI1 is crucial for ZIKV replication in NSCs, interacting with ZIKV RNA [START_REF] Chavali | Neurodevelopmental protein Musashi-1 interacts with the Zika genome and promotes viral replication[END_REF]. We also found 4'-OH-PPF increased Fasn expression in SVZ-NSCs, on which lipid synthesis in all membranes depends (Knobloch et al., 2013). By altering the lipid membrane of cultured mammalian cells, PPF enhanced viral replication when simultaneously exposed to vesicular stomatitis virus [START_REF] Faria Waziry | Impact of pyriproxyfen on virus behavior: implications for pesticide-induced virulence and mechanism of transmission[END_REF].

In addition to the potential harmful effects of exposure to 4'-OH-PPF, that prompted us to investigate whether the metabolite could also exacerbate neurodevelopmental effects caused by ZIKV infection, as well as viral replication itself.

Exposing proliferating NSCs to 4'-OH-PPF significantly decreased neuroprogenitor intracellular RNA content with and without ZIKV infection. However, the greatest reduction was seen when the virus and 4'-OH-PPF were both present. ZIKV induced double-strand breaks in host cells, favoring its own replication [START_REF] Hammack | Zika Virus Infection Induces DNA Damage Response in Human Neural Progenitors That Enhances Viral Replication[END_REF], increased apoptosis [START_REF] Tang | Zika Virus Infects Human Cortical Neural Progenitors and Attenuates Their Growth[END_REF], and attenuated proliferation in human neuroprogenitors [START_REF] Garcez | Zika virus impairs growth in human neurospheres and brain organoids[END_REF], processes directly linked to microcephaly and cortical malformations in infected neonates (Soares de [START_REF] Soares De Oliveira-Szejnfeld | Congenital Brain Abnormalities and Zika Virus: What the Radiologist Can Expect to See Prenatally and Postnatally[END_REF]. Together with high, but environmentally relevant levels of the cytotoxic 4'-OH-PPF, downregulation of the transcriptional machinery could be reinforced further, worsening the adverse effects on NSCs. An integrative systems biology approach also uncovered common targets of ZIKV and PPF that could exacerbate aberrant neurodevelopment [START_REF] Audouze | A systems biology approach to predictive developmental neurotoxicity of a larvicide used in the prevention of Zika virus transmission[END_REF].

In addition, some key TH target genes not dysregulated by 4'-OH-PPF alone, were affected when combined with ZIKV infection. These included Gfap, Egfr, Nestin, Ng2, Dlx2 and Dcx, which are all implicated in NSC self-renewal and neuroglial commitment, essential for normal corticogenesis [START_REF] Bernal | Thyroid hormone regulated genes in cerebral cortex development[END_REF][START_REF] Gothié | Thyroid hormone regulation of neural stem cell fate: From development to ageing[END_REF]. Interestingly, expression of Dio2, Egfr and Sox10 was differentially affected by 4'-OH-PPF in combination with ZIKV, as opposed to ZIKV alone. Nevertheless, we did not find increased numbers of viral particles per cell, although they remained in the same order of magnitude. One explanation could be that the anti-proliferative and pro-apoptotic 4'-OH-PPF steadily decreased cell viability. Thus, less cells were available for the virus to replicate as compared to cell cultures infected with the virus only, and hence a lower viral load.

In conlusion, our neurosphere system has proven a powerful system to explore various readouts of 4'-OH-PPF exposure. It notably has the advantage of testing multiple doses at a time, therefore making it appropriate for testing other compounds as well [START_REF] Kortenkamp | Removing Critical Gaps in Chemical Test Methods by Developing New Assays for the Identification of Thyroid Hormone System-Disrupting Chemicals-The ATHENA Project[END_REF]. It could additionally be used to study effects on other cell lineages as well [START_REF] Sharlin | The Balance between Oligodendrocyte and Astrocyte Production in Major White Matter Tracts Is Linearly Related to Serum Total Thyroxine[END_REF]. However, we have to note to that it has the constraint of being neither a human or a primate-based system, nor an in vivo developmental system, for which one could develop a robust 4'-OH-PPF preexposure protocol that can be potentially extrapolated to humans. Nevertheless, our data show, once more, that a pesticide could alter the course of a developmental disease, as observed in other situations [START_REF] Grandjean | Severity of COVID-19 at elevated exposure to perfluorinated alkylates[END_REF][START_REF] Larsen | Reye's Syndrome[END_REF].

As 4'-OH-PPF alters thyroid endpoints, its exposure alone argues for reconsidering the use of the insecticide at current concentrations in certain Brazilian states, especially given the half-life for PPF in anaerobic conditions can be up to two years [START_REF] Sullivan | Environmental fate and properties of pyriproxyfen[END_REF]. Even though Europe is not proposing to use PPF at these concentrations, it has recently been reauthorized (European Union, 2020). Furthermore, our study emphasizes that we lack solid evidence on the adverse impact of environmental agents, in this case biological (ZIKV) and human-generated ones (PPF), and their combination, on fetal neurodevelopment. 
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  Care and Use of Laboratory Animals and validated by local and national ethical committees (CEEA Cuvier n°68), in accordance with the EU Directive of 22 September 2010 (2010/63/EU).

  fluorescence under physiological conditions (Fig 2A, left panel). As expected, adding 5 nM T3 strongly increased eGFP transcription, resulting in increased fluorescent activity (Fig 2A, middle panel). When simultaneously exposing to 4'-OH-PPF and T3, the fluorescent signal strongly decreased (Fig 2A, right panel). Testing the fluorescent signal in each condition with a specific concentration of 4'-OH-PPF + T3 showed the fluorescence in brains to be significantly reduced (Fig 2B, 0.05<p<0.0001). Further, even the lowest concentration (10 -7 nM 4'-OH-PPF) reached significance (p<0.05) and the highest concentration, representing environmentally relevant levels had the strongest effects (Fig 2B, p<0.0001). These results suggest that 4'-OH-PPF exhibits THdisrupting properties in vivo, and that short-term exposure negatively impacts TR-mediated gene expression. We assessed whether 4'-OH-PPF affected tadpole behavior. Non-exposed tadpoles were active during the light periods and mostly inactive in the dark. Tadpoles exposed to 4'-OH-PPF exhibited reduced mobility compared to controls, reaching significance at the two highest concentrations (10 -1 and 3x10 -1 mg/L) (Fig S1A, B, p<0.05). Next, total head size and brain areas of tadpoles were measured and brain/head ratios calculated. Tadpoles exposed to 3x10 -1 mg/L 4'-OH-PPF had significantly smaller heads compared to controls (Fig S1C), corresponding to increased brain/head ratios (Fig S1D). However, the overall brain size of these tadpoles was not affected (Fig S1E). The lowest concentration of 10 -5 mg/L 4'-OH-PPF significantly increased the width of forebrain and midbrain junction (Fig S1F, p<0.0001) and the width of the midbrain (Fig S1G, p<0.0001). These measurements collectively show that developmental exposure to 4'-OH-PPF leads to disproportionate brain dimensions.

  Xenopus laevis tadpoles Next, we studied the consequences of a 24 hour exposure to 4'-OH-PPF on msi1 expression and its encoded protein Msi1 in the brains of NF45 Xenopus laevis tadpoles in vivo. T3 significantly reduced Msi1 mRNA and protein levels in the tadpole brain, while they increased it to higher levels when exposed to both T3 and 10 -2 mg/L 4'-OH-PPF (Fig 2C). At the two concentrations used, 4'-OH-PPF increased msi1 expression (p<0.05) in the presence of 5 nM T3, and significantly increased Msi1 protein levels at concentrations of 10 -2 mg/L (Fig 2D, p<0.05). These data confirm 4'-OH-PPF acts as a TH-antagonist. Moreover, Msi1 protein levels were predominantly upregulated in regions bordering the ventricular system, where most NSCs reside, generating cells of the central nervous system (Fig 2C). Hence, short exposure to 4'-OH-PPF at varying concentrations, and in presence of T3, increases Msi-1 levels in vivo.4'-OH-PPF ± T3 reduces proliferation of adult mouse NSCs.We next addressed in the mouse model, how a 7-day exposure to different doses of 4'-OH-PPF ± 10 nM T3 altered the in vitro proliferation of primary neurospheres grown from mouse SVZ-NSCs, by analyzing neurosphere diameters and numbers (Fig3A). Exposure to 10 -1 and 3x10 -1 mg/L 4'-OH-PPF reduced the average neurosphere diameter by 27.9% and 47.7% respectively, an effect also seen when adding T3 (Fig 3B, p<0.0001). Importantly, as neurospheres are 3D structures, the overall decrease in volume and cell number was greater. For the highest, but environmentally relevant dose of 4'-OH-PPF, a diameter reduction of 47.7% (CTL: 7.034 mm vs 3x10 -1 mg/L 4'-OH-PPF: 3.355 mm) corresponded to a volume decrease of 95% (CTL: 641.4 mm 3 vs 3x10 -1 mg/L 4'-OH-PPF: 33.178 mm 3 ). Further, neurospheres exposed to the same concentration of 4'-OH-PPF showed a 70% reduction in neurosphere numbers (Fig 3B, p<0.0001), an effect seen with or without T3. All these results indicate that exposure to 4'-OH-PPF dose-dependently reduces the capacity of neuroprogenitor proliferation.

3A ) .

 ) In mouse neurosphere cultures, environmentally relevant concentrations of 4'-OH-PPF induced a dose-dependent increase in Msi1 expression (Fig3C). In the absence of T3, the highest dose of 3x10 -1 mg/L 4'-OH-PPF increased Msi1 expression 10-fold compared to controls (p<0.05). When exposed to 10 -1 and 3x10 -1 mg/L 4'-OH-PPF and 10 nM T3, induction was respectively 2.5-fold and 5-fold higher as compared to cells with T3 alone (Fig 3C, p<0.05 & p<0.01). This indicates the otherwise negatively TH-regulated Msi1 gene (López-Juárez et al., 2012) is upregulated by presence of the metabolite 4'-OH-PPF. The highest dose of 4'-OH-PPF also induced the expression of Fasn and Dlx2, both promoting early neurogenesis (Knobloch et al., 2013), whether T3 was added or not (Fig 3C, p<0.05). Sox10 expression, marking oligodendrocytes, decreased, suggesting altered NSC fate choice and neurogliogenesis under 4'-OH-PPF exposure (Fig 3C, p<0.05).

  growth factors for 1 or 5 days (Fig 4A). After 1 day of differentiation, we immunostained for MSI1 protein. The proportion of MSI1-positive cells increased at borderline-signifcance following 4'-OH-PPF exposure (Fig 4B, C, p=0.0596). The fluorescent signal was clearly stronger in exposed conditions, and cell soma were larger (Fig 4B). By quantifying the average integrated density under the same light intensity levels, we found MSI1 protein per cell was increased more than 2-fold under exposure to 4'-OH-PPF (Fig 4B, C, p<0.001). In the same cultures, the metabolite also doubled the proportion of apoptotic cells (Fig 4B, C, p<0.001), indicating that besides reducing cell proliferation, previous exposure to 4'-OH-PPF activates apoptotic pathways. Given that the expression of genes implicated in neuroglial commitment was significantly altered, we next immunostained for neuroblasts with the marker DCX, and oligodendrocytes with OLIG2 to assess the neuro/glia balance after 5 days of differentiation (Fig 4D). The proportion of DCX-positive cells increased significantly, while that of OLIG2-positive cells decreased (Fig 4E, p<0.001). In other words, pre-exposure to 4'-OH-PPF induced NSCs commitment to the neuronal lineage at the expense of the oligodendroglila lineage (Fig 4E, F, p<0.001). This suggests that NSC properties and the neuro/glia ratio are vulnerable to environmentally relevant levels of the PPF metabolite.

  8 ) (Fig 5B, p<0.001 only at day 4).We then analyzed the expression profile of key genes implicated in TH signaling, progenitor maintenance, and those involved in neuroglial commitment in the four conditions tested: control (CTL), exposure to 4'-OH-PPF, infection with ZIKV without and with exposure to 4'-OH-PPF. Exposure to 4'-OH-PPF alone modified the expression of 3 out of 11 genes, while ZIKV infection or the combination with 4'-OH-PPF altered respectively 8 and 7 out of the 11 tested genes (Fig 5C). Msi1 expression significantly increased in the presence of the ZIKV ± 10 -1 mg/L 4'-OH-PPF as compared to control conditions (Fig 5C, control vs ZIKV, p<0.01; control vs 4'-OH-PPF+ZIKV, p<0.05), while the expression of the TH-responsive gene Klf9 decreased in both cases (p<0.05), suggesting a lack of T3, as 4'-OH-PPF blocks T3 action. Unexpectedly, Dio2 expression decreased only in combination of ZIKV and 4'-OH-PPF (Fig 5C, control vs 4'-OH-PPF+ZIKV, p<0.01).
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