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ABSTRACT

Zika virus (ZIKV) is a teratgenic mosquitdborne flaviviruswhich can be sexually transmitted
from man to woman. High viral loads and prolonged viral sheddirsgmensuggestthat ZIKV
replicates within the humamale genital tract, but its target organs are unknown. Wsing
vivo infection of organotypic cultures, we demonstiateere thatZIKV replicates in human
testcular tissueand infects a broad range of cell types, including germ cells, whichalso
idenified as infected in the semen frafiKV -infected donorsZIKV had no major deleterious
effect on the morphology and hormonal production of the human ¢éggiisnts Infection induced a
broad antiviral respondaut no interferon ugregulationandminimal pro-inflammatory response in
testis explants, with no cytopathic effect. Finally, we ®d&IKV infection in mouse testis, and
compare it to human infectionThis study provides key insights into how ZIKV may persist in

semen and alter semen paramet&ssyell as a valuable tool for testing antiviral agents.

Keywords: Zika virus; sexual transmission; semen; human testiganotypic culturetropism;
germ cells; macrophages; Sertoli cells; peritubular cells; Leydig cells; innate immune response;

interferons; inflammation; mouse testis.
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INTRODUCTION

Zika virus (ZIKV) isa teratogeniarthropodborneflavivirus, which recentlyemerged irthe Pacific

(2007),0Oceania 2013) and the Americas (2015).

While ZIKV  Yrimary mode of transmissiois through mequito bites, mal¢o-female
sexual transmissiohas been reportdaly cohort studiegl, 2) and by case reports in neandemic
countries(3). Importantly, maleto-female gxual transmissionn animal modelswas found to
enhance viral dissemination in the female genital tract and transmissitthre etus (4 8). In
humars, high viral loads and prolonged sheddinguifal RNA (VRNA) and infectiousvirus (up to
1 year and 69 days, respectively) in the absence of viremia have been found in(%erthgn
strongly suggesting a tropism of ZIKV for the male genital tr@tidies in immunodeficient mice
evidenced high levels of ZIKV infection withithe testis, leading to orchitind impaired
testosterone and sperm productii® A5). However, tlese mouse models do not reflect the
pathophysiology in humans: unlike humans, mice only become infected following &noga
type | interferon(IFN) signalingand die of infection in most casd%is defective antiviral response
may enhance the susceptibility and pathogenicity of ZIKVsharp contrasZIKV infection in
macaqueanodelseither spared the testis or led to a moderate infeatdh no deléerious effect

observed(16 438). Interestingly a recent study on 15 ZIKihfected men reported a lowéotal

sperm count at day 30 post symptoms onset compared with day 7, suggesting an effect of the

infection on the testis or epididym({$9).

Here, by infectingwith ZIKV testicular tissuexplants from healthy donors, we show that
ZIKV replicatesand produces infectious viral particleshuman testis. We evidence infection of a
broad range of testicular cell tgp, including resident macrophages and the germ cell dime,
confirm the latter LQ S D W L H Q mMexthn WatPhd €ffect obasaltestosterone and inhibin B
productionor overall cell viability ex vivo. ZIKV triggered awide rangeof antiviral genesn

humantestes but up-regulationof types I, 1l and Il IFN was not observednd pro-inflammatory



83 response was minimal. Finallyuodataon IFNAR-/- mice poins at similarities anddifferences
84  between mouse and human tegtiZIKV infection.

85



86 RESULTS

87 ZIKV replicates in human testicular tissue

88 Testis explants from 8 uninfected donors were expos@tkid ex vivo and maintained in culture
89 medium as previously describgD). We firstassessethereplication rateof a ZIKV strain derived
90 from the 2015 outbreak in the Americéy, measuring viral release overday-culture periodsat
91 day 3, day 6 and day 9 geafection (p.i.). A significanincrease irthe levels oVRNA release rate
92 was observedetween days -8 (median5.85 x 10 copiegml) and 69 (median8.28 x 10’
93  copiesml) compared to days-8 p.i. (median5.29 x 16 copies/m) (Figure1A), while vVRNA was

94  belowthedetection threshold in moghkfected testes (not shown).

95 Testis ability to produce infectious ZIK\particles was testedn reporter VeroE6 cellsA

96 significant increase in supernatants infectivity was observed betwesrO@ymedian3 x 1F

97 TCIDsgml) anddays 6-9 p.i. (median7.50 x 10 TCIDs¢/ml), demonstrating the infectivity of viral
98 progeny FigurelB). The highestumulativetiter at day qi.e. reflecting infectious virgproduction

99 throughout culturewas?2 x 1@ TCIDs¢/ml (Figure S1), with a median 0f3.16 x 10 TCIDsg/ml.

100 Similarly, vVRNA andinfectious virionrelease rateincreased during the culture of testis explants

101 exposed to another ZIKV strain isolated during the 2013 outbreak in French Pol¥igsia$2).

102 Altogether, tesedata demonstrate that ZIKV efficiently infects and replicates in the human testis

103 ex vivo, producing infectious viral particles.

104

105 ZIKV infects somatic and germ cells irhuman testisexplants

106 To determineZIKV { the target cells in thBumantestis,mock a ZIKV -infectedtestis explants
107 were submitted toRNAscopein situ hybridization (ISH) using probes specific for ZIKV RNA
108 (Figure 2A-H, controls inFigures 2A and S3), and to immunohistochemistry using an antibody

109 against the nosstructural NS1 viral prote (Figure 2I-M)Figure FigureFigure Infected testes



110 displayed strongyRNA staining of the interstitial tissueells and within the extracellular matrix
111 bordering the seminiferous tubules, along with a more diffuse staining in some interstitkal area
112 (Figure 2B-F). A weakerdotty staining was also observed inside a few seminiferous tulftilgs ¢
113 2G-H), suggestive of association thfe ZIKV with germ cells Figure2G) and Sertoli cellsKigure
114  2H). NS1 antibodyFigure2l-M) similarly labekd cellswithin the seminiferous tububleall (Figure
115 2I) and the interstitiumRigure2J), demonstrating IKV replication in these target cellgVithin the
116 tubules, different germ cell categories including spermatodaieatified based ortheir position in
117 the seminifeous epitheliumnucleus sizand distinctive morphological featujd§igure2K) anda
118 few Sertoli cells(identified based on distinctive nucleus shaffayure 2L ), stained positive for
119 NSLl.Infectedcells (VRNA+ or NS1+)displayed similar localizatioat the different time points of
120 infection (dag 3, 6 and 9¥or the two ZIKV strains teste@FigureS4anddata not shown

121  To furtheridentify the nature of the infected cells, we combihn®H for vVRNA with fluorescent
122 immunolabelling for specific cellmarkers and undertook quantification of infected cells in
123 testicular tissue from 4 donorkterstitial infected cellsvere primarily CD68/CD163+ testicular
124  macrophage$median12.7 cells/mrf), and to a lesser extent CYP11Al+ Leydig céfieedian3
125 cells/mn?) (Figure3A, B, G). Staining for Dsmoothactin (BMA) demonstrated #infection of
126  myoid peritubularcells bordering theseminiferous tubulegmedian10 cells/mm) (Figure 3C, G).
127  Within the tubules, dotty fluorescent ZIKV staining close to the lurhestologically celocalized
128 with late germ cellsKigure3D). Such staining was algmesentat the base of the tubuleshere
129 co-labded DDX4+ early germ cellsvere evidencedDDX4 being a specific markexpressed by
130 mostof the germ cells) Figure 3E). Saining was never observed when usangRNA probe on
131 mockinfected negative controldmigure 3F). Infected cells in seminiferous tubules were mostly
132 germ cells (mediarll cells/mm), while infected Sertoli cells represented a median3 &

133  cells/mnt (Figure 3G).
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Collectively tresedata indicate that ZIKV has a tropism for germ £alhd somatic cells within the
human testis.

ZIKV replicates inhuman testicular germ cellsin vitro and in vivo

We exposed freshligolated seminiferous tubulesells o ZIKV to investigate their ability to
produce infectious viral particleghich might be releasenito semen. In3 independent primary
cultures,vRNA increasedn cellsfrom a median oR.82 x 18 to 2.09 x 10 copies/ug total RNA
between 6h anti2th p.i. (Figure4A). ZIKV RNA in culture supernatansgnificantlyincreasedf
about 4 loglbetween 6h and20hp.i. (median values 01.26 x 1@ and5.01 x 10 copies/ml
respectively)Figure4B). Infectious viruditersalsorose between 48h adi@0h reaching anedian
of 4 x 1¢ TCIDsdml and maximuntiter of 4 x 10° TCIDsd/ml (Figure 4C). ZIKV replicatedin
DDX4+ germ cells FSH receptor+ Sertoli cellnd CE6MA+ peritubular cellsKigure4D). ZIKV
envelope(ZIKV-E) was detectedn undifferentiated spermatogonia (MAGEA Stra8) and in
MAGEA4+ Stra8+ cells, corresponding tdifferentiated spermatogonia up to preleptotene
spermatocytestage(Figure4D).

To further explorethe JHUP FHOOVY SURGXFWLYH LQIHFWLRQ DQG
cannot be cultured without somatic support, we used the semigenvad germ cell lind-cam2
which displays characteristics oéthl germ cellg21). In 3 independent experimentgRNA in T-
cam2 cellsrose from below detection at 6h to a naadbf6.31x 10 copies/ug tothRNA at 72h
p.i., reachingup to 1 x 1C copies/mlin culture supernatant@Figure S5A, B). ZIKV-E was
evidenced in Tcam2 by immunofluorescencé&igure S5C). The production of infectious viral
particles was evidenced in the two cultures showing the $iigh@l loads with a maximum titer of
8.2 x 16 TCIDs¢/ml (FigureSED).

These findingswere corroboratedn vivo by analyang the semen cell smear fronwo ZIKV-

infected donorsin whichwe revealed the presence afKV -E or NS1+germ cells exfoliatefrom

\Al
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the testis 7 days and 11 days psghptoms onsetFjgure 4E). A subset of spermatozoa also
labelled forZIKV -E (FigureS6).
Altogether, these data indicate that ZIKV replicates in human germ cells at different stages of

differentiationandinfects esticular germ cells in RlV-infected men

ZIKV infection ex vivo has no major impact on human testis morphology or hormonal
production

We next assessd the impact of ZIKV on human testis morphologyability and functionduring
theex vivo culture timeframe. The tissue architecture and histology of infected testes were similar
to that of mockinfected testes alhroughoutthe culture periodFigure5). In both infected and
mock-infected testes we observednserved interstitial tissugomprising grops of Leydig cells,
mast cells and blood vessélsseminiferous basement membrane of similar thickness (increased
thickness being a sign of injury@andseminiferous tubules encompass Sertoli cellsandearly and

late germ cellsKigure 5 A, D). Caspasealependent apoptosis evidenced by cleaved caspase 3
immunostaining was similar in infected and maafected testis and, as expected, primarily
affected isolated germ cell$igure 5B). The measurement of LDH releasenfirmed thatthe
overall viability of the organ was not affected by the infectidriglre 5C). Testosterone
concentrationsvere not different in infected versus meiokected testegFigure 5E), and the
expression of genes encoding steroidogenic enzymes unmdolfiétkV (Figure S7 A). Sertdi

cells positively stained for the tight junction marker protein-ZGn both infected and moek
infected testisuntil day 9 p.i, suggestingan intact barrier Figure5 F). Inhibin B (a marker of
Sertoli @ll function) protein and mRNA levelshowed no gjnificant differences between infected
and mockinfected testis up to day 9 p.iIFiQure 5G andFigure S7 B). Finally, the levelsof
peritubular cells (Acta2)early meiotic (PGK2) and late pesteiotic (PRM2) germ cellganscripts

were unchanged by thefection FigureS7B).
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Overall, although actively replicating within the testis, ZIKV did not appeaaffect testis
morphology,induce cell deathor triggeranydrastic effect on the testis functiodsring the9-day

culture

ZIKV triggers a broad antiviral response but no IFN-up-regulation and a minimal pro-
inflammatory response inhuman testicular tissue

To investigate the immune response to ZIKV infection, we assessed the concentration of a panel of
antiviral and pranflammatory cytokines (IFNE IFN 2, IFN Q, IFN @/3, IFNJ IL1 E IL6,

TNF D IL8, IL-12p70,CXCL10, IL-10 and GMCSF) in testisexplantsupernatants. Type |, Il and

[l IFN concentrations in testis culture supernatants were unchanged by the infecticn3aadd b

p.i. in 7 indepenent testis culturetested Figure6A andS8. Among proeinflammatory cytokines,

only CXCL10 was significantly increasedrigure 6A and S8, and its induction positively
correlated withyRNA load Figure6B).

We thenanalysedthe transcripts ofll of these cytokines (FNE IFN O, IFNI2, IFN B IFN Q,

IFN @, IFN@, IL-1E IL-6, TNFDand CXCL10) by RT-gPCR on ZIKV -infected versusmock
infected testesType |, Il and Il IFN transcripts in uninfected testis tissues were betbas
measurement thresholdespective ofinfecton (data not shown), whil€XCL10 was increased
(medianfold change (FC¥3.4 at day9, range 7.7227.8)in the testis from 4 out of 6 donors
(Figure6C).

Extending theanalysis toa wider range of genemvolved in pathogen sensing (RIGMDAD),
antiviral response (IFNHIFI27, IFIT1, IFITM1, IRF7, ISG15, Mx1, Mx2, OAS1, OASRSAD?2),
inflammation (CCR7, CD14, CD64, HLAR, MCSH, chemoattractionGCL2, CCL5, CXCL1,
CXCL2,), andcontrol ofinflammaton (IL-10, TGFE CD163 SOCS1, SOCS3we observedhe
induction of aroad range of antiviral genes from day 3 onwards in the testis from 3 out of 6 donors

and at day 9 imne othedonor Figure6C).
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A strong induction of ISG1%FC 122, range 52-45.6) IFIT-1 (FC 12.8, range9.7-29.6) OAS1
(FC22.9 range 6.432.5, OAX2 (FC 7.1, range 4.:21.6) Mx1 (FC 9.8 range 5.135.1) Mx2 (FC
9.5 range 3.725.3)andRSAD2 (FC 31.5 range 3.766.8)was measuredt day 9 in these 4 donors
along with a relatively more moderate induction of IF{ET 3.1, range 2.210.6) IFITM1 (FC 1.8,
rangel.56.2), IRF7 (FC 2.7, rangel.8-6), MDA5 (FC 1.9 rangel.6-8.5) and RIG1 (FC 2.8,
rangel.8to 9.4)(Figure6C).

The fold change of these genes at day 9 correlatedocar@other, egept for IFITM1 and MDA5S
(Figure S9. The fold increaset day 9of a number of genes involved in the antiviral response
(RSAD2, IFIT1, ISG15, OAS1, OAS2, Mx1, Mx2, IFI27, IRF7)pathogen sensindR(G1), and
CXCL10 positively correlated with the level affection (shown inFigure6B) in the corresponding
tests supernatanat day 3 and 6(Figure6E and Figire S9).

Finally, we assessed expression levels oftahscripts, ncluding type I, Il and IIl IFN at earlier
time points (4h, 18h, 48h p.i.) in two testis explaatsldid notobserveany upregulation(Figure
S10and data not shown).

Altogether, heseresults are consistent with ZIKV infection inducingpr@adantiviral and minimal

pro-inflammatoryresponseén theabsence ofletectabldFN stimulationin human testis explants

Innate immune resporse to ZIKV infection in the testis from IFNAR”- mouse

To support our hypbesis of a type | IFNhdependent antiviral response induced by ZIKV in testis
and compare our findings on ZIKV tropism airdtial antiviral/preinflammatory responses in
human tetis explantsversus that in a widelysed animal model, we analysed the testis of type |
IFN receptordefective (FNAR™") mice using similar techniques and viral strain.

ZIKV RNA measuremerin testes frodFNAR™ mice infected for 5 and 9 days showeghhviral
loads in this organFigure 7A). Despite differences in intensity and sequence of infection, ZIKV

tropism in the mouse testis vivo was comparableverallto that in humanestisex vivo. At day §
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233 testicular infection localized primarily withithe interstitial tissue anthe peritubular cells, while
234  seminiferous tubules werspared Figure7B). Co-labding of ZIKV RNA with cell markers showed
235 infection of STAR+Leydig cells andF4/80+ macrophagesHigure 7C). At day 9 p.i (a time at
236 which somemice started to diestrong labéng for vVRNA became prominent within Sertoli and
237 germ cells(Figure 7B). We did not observe modifications of testicular morphology at tbasy

238 time pointsin agreement witpreviousstudieg(12, 22)

239 We nextexaminedhe induction of genes involved amtiviral responsand inflammatiorin mouse
240 testis(Figure 7D). Similarto human testis explantand despitea lack of type | IFN signalg, a
241 stronginduction ofISG15(FC 11.7, range 7-15.6at day 5andFC 7.4, range 4:15.1at day 9)
242 RSAD2 (FC 24.6, range 13:45.6 at day 5, an&C 10.1, range 2.2B0.39 at day 9)IFIT1 (FC
243 36.0, range 19:82.6 at day 5, anBC 10.1, range 6:27.3 at day 9and CXCL10(FC 17.5, range
244  9.4-39.2 at day 5, anBC 9.0, range 4.24.6 at day 9vasmeasured in infected mice testisgure
245 7D). In contrast to human testislx1, MDA5 and RIG1 were not induced at eithday5 orday9
246  (Figure7D). These results suggest ttAKV induces a type | IFN sighiag-independenantiviral
247  responsén both humans and mick contrast to humatestis in which CXCL10 was the only pro
248 inflammatory gene increased by the infecti®iNF D(medianfold change48.0, range 32:822.6 at
249 day 5, and mediar6.9, range 2-42.3 fold at day 9)IL-1 E(median 7.7, range 1-B83.8 fold at day
250 5 only) and IL-6 (median 10.7, range 427.5 fold at day 5 only) werap-regulatedin infected
251 mouse tessi(Figure7D), while IFN J(produced by NKand Tcells)wasmaximallyincreased at day
252 9 (medianll.2 range6.2-30.8 fold) overday 5(median6.2 range4.0-12.7 fold). IFN Ewas the
253 most dramaticalhstimulatedinnate immune gene at day(fdedian236.7, range130.2353.4fold),
254  while IFN D genes were modestly and transientyregulatedat day 5 and IFN2/3 mRNAs
255 levels were unchangdérigure 7D). When looking at markers of immune cell subtypes, a transient
256 increase in transcripts encoding the myeloell marker CD14vas observedit day 5, whereas

257 transcripts encoding CD@ cell marker)and CD8 ¢ytotoxic T cell marker) were maximally up
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regulated at day,9n line with the IFN Jexpression patternrhe markers for B cal(CD19 and
CD20), regulatoryT cells (FoxP3) and macrophages (CD68) were unchanged, while CD4
(expressed by T helper and myeloid cells) was doegulated(Figure 7D). The infiltration of T
lymphocytes in infected mouse testis was confirme@€ By immunostainingandquantification of
positive cells(FigureS11), further demonstrating mouse testis inflammatwerall, the induction
of an antiviral response in human and IFNARnice testis supportthe existencef a type | IFN

signaling independent response to ZIKV infection in $esti
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266 DISCUSSION

267 We show thatAsian ZIKV replicates in the human testiex vivo. . Infectedsomaticcells
268  within testis explantswere mostly macrophages and peritubular cells, whaldower number of
269 Leydig cells and Sertoli cells weobserved Consideringhe relative proportioof these different
270 cell types inhumantesticular tissue (approximately one macrophage for 10 Leydig cells, 36
271 peritubular cells40 Sertoli cells and 400 germ cel(28, 24) macrophagearelikely the cell type
272 most susceptibléo ZIKV infection within the testis Importantly, we demonstrate thaZIKV
273 replicates within testicular germ cells, from stem cell (spermatogonia) to spermatozoa precursors
274  (spermatids)in agreement, Robinson et Htely reported on the infection of male germ cells after
275 3 days exposuref human seminiferaitubulesto African ZIKV (25). Our detection of infected
276 germ cells in semen from ZI\Ahfected menconfirmsthesein vitro and exvivo findings. The
277 presencef ZIKV in ejaculated spermatozoa addgreviousfindings of ZIKV antigen,RNA and
278 infectious particlesin spermatozog19) (26). Spermatozoa and immature germ celtmy be
279 infectedduring epididymal transitdurationl to 21 days) or within the testig o infect thesecells,
280 the virushasto crossthe blood testis barrigiormed by the Sertoli cell tight junctionsDirect
281 infection of the Sertoli cellds supported byur resultsn primary cellsand that obther authors in
282 commercialSertoli cels (27, 28) Sertoli cellswere showed toelease ZIKV particles on their
283 adluminal side, whereas the tight aadherengunction protein expression ag not altered by
284 infection (27). In agreement with these dathge ZO-1 labelling we observed in human explants
285 suggestedintact Sertoli cell barrier despite infectionin contrast Sertoli cell exposureto
286 inflammatory mediatorproduced byIKV -infectedblood-derived macrophagdsvhich phenotype
287 differs from that othe antiinflammatory testicular macrophagedjeredtheir barrier functior{27).

288 Thus,the alteration of the bloodtestisbarrier by testisinfiltrating macrophagesnay providean

289 additional wayfor the virusto reachseminal lumen anthte germ cells Altogethe, our data sbw



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

14

that ZIKV replicats in germ cells and suggest thihevirus mightbe able tdypass the blood testis

barrierby infecting Sertoli cells

In our ex vivo mode| testosterone and inhibin B releagere not modified by infectigmor
were tleir related geneexpression. This is not a limitation of our culture system sinas it
successfullyused to assesbe hormonal productiomf human testi$29). This lack of effect might
be linked to low infection levels of Leygliand Sertoli cellex vivo, as supported brelatively low
number of infected cedl In ZIKV -infected mouse testisestosterone and inhibin B levelgere
preserved at day 7 p.i. Wi testis integritywas still maintained, whereathey decrease after
orchitis (12, 13) suggestinghat inflammation rather than testis infection caused altered hormone
secretion.h a4-monthfollow-up of acohort of15 ZIKV -infected mentestosterone lalts were not
significantly affectedwhereas slightly lower inhibiB levels weraeported at day 7 pesymptoms
onset compared witlater time pointg19). Suchtransient imbalance @&productive hormonesan
be related to fever or other systemic effd83). However, we did not study the effect of ZIKV on
LH- and FSHstimulatedhormone secretiqgrand a systemic impact on testicular horemin vivo
cannot be ruled outMoreover,we cannot exclude effects at the single cell level that cannot be

detectedvhen analyzing the/hole tissue.

Our findings suggest that ZIKV could affegperm productionBeside germ cell infection,
somatic cell infection mght disrupt theparacrine control of spermatogene§®, 32) andthe
infection of the contractil@eritubular cell(33) might decreasehe expulsion of spermatozd@m
tubules into the epidignis, . Infected mershoweda decrease in sperm count adincrease in
spermatozoa abnormalitidsiring the 2 monthpost clinical onsef19, 34) Our resultssuggesthat
direct infection of germ andédesticular somatic cells might be involved in such altered sperm

parametersalthoughfever and/or immune response could be invoka&] 36)
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The infectionhad no significant effectsn testis explants morphology nor viatylliThis is
in contrasto findings inmouse models where damaging effects of ZIKV infection on tbettame
evidentafterleukocytedinfiltration (12 14). Since the ex vivo testis model lacks the presence of an
intact immune system, we cannot rule ouke#fiect ofacquired immunityon the testis from ZIKVY
infected men. Howevetesticular atrophy or orchitis have never been reported in clinical cases or
northuman primate studies, anohmune infiltrations were not observed in the latt€r6 38),
suggesting the absence of massive inflammafitwe lack of cell death induction in owex vivo
model could be liked to culture conditions (e.g. viral strains/doses used, duration of infection) or to
the limited number of infected cellsiowever, 1 might also reflect the abilityof the virusto
replicate in testicular cells in a n@ytopathic manneMNon or minimalcytopathic infection and
persistence of ZIKV has been reportad different cell types including human placenta
macrophage$37), brain microvascular endothelial cel(88), andlately, male mousegerm cells
(25). Absence of cytopathic effect was also reported in Sett infected with ZIKV (27, 39) In
contrasthigh cytotoxicitywas reportedn ZIKV -infected human testis organoi@). However,in
this organoid system, the architecture of the te®isot preservedand physiological cellular
interactions lostAltogether, we hypothesize thabmlytic infection, in combination with evasion

from immune responsesyay allow viral persistende the human testis

. A broad range of antiviral genesas induced by ZIKV in testis explantSever of these
classicallydefinedinterferonStimulated Genes (ISGuch as ISG1%41), RSAD2 (42), IFITM1
(43), OAS1 (44), Mx1 (45) and IFIT gene family member¢§46) have an inhibiting activity on
flaviviruses and/or ZIKV replication Most interestingly ZIKV did not increasetype |, 1l or Il
IFNs secretion by testicular explants, and their transcripts consistently remainedibtsotionat
all time points A level of IFNproductionbelow the sensitivity of our assays an active inhibition
of IFN production by ZIKV could explain thee results Thus,ZIKV non-structural proteins inhibit

different steps of type | IFN induction casca@éd, 48) Alternatively, tie absenceof IFN up-
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regulationin testisexplants mighteflect a specificity of this immurguppressed organ, in which
sustained high concentrations of type | IFNder germ cell apoptosis and steriliy9). Detection

of ISGs overexpression in the testis from ZlkMfected IFNAR/- mice further suggest IFN
independent induction of ISGs in the tesfithe increased levaf RIG-1 mRNAin infected testis
suggests it may be involvad the direct induction of ISGs, although other effectors couldrbe
play (50). However, the broad induction of ISGs may fail to control ZIKV replicatiotihe testisn

the absence of increased type | IFN secretion to amplify and stabilize the antiviral response.
contrastto antiviral genes, ZIKV infectioof the human testidid not affect any of the classpro-
inflammatory cytokines, except for CXCL10 igh secretion was modestly increased. Interestingly,
the level of antiviral transcripts at day 9 p.i. positively correlatgl the level of infection at day

3 and 6, suggestinthat the initial level of infection influenced the intensity of the antiviral
response. Accordingly, antiviral genegere not inducedn explants showing lower lewglof
infection. Thus host factors other thdnose we have studieday play a role in seeptibility to
ZIKV. Altogether our resultsndicate that ZIKV inducea broad induction dadintiviral effectors but

no IFN up-regulation andninimal preinflammatory response iex vivoinfected human testi§ve
hypothesize that such innate immune resppradong witha lack of cytopathic effect, might
facilitate the persistence of ZIKV for extended periods in the testis, and contribute to the prolonged

release of ZIKV in semen.

Animal models are crucial for mechanistic studies and ith&ivo testing of antiviral
strategies. Crosgalidation with human data is essential to assess their similarities and differences.
Discrepant results on the interstit{d3, 22, 51)andbr intratubularlocalization of ZIKV (15, 17,

67, 68, 69)were reported in mouse testfsom IFN-signaling décient mice Our results in the
IFNAR” mouse model reconciletheseresults since ZIKV infection was exclusively located in
interstitial cells and peritubular cells at day.i., whereas by day 9 the infection had progressed to

the seminiferous tubulewhere it became prominent. In human testis, seminiferous tubule cell
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363 infection was consistently weaker than that in the mamkthat in human interstitial cell§his
364 was not modified when increasitige infective viral dose 10 times (not shown). Thféecence in
365 seminiferous tubule infection level inice versus humas might reflect differencesn the
366 susceptibility of mouse@ersushuman Sertoli and germ cells to ZIKV infecti@ndbr in their

367 innate immune response.

368 Like in human testiswe evidence several ISG mRNAnduction in the testis from IFNAR
369 mice indicating a type | IFNsignalng independeninductionthat corroboratesur results in human
370 testis explantdnterestingly, in contrast to the human testis, the pathogen sensdr W#S noup-
371 regulated in the mouse testhich may suggest different sensing mechanigniike human testis
372 alsqg type | IFNs and a number of pimaflammatory genes were upregulaiadnice We previously
373 showed that unlike their rodecbunterpag, which prodweedlargeamountsof IFN, primaryhuman
374 Leydig cells did not produce IFNh response to paramyxovirus infection double strand RNA
375 stimulation (54, 55) This key difference between mouse and human testiderms of IFN
376 production may explain why in IFNignalng competent mice, ZIKV tropisthas been reported as
377 essentially restricted to germ cdlg5), whereas broadtropism for both somatic and germ cells is
378 observed in human testis explants and in IFNARnice. Indeedwe previously showeth rodens
379 thatmeiotic and posineiotic malegerm cells lackhe functional type | IFN receptai9), and do
380 not express ISGs after viral or IFN stimulatiaimlike testicular somatic cel($6, 57) Differences
381 in antiviral (e.g. sensing pathways af8iG induction pattes) and preinflammatory immune
382 responses human versus mousestismay exain the testis pathogenicity observedype | IFN-
383 signalng deficientmousemodesk (along with differences in infection leveld)ifferences in type |
384 IFN up-regulation following ZIKV infectionmay also explaithe restricted tropisraf ZIKV in the
385 tesis from immunocompeteninice (25) when compared to human testis explaMietherthese
386 differences derive fronmtrinsic differenesbetween humarand mouse testicular celldifferential

387 escape mechanisms mediated by ZI{€\f.specific counteracting of type FIN by ZIKV in human
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cellsbut notin immunocompetenmouse cells or ex vivo/in vivo differences (e.gnfiltrating cells

pro-inflammatory activity requires further investigation

To date,ZIKV is the only arbovirus known to bsexually transmittedvithin the human
population RNA from other arboviruses such dsngue,yellow fever andchikungunya viruses
wererecently evilenced in semeftom infected merior a prolonged perio¢b8 $60), but no case
of sexual transmissiohave been documented so fé@engue virugdid not productivelyinfectalter
testicular cellsn mousemodels(12, 13, 25, 51andpoorly infectechuman Sertoli cedl. Although
the neurotropic West Nile virus(WNV) replicatedto levelssimilar to ZIKV in a Sertoli cell line
(27), testisfrom men with neurenvasive WNVtested negativexceptfor oneimmunesuppressed
patient (61). Interesingly, Japanese encephalitis virus, another mosdugtoe neuretropic
flavivirus, infects the testis of boars and their semen for a long period of time, disrupts

spermatogenesis and can be transmitted through §@&2)en

Of note,othermale genital organs may be involved4tKV sheddingn human semeras
suggestedby ZIKV prolonged sexuatransmission fim vasectomized me63), and by ZIKV
replication in human prostate cdihes and cell lines basedrganoids(64). Interestingly, we
recently demonstrated in Sliiifected cynomolgus macags that depending on the individuals,
different male genital organsay be the source ofthe virus in semen(65). Neverthelessthe
significant reduction of ZIKV titers and shorter infectivity window in semen from vasectomized

mice indicate the importance of testis/epididymis contributions to infectiousswshedding4).

In conclusion, we demonstrated that ZIKV replicates in theamutastisex vivo and infects
a range of somatic cells and germ cdfisplication of ZIKV in testicular germ cells wasvidenced
in semen from ZIKVinfected men, alongith ZIKV association with spermatozoa. ZIKV had no
major deleterious effect on the mpbiology and hormonal production of the human testis in culture

Despite a broad induction of antiviral gends absence of IFN upegulation andninimal pre



412

413

414

415

416

417

418

419

420

421

19

inflammatory responsef the human testiex vivo, along withthe lack of ZIKV cytopathic effect

on testicular cellsmight favourthe prolonged ZIKV infectionobservedn this organandaccount

for the absence of orchitis in men infected by ZIK®@verall, our results suggest that ZIKV
infection of the human testis may be involved in the persistehite virus in semen dnin altered
semen parameterd.hese resultscall for further investigatioron the impact of ZIKV on the
reproductive health of ZIKMnfected men and warn against the potential horizontal and vertical
transmission of ZIKV through thinfected germ line. Finally, thex vivo model of ZIKV infection

of the human testis we developgavides a valuable tool fahe testing of antiviral agents
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MATERIAL AND METHODS

Cells lines and viruses

Asian Zika virus strains isolated during th2015 outbreak in the French Caribbean
(MRS_OPY_Martinique_PaR2015, passaged onaeVero cells)and during the 2013 outbreak in
Polynesia i/PF/2013 passaged three times in Vero cell®reobtained fromthe European Virus
Archive (EVA) andfurther propagatedin VeroE6 cellsfor 2 additional passage¥eroE6 cells
(African green monkey kidney epithelial cells) were maintained in DMEM supplemented with 10%
FCS, Glutamine (2mM) and 1% penicillin/streptomycin at 37°C with 5% @ reagents from
GIBCO). To produce viral stocksyeroE6 cells were infected at an MOI of 0.01 in seifuee
medium for 2 hours, then complete medium was added to reach a final serum concentration of 5%.
When cytopathic effect was evidestjpernatant was centrifugéliered (0,4 um), aliquoted and
frozen at-80°C. The human testicular germ cell tumor (seminoma) cell line cg@8) was kindly

providedby Dr Janet Shipley (The Institute of Cancer Research, London).

Organotypic culture of human testis explants and infection

Testeswere dissected into 81m® sections transferred onto 24 well plates (2 sections/well)
containing 5001 of medium (DMBM/F12 supplemented witliX nonessential amino acids, 1X
ITS, 100U/ml penicillin, 100ug/ml streptomycin, 10B4CS al from GIBCO) in the presence or
absence of TOTCIDso of ZIKV (corresponding to 2.2.10to 2.9.13 VRNA copies for
MRS_OPY_Martinique_PaR2015 and 8.10 vVRNA copies for H/PF/2013. After overnight
incubation, tissue fragments were wasl3etimeswith PBSand transferred onto a polyethylene
terephthalate inse(8um high density poresin 12 well plates containing 1 ml of mediughours
later,the medium waschangedagainto further wash awapotential residual virus inpiytime 0O for

sample collection)For each experimental conditioa minimum of two wells were tested. The
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culture was maintained up Sdayp.i. in a humidified atmosphere coirtang 5% CQ at 37°Cwith
mediumcollected andully changedevery 3 daysin order to thoroughly waskput virus and
assess viral production dynamic. Media were VW RUHG [UR]H® vVRNA and fir
measuremenf(Tissue fragments were either fixed in neutral buffered 4% formaldehyde or frozen

DQG VWRUHG DW i f&

Isolation and infection of testicular cells

Testis fragments were incubated in digesting medizmg(ml hyaluronidase, 2mg/ml collagenase

[, 20pg/ml in DMEM/F12) for 60minutes at 37°C under agitation (110 rpm) to dissociate
interstitial tissue from seminiferous tubules. After centrifugation, the seminiferous tubule pellet
digested bytrypsin (025%, 5ml/g, 20minutesat 37°C) Trypsin was inactivatednd cells filtered
(60um) and cultured overnight in DMEM/F12 medium supplemented with 1X nonessential amino
acids, 1X ITS (human insulin, human transferrin, and sodium seledi®®J/ml penicillin,
100pgml streptomycin and.0% FCS (all from GIBCO). Primary TGCs and’cam2 cells were
incubated withZIKV diluted in serumfree medium at a multiplicity of infection (MOIpf 1
(corresponding to 1.4% 1P TCIDs¢/million cells) for 2 hours at 37°C 5%C02. Virus was
removedby washing and trypsin treatment formdinutesat 37°C. Primary testicular cells were
cultured at a density of 0.5 million cells/inl supplemented StemP8&3 (Invitrogen) as described
elsewhere(67). T-cam2 cells were cultured at a density of @nillion cells/ml in RPMI1640
supplemented ith P/S, Glutamine (2mM) and 10% FCS (all reagents from GIBCO).

Semen samples

Semen was liquefied at 37°C for 30 miesand 10ulspread on a glass slide and dradroom
temperature. Smears were fixed in fi8tmaldehydeand stored at20° C.Viral loads for ZIKV in
seminal plasma and seminal cells were 7,25 log copies/ml and 6,7 log copies/ug total RNA

respectively for the donor at day 7, and 7,8 log copies/mVahitbg copies/2x10cellsrespectively
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472 IRU WKH GRQRU DW GD\ deBd&Vviiad Qayadve anH BefenRsainplés Wested
473 negative fodengue in RTPCR.

474

475 Mice

476  Mice lacking the type 1 interferon recept@®8) were backcrossed >ltfimesonto the C57BL/6
477  background (referred to as IFNARmice).7-weekold male IFNAR 'mice were infected thumh

478 theintra-peritoneal route with OTCIDsy/100 pl of ZIKV (H/PF/2013)or with PBS.5 and 9 days
479  after infectionmice were sacrificed with carbon dioxide asallectedtissue eitherfrozen at-80°C

480 or fixed in PFA4%.

481

482 Realtime quantitative RT-PCR

483 Total RNA was extracted using the QIAamRNA (for supernatants)r RNeay isolation kit (for

484  tissue/cellslandtreated withDNase &ll from Qiagen).Extracted RNAfrom explant supernatants
485 wassubjected to RYPCR using GoTaqg Probestep RFqQPCR System (@®mega).Primers and
486 probes for ZIKV  described in(69) were adapted as follows: ZIKV primer forward
487  ccgctgcccaacacaag, ZIKV  primer reverse ccactaacgttcttttgcagacat, ZIKV  probe
488 agcctaccttgacaagcaatcagacactd@astandard curve with serial dilution @& known number of
489 copiesof VRNA was systematicdy run. The relative quantification of steroidogenesis enzymes
490 mRNA (STAR, steroidogenic acute regulatory protefdYP11Al, cytochrome P450 family 11
491  subfamily A member JHSD3B2 hydroxy-delta5-steroid dehydrogenase 3 besad steroid delta
492 isomerase 2HSD17B3 hydroxysteroid 17beta dehydrogenase 8YP17Al, cytochrome P450
493 family 17 subfamily A member)land testicular cells markemsRNA (Inhibin B; Acta2, actin alpha
494 2 smooth muscle aorta; PGK2, phosphoglycerate kinase 2; PRM2, protarmias Berfomed as
495 previouslydescriled (29).

496  Primers forinnate immune response effector ge(espplementary Tabl&) were designed using

497  PrimerBLAST tool (70). Total RNA was reversaranscribedusingthe Iscript cDNA Synthesis Kit
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(Bio-Rad). QPCR reactions were performed on amaal Laboratories CFX384 instrument using
iTag SYBR green mix (BioRad) and 40 cycles of 18asndsat 95C and 1 mmute at 60 C,
followed by melt-curve analysis. Gene expression fold changes were calculated with®tHe 2

method normalized to betctin andmockinfected samples expression levels.

Determination of viral titer

Vero E6cellsseeded in opaguesalled 96 well plates at a final concentration of 1,5% délis/ml in
DMEM with 5% FCSwere putin contactthe next daywith serial dilutions of supernatanMedian
tissue culture infective dose (TGml was measured at day 5 pasiection using the Viral

ToxGlo Assay (Promega).

Histology, RNAscopein situ hybridization (ISH) and immunohistochemistry (IHC)

Tissuesor cell pelletswere fixed in 4% formaldehyde and embedded in paraRMA ISH was
SHUIRUPHG XVLQJ 51%$VFRSH $GYDQFHG &HOO 'LDJQRVW
instructions, as previously describétb, 87) RNAScopelSH is a highlyspecific and sensitive
technique, with the ability to detect single molecyl&3). Formaldehyddixed paraffirembedded

tissue sections or cell pellets were deparaffinized in xylene and deshyidratednol. with for 10

min at room temperature. Slideeparaffinized and #D. quenched for endogenous peroxidases
were boiled in RNAscope Target Retrieval Reagents (citrate bufferlOmM, YHfinutey and
incubated in RNAscope Protease P{48°C, 20 minutes) prior to probe hybridization. Sections

were incubated with target probd2 hours 40°C), washked in buffer and incubated with
amplification reagents. Chromogenic detection was performed using Fast Red as substrate for
alkaline phosphatase to geatr red signal. Slides were counterstained with hematoxylin and
mounted in Eukitt (O. KINDLER) before observation using brfiglid microscopy.7KH 3SGRXEOH
=~ SUREHV WDU JH \(¢bnlehses, séqueidirget region 215443, catalog #6777,

positive ¢argeting the25143433 region ohumanPOLR2Agene, catalog 31045) and negative
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(targeting the414-862 region ofbacterialdapB gene, catalog #310043) control probes were all
obtained from Advanced Cell Diagnosti&aining specificity was verifieds showed ifrigureS3.
FigureSections of ZIK\tinfected Vero cell pellets and moakfected testis tissues were
systematically used as positive and negative controls

Dual fluorescent ISHHC experiments was performed essentially as we previously desé¢rihed
Briefly, tissue sections were first submitted to ISH, then blocked in PBS/BSA 2% and incubated
overnight at 4°C with primary antibodgections were washeihcubate with either antimouse or
antirabbit Alexa488 fluorescent secondary antibodies diluted 1/500 (chickermentse 488 ref
A21200, chicken antiabbit 488 ref A21441life Technologie} and counterstained with Prolong
medium containing DAPI before obsation with a Zeiss Axio Imager M1 fluorescence
microscope connected to a digital camera (Carl Zeiss) u&ngsoftware Fluorescent Fast &l
signal was read at 550 nm.

Single mmunohistochemistry was performed as descrilfigd). For immunofluorescence
experimentsAlexa 488 or 594oupled secondary antibodies diluted 1/500 (goatrantise 594
ref A11032, chicken antiabbit 24 ref A21442, donkey antat 488 ref A21208all from Life
Technologieswere used and sections mounted VAtblongDAPI to stain the nuclei. Cell staining
was never observed for isotypic contrals mockinfected samplesPrimary antibodies used
moug antiNS1 (Biofront Technologg clone 0102136, 4ug/ml), ar8D68 (DAKO, clone KP1,
1,85ug/ml), aniCD163 (LEICA Novocastra, clone 10D6, 1/100), arlBMA (DAKO, clone 1A4,
1,4pg/ml), antrDDX4 (GENETEX, clone2F9H5, 1/200), antiZzO-1 (THERMO FISHER,clone
Z01-1A12, 10ug/ml); rabbit antiCyp11Al (Sigma, 1/250), anttleavedcaspase 3 (Cell Sigling
Aspl75 1/50), aniDDX4 (Abcam,2ug/ml), anttSTAR (Cell signalling, 1/209 ant+CD3 (Dako,
#A0452, 10 pg/ml)ratanttmouse F4/80 (Bcam, clone BM81/20).

The number of ZIKV RNA+ CD68CD163+ macrophages, CYP11A+ Leydig cellssMA+

peritubular cells, germ cells and Sertoli ce(igentified on morphological criterian light
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microscopy in testis explantswas assessed id donors andat least3 whole testis tissue
sections/donorgcorresponding to about 12 rifrtestis donor) Quantification of CD3+ cells in

mouse testis was performed in 3 maefectedanimals 4 animals aday5 p.i. and 4animals atlay

9 p.i., in a least5 mn¥/testis.Slides were scanned with a NanoZoomer slide scanner (Hamamatsu

Photonics, France, at PlateneH2P2, Biosit, Rennes, Francénmunostained positive ceNgere

counted with ImageJ free software.

Immunocytofluorescence

Semen smears from donors and cell pellets from testiculacutires put onto polylysineoated
glass coverslips were fixed 4% PAF for 20 mintesat RT. After permeabilization0,2% Triton
X-100, 10 miruteg, the slides were incubated in blocking buffer (0,2% TritorAlB0, 1% goat
serum 2 hourg and stained with antibodies against ZIKV NS1 (1:1@i0front Technologie} or
flavivirus envelope Ab 4G2 (1:100Millipore). NS1antibodywaseitherdirectly coupled to Alexa
Fluor 647 (Zenon labeling kit, Molecular Probes) revealed usingilexa-fluor 555 goatantk
mouse (Life Technologies)nfected cellcharacterization was dermed using rabbit antDDX4
(5ug/ml, Abcam), antiStra8 (9,6ug/ml, ThermoFisher Scientificand antFSHR (10ug/ml,
Origene), detected using Aleflaor 488 (Invitrogen) or Alexdluor 647 goat antrabbit (Jackson
Immunoresearch), mouse aMageA4 (cbne 57B, 4ug/ml)coupled to Alexa Fluor 647 (Zenon
labeling kit, Molecular Probes), amlouse antiCBMA (clone 1A4, 0,5ug/ml, Dako) detecteding
Alexafluor 555 goatanti mouseantibody Isotype control antibodies or noimfected cells were

used as negative controls. Slides were counterstamtd Prolong medium containing DAPI

(Molecular Probes)mages were acquired with the SP8 confocal system (Leica) connected to LAS

software orwith DMRXA wide field microscope (Applied Precisignand analyed using Fiji

software.
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Testosteroneand inhibin B immunoassays

Testosterone was assayed using a spemfitoimmunoassaylmmunotech, Beckman Coulter).

Inhibin B was assayed using a commereradymelinked immunosorberdassay (ELISA) kit (DSE

10-84100 Active, Beckman Coulter)

Viability assay
Cell viability was assessed by measurihg telease ofactat dehydrogenas@.DH) usingthe
enzymatic fluorimetric assay CytoTo1 (& +RPRJHQHRXV OHPEUDOQH

(Promega).

Cytokine release measurement

A beadbased multiplex flow cytometry Legendplex assay (Biolege@dyme was used

Fluorescence wasad using the BD LSRII Fortessadv cytometer.

Statistics

Data were anaBed with nomparametric paired Friedmdbdunn'sor unpaired KruskalVallis-

Dunn's testivhen more than 2 sets of samples were compared, as specified in figure.l@gends

non-parametic MannWhitney test was used to anadydifferences in viral load of mice testis at

, QW

day 5 and 9 post infectiorCorrelations were calculated using the Spearman test. Values were

considered significant when P<0,05. Statistical analyses were performeyl agimmercially

available software (GraphPadPrism 6, GraphPad Software La Jolla, California, USA).

Study approval

Normal estes were obtainegither after orchidectomyrom prostate cancer patients who had not

received any hormone theramy at aubpsy, and processed withi2 hours ofsurgery. The
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procedurevas approved bglocal ethic committee (authorization #D€0162783) andhe French
national agency for biomedical research (authorization #PF0$59

Semen samples were obtained by mastigbdtom two ZIKV-infected donordiving in the French
Caribbean a7 and 11 days postymptoms onset respectivebfter informed consent was obtained,

in the FrenchCohort of Patients Infected by an Arbovirus (CARBO; ClinicalTrials.gov identifier
NCT0109852)

Mice were housedht the Institut PasteurAnimal Facility accredited by the French Ministry of
Agriculture for performing experiments on live rodents. Work on animals was performed in
compliance with French and European regulations on care andtimoteiclaboratory animals (EC
Directive 2010/63, French Law 20138, February 6th, 2013). Aéixperiments with IFRR "'

micewere approved by the Ethics Committee #89 and registered under the ref#@h66018.
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Figure 1 ZIKA virus replicates in human testicular tissue Human testis explants from 8 donors
wereex vivoinfected overnight with I0TCIDsg (corresponding to 2.2.1@0 2.9.10 vVRNA copies)
from a lowpassage ZIKV strain isolaed in 2015 in the French Caribbean
(MRS_OPY_Martinique_PaR2015. Explants were thoroughly washed and cultured on inserts in
1 ml of medium/well for 9 dayswith media fully removed and changed every 3 d&gseh of the
time points (day 3, day 6, day ®presentde novoviral releaseover a 3day-culture period A)
ZIKV RNA release over a-8ay-culture period at dag, day 6 and day 8etected by RTgPCR; B)
Viral titers detemined by infectivity assay of-8ay-culture period tissue supernatants on VeroE6
cells. Each symbol represents a different donor (same symbol/donor throughout the manuscript
figures). Dotted lines represent the dg&ten limit of the assays. Moeikfected explantswere
always below detection level. Bars represent median. *P<0,05;0tR<(FriedmafDunns non
parametric comparison).
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821

822

823  Figure 2 ZIKV infects somatic and germ cells in human testigxplants

824 A-H) Representative image$ RNAscopein situ hybridizationfor ZIKV RNA in control mock

825 infected A) and ZIKV-infected testiexplant(n=8 independent donorajter 6 days of culturéB-

826 H). ZIKV RNA labeling was observed in the interstitial tissue (IT) of testis expl@)t€,(E, F), in

827 cells bordering the seminiferous tubu(&) (B, D) and within seminiferous tubulek,G,H). I-M)

828 Representative images ommunohistochemistrystaining of NS1ZIKV performed on ZIK\V

829 infected (-L) and mockinfected M) testis explants culture for 6 day$n=8 independent donors)
830 Black arrow heads point at infected cells in the extralzlmatrix surrounding the semferous

831 tubules. Thick arrows paimat infected cells in the interstitial tissue. Thin black arrows point at
832 infected germ cells. Thin red arrows point at infected spermatogonia. White arrow heads point at
833  Sertoli cell nucleusBlack scale barskO0Rn; White bar50 .

834
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Figure 3 Characterization and quantification of ZIKV -infected human testicular cellsex vivo.
RNAscopein situ hybridization forvRNA coupledwith immunofluorescence for cell markers
identified ZIKV RNA in CD68/CD163+macrophage¢A), Cypl1Al+Leydig cells(B), BMA+
peritubular cell§C), late germ cells localized near the lumen in seminiferous tsibwtéte arrows
round spermatidsed arrowselongated spermatidglp) andDDX4+ early germ cells (E)Staining
for ZIKV was never oberved in mocknfected testis (F)Nuclei are stained in blueScale
bars=20n. (G) Infected cells were quantified &t least 3whole tissue sections from 4 testis
donors(each represented by a different symbol) at@py. M I: macrophages; P: peritulau cells;

L: Leydig cells; S: Sertoli cells; GC: germ cel&ars represent median. *P<0,05 (Friedrtamns
non parametric comparison).
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Figure 4 ZIKV replicates in human testicular germ cells in vitro and in viva A-C) Primary
testicular cells weranfected with ZIKV (MOI 1, corresponding t@.15x 10° TCIDso units ml/ 0.5
million cells). ZIKV RNA detected by RTgPCRIin cells (A) andculture supernatan{8). C) Viral
titers determined by infectivity assay of tissue supernatants avE@erells. Ede dot represents
independent donors. Bars represent median valased lines indicate detection limitP<0,05
(FriedmanDunns norparametric comparison)D) Immunofluorescence against ZIKV NS1 or
envelope (ZIKV(E) proteins combined witbell markers ér all germcells (DDX4) or specific germ
cell types(STRA8, MAGEAA4), Sertoli cells (FSHR) and peritubularcells (CBMA). Nuclei are
stained in blue.E) Detection of infected germ cells in semen from ZH€Wected men
Immunofluorescent labelling of semen cell smears from two Zikfgcted patientsoneat day 7
(top panel)andone at dayll (middle panel)postsymptons onset. ZIKVEnvelope (ZIK\AE) or
NS1 protein coelabelled with the germ @Il marker DDX4.Bottom panels show semen from a
healthy individual stained with ar®IKV -E antibody and IgG isotype as a negative coniatlei
are stained in blueln the mergepanels, brightfield imageare included to visualizahe FHO O fV
morphology Scale bars=2m.
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Figure 5 ZIKV infection ex vivodoes not alterhuman testisexplant morphology, cell viability

or hormonal production. A) Toluidine histological staining ofestis explants, showhere for
mock- infected(left pane) and ZIKV-infected(right pane) testis explantat day 6postinfection
(p.i.). B) Cleaved caspase 3 IHC to detect apoptotic celtadok (left panel) and ZIKVnfected
(right panel)testis exphnts,shownherefor day 6 p.i C) Lactate dehydrogenase (LDH) release in
testis supernatant expressed as % of miokgcted explants at the corresponding day of culture. D)
Immuncfluorescent cdabding of peritubular C8MA) and Leydig Cypl11Al) cells, shown on
tissuesections at day 6 pfor mock (left panel) and ZIK\Mnfected (right panelgxplants.Nuclei

are stained in blud€z, G) Testosterone amdhibin B release in testis supernatants expressed as % of
mockinfected explants at the corresponding day of culturelmihunofluorescent ladeng of
Sertoli cells tight junctions associated protein-Z@n tissues section®r mock (left panel) and
ZIKV -infected (right panelgxplants shown at day 6 p.Nuclei are stined in blueBars=50rmn. C,

E, G: eaclsymbolrepresents a different dondgrizontal bars represent median values.
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Figure 6 ZIKV triggers a broad antiviral response but no IFNup-regulation and a minimal
pro-inflammatory response in human testtular tissue A) Levels of IFN- Eand CXCL10
measured by floveytometer based multiplex assay mockinfected and ZIKVinfected human
testis explansupernatants. Each symbol represents a different donor. Bars represent medgn valu
*P<0,05 (FriedmasDunns norparametric comparm). B) Correlation betweesecretedCXCL10
induction in ZIKV-infected versus moeinfected explantsand ZIKV RNA level in culture
supernatanat day 6 posinfection (p.i.) (Spearman ngmarametric test). Clnnate immune gene
expression determined by RIGPCR in the testis explants from 6 don¢fr4-T6) infected with
ZIKV for 3, 6 and 9 day&3, d6, d9)Heatmapshowslog2 transformeaexpression ratios between
ZIKV -infected and timenatched mochnfected controlsGreen indicates upegulation and red
downrregulation of MRNA compared to controlBype | and Il IFN mRNAswere below the
quantification threshold@not shown). D) Viral lodsin supernatantsf the testis explants anabad
in (C). E) Examples of correlation between gene expression fold gt @and the level of infection
at day 3 p.i. (Spearman ngarametric testOthercorrelations argahownin FigureS9
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Figure 7 Innate immune response to ZIKV infection in the testis from IFNAR- mouse

A) VRNA measured by RGPCR in the testis frormice infected with ZIKV for 5 or 9 days (4
animals/group). Each dot represenne animal and horizontal bars represdm median. The
dottedline indicates the limit of detection. Mockinfected (n=3) were belothe detectionthreshold
(not shown) * P<0,05 MannWhitneytest, norparametric comparison)B) Detection of ZIKV
RNA by RNAscopén situ hybridizationin testis tissue sectiorikom mice mockinfected @ atday
5 orday9 postinfection White arrow heads point at Sertoli cells, thin blackasr@oint at germ
cells. Scale bars=100unC) RNAscopein situ hybridizationfor ZIKV RNA coupled with
immunofluorescence for cell markeidentified ZIKV RNA in F4/80+ macrophages anfTAR+
Leydig cells Nuclei are stained in blué&cale bars=20um.D) Expression ofa range of innate
immunegenesand of genes encoding immune cell markers was determined {g°PRRin testis
from 3 mockinfected micerhouse testi$IT1 to MT3) and 4 ZIKViinfected mice at day 5 (MT5 to
MT7) and day 9 (MT8 to MT11postinfection. Fold induction is presented as a hewip of log2
transformed expression ratios to the average expression level inimi@cied mice. On the scale
bar, green indicates tnegulation and red, dowregulation.



