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Abstract

Infectionwith Zika virus (ZIKV) manifestan abroadspectrum of disease ranging from
mild illness to severe neurological complications. To define immunologic correlates of
ZIKV infection, we characterized the levels of circulating cytokines, chemokines and
growth factors in 54 infected patients of both dens,atfive different timepoints after
symptoms onset using microbeads multiplex immunoassalystical analysis and data

mining compared td00 agematchedcontrols ZIKV -infected patients present a
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striking systemic inflammatory responséh high levels of preinflammatory
mediators. Despite the strong inflammatory patterslRa and |4 are also induced
during acute infectiorinterestingly, he inflammatory cytokinedL-1b, IL-13, IL-17,
TNF-a, IFN-g chemokines, CXCL8, CCL2, CCL.and the growh factor G-CSF
display a bimodal distribution accompanying viremihile this is the first manuscript
to document imodal distributions of viremian ZIKV infection, bimodal viremia has
been documented in other viral infectiomish primary viremia peaks during mild
systemic disease and a secondary viremia with distribution of the virus to organs and
tissuesMoreover, biomarker networknalysis demonstradelistinctdynamicsin
consonance with the bimodal viremia profiles #fiedent timepoints during ZIKV
infection.Such robust cytokine and chemokine response has been associated with
blood-brain barrier permeability and neuroinvasiveness in other flaviviral infections.
High-dimensional data analydisrtherestablished CXCL1,0a chemokine involvenh
fetal neuron apoptosis and Guillédarré syndromeas the most promising biomarker

of acute ZIKV infectiorfor a potentialclinical application

Introduction

The Zika virus (ZIKV) is an arthropedorneFlavivirus, transmitted mainly by the bite

of femaleAedesmosquitos, that usually causes a mild illness characterized by
conjunctivitis, pruritus, muscle and joint pain, rash and slight figdyeOutbreaks of

ZIKV infection were first recorded in Micronesia and later in French Polynesia, where
atypical manifestations were initially documented, including the GuiBairré
Syndromd2,3]. In Brazil, ZIKV infection during pregnancy was linked to an unusual
increase in the number of momephaly casgdg]. Followingthe Brazilian report of

congenital malformationshe number of microcephaly cases in French Polynesia were
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reanalyzed, and a connection with ZIKV wagherestablished5]. The broad
spectrum ofetal clinical manifestationsesulting from ZIKV infectiorlead to a new
classificationtermedzZika Congenital Syndroe{6].

Host immune respongeays an important role in the clinical coursepafients with

viral infection Particularly, ellular immunity and key components of the innate
immuneresponse, such as interferons and other cytokines/cleesoklay an essential
role in limiting theviral spread7]. To date, onlytwo studesdescribing immune
medators in Zikainfectedpatientshave beenreported8,9]. In Tappe et alteliable
immunological biomarkeprofile during acute infection coulibt be established due to
the smallsample sizeKam et al. describes immune markers from a cohort from
Campinas, Brazighowing inflammatory immune response aegeral immune
mediators specifically higher in ZIKNhfected patients, with levels of CXCL10,-10,
and HGF differentiating between patientish and without neurological complications.
Kam et al. also found higher levels of CXCL10;2R, MCR1, and TNFU we r e
observed in ZIKVinfected pregnant women carrying babies with fetal growth
associated malformations.

In this study, we evaluated thainune response during the acute ZIKV infectign
analysisghe serumlevels of cytokines, chemokines and growth factors faonadult
cohortfrom Manaus Brazil of 54 ZIKV -infected caseand 100 controlsver five time
points during symptomatic ZIKV infeicin. We present the time course of cytokine
response in relation to viremia and identifgtemokineghat may serve as a biomarker

of acute ZIKV infection, providingiewinsights into ZIKVneurgathogenesis.

Methods

Study Population and Design
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We used a neprobabilistic convenience sampling and a cresstional experimental
designtogether with robust statistical analysis and data mjriarghe evaluation of
the immunologicabiomarkerprofile during acut&IKV infection In the first semesr
of 2016,a total of 54suspected ZIKMnfected case@9 nonpregnanfemales and 25
males all adult3 were recruited at Hospital AdventisiaManaus, Amazonas state
Brazil. All patients presenteailmaculopapular rash, with or without fever, and at least
one of the following symptoms: pruritus, arthralgia, joint swelling or conjunctival
hyperemia, withirfive days afte the symptoms onsehge-matchechorrinfected (NI)
controls, female§46) and male¢54), wereenrolled forcomparisorand kasic
characteristicancluding physical examinatioand virologcal findingsareprovided
Comprehensivéaboratory records were available & patients (15 male and six

female) includingroutine laboratoryests

Ethics Statement
The study protocol was approved by the Ethics Committee of the Universidade do
Estado do Amazonas (CAAE: 56745116.6.0000.5016) and all subjects included

provided written informed consent.

Differential molecular diagnosis of Zikaand viral load estimative

Serumsamples were sent FBocruz Amazoniandtested for ZIKV(envelope coding
region)[10], Chikungunya CHIKV) [11] andDengue DENV) [12] by RT-gPCR.
Samples psitive for CHIKV or DENV wereexcludedrom further analysisSample
inclusion criteria alsoequiredtheinternal contro(spiked MS2 bacteriophagt)
display a Ct valubetween 382. Theviremiawas indirectly estimated by RGPCR

and reported as 1/Ct*100
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Dengue virus serology
Serum samples were tested for previexigosurdo DENV with Serion ELISA classic

Dengue Virus IgGlgstitut Virion/Serion GmbH, Germany)

Microbeads assay forserum biomarkers

High-performancemicrobeadf7-plex assay(Bio-Rad,Hercules, CA, USAwas

employed for detection and quantification of multiple tasgetluding: CXCL8 (IL-8);

CXCL10 (IR10); CCL11 Eotaxir); CCL3 (MIP-1 }J CCL4 (MIP-1 b §GL2 (MCP-

1); CCL5 (RANTES) IL-1 b ,-6, TNEU IL-12; IFN-g, IL-17; IL-1Ra (IL-1 receptor

antagonist)IL-2; IL-4; IL-5; IL-7; IL-9; IL-10; IL-13; IL-15; FGFbasic PDGFE

VEGF, G-CSF and GMCSFE Samples wer¢estedaccordingoth e manuf act ur er 0 s
instructionson a Bo-Plex 200 instrument (BidRad. The serum levels of H2, IL-7,

and IL-15 were below the detection limits severalamples andiere excludeaf

further analysisTheresultswere expressed as pg/mL.

Statistical analysisand Data mining

Statistical analyses wenaitially performed using GraphPad Prism (GraphBaftware

6.0, San Diego, CA, USAComparative analysis d@teclinical records was carried out

by Fisher's exact test. Ttamalysisof biomarkerevelsbetween Nicontrolsvs ZIKV -
infectedcasesandbetweergenderswasperformed byMannWhitney test.

Multivariate correlation$or biomarkerevels and routine laboratory tests were

anal yzed with the nonparametric Spear manods
Software v13.1.0 (SAS Institute, Cary, NC, USA). Correlations (Spearmpgwere

representedyba color map matrix.



121 Thedynamicsof viremia, chemokines, cytokines and growth factors were evaluated

122 usingthe median value of each analy@mparative analysisf the biomarkersvas

123 carried out by KruskaWa | | i s f ol | o w-test.Fadp allteddsugmificdire p o st
124  differences were consideredtat-tailed p<0.05.

125 Datamanagement strategies were applied to identify generalraagpecificprofiles

126 Biomarkersignature analysis was carried oupaaviouslydescribed13]. Radar charts

127 were assembled to compile thiemarkersignature of NkcontrolsandZIKV -infected

128 casespplying the75" percentile as threshold. Venn diagram scrutiny was carried out to
129 identify attributesalongwith thetimeline of the symptoms onset

130 http://bicinformatics.psb.ugent.be/webtools/Ver@ytoscape softwanre3.2.0

131 (http://www.cytoscape.orpivasemployel for visualizing and integratingultiple

132 attributesinto circular nodal netwosk Connecting edges were drawn to underscore the
133 association as positive (solid line) or negative (dashed Minebiomarkercluster

134 patternwasdefinedby heatmaps assengblusing R softwareheatmap.2 function;

135 v3.0.1). Decision tree algorithms were generatéd WEKA software v3.6.11

136 (University of Waikato, New Zealant) identify root and branch attributes

137 seyregaing patientsfrom controls ROC curve werebuilt to define thecut-off and

138 biomarkes with better performande discriminae ZIKV -infectedpatientsfrom NI

139 controls Performancendices €o-postivity, co-negativty, positiveandnegative

140 likelihood ratig werecalculatedusing the MedCalc softwake’.3 (Ostend, Belgium)

141
142 Results

143 Demographics, dinical records and virological data
144 Theb54BrazilianZika cases29nonpregnanfemales fnedianage38years, IQR 27.5

145 46.5 and 25 malemedianage 37years,|QR 301 50), were enrolledetween the first
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and the fifth day after the symptorosset A group of100norntinfectedcontrolsubjects

who were residents of Manaus, Amazonas, Breerealso included46 females

(median age 28ears QR 237 36) and 54 malesnfedianage29.5 yearsliQR 237

36)). The median viremiagxpressed at/Ct*100was 2.9 (min=2.7; max=4.2; IQR: 2.8

i 3.0). The frequency of specific ZIKV symptoms was similar between men and woman
with the only exception that men had increase frequency of fever compared to woman
(100% versus 67%p=0.005)Tablel). The DENV IgG testing showed that 94.4%
(51/54) of the patients were positive; two had adaierminedesult ancdbne male

subjectwas negative.

Correlation of immunological biomarkers during acute ZIKV infection with

routine laboratory tests

The results of 45 continuous variables including immunological biomarkers; routine
laboratory tests; age; viremia and symptoms onset arelyzedFig 1). Overall,
moderate correlations were observed for severablas whereaghe strongest
correlations were observed between TAlRnd CCL5 (Spearman 0.8245) and
Lymphocytes (%) and Neutrophils (%) (Spearmaf.8084). All results were
representedh a color map matrix, whergatisticallysupported assiations (p<$.05),
regarding the routine laboratorial tests and immunological biomaskers highlighted

(inserted tablén Fig 1).

ZIKV -infected patients display high levels of circulatingpiomarkers
Elevatedevels of preinflammatory cytokine¢lL-1 b ,-6, TNFU , -gandL-17,
except 1l-12 that was higher in contrg)Jschemokines (CXCL8, CCL11, CCL3, CCL4,

CCL2, CCL5 andCXCL10) and growth factors (FGleasic, PDGF, VEGF, &SF and
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GM-CSH werefound inZIKV -infected casefFig 2, light graypanel3, whereas higher
levels of IL-5 and I-13in controls(Fig 2, dark gray pane)sinterestinglythe levels of
IL-4 and IL-1Rawerealsohigher among patientdlo differences were observéat the
IL-9 and IL-:10 (Fig 2, white panels A similar pattern was observed when results were
stratified by gendeglthough infected males presensgghificantlower levels of

CCL3, CCL4, CCL5, IL17, FGFbasic and GMCSF. N significant differenes were

observed between femaad male controlslgble 2).

Bimodal viremia is accompanied byincreased levels of a defined group of
biomarkers

Viremiaandbiomarkers werassessedt different timepoints(Day 1 postinfection
denoted as D1 etd)1 (n=11); D2 (n=13); D3 (h=10; D4 (n=09 and D5(n=05. A
bimodal distributionvas observedvith two viremiapeals at D2 andD4, reachng the
lowest levels at DHFig 3, gray panel)Dynamicsof CCL5, TNFa, IFN-g, IL-17 and
G-CSFwereclosely related to viremigrig 3A). A similar bimodal distribution was
observed for IE1b and IL-13 (Fig3B). The hghest levels of CXCL8 and CCL2 were
observed at D1 and DFi@ 3C). An inversecorrelationwas observed for H12, IL-10
and VEGF Fig 3D), where he highest levels coincideith the lowest viremias. The
levels of CCL3, CXCL10, Ik6 and FGFbasic display a distinct pattern, with thavest
levels observed at D8pincidng with the first dropof viremia Fig 3E). A valley at D4
followed by an increase at D5 was observed 6t C1, CCL4, IL-1Ra, and IL4 (Fig
3F), and unique patterns were observed febJlLL-9, PDGF, and GMCSF (Fig3G).
Biomarkes were also evaluated gontrols andthe QR arerepresented by daed

lines(Fig 4). Mostof biomarkerélevelsdiffer betweerpatients ana@ontrolsat all time



195 points,except forlL-10 at D1 and D2, H1b at D3. No differences were obsenfed
196 IL-9.

197

198 ZIKV infection elicited a set of general and timelinespecific biomarkers

199 Thebiomarkerlevelswereused to build a signatuf€ig 5, left panels) as described in
200 the methodssection A significant difference in the overall profile was obserired

201 ZIKV -infected casefFig 5, top-left pane). Furthermorethe radachartrevealed that
202 1924 (79%) biomarkers were highly inducedZiKV infection Fig 5, bottonleft

203 pane). Almost all biomarkers analyzed were found in levels above the global median in
204 more than 75% of the infected patients.

205 Venn diagrananalysisshowedthatfour chemolknes (CCL4, CCL2, CCL5, CXCL10);
206 two cytokines (IL-6, IL-4) andtwo growth factors (PDGF, & SF)weresignificantly
207 inducedin all time-points(Fig 5, right pane). Of note TNF a appears as a single
208 biomarker at the intersection of the viremia peaks (D2 andib4pntrast, 110 is the
209 only unregulated biomarker at viremia valleys (D3 and D5) while increased levels of
210 IL-12 appears at D@-ig 5, inserted table)

211

212 Distinct biomarker networks are observed at different timepoints

213 Cytoscapesoftwarewas used to assemble correlative analgsismmunological

214 biomarkersThe exploratory analysis demonstrated that earlier infeetamassociated
215 with more imbricate and compldiomarkemetworks. Most correlations at D1 and all
216 correlations aD2 were positivgsolid lines) The level ofcomplexity decreasifrom
217 D1to D5. However, the interactionseremore complex at RandD4, concomitant
218 with theviremia peakgFig 6).

219

10



220 High-dimensionaldata analysiselected CXCL10 as the most promising biomarker
221 for a putative clinical application

222 A heatmapmatrix wasconstructedo evaluate the profile of biomarkers associated with
223  ZIKV infection. Thisanalysis demonstratehat CXCL10 clusteed most patients

224  segregatingitem fromcontrok. Additionally, a decision tree was built to identify the
225 biomarker most able to segregatients This approaclonfirmedthe heatmap

226 observationgndicating CXCLLO as the most relevant elemgiailowed by 1L-4 and

227 VEGF.The analysis showed a very high global accuracy (99with)a leaveoneout

228 crossvalidation of 96.8%(Fig 7). Thesignificanceof theseattributes (CXCL10, |4

229 and VEGF) wasissessed b3D-plots andhe performancef the root attribute

230 (CXCL10) evaluated by scattplot distribution and ROC cunamnalysis(Fig 7, bottom
231 panels) CXCL10 alone lead taveryhigh global accuracy ranging from 0.98298.

232 Togetherthe resultslemonstrated th&@XCL10 measuremerdascertain®4% of the

233 patientswith no falsepositive identificatiorand outstanding indices (gmsitivity, co

234 negativty and likelihood rati}.

235

236 Discussion

237 The pathogenesis @KV infection is still largely unknown, and the main determinants
238 of disease manifestations are not yet well establidhiederstandingerum

239 immunomodulatorgluring acute infection ay beafirst step toelucidatethe

240 mechanisms underlying ZIKNaduced immunopathology.

241 We showthat the immune response durihgacute phasef ZIKV infection is
242 polyfunctional and broadly inflammatory as evidenced by signifiekevatedevels of
243 IL-4, IL-17, IFN-g, IL-1b, IL-1Ra, TNFa and IL-6 in patientsThis is consistent with

244 findings from Kam et 9] that also found a robupto-inflammatory cytokine response

11



245  during acute ZIKV infection with elevations of418, TNFU, IFN-g, IL-8, IL-6, GRGU,
246 and IL-7. Alternatively, when we stratified the results by gender, ZiKkiécted males
247  presented lower levels of CCL3, CCL4, CCL5;1k, FG~basic and GMCSF. The
248 reason for this difference islknownin the context of ZIKV infectionhoweverthis

249 finding is consistent with the literature demonstrating that females tendunt a

250 higher innate and adaptive immune system response to viusesied to mefil4].
251 In addition,this result may also be explained as females were sampled on average one
252 day earlier than men wittne median time from onset to diagnostic sampling (Fesnale
253 day2; Males= day3).

254 Itis possible thaprevious exposure to Flaviviramtigenanay affect themmune

255 response to ZIK\infection. In the present studgimost all patients (51/54xhibited
256 positive DENV IgG antibodiesManaus hakadseveral dengue epidemics, including
257  co-circulationof different serotypefl5-17]. Moreover, the Amazonas Staseendemic
258 for Yellow Fever virus (YFV) anthas a very higlyFV-vaccination coveragd hus,

259 mostly individuas enrolled in this studipaveexperienced previouslavivirus exposure
260 potentially modulating the cytokine astdemokine responses. Thedéferencesn

261 prior Flavivirusexposuranay account for some differendescytokine and chemokine
262 profiles shown by Kam et al. that examined a Brazilian cohort of patients from

263 Campinas, Brazilvhere Yellow Fever vaccination wast required by the government
264  at the time of their study as it is in Manaus, Brazil.

265  Similar to our results, comparable immune response indiliogagthe acute phadeas
266 previouslybeendescribed in infections caused by ZIKV and otRlewiviruses,

267 includingYFV, DENV and West Nile viru$d,18-20]. In the case of ZIKMnfection,

268 themechanism of inflammatory immune response is not clearly delineated

269 immune responsmaybe triggered byiral upregula@ion of expression of pattar

12
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recognition receptors (PRRshgaged in downstream pathways and inflammatory
antiviral response such as IRF7, HEN.  -b F Na n d7]. @@rksfingly we showed
astrong positive correlation between IKIN and CCL5, suggesting
effect of these cytokines might be crucial on the outcom#seaicute inflammation
caused by ZIKV.

Our findings also revealed higher levels of growth factors and chemokines among
patients. Likewise, increased levels of CXCL10, CCL5, C@h8VEGF were

primarily demonstrated in patients acutely infected with ZIKV, while elevated levels of
GM-CSF, CCL4, and FGBasic biomarkers only in the recovery phigeOur study
demonstrated thatll chemokines and growth factasalyzedvere significantly
increased in the acuphase in comparison withor-infectedcontrols. In fact, the role

of growth factors in the pathogenesis of arboviruses infections remains a matter of
debatd20-22]. We demonstrate that a remarkablereaseof FGFbasic, PDGF,

VEGF, GCSF aad GM-CSFidentifies theacute phase of ZIKV infectigrwhich
suggests the importance of chemokines and growth factors in the initiation and
regulationof the acutgphaseémmuneresponse.

Similarly, increased serum concentrations of both CXCL (CXCL8 and CXCL10) and
CCL chemokines (CCL2, CCL3, CCL4, CCL5, and CCL11) wetmd in acuteZIKV
infection. The role of CCL5 in the arbovirrsduced immunopathology remains a
controversial issyébu this chemokine along witBCL2 and CCL3vere previously
linked to severity oflengueand &panese encephalitis virugections,including
neurological diseases and impairment of neuronal sur\d@a27].

Furthermore, we found strormgrrelations between TN& and CCL5concentrations
andpercentages of circulatingeatrophilsand lymphocytes acute ZIKV infection.

This finding is likely due to the role of TN& and CCLS5 in leukocytehemoattraction
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295 [28,29]and demonstrates the important role of this cytokine and chemokine in

296 stimulation of the innate and adaptive immune system in respoddé\fanfection.

297 In addition, this manuscript is the first to describe the bimodal nature of viremia in acute
298 Zika infection and corresponding peaks in inflammatory cytokine produétion.

299 biological model explaining bimodalremia was firstly described ithe classical study
300 of F e nn e rMoussepaxivitugB0].tSimearly, Flavivirusesare initially replicated
301 in Langerhans cells at the site of inoculataodin draining regional

302 IlymphnodesDespitea robust antviral innate immune responseat eliminatewiral

303 infected cells, sme virus particles ardisseminatedby blood (primary viremia).

304 Therefore, several organs and tissues may beaterted producing a second wave
305 of viral replication that reaches blood causingecondary viremigg1]. The equine

306 infection by African Horse Sickness Viruses, another arbovirtiseddrbivirus genus,
307 Reoviridaefamily, also shows two viremia peaks. The fpebk is observed after the
308 viral multiplication into lymph nodesyhereas theecond peak is observed after viral
309 replication in spleen, lungs aetdothelial cell$32]. Severahrboviruses are known
310 tocause prolonged viremia into their nalunosts, and this is well documented

311 encephaliticAlphavirues[33,34]leading to higher transmission rafes mosquito

312 vectors.nterestingly, bimodal viremia has been foungbatients after low dodeve

313 attenuated 17DD Yellw Fevervaccine administratio[85]. The low dose live

314 attenuated veine is hypothesized to elicit a less robust immune response in

315 comparison to the standard dosage vaccine that does not clear the initial viremia leading
316 to a second peak of viremia a few days ladthough bimodal viremia was observed in
317 the aforementined studies, includingtherFlaviviruses infections, our results should
318 be interpreted with caution once we did not evaluated patients longitudinally. Thus,

319 future studies on this current topic are therefore recommended.
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In thismanuscript, we reporteddh levels of preinflammatory mediators during

theacute phase of ZIKV infection. Paradoxicaythough the inflammatomesponse

leads to viral clearance, the high levels of circulagirginflammatory biomarkers may

facilitatethe transmission of uvirses fronctirculation to the central nervous system by

increasing the permeability of tiood brain barrier. Thiphenomenon has been

already reported for the WaeNtle virus[36], another neurovirulerilavivirus, and may

partially explain ZIKVneuroinvasiveness.

Remarkablythe CXCL10 was expressgdeaterthan 206fold in ZIKV -infected

subjects Augmented serum levels of CXCL10 have been found during severe clinical

manifestations oflengue and Yelloiever[14,18,37] CXCL10 has also been showo

play an important role in CIB+ T-cell recruitment as part of an afiwviviral response

in the central nervous system to West Nile vi@8] and dengue virug9].

FurthermoreCXCL10 has been previously associated as a biomarker of severity in

several diseases including those caused by bacterislyigebacterium tuberculosis

andLegionella pneumophilgrotozoans likd rypanosoma bruceleishmaniamajor,

Plasmodium vivarr Plasmodium falciparunfdQ]; viral diseases such as in Simian

Human Immunodeficiency Virus Encephalif#l] and viral acute respiratory infection

in healthy adults, mainly those caused by Influenza V#2k

Of paramaint importance, CXC10 oveexpression has been observed in-non

i nfectious neuronal di seases lininkeetioudl z h e
diseases likéllV -associated dementjd3]. Furthermore, different studies showed that

the overexpression of CXCL10 leads to apoptosis in fetal neufédpthat is triggered

by intracellular Ca(2+) elevation activating casp@send caspasg[43]. CXCL10 has

also been stromgimplicated in GuillainBarré syndrome pathogenepid]. Thus, we

hypotheszethat thehigh elevatiors of CXCL10 in ZIKV patientamaycontribute to
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neuronal damagaffecting the developing fetal brain and potentially targeting

peripheral nervem Guillain-Barré syndrome as welConsistent with this hypothesis,

Kam et al. specifically identified high&vels of CXCL10 in ZIK\infected patients with
neurological complications compared to those without and higher levels of CXCL10 in
ZIKV -infected pregnant women carrying babies with fetal growth associated
malformations.

High levels of CXCL1thave beemreviously described at acute and convalescent
phags, with more prominent expression at the I§8rUnfortunately,although our

data strongly suggest CXCL10 as a biomarker of ZIKV acute infection, we were unable
to perform a londgudinal analysis to verify its kinetics across differstaiges of the
diseaseto further confirm whether the concentrations of this chemokine would be down
or upregulatedln addition CXCL10elevationis alsoobservedn pre-eclampsia and
hypertenson found inpregnancy resuhg in a range of fel injuries, including

intrauterine growth retardation and neurological damage induced by hypb;d4é]

Thus,it is reasonable tseuggesthat ZIKV-induced inflammation mayncreasdetal

injuries

CXCL10 may also be an important therapeutic tajdf@f For example, CXCL10
neutralization by specific antibodies or genetic deletion in CX@kifice protected

against cerebral malaria infection and inflammaiir]. Passive transfer of anti

CXCL10 antibodies reducedflammatory leukocyte recruitment across the blood brain
barrier. Furthermore, statin medications commonly used for cholesterol control have
been shown to decrease CXCL10 and to be
diseasg48].

Finally, we describe the relationship between the timing of viremia and cytokine

elevations. Te acute phase of ZIKV infection lasts around five d49$ This study
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370 assessed the acute phase biomarkers and viral titers at diffierepbints(until day
371 5). Augmented levels of CCL4, CCL2, CCL5, CXCL5, CXCL10,6LIL-4, PDGF,
372 and GCSF immunomodulators wer@bserved at all timpoints The peak of viremia
373 atDay?2andDay4,was accompanied by increased Falfevels.Instead the 1L-10
374 elevation appeared to be directly relatethlowestvirus titers(Day 3 and ay5),
375 while the highest levels of HL2 were foundt Day 5. These findings allow us to
376 deduce that the acute phase of ZIK\¢haracterizednainly by aninnateimmune
377 systeminflammatory response, with the overlap of the inflammaleoynarkersand

378 viremia paks and antinflammatory response coincidingth viremia decay.

379 Altogether, this study identifies unique characteristichefcute inflammatory and

380 multifactorial immune response induced by Zle¥d depict€XCL10 as a potential
381 biomarker of the acatinfection perhaps, a predictor of severity. Nevertheless, further
382 longitudinal studies that measure the host immunopathological aspsetesd! time

383 points is required to better charactemlehe immunological factors involved in the
384 Zika diseaseThe elevated concentrations of serum biomar&bserved in this study,
385 may bring new insight® the ZIKV immunopathology puzzle.
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Table 1. Demographical aspects, clinical records and virologitaius

of ZIKV -infected patients

Parameters All Females Males p
Non-infected controls
n 100 46 54 NA
29.0 28.0 29.5
Age (years) (23-36) (23-36) (23-36) 0.58
ZIKV-infected patients
n 54 29 25 n.a.
375 38.0 37.0
Age (years) (29-48) (27.5-46.5) (30-50) 0.79
25 2.0 3.0
Days of symptoms onset (2-4) (1-4) (2-4) 0.32
Rash 95.0% 94.4% 95.5% 1.00
Fever 85.0% 66.7% 100.0% 0.005
Myalgia 82.5% 83.3% 81.8% 1.00
Conjunctival hyperemia 75. 0% 66.7% 81.8% 0.30
Pruritus 70.0% 66.7% 72.7% 0.73
Headache 65.0% 66.7% 63.6% 1.00
Arthralgia 60.0% 72.2% 50.0% 0.20
Joint swelling 25.0% 33.3% 18.2% 0.30
Vomiting or nausea 25.0% 33.3% 18.2% 0.30
Diarrhea 17.5% 27.8% 9.1% 0.21
Lymphadenopathy 12.5% 11.1% 13.6% 1.00
N 2.9 2.9 2.9
Viremia (2.8-3.0) (2.8-3.0) (2.8-3.0) 0.86

Data are reported as median and Interquartile Range (IQR) fodage of symptoms

onset and viremia. Statistical differences were assessed by Mérimey test.

Comparative analysis of clinical records observed in females and males was carried out

by Fisher's exact test. Significant differences were considered at p<0.05 for

comparisons betvem femalesvs males and are underscored bwld/underlined

format. Viremia is expressed as 1/Ct*100 as dbserid

not applicable.

n
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581 Table 2. Serum Chemokines, Cytokines and Growth Factors Early After
582 Zika Virus Infection in Adult Females and Males
Females (F), n=29 Males (M), n=25 Score

Analytes p (1) P @) p(3) ZIKVINI

NI ZIKv NI ZIKv PE—
CXCL8 (0.5(2?17. - (1.527'_23?26) 0.0001 (0'7%_9593) (1'13_33?11) 00018 05669 26 2.3
CCLIL  gae7222) (aozetsy 0% (0622520 (20116695 OO 03488 30 26
S (0.4()i-5:86) (o.slchfsz) gl (0.4%?15.13) (0.6%07) 00469 00205 19 14
CCL4 (4.5;?2.20) (18.%.67) 0.0001 (3.7%?94.79) (12.%.64) 00001 00162 4.0 34
o i Rl O iy hBa o ows 1o s
ccLs (3139% © 4.%.00) 0.0001 (9.8137_23270) (23.%.81) 00001 00001 55 20
CXCL10 (122?23 a3 (32;;51128’ 4o7) 0.0001 (103%292) ég:;g;)- 00001 01030 307 205
IL-1b 02009 056119 097  (ozoio0)  (oeiaie O8I 05374 18 15
IL-6 00057  ©63100) 0001  ooGes  (osriggy 00001 01944 27 29
TNF-a (6.13;;820) (25.222471.08) 0.0001 (6.415%)28.62) (15.(%2:?&.84) 0.0015 01101 37 27
IL-12 (0.511-2;30) (0.2%?566) 0.0554 (0.916?;17) (0.0%?308) 0.0001 0.189% 05 0.2
IFN-g (9.613‘}.29154) (26.33:22.65) 0.0001 (14.%2;3.31) (232%;97) 00035 04283 21 13
IL-17 (2_231?74_53) (6_27%3_02) 0.0001 (2_5%?67_ @ @ 4%15) 00114 00092 21 17
IL-1Ra (ar2es) (4056559 O (@onaei3  (@orraisi 0001 03623 40 45
IL-4 020039 (055085 0% (017041  (0ssoge 0001 0680 30 28
IL-5 (1.63;-156.02) (0.41(5-51().61) 0.0001 (2.0%75935) (1.017'-3fel) 0.0001 05792 05 03
IL-9 (1.129'-2:11) (1.63;—150.72) 0.0783 (1.5%—64'369) (l.lléf1:§2.83) 0.0837 00518 14 05
IL-10 076539  (es822 01 (&imon  ssaany 05478 0971 12 12
IL-13 (0.3%-715.34) (0.2%1?.57) 0.0135 (0.8%?557) (0.3%:?57) 0.0001 03634 06 06
FGF-basic (1.011'?;1 " (3.74%54.27) 0.0001 (1‘2%_2;73) (2.1:%?.2 y 00468 00014 24 14
FADElr (1235?5985) (61:(L3’-(.‘)l:!-§33) 0.0001 (192?203) (4168-?578) 0.0001 0.3670 28 3.2
VEGF (1.7%?637.29) (4.121233) 0.0001 (2.13;-740.97) (3.62%2.21) 0.0005 05668 23 17
G-CSF (10izss)  (@ans0s) OO0l (110395  asye 00001 0200 32 27
GM-CSF (0.5%?27.00) (3.(%64) 0.0001 (0.514'-325.16) (1.7%91) 00003 00256 44 21

24



583
584
585
586
587
588
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590

5901
592

593

594

595

596

597

Data are reported as median levels (IQR) in pg/@tatistical analysis was performed by Mann
Whitney test and significance reported as p(1), p(2) and p(3) values for comparisons betwsen NI
ZIKV females, NI vs ZIKV males and ZIKV femalesvs ZIKV males, respectively. Significant
differences between NIsvZIKV are underscored ipold format. Differences between ZIKV females
ZIKV males are highlighted byold-underlined format. No significant differences were observed
between NI femaless NI males. Score represents the fold change (anahg@ian value in infected

patient divided by analyte median value in controls) segregated by gender.

‘ Fig 1. Immunological biomarkers correlations with the results of routine laboratorial tests, age, viremia, and symptoms
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Fig 1. Immunological biomarkers correlations with the results of routine
laboratorial tests, age, viremia, and symptomsT he nonparametric
was applied to evaluate multiple correlations between immunological biomarkers and
the results of routine laboratorial tests. A color map matrix was plotted showing the

strength and direction of these correlatiorks Ijlue to +1 red). Strongly supported
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correlations (p < 0.05) between immunological biomarkers and routine tests are

highlighted in the inserted table.

Fig 2. Panoramic Overview of Serum Chemokines, Cytokines and Growth Factors Early After Zika Virus Infection in Adults ‘
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Fig 2. Panoramic Overview of Serum Chemokines, Cytokines and Growth Factors
Early After Zika Virus Infecti on in Adults. Serum biomarkers (CXCL8, CCL11,
CCL3, CCL4, CCL2, CCL5, CXCL10, H1 b , -6, TNFU, -12, IFN-g, IL-17, IL-
1Ra, IL-4, IL-5, IL-9, IL-10, IL-13, FGFbasic, PDGF, VEGF, &€SF and GMCSF)
were measured in Zika virdsfected patients (ZIKV=m, n=54) and noiinfected
subjects (NI=3, n=100) by high performance Luminex-fléx assay as described in
methods. Data expressed as pg/mL are displayed in box and whisk&r g&fcentile)
plots. Comparative analysis betweenWslZIKV was performed § MannWhitney test

and significant differences at p<0.05 underscored by connecting lines. Colored
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backgrounds highlighted increased (light gray), decreased (dark gray) and unaltered

(white) levels of serum biomarkers in ZIKV as compared to NI.
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Fig 3. Rhythms of Viremia, Chemokines, Cytokines and Growth Factors Early After
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Fig 3. Rhythms of Viremia, Chemokines, Cytokines and Growth Factors Early
After Zika Virus Infection in Adults. Crosssectional followup of viremia and serum
biomarkers was carried out in Zika virirdected patients categorized according to the
time (days) uporsymptoms onset (D1, n=11; D2, n=13; D3, n=10; D4 n=09 and D5
n=05). Viremia (1/CTx 100) displayed a bimodal profile with similar waves at D2 and
D4 (gray panel). Distinct patterns were identified for clusters of biomarkers as they
displayed kinetic curveshaping a bimodal wave at D2 and higher wavddt D4
(panel A, for CCL5, TNFU, -t B.N7 and GCSF); a bimodal profile with similar
waves at D2 and D4 (panel B,-ILb a f13); a wave at D2 and a valley at D3 (panel

C, CXCL8 and CCL2); a midpoirnwave at D3 (panel D, H12, IL-10 and VEGF); an
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unimodal valley at D3 (panel E, CCL3, CXCL10-6Land FGFbasic); a valley at D4
(panel F, CCL11, CCL4, H1Ra and IE4) or an unique pattern (panel G35l IL-9,
PDGF and GMCSF). Data are displayed as lghb maximum equalized median values

of the serum concentrations (pg/mL) for each biomarker.

Fig 4. Kinetics of Viremia, Serum Chemokines, Cytokines and Growth Factors Early After Zika Virus
Infection in Adults
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Fig 4. Kinetics of Viremia, Serum Chemokines, Cytokines and Growth Factors

Early After Zika Virus Infection in Adults. Crosssectional analysis of viremia and
saum biomarkers was performed in Zika viim$ected patients categorized according

to the time (days) upon symptoms onset (D1, n=11; D2, n=13; D3, n=10; D4 n=09 and
D5 n=05). Data expressed as pg/mL are displayed in box and whiskeg9 (10
percentile) plat. Multiple comparisons amongst distinct tip@nts upon symptoms
onset were performed by Kruskdla | | i s f ol | o w eabt abdysigndicamt n 6 s

differences at p<0.05 underscored by D1, D2, D3 and D4 as they correspond to specific
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time-points. Compaative analysis with neinfected controls (NI) was also carried out

at each timgoint by MannWhitney test and significant differences at p<0.05
underscored by asterisks (*). Reference ranges for each biomarker were established as
interquartile ranges (3575" percentiles) observed in NI (dashed lines). Distinct
patterns were identified for clusters of biomarkers as they displayed kinetic curves
shaping a bimodal wave at D2 and higher wavdaf D4 (CCL:5, TNFU , -t {47

and GCSF); a bimodaprofile with similar waves at D2 and D4 L. b a fl8); al L
wave at D2 and a valley at D3 (CXCL8 and CCL2); a midpoint wave at D3ZJILL-

10 and VEGF); an unimodal valley at D3 (CCL3, CXCL10;6lland FGFbasic); a

valley at D4 (CCL11, CCL4, H1Ra andL-4) or an unique pattern (ig, IL-9, PDGF

and GMCSF).
Fig 5. General and Timeline Biomarkers upon Symptoms Onset Early After Zika Virus Infection in Adults
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652 Fig 5. General and Timeline Biomarkers upon Symptoms Onset Early After Zika

653 Virus Infection in Adults. Biomarker signatures of NI=J) and ZIKV (@) were

654 constructed as described in methods. Ba¢epresented in radar charts as the proportion
655 of subjects with serum biomarker levels above the global population median values (NI
656 plus ZIKV). Biomarkers with levels above the global median in more than 75% of
657 subjects were highlighted by asterisks (Fhe Venn diagram shows the intersections
658 with common attributes as well as selective biomarkers along the timeline of symptoms
659 onset (Day 1; Day 2; Day 3; Day 4 and Day 5). Venn diagram report summarizes
660 selected attributes with patterns labeled as (a)eusal; (b) peak of viremia; (c) valley

661 of viremia or (d) late biomarkers (inserted table).

662
Fig 6. Timeline Biomarker Networks Early After Zika Virus Infection in Adults
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664 Fig 6. Timeline Biomarker Networks Early After Zika Virus Infection in Adults.

665 Systems integrative biology analysis of attributes was assembled using Cytoscape
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software platform to build circular nodal network layout for each {omi@t upon Zika
virus infection day 1 (D1) up day 5 (D5)
Significance was considered at p<0.05. The timeline of networks is displayed aar circul
layouts to characterize the interaction along the early-piomets. Colored nodes were
employed to identify chemokines (CH), grdlammatory cytokines (PI), regulatory
cytokines (RG) and growth factors (GF). Connecting edges were drawn to underscore
the association between attributes, classified as positive (solid line) or negative (dashed

line).

Fig 7. High-dimensional Data Analysis Early After Zika Virus Infection in Adults.
Machinelearning highdimensional data approaches were applied to further explore and
identify feasible criteria applicable for the clinical follayp of Zika virus infection. (A)

Heatmap panels were built to verify the ability of attributes to segredigié(Z ) and
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