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ABSTRACT 

ZIKV is a 11Kb positive stranded flavivirus transmitted by infected Aedes aegypti and by 

sexual intercourse. After a short period of viremia of 5-7 days, the virus is cleared, and 

infection resolved in 80% of individuals. However, around 27% of the fetuses from 

pregnant infected mothers may develop several fetal brain and ocular pathology. Here we 

show that murine and peripheral blood human neutrophils support ZIKV infection and 

replication both in vitro and in vivo, which may correlate to the facilitation of vertical 

transmission. ZIKV did not interfere with cell viability, neither induced ROS production 

nor the release of NETs by infected neutrophils. Also, ZIKV infection of neutrophils did 

not trigger a pro-inflammatory profile, as evidenced by qPCR and proteomic analysis. 

Interestingly, ZIKV-infected neutrophils were isolated from the placenta were highly 

infected. The transference of in vitro ZIKV-infected neutrophils to pregnant female mice 

favored the transference of viral particles to the fetus. Conversely, neutrophil depletion 

with monoclonal antibodies reduced fetal viral loads whereas the treatment with 

recombinant G-CSF has the opposite effect. In summary, although it has already been 

shown that circulating monocytes harbor ZIKV, to our knowledge, this is the first report 
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demonstrating the role of neutrophils during ZIKV infection, and most important, that it 

may act as a trojan horse to placental tissue directly impacting the pathogenesis of 

congenital syndrome. 

INTRODUCTION 

 Zika virus (ZIKV) is a 11Kb positive-stranded RNA enveloped flavivirus 

transmitted by the Aedes egypti(1) mosquito bite. In 2015, an outbreak started in Brazil 

causing soon spread to more than 90 countries worldwide causing a serious public health 

crisis leading the WHO to declare state of emergency of international concern(2). ZIKV 

is able to cross both placental and fetal blood brain barriers, reaching fetal brain tissue 

and causing significant death and early differentiation of neuronal precursor cells 

(NPCs)(3–6). Clinically, the ZIKV congenital syndrome (ZCS) is characterized by 

microcephaly, cortical atrophy, brain calcification, ventriculomegaly, taquigyria, 

associated or not to arthrogyposis and retinal, as reviewed(7-8). Although much has been 

discovered about the biology of the virus in the human host, still some gaps need to be 

fulfilled, specially concerning the mechanisms that orchestrate resistance or susceptibility 

to infection and neuropathology.  

 Neutrophils are the most abundant and one of the most important cells of the 

innate immune response, comprising around 50-70% of human peripheral blood cells(9). 

Neutrophils are involved in many diseases, from sepsis to cancer, autoimmunity and also 

viral infections, as Chikungunya(10) and SARS-CoV2(11). It has phagocytic and lytic 

capacity especially against extracellular bacteria and it may recognize many different 

pathogens, either by Toll-like receptors (TLRs) and RIG-like receptors (RLRs)(12). 

Intracellular killing mechanisms involve proteolytic enzymes, antimicrobial peptides, 

reactive oxygen species (ROS) and reactive nitrogen intermediates (RNI), as reviewed(9). 

It is recruited from the bone marrow after differentiation by GM-CSF and is capable of 
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easily infiltrate tissues due to the expression of many chemokine receptors, mainly 

CXCR2 and its ligand IL-8/CXCL8, which plays a key role in neutrophilic chemotaxis 

during infections(13). Neutrophils may also undergo active cell death followed by 

chromatin decondensation and the release of DNA extracellular traps that actively destroy 

and trap pathogens(14). This phenomenon is called NETosis and may be both dependent 

and independent of ROS production(15). Also, as the first to invade damaged tissue, 

neutrophils actively secrete chemokines to recruit more inflammatory cells(16). 

 The relevance of neutrophils during viral infections have recently gained 

attention, as they play important roles during infection with viruses of the families 

Flaviviridae, Togaviridae, Orthomyxoviridae and Retroviridae(16–20). More interesting, 

they may either act on viral clearance (18, 21, 22), or as a reservoir for virus replication 

and dissemination (18–20). It has been demonstrated increased neutrophil counts during 

varicella zoster, Herpes simplex virus (HSV)(23), West Nile virus (WNV)(18) and 

influenza (PR8H1N1) virus infections(22). Corroborating this, the treatment with anti-

Ly6G depleting antibody resulted in increasing viral loads in lungs and nasal fluid 

compared to controls of H1N1 infected mice(24). Also, neutrophil alpha-defensin may 

directly impair HSV-1/2 replication(25). Respiratory Syncytial Virus (RSV) induces the 

release of extracellular DNA traps that causes obstruction of the airways(26). This 

evidences the complex role of neutrophils in containing viral replication but also 

contributing for the pathogenesis of the infections.  

 On the other hand, some viruses may subvert neutrophils effector mechanisms, 

favoring viral persistence. For instance, human neutrophils are induced to live longer 

during cytomegalovirus (HCMV) infection. In fact, CMV genome codes for vCXCL-1, 

an analog of CXCL1 that recruits neutrophils to the site of infection and favor viral 

dissemination and pathogenesis (27). Concerning flaviviruses, Dengue virus (DENV) can 
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also infect and replicate in neutrophils(28), whereas the brain pathology caused by WNV 

correlated with neutrophil hijacking(18). The role of neutrophils during ZIKV virus 

infection and ZCS has not been elucidated. 

 Here we show that both murine and human neutrophils are target for ZIKV 

replication in vitro and in vivo without interfering in their viability. More interesting, 

ZIKV infection did not induce ROS production neither the release of NETs. We also 

demonstrate that infected neutrophils may seed ZIKV to the placental and other tissues, 

favoring vertical transmission and pathology in mice. Conversely, this is corroborated 

after ZIKV infection in the presence of Aedes egypti saliva, a known recruitment factor 

for inflammatory cells to the bite site(29). Altogether, our data evidence the importance 

of neutrophils as possible viral factories during ZIKV infection that may act as trojan 

horses, transporting the virus to other organs, as brain and placenta. To our knowledge, 

this is the first report demonstrating the importance of neutrophils for ZIKV infection and 

vertical transmission. 

RESULTS 

ZIKV Infects and Replicates in Murine Neutrophils 

To address whether ZIKV infects neutrophils we started by isolating bone marrow 

neutrophils from C57BL/6 and SJL mice and infected in vitro with ZIKV Brazilian strain 

BeH815744. Besides the anti-E protein, positive (gRNA) and negative (agRNA) ZIKV 

RNA genome were detected in neutrophils of both strains C57BL/6 (Fig 1A) and SJL 

(Supplementary Fig 2A) after 20 hours of infection. Corroborating this, ZIKV replication 

in neutrophils occurs as evidenced by PFU detection on the supernatant of ZIKV-infected 

neutrophils cultured for 48 hours (Fig 1B and Supplementary Fig 2B). Peak replication 

occurred 6 hours post infection (hpi) and progressively decreased until the end of the 

experiment. Consistently, ZIKV RNA was also detected in the cell lysates at 6 and 18 hpi 
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(Fig 1C). The decrease in ZIKV particles releasing over the time is concomitant to the 

progressive cell death observed (Fig 1D and Supplementary Fig 2C). Interestingly, ZIKV 

infection did not change the viability of the cells compared to control (Fig 1D and 

Supplementary Fig 2C). Next, we addressed whether ZIKV would impair the neutrophil 

capacity of ROS production. As expected, neutrophils activated with PMA highly 

produced ROS, whereas ZIKV infected cells had ROS production at levels similar to the 

controls for 6 hours period in luminol oxidation assay (Figure 1E). This was corroborated 

by the decreased DCFDA+ cells from both C57BL/6 (Figure 1F) and SJL (Supplementary 

Fig 2D). In fact, ZIKV infection caused a slight decrease in the capacity of neutrophils to 

produce ROS in response to PMA, although only in the frequency of positive cells (Fig 

1F). Additionally, observed that ZIKV decreased the phagocytic capacity of neutrophils 

evidenced by reduced Dextran-FITC uptake (Fig 1G). Next, to confirm the overall 

reduced neutrophilic activation during ZIKV infection, we evaluated the expression of 

genes related to host antiviral response, cell metabolism, neutrophil activation, 

degranulation and flavivirus cell attachment and invasion at 6 and 18hpi (Fig 1H and 

Supplementary Fig 2E and 3). Consistently, ZIKV did not change the expression of most 

of the genes analyzed, with reduction only of Lcn2 (Fig 1H and Supplementary Fig 2E) 

and slightly of Glut1 expression (Fig 1H and Supplementary Fig 3C) in C57BL/6 

neutrophils. After 18 hours, ZIKV infection increased the expression of Ifnb1, Nos2, Tnf-

α and Axl with the recovery of Lcn2 and Glut1 expression (Fig 1H and Supplementary 

Fig 3). Unexpectedly, the expression of most genes analyzed in SJL neutrophils after 9 

hours of infection did not change besides an increase of Ifnar2 (Supplementary Fig 2E). 

Further, as ZIKV is extremely susceptible to type I IFNs, and infected C57BL/6 

neutrophils showed increased expression of Ifnb1 without changing Ifnar2 mRNA, we 

sought to evaluate the protein expression of type I IFN receptor 1 (IFNAR1) as well as 
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the expression of other activation markers by flow cytometry. Confirming PCR finding, 

despite the increased expression of Ifnb1, in vitro infected-neutrophils showed no 

difference in the expression of CD80, CD86, MHC-I and II and IFNAR1 (Supplementary 

Fig 4).  

ZIKV Infects and Replicates in Human Neutrophils and Does Not Induce NETs 

Release 

 To further corroborate our findings in murine neutrophils we used human 

peripheral blood neutrophils from healthy donors. Consistently, ZIKV E-protein, gRNA 

and agRNA ZIKV genome were detected in human neutrophils (Fig 2A). We confirmed 

that by the detection of endosomal viral factory of ZIKV particles inside neutrophils by 

electron microscopy (Fig 2B black arrow). Consistent to the results with murine cells, 

ZIKV infection of human neutrophils also released infective viral particles (Fig 2C) and 

significantly reduced their phagocytic capacity (Fig 2D). Consistently, a slight increase 

of IFNAR2 and NOS2 was observed in ZIKV-infected neutrophils 9 hpi, whereas no 

differential expression in genes related to neutrophil activation and degranulation, as 

AZU1, DEFA1, LCB2 was detected (Supplementary Fig 5).  

 Next, we evaluated whether ZIKV was able to induce NETs release by neutrophil 

elastase (NE), histone H2A/H2B and DNA staining. After PMA exposure, histone 

H2A/H2B and DNA and NE could be detected spread in the cultures instead confined 

into the nucleus and granules, respectively (Fig 3A and B). Interestingly, ZIKV infection 

did not induce NETs release, evidenced by no signal of extracellular histone H2A/H2B 

and the intact structure of NE granules and nucleus similarly to control group (Fig 3A and 

B). Next, aiming to evaluate if ZIKV actively blocks NETs release, neutrophils were 

exposed to heat inactivated ZIKV (iZIKV) for 4 hours. No NETs were detected (Fig 3A). 

We also checked the ability of infected cells to release NETs after PMA stimulation in 
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the presence of ZIKV or iZIKV exposure. The release of NETs after PMA stimulation in 

ZIKV+PMA, iZIKV+PMA and PMA alone was quite similar, despite a slight reduction 

of histone H2A/H2B in ZIKV+PMA and iZIKV+PMA (Fig 3A and B). We also 

confirmed that infected human neutrophils did not induce ROS production assayed by 

luminol oxidation for 3 hours (Fig 3C). Altogether, our results confirm that ZIKV infects 

and replicates in neutrophils without interfering with cell viability and without the 

induction of NETs release, although phagocytic activity was slightly decreased. 

Neutrophils are important for ZIKV infection in vivo 

 Next, we evaluated whether neutrophils are relevant during ZIKV infection in 

vivo. For that, we infected C57BL/6 IFNAR1-/- mice with ZIKV and 24 hours later 

peripheral blood neutrophils were isolated for ZIKV qPCR. Corroborating our data in 

vitro, E- protein, gRNA and agRNA were detected by prime flow (Fig 4A) and qPCR 

(Fig 4B). As expected, we confirmed that PBMCs were also infected, as previously shown 

(45) (Fig 4B).To further confirm the biological relevance of neutrophils during ZIKV 

infection in vivo, we treated IFNAR1-/- mice with anti-Gr1 or anti-Ly6G antibody to 

deplete monocytes + neutrophils and neutrophils, respectively, prior to infection with 

ZIKV. As expected, twenty-four hours later, lower viremia was detected in mice depleted 

of neutrophils and monocytes (Fig 4C), as well as in neutrophils-depleted mice (Fig 4D), 

although in lesser extension. To further confirm this finding, IFNAR1-/- mice were treated 

with rHu G-CSF (Filgrastim®) to increase the number of circulating neutrophils. In fact, 

increased neutrophil counts correlated with higher viral titters compared to controls (Fig 

4E). 

 The recruitment of immune cells and the microinflammatory niche caused by the 

mosquito bite and saliva inoculation may improve viral infection, replication and 

dissemination in vivo(16). Noteworthy the fact that neutrophils are the main cells 
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recruited to the skin after mosquito bites(46). Thus, we sought to evaluate whether the 

saliva from the ZIKV vector Aedes aegypti would play a role in facilitating infection in 

mice. For that, adult IFNARI-/- mice were infected in the footpad with ZIKV alone or in 

the presence of Aedes aegypti saliva (Supplementary Fig 6A). Corroborating our 

hypothesis, we observed increased viremia in the saliva group at 24 hpi although no 

differences were observed in the paw, spleen, brain, liver and cells from the blood 

(Supplementary Fig 6B-G). 

ZIKV-infected neutrophils may disseminate virus to the placenta 

Next, we sought to evaluate whether infected neutrophils can seed viral particles 

to the placenta and thus, playing an important role on the pathogenesis of CZS. As 

depicted (Fig 5F), bone marrow neutrophils were isolated and infected in vitro for 1 hour. 

Then, non-internalized viral particles were washed out and the cells transferred 

intravenously to pregnant IFNARI-/- mice at embryonic day E13. To dissect transferred 

from host neutrophils, cells were stained with Carboxyfluorescein succinimidyl ester 

(CFSE). Mother and fetus’s tissues were evaluated 24 hours later (E14). ZIKV was 

detected in all mother tissues analyzed, as brain, liver, bone marrow and spleen (Fig 4G). 

More interesting, ZIKV was abundantly detected in the placenta and head of the pups 

(Fig 4H). Moreover, we confirmed the presence of the transferred neutrophils in the 

blood, spleen, and placenta (Fig 4I). These results evidence that ZIKV-infected 

neutrophils are present in the circulation and the placenta and that they may facilitate the 

dissemination of viral particles to fetal tissues. 

Murine placental neutrophils are infected but not activated  

 To confirm our previous data on the transference of neutrophils infected in vitro, 

we analyzed the frequency of neutrophils (CD11b+Ly6G+) and macrophages 

(CD11b+Ly6G-) in the placenta of IFNAR-/- mice. As expected, both populations are 
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present during all time points analyzed and their frequencies were similar during the time. 

However, whereas the peak of neutrophils frequency was at E18-19, absolute numbers 

peaked on day E16-17 (Supplementary Fig 7). This agreed with monocytes, although 

frequency decreased from E11-12 to E18-19 (Supplementary Fig 7). 

Next, we analyzed the placentas of IFNAR1-/- ZIKV-infected pregnant mice on 

E17 more profoundly. As expected, ZIKV infection significantly increased neutrophil 

frequency in the placenta (Fig 5A and B). Moreover, to address whether these cells were 

infected, we cell sorted neutrophils (CD11b+Ly6G+) and macrophages (CD11b+ Ly6G-) 

from the placentas and proceeded ZIKV RNA quantification. Consistent with previous 

findings, placental neutrophils harbor significant amount of virus, comparable to 

CD11b+Ly6G+ macrophages (Fig 6C). Differently from neutrophils infected in vitro, we 

also observed that placental neutrophils from ZIKV-infected mice had higher levels of 

antigen presentation markers as MHC-I (Fig 5E), MHC-II (Fig 5F), CD80 (Fig 5G) and 

CD86 (Fig 5H).  

Considering that neutrophils from placenta were highly infected, we sought to 

evaluate their proteomic profile by sorting CD11b+Ly6G+ cells and submitting to 

proteomic analysis. Interestingly, of a total of 192 proteins identified (Supplementary Fig 

8), only 12 were only slightly differentially expressed between control and ZIKV-infected 

placental neutrophils (p<0,05) (Fig 5D). 10 proteins were upregulated, whereas 2 were 

downregulated in ZIKV-infected neutrophils (Fig 5D). This seems consistent with our 

data of in vitro infected neutrophils evidencing an absence of a significant translational 

activation of these cells despite the increase in antigen presentation molecules. 

Human placenta datasets evidence enrichment of neutrophil related genes with 

downregulation of activation markers 
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As previously shown, around 80% of CD45+ cells in the ZIKV-infected human 

placenta are neutrophils (47). To correlate our findings in mice with human samples, we 

compared data sets of CD45+ cells from placentas of healthy and ZIKV-infected women 

in the first trimester of pregnancy. We focused on the expression of genes related to 

neutrophil function, activation, and degranulation. Corroborating our findings, we found 

that all these genes were significantly downregulated in ZIKV-infected placenta 

(Supplementary Fig 9A). Conversely, gene ontology (GO) analysis of downregulated 

genes in ZIKV-infected placenta showed enrichment of genes of immune response 

pathways, such as leukocyte, granulocyte and neutrophil activation and degranulation and 

cytokine-mediated signaling (Supplementary Fig 9B). Moreover, viral infection 

processes pathways such as viral gene expression e transcription were also enriched as 

downregulated genes (Supplementary Fig 9C). Altogether, these analyses showed that 

ZIKV infection promote downregulation of genes related to immune response and 

neutrophils function in the placenta, although also downregulates viral infections 

processes. 

To further confirm this correlation, we compared our proteome analysis of murine 

placental neutrophils with the same RNAseq data set from the CD45+ cells of ZIKV 

infected human placentas (Supplementary Fig 9). In fact, we can observe that there is a 

significant convergence of molecules downregulated in both conditions, although with 

slight difference in the level of expression (Figure 6A). More interesting, GO analysis 

evidences the downregulation of several cellular activation processes, as cell-extracellular 

matrix interactions, signalling by Rho GTPases, Rho GTPases effectors and antimicrobial 

peptides (Figure 6B) as well as several secretory pathways, as secretory granule lumen, 

secretory vesicle, cytoplasmic vesicle, and many others. These data indicate that despite 
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neutrophils are abundant and infected in placental tissues of ZIKV patients, they seem 

not to be activated, but rather, suppressed or modulated.  

Finally, as IL-8/CXCL8 has a key role on neutrophils recruitment (13) and 

inflammatory cytokines are important during arbovirus infection, we sought to 

determinate cytokine levels in ZIKV patients and compared to CHIKV patients and 

control subjects. Using the inflammatory CBA kit we detected IL-1β, IL-6, IL-8, IL-10 

and TNF-α. As expected, high levels of IL-8 and IL-6 were detected in both infections, 

although ZIKV-infected patients showed higher IL-8 levels. Interestingly, the opposite 

was observed for IL-6 (Fig 6D). IL-10 was increased in both infections. No differences 

were observed for IL-1β, IL-10 and TNF-α between ZIKV- and CHIKV- infected subjects 

(Fig 6D). 

DISCUSSSION 

ZIKV as well as many other flaviviruses represent a great threat for human health. 

The outbreak of Zika virus started in Brazil in 2016 and put the world in state of concern, 

as declared by WHO on February 1st. The virus was soon correlated with a skyrocketing 

increase of babies born with microcephaly, as well as adults diagnosed with Guillain-

Barré Syndrome(7) and other neurological features(48). Currently, Brazilian public 

health system supports around 3200 microcephaly babies, in addition to many more with 

visual or auditive impairments. Although the crisis has ended, it is indispensable that 

scientific research continues for a better understanding of the pathogenesis of CZS and 

the development of therapeutic interventions.  

Here we show that neutrophils are important cells for the biology of ZIKV 

infection, and possibly for the pathogenesis of the CZS. Although the function of 

neutrophils against fungi and bacterial infections is well stablished (49, 50),  their role 

during viral infections has been neglected for a long period, but has recently gained 
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attention (11, 19, 51). The antiviral activity of neutrophils is controversial, as it may be 

beneficial to the host, as in herpes simplex(23), Marburg and Ebola virus(52) infections, 

or detrimental, as in CHICKV (10), WNV(18), Yellow Fever Virus (YFV)  and even 

SARS-CoV2(11). The main reason is because neutrophils may be hijacked by viruses, 

supporting their replication and dissemination(18–20), or because their effector 

mechanisms when exacerbated may lead to tissue damage (10, 11, 27). This evidences 

the complexity of neutrophil function during viral infection and the need for further 

investigations. 

Mosquito’s saliva is composed of several molecules, including NeSt1 protein 

(neutrophil-stimulating factor 1) that potently stimulates IL-1β and CCL2 secretion, with 

further neutrophilic infiltration to the site of infection, promoting viral replication and 

increasing disease severity(16,46,53). Local immune inflammation recruits myeloid cells, 

including neutrophils and macrophages, that may act as virus reservoir and carriers to the 

lymph nodes and other tissues. Corroborating this, we observed that ZIKV infection in 

the presence of Aedes egypti saliva significantly increased viremia in mice. Conversely, 

depletion of circulating neutrophils with monoclonal antibodies anti-Gr1 and anti-Ly6G 

significantly reduced the viral load, whereas the enrichment of the neutrophil population 

after the treatment with G-CSF had the opposite effect. In agreement with that, we 

observed high levels of IL-8/CXCL8, a well-known chemokine for neutrophil 

recruitment, in the serum of ZIKV patients when compared to controls or CHIKV-

infected patients.  

One important difference between the biology of CHIKV and ZIKV infection is 

that CHIKV patients develop severe arthritic responses, with swollen joints and acute 

pain, whereas these symptoms are rarely observed during ZIKV infection. Arthritogenic 

mechanisms rely on the intense release of NETs by neutrophils and low density 
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neutrophils that actively participate not only in the pathogenesis of CHIKV infection but 

also on rheumatic diseases, as systemic erythematous lupus (SLE)(54) and juvenile 

idiopathic arthritis (JIA) (55). Here we show that neutrophils participate differently in the 

pathogenesis of ZIKV infection, i.e., not through the activation of effector mechanisms, 

as NETs release and ROS production, but rather by acting as a trojan horse to the placental 

tissue.  

Here we suggest that, in addition to CD16+ monocytes(45), neutrophils also exert 

important function for ZIKV dissemination in vivo. It is noteworthy that the frequency of 

neutrophils in the blood of humans and mice is very different. While in human blood 

neutrophils comprise about 50-70% of leukocytes, in mice this percentage drops to 10-

25%(56). Despite these differences, neutrophils are target of ZIKV infection in both cases 

which may indicate that the importance of neutrophils for human infection is even higher. 

By using anti-Gr1 antibody prior to infection, depleting both neutrophils and monocytes 

(57), we observed a drastic reduction in viremia, which shows us that both cell 

populations are relevant for viral replication. To test neutrophils specifically, we used 

anti-Ly6G antibody, and we also observed a reduction in viremia, although in lesser 

extent. Furthermore, pretreatment with human recombinant G-CSF had an opposite 

effect, increasing viremia.  

 Interestingly, DENV hemorrhagic patients express high levels of CD66b, a 

marker for cell activation and NETs formation, associated with high IL-8/CXCL8 levels. 

(28). Conversely, neutrophils from milder disease patients do not produce NETs(28). It 

has been shown that in vitro infection of neutrophils with DENV-2 interferes with NETs 

formation by reducing the expression of Glut-1 and, consequently, the uptake of glucose, 

which is important for NETs release(17). This agrees with our findings, as we also 

observed that ZIKV infection reduced ROS production and NETs release by neutrophils, 
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associated with slightly reduction of Glut1 mRNA and many other activation markers. It 

was also demonstrated that HIV envelope glycoprotein induces high IL-10 levels by 

dendritic cells which is capable of inhibiting NETs formation and ROS production (21, 

58). Accordingly, we observed that despite higher IL-8/CXCL8 plasma concentration, 

ZIKV-infected individuals significantly higher circulating IL-10 than healthy individuals, 

which was also observed in infected women(59). However, IL-10 levels were similar 

between ZIKV and CHIKV patients, indicating that other mechanisms may be present to 

suppress NETs release. Also, interferon stimulated genes (ISGs) Osa, Eif2 were 

downregulated although the expression of Ifnb1 was increased.  No difference was 

detected in the protein expression of the IFN receptor in in vitro-infected neutrophils, and 

neither in peritoneal neutrophils from in vivo-infected mice (data not showed), which may 

significate that post-transcriptional control may take place. 

Furthermore, in vitro infection with ZIKV does not induce the expression of cell 

activation markers, including MHC-I. However, peritoneal (data not showed) and 

placenta neutrophils from infected mice have high levels of CD80, CD86, MHC-I and 

MHC-II, evidencing the influence of the microenvironment on neutrophil activation. 

Worth to mention that our findings agree with the literature, as a high frequency of 

neutrophils were detected in the placentas of ZIKV infected women. Besides, our 

proteomic analysis when compared to published data sets confirm that there is absence of 

neutrophil activation in the placenta, which may support the idea of neutrophils as trojan 

horses.  

One weakness of our study is that we were not able to sample human ZIKV 

infected placentas to evaluate neutrophils. However, we compared the proteome of our 

murine sorted neutrophils from placental tissue with data sets from CD45+ cells obtained 

from from human placenta of ZIKV infected patients. Interestingly, there was a great 
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concordance on the enrichment of genes related to neutrophils, but, most importantly, the 

expression of genes related to neutrophil activation, degranulation and interaction with 

extracellular matrix were downregulated. This may indicate that placenta neutrophils are 

not only inactivated, but they may have been hijacked by ZIKV. In fact, it has already 

been demonstrated that leukocyte count during pregnancy is high(60) as well as that 

healthy pregnancies correlate with reduced phagocytic and oxidative functions of 

neutrophils, probably in order to maintain maintaining immunosuppression and fetal 

acceptance (61). In mice, the recruitment of neutrophils to the placenta correlate with a 

better pregnancy outcome due to the local induction of iTregs. Neutrophil depletion with 

anti-Ly6G during pregnancy not only reduced decidual CD4+Foxp3+ Tregs, but also had 

a high impact on placental and fetal sizes(62). Conversely, it was demonstrated that 

neutrophils comprised up to 80% of CD45+ cells in the placenta of ZIKV-infected 

individuals, which is approximately 20% more than the healthy placenta(47). This may 

be explained by the high expression of IL-8/CXCL8 in the fetal side of the ZIKV-infected 

placenta, promoting the active recruitment of neutrophils. Corroborating this, we showed 

that the transference of in vitro-infected neutrophils to pregnant mouse promotes ZIKV 

vertical transmission, as we detected viruses not only in the placenta, but also in the head 

of the fetuses. Although it has already been well described that ZIKV infects 

macrophages, trophoblasts and Hofbauer cells of placental chorionic villi (63, 64), to our 

knowledge, this the first time that ZIKV were detected in placental neutrophils. In fact, 

our findings agree with a recent description of placental histopathology from ZIKV 

infected women evidencing moderate to intense neutrophilic chorioamnionitis that 

correlated with higher levels of calcifications and bleeding(65). Noteworthy that placental 

bleeding and damage mediated by type I interferons has been implicated in the facilitation 
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of vertical transmission and fetal pathology in mice (66). Whether type I interferons 

derive from placental neutrophils, although plausible, still needs to be determined. 

Altogether, our research brings attention to neutrophils concerning the 

pathogenesis of ZIKV infection, and especially for CZS. To our knowledge, their role as 

a trojan horse to the placental tissue is also a novelty. In this sense, we believe our data 

contributes for a better understanding on the pathogenesis of ZIKV infection, mostly to 

the mechanisms of susceptibility to fetal pathology, and posing neutrophils as important 

players that must be further investigated.  

MATERIALS AND METHODS 

Murine bone marrow neutrophil isolation. 

Neutrophils were isolated from the hind paws bone marrow of C57BL/6, SJL and IFNAR-

/- mice. Red blood cells were removed by hypotonic lysis and to the cell pellet was added 

2mL mL of Percoll® 55%. The gradient was assembled with 5 mL of Percoll® 81%, 

followed by 5 mL of Percoll® 62% and finally, the cells were gently added to the top of 

the gradient. Cells were centrifuged at 24°C, 1200g and without brake for 30 minutes. 

After centrifugation, the neutrophils were collected and resuspended in RPMI-1640 

medium without phenol red (LGC® Biotechnology) with 3% fetal bovine serum (FBS) 

and 1% penicillin and streptomycin (pen/strept). Isolation yielded around 70 - 80% 

neutrophils. All animal procedures were approved by Ethics Committee in Animal 

Procedures of the ICB- USP - CEUA #4714050719. 

Human neutrophils isolation 

Heparinized blood was obtained from healthy volunteers by venous puncture after 

informed consent. Neutrophils were isolated after 6% dextran sedimentation and Ficoll-

Paque Plus (GE Healthcare®) density gradient separation. Cells were centrifuged at 24°C 

at 900g without brake for 20 minutes. Residual erythrocytes were removed by hypotonic 
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lysis, and neutrophils were resuspended in RPMI-1640 without phenol red with 3% FBS 

and 1% pen/strept. Isolation yielded around 95 - 98% neutrophils. All procedures were 

approved by the Ethics Committee of the ICB-USP (#2.612.149). 

ZIKV stock preparation and neutrophil infection 

Zika virus Brazilian isolate (BeH815744(30))  was propagated in C636 cells (ATCC® 

CRL-1660™) and tittered in Vero-E6 cells (ATCC® CRL-1586™) by plaque-forming 

unit assay (PFU). Isolated neutrophils were seeded in 24 or 96 wells plates and infected 

with different multiplicity of infection (MOI) of ZIKV for 1h at 37°C with 5% of CO2. In 

some experiments, ZIKV was heat inactivated at 60°C for 2 hours. After infection, the 

virus was washed out and RPMI-1640 without phenol red with 3% FBS and 1% pen/strept 

was added to the cells and incubated for different time points. 

Plaque forming units (PFU) 

To quantify replicating viral particles, VERO-E6 cells (ATCC® CRL-1586 ™) were 

seeded in 24 well plates with RPMI-1640 medium (LGC Biotechnology®) 2% FBS and 

1% pen/strept. The samples were diluted and added to the culture for 1 h in a CO2 

incubator at 37 ° C. Further, the medium removed and semisolid medium was added (2x 

DMEM high glucose (LGC Biotechnology®) with 3% Carboxymethylcellulose (CMC), 

2% of SFB and 1% pen/strept and incubated at 5% CO2 and 37 °C. Five days later, the 

cells were fixed with 4% formaldehyde (LabSynth®) and stained with 1% Violet Crystal 

(LabSynth®) for plaque visualization. Viral titers were expressed as plaque forming units 

(PFU) per milliliter. 

Reactive Oxygen Species (ROS) detection. 

To detect ROS production, neutrophils were incubated with 10μM of DCFDA (DCFDA 

- Cellular ROS Detection Assay - Abcam®) for 30 minutes. Cells were then centrifuged, 

and the pellet resuspended in RPMI without phenol red with 3% FBS and 1% pen/strept. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2021. ; https://doi.org/10.1101/2021.09.14.460378doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.14.460378
http://creativecommons.org/licenses/by-nd/4.0/


The assay was carried out under different conditions: medium alone, ZIKV (MOI 0.1), 

PMA (50ng/ml) and ZIKV+PMA. After 6h of incubation, the cells were washed and 

analyzed using Attune® flow cytometer (Thermo Fisher®). 

Neutrophil respiratory burst was also measured by monitoring the luminol oxidation by 

chemiluminescence, as previously described(31). Briefly, 105 neutrophils/well were 

seeded in 96 wells plate and incubated under different conditions: medium alone, ZIKV 

(MOI 0.1), PMA (50ng/ml), ZIKV+PMA and iZIKV (MOI 0.1) in the presence of 

luminol (1 mmol) (Sigma-Aldrich®). The chemiluminescence was monitored for 3 hours 

using a microplate luminometer reader (EG&G Berthold® LB96V, Bad Wildbad, 

Germany). The results were expressed as relative light units (RLU) and area under the 

curve (AUC). 

Cell death assay  

Isolated neutrophils (5x105 cells per well) were incubated in three different conditions: 

medium alone, ZIKV (MOI 0.1) or PMA (50ng/ml) in RPMI-1640 without phenol red 

with 3% SFB and 1% pen/strept in a CO2 incubator at 37°C for each timepoint. After 

incubation, the cells were washed with 1X Annexin buffer, and the cell pellet was 

resuspended in annexin buffer with Annexin V-FITC and 7-AAD according to the 

manufacturer's specifications (FITC Annexin V 7- AAD- Thermo Fisher®). Flow 

cytometry was performed using Attune flow cytometer (Thermo Fisher®). All singlets 

were analyzed for Annexin V and the 7-AAD labeling. Analysis was performed using 

FlowJo®. 

Flow cytometry 

After 18 hours of infection, neutrophils were incubated with anti-CD16/32 (clone 93 - 

FcBlock), MHC-I (clone 34-1-25), anti-MHC-II (clone M5/114.15-2), anti-Ly6G (clone 

1A8), anti-CD80 (clone16-10A1), anti-CD86 (clone GL-1), anti-CD11b (clone M1/70) 
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and anti-IFNAR1 (clone MAR1-5A3) in the presence of live and dead (Zombie redTM 

Dye Biolegend) for 30 min at 4 ºC. Next, cells were washed, fixed with paraformaldehyde 

1% and acquired using a Fortessa LSR® flow cytometer (BD Bioscience®). Doublets were 

excluded and the median of expression of CD80, CD86, MHC-I and MHC-II in 

CD11b+Ly6G+ gated cells were analyzed. Peritoneal macrophages from intraperitoneal 

ZIKV-infected mice were used as positive control. Analysis was performed in FlowJo®. 

Immunofluorescence 

Immunofluorescence for the detection of NETs was performed as described by 

Brinkmann et al., 2010(32). Briefly, 2.5x105 neutrophils/well were seeded in 13 mm 

diameter coverslips for 1 h in CO2 incubator at 37°C. Further, cells were infected with 

ZIKV MOI 0.1 and incubated for 1 h. Then, PMA (50 ng/mL) was added as positive 

control for NETs release. After 3 hours, cells were fixed with 4% paraformaldehyde. The 

permeabilization was performed with 0,5% Triton X-100 and blocked with 3% AB 

human serum, 1% BSA and 0.05% Tween 20 in PBS during 30 min at 37 °C. Cells were 

incubated with primary antibodies anti-histone H2A/H2B (antibody gently donated by 

Prof. Arturo Zychlinsky, Max Planck Institute, German) and anti-neutrophil elastase 

(Calbiochem®) for 1 hour in CO2 incubator at 37ºC. Next, the cells were washed and 

incubated with secondary antibodies Alexa Fluor 488 and Alexa Fluor 546 (Invitrogen®) 

for 1 h in CO2 incubator at 37ºC. Hoechst 33342 (Santa Cruz Biotec®) was added, and 

slides were assembled using Mowiol mounting medium and analyzed using Evos Cell 

Imaging System (Thermo Fisher®). 

Prime flow for Zika virus detection 

Primeflow® was carried out according to the manufacturer's specifications and adapted 

for immunofluorescence. Briefly, ZIKV-infected neutrophils were incubated with 

fixation buffer 1 for 30 minutes and washed 3 times with permeabilization buffer. After 
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that, the cells were stained with 4G2 antibody (anti-ZIKV E protein) followed by 

overnight incubation with fixation buffer 2. Next, cells were incubated with RNA Pre 

Amp mix and RNA Amp mix for 1 hour each. Label probes were added to the cells and 

incubated for 1 hour. Finally, cells were washed and Hoechst 33342 (Santa Cruz Biotec®) 

was added and the slides assembled using Mowiol mouting medium and analyzed by 

Leica TCS SP5 II confocal microscope.  

Phagocytosis assay 

Neutrophils were infected with MOI 0.1 for 1 hour, washed and then incubated with 

Dextran-FITC (0.5mg/mL) for 2.5 hours. Next, cells were washed with PBS and acquired 

using Accuri® C6 flow cytometer (BD Bioscience®) flow cytometry and analyzed using 

FlowJo®.  

Placenta dissociation and neutrophil isolation 

Placenta dissociation was performed as described by Arenas-Hernandez et al., 2015(33). 

Briefly, placentas were collected in cold PBS 1X with 1% pen/strep. To prepare cell 

suspensions, placentas were chopped in 3 mL of Accutase solution (Thermo Fisher®) and 

incubated in 80RPM/min for 30 min at 37°C. Next, RPMI 10% FBS was added to the 

cells and passed through 70 µm mesh and centrifuged at 500g for 5min. Pellets were 

resuspended in 37% of Percoll with RPMI without phenol red, centrifuged at 1200g for 

20min without break and resuspended with RPMI and submitted to cell sorting. Cell 

suspensions were stained with anti-CD11b-PE (clone M1/70) and anti-Ly6G Alexa-fluor 

488 (1A8) in the presence of live and dead (Zombie redTM Dye Biolegend) and anti-Fc 

receptor (CD16/32 – clone 2.4G2) for 30 minutes. Next, the cells were washed and 

resuspended in RPMI with 10% of SFB and EDTA 0,05mM and submitted to cell sorting 

in Moflo Astrios® cytometer (Beckman Coulter®). The gate strategy and neutrophil yield 

are supplied in the supplementary figure 1. 
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Transference of neutrophils to pregnant mice 

Bone marrow neutrophils from female IFNAR-/- mice were isolated using Percoll gradient 

and 2x106 cells were infected with ZIKV MOI 1 for 1 hours. After infection, the virus 

was washed out and the cells resuspended in 100µL of PBS for intravenous adoptive 

transference to IFNAR-/- female mice on the embryonic day (E)-13 of pregnancy. Twenty-

four hours later, the animals were euthanized, and mother’s spleen and brain and pup’s 

head and placenta were collected for viral RNA detection by qPCR. 

G-CSF treatment and neutrophil depletion 

To increase the number of circulating neutrophils, IFNAR-/- mice of 6 and 10 weeks were 

intravenously treated with 140ug/kg of Filgrastim® (rHu G-CSF – Blau Farmacêutica) 

diluted in glucose 5% solution. Two days later, the animals were infected with 106 PFU 

of ZIKV and twenty-four hours later the blood was analyzed for viral RNA quantification 

by RT-qPCR. Neutrophil increase was monitored by hemogram. For the depletion of 

neutrophils, IFNAR-/- mice between 6 and 10 weeks were intravenously treated with 

200ug of antibody anti-Gr1 (clone RB6-8C5) or 50ug of anti-Ly6G (clone 1A8). One day 

later, animals were infected with 104 PFU of ZIKV and twenty-four hours later, the blood 

was analyzed for viral RNA quantification by RT-qPCR. 

Infection with Aedes aegypt saliva 

IFNAR-/- mice between 6 and 10 weeks were infected subcutaneously with 106 PFU of 

ZIKV in the presence or not of 10 µg of Aedes aegypt saliva. Twenty-four hours later, 

polymorphonuclear cells, the paw, brain, liver, and spleen were harvested for viral RNA 

detection by qPCR. 
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Cytometry Beads Array 

Serum from ZIKV- or CHIKV-infected and health donor were collected and submitted to 

cytokine detection by cytometric beads array using inflammatory human kit that detects 

IL-8, IL-1, IL-6, IL-10, TNF and IL-12p70, following the manufacture’s specifications. 

Briefly, the serum was incubated with capture beads for 1.5 hours, washed and detection 

beads were added and incubated another 1.5 hours. Next, beads were washed and acquired 

in Accuri C6 (BD Biosciences®) and the analysis were performed in FCAP Array 

software (BD Biosciences®). 

Electron microscopy 

Isolated neutrophils from health donor blood were infected in vitro with ZIKV MOI1 for 

18 hours. Next, cells were recovered, washed with PBS 1x and fixed with Glutaraldehyde 

4% overnight. Samples were washed with PBS 1x and followed to dehydration process 

with acetone gradient, desiccation, and gold metallization. Finally, sample of neutrophils 

were analyzed in JOEL1010 transmission electron microscope. 

mRNA extraction, cDNA, and q-PCR analysis. 

mRNA was extracted using RNeasy Mini kit® (Qiagen®) or ArcturusTM PicoPureTM 

(Applied Biosystems®) following manufacturer's specifications. RNA concentration was 

determined using NanoDrop (Thermo Fisher®) under 260/280nm wavelengths. High-

Capacity cDNA Reverse Transcription Kit (Life Technologies®) was for cDNA synthesis. 

qPCR was performed using TaqMan® gene expression assay (Thermo Fisher®) or SYBR 

Green® (Thermo Fisher®) as described in the results. 

TaqMan primers: 

Actβ: Mm00607939_g1 FAM 

Ifn β: Mm00439552_s1 FAM 

Osa: Mm01193955_m1 FAM 

Nos2: Mm00440502_m1 FAM 

Axl: Mm00437221_m1 FAM 

Mertk: Mm00434920_m1 FAM 

Tyro3: Mm00444547_m1 FAM 

Socs3: Mm00545913_m1 FAM 
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Eif2α: Mm01289723_m1 FAM 

ZIKA (Lanciotti et al., 2008)(34)  

AXL: Hs01064444_m1 

MERTK: Hs01031973_m1 

TYRO3: Hs00170723_m1 

ACTβ: Hs99999903_m1

SYBR Green primers sequence: 

Gene Forward Reverse 

Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 

Glut 1 (Slc2a1) CAGTTCGGCTATAACACTGGTG GCCCCCGACAGAGAAGATG 

Ifnar2 CTTCGTGTTTGGTAGTGATGGT GGGGATGATTTCCAGCCGA 

Ifna4 TGATGAGCTACTACTGGTCAGC GATCTCTTAGCACAAGGATGGC 

Ifnb1 CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT 

Ldha ACATTGTCAAGTACAGTCCACAC TTCCAATTACTCGGTTTTTGGGA 

Tnf-a CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 

Nos2 AGAGCCACAGTCCTCTTTGC GCTCCTCTTCCAAGGTGCTT 

Camp GCTGTGGCGGTCACTATCAC TGTCTAGGGACTGCTGGTTGA 

Defa1 CTAGTCCTACTCTTTGCCCTTGTC TCTCCAAAGGAGACAGATACGG 

Mif GCCAGAGGGGTTTCTGTCG GTTCGTGCCGCTAAAAGTCA 

Prdx4 TCCTGTTGCGGACCGAATC CCACCAGCGTAGAAGTGGC 

Lcn2 TGGCCCTGAGTGTCATGTG CTCTTGTAGCTCATAGATGGTGC 

Retn AAGAACCTTTCATTTCCCCTCCT GTCCAGCAATTTAAGCCAATGTT 

IFNAR2 ACCACTCCATTGTACCAACTCA TGTGCTTCTCCACTCATCTGT 

AZU1 ATGCCCGCTTCGTGATGAC CTGATGGAAAACGTCTGGCG 

DEFA1 TCCCTTGCATGGGACGAAAG GGTTCCATAGCGACGTTCTCC 

LCN2 GACAACCAATTCCAGGGGAAG GCATACATCTTTTGCGGGTCT 

NOS2 AAGCCTACCCCTCCAGATGA CTTTGTTACCGCTTCCACCC 

TNF-a CCCATGTTGTAGCAAACCCTC TATCTCTCAGCTCCACGCCA 
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Proteomics analysis 

Sample preparation – After isolation, neutrophils from placenta were incubated with 

lysis buffer (100mM Tris-HCL pH 8, 150mM NaCl, 1mM EDTA, 0,5% triton) and 

washed. Proteins were digested with trypsin (Promega®) following filter-aided sample 

preparation (FASP) protein digestion as described by Wisniewski, JR et al., 2011(35). 

Briefly, to each filter sample YM-10 (Millipore®) was added urea (8M urea, 0,1 M 

Tris/HCl, pH 8,5) and the samples were span down twice. Then, proteins were reduced 

by 8mM (dithiothreitol) DTT and alkylated by 0.05M iodoacetamide (IAA) in urea (8M), 

and filters and samples were washed 3 times. Next, trypsin digestion was carried out at 

37ºC overnight in 50mM Ammonium bicarbonate (Ambic pH=8.0). The day after, the 

filters were transferred to a new tube and 50mM Ambic was added. Digestion was 

blocked by adding formic acid (FA) to a final concentration of 1% (v/v). The solutions 

were lyophilized and followed to the LC-MS analysis. 

Mass spectrometry – Digested peptides have been analyzed by High Definition Synapt 

G2-Si (Waters Corporation®) mass spectrometer directly coupled to the chromatographic 

system (LC-MS). Differential protein expression was evaluated with a data-independent 

acquisition (DIA) of shotgun proteomics analysis by High-Definition Expression 

configuration mode (HDMSe). The mass spectrometer operated switching between low 

(4eV) and high (15-40eV) voltage collision energies on the fragmentation cells, using a 

scan time of 1.5s per function over 50-3000 m/z. All spectra were acquired in ionic 

mobility by applying a wave velocity for the ion separation of 1000 m/s and a transference 

wave velocity of 175 m/s. The processing of low and elevated energy added to the data 

reference mass peptide ([Glu1] -Fibrinopeptide B Standard, Waters Corp.) provide a 

time-aligned inventory of accurate mass retention time components for both the low and 

elevated-energy (EMRT, exact mass retention time). Search parameters were set as: 
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automatic tolerance for precursors and product ions (20 ppm), minimum of 3 fragments 

combined per peptide, minimum 3 fragments pared per protein, minimum of 2 peptide 

combined per protein, 2 missed trypsin-cleavage, carbamidomethylation of cysteines and 

methionine oxidation as fixed and variables modification, false positive rate (FDR) of the 

identification algorithm below to 1%.  

Label-Free Quantification of peptides – The analysis of differential proteins expression 

was done accordingly to Silva JC et al., 2006(36) and Visser et al., 2007(37). The data 

from LC-MS from 3 technical replicates for each sample were processed for qualitative 

and quantitative analysis in Progenesis QI software (Waters Corp). The expression 

analysis was performed considering technical replicated available for each experimental 

condition following the hypothesis that each group is an independent variable. The 

normalized protein table were generated to include protein identified at least in 2 of the 3 

technical replicates and with switch regulation ± 20%; only proteins with p ≥0,05 were 

considered. 

Mapping of RNA-seq libraries and differential gene expression analysis 

RNA-seq raw data was obtained from the dataset GSE139181 on Gene Expression 

Omnibus public databank. For this study purposes, we selected and compared only CD45+ 

placenta discs data acquired from healthy and first trimester ZIKV infected pregnant 

women. Initially raw reads served as input for Trimmomatic(38), which performed 

quality filtering removing Illumina adaptor sequences, low quality bases (phred score 

quality > 20), and short reads. Trimming was followed by read error correction by SGA 

k-mer-based algorithm(39). Next the reads were mapped against the Genome Reference 

Consortium Human Build 38 (GRCh38) using HISAT2 software(40) following 

previously described optimization(41).The gene differential expression calling was 

achieved initially by counting the number of reads in each transcript through HTSeq(42). 
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Finally, the count data were direct to differential analysis with DESeq2 R package(43). 

Biological process Gene Ontology terms search were performed through online database 

PANTHER with standard parameters(44). 

Statistical analyses 

All statistical analyses were performed using GraphPad Prism software (Graphpad 

Software Incorporation®) version 6. The differences between the means of the results 

were determined by Student's t-test and multiple comparisons were made by one-way 

ANOVA, depending on the number of variables. Significance level was set at p <0.05. 
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FIGURE LEGENDS 

Figure 1: Zika virus infects murine neutrophils. A) Bone marrow neutrophils from 

C57Bl/6 mice were infected with ZIKV (MOI 1) for 20 hours and further submitted to 

prime flow staining for ZIKV genomic (gRNA - purple) and anti-genomic (agRNA - 

green) RNA detection and ZIKV envelope (ZIKV - red) staining with 4G2 and analyzed 
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in confocal microscope. B) Plaque forming units (PFU) from ZIKV-infected neutrophils 

(MOI 0.1) cultures supernatants at the indicated time points. Representative of two 

experiments with at least three replicates each. C) At 6 and 18 hpi neutrophils were 

recovery and submitted to ZIKV RT-qPCR quantification (DL – Detection limit). Graph 

representative of three experiments with at least three replicates. D) Neutrophils were 

infected with ZIKV during the indicated time points or incubated with PMA for 30 

minutes. Cell death was evaluated by Annexin V and 7-AAD staining by flow cytometry. 

Graph representative of three experiments with at least three replicates in each group. E) 

Neutrophil ROS production was evaluated in real time for 3 hours by oxidation of luminol 

and chemiluminescence in the presence of ZIKV and/or PMA. Graph of ROS 

quantification over the time (left) and Area Under Curve (AUC - right) of ROS 

quantification. Graph representative of three experiments with three replicates in each 

group. F) Neutrophil ROS production evaluated by flow cytometry with DCFDA after 6 

hours of infection with ZIKV or PMA (last 30 minutes of incubation). In all analysis PMA 

(50nM) was used as a positive control. Data representative of three experiments with three 

replicates each group. G) Neutrophils were infected with ZIKV MOI 0.1 for 1h and then 

incubated with Dextran-FITC for 2.5h. Cells were washed and phagocytosis analyzed by 

flow cytometry. Graph representative of two experiments with four replicates each. H) 

Bone marrow neutrophils from C57Bl/6 mice were infected with ZIKV (MOI 0.1) for 6 

and 18 hours and submitted to qPCR. Heatmap shows fold change of all genes normalized 

to Actb and control group. Graph representative of three experiments with at least three 

replicates. Unpaired two-tailed t-test was used in C and G. One-way ANOVA was used 

in E and F. Two-way ANOVA was used in H. 

Figure 2: Zika virus infects human neutrophils. A) Peripheral blood neutrophils were 

isolated and infected with ZIKV (MOI 1) for 20h and submitted to prime flow staining 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2021. ; https://doi.org/10.1101/2021.09.14.460378doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.14.460378
http://creativecommons.org/licenses/by-nd/4.0/


for ZIKV genomic (gRNA - purple) and anti-genomic (agRNA - green) RNA detection 

and ZIKV envelope (ZIKV - red) staining with 4G2. The cells were analyzed confocal 

microscope, 63x of magnificence and 3 times zoom. B) ZIKV-infected neutrophils were 

submitted to electron microscopy. Images were acquired in 8900x (left) and 39Kx (right) 

of magnificence. C) Plaque forming units (PFU) detection of supernatants from ZIKV-

infected neutrophils (MOI 0.1) at the indicated time points. Graph representative of three 

experiments with at least three replicates. D) Neutrophils were infected with ZIKV for 

1h, then incubated with Dextran-FITC for 2.5 hours. After incubation, the cells were 

washed and analyzed by flow cytometry. Graph representative of two experiments with 

at least three replicates. Unpaired two-tailed t-test was used. 

Figure 3: Zika virus infects human neutrophils and does not induce NETs release. A) 

Peripheral blood neutrophils were seedded in coverslips and infected with ZIKV or the 

same concentration of heat inactivated ZIKV (iZIKV) for 4 hours. After incubation, the 

cells were submitted to histone H2A/H2B (Orange), neutrophil-elastase (green) and 

Hoechst (blue) staining and analyzed by immunofluorescence. Pictures were acquired in 

40x magnificence. B) Image quantification of histone H2A/H2B (left) and neutrophil-

elastase (right) by ImageJ. n= 10 – 12 / group. C) Peripheral blood neutrophil ROS 

production was evaluated in real for 3 hours by oxidation of luminol and 

chemiluminescence in the presence of ZIKV, iZIKV and/or PMA. Graphic of ROS 

quantification over the time (left) and Area Under Curve (AUC - right). PMA (50mM) 

was used as positive control. Data representative of three independent experiments and 

from three different healthy subjects. One-way ANOVA was used in B e C. 

Figure 4: Neutrophils are infected in vivo and play key role during infection. A) IFNAR-

/- mice were i.v. infected with 106 PFU of ZIKV and 24 hours after infection peripheral 

blood neutrophils were collected and submitted to prime flow staining protocol for ZIKV 
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genomic (g) and anti-genomic (ag) RNA detection and ZIKV envelope (ZIKV - red) 

staining with 4G2. Cells were analyzed by a confocal microscope, 63x of magnificence 

and 3 times zoom. B) Neutrophils and polymorphonuclear (PBMC) cells were harvested 

from the blood and viral RNA quantified by RT-qPCR. Data representative of two 

experiments with at least 3 replicates each. C) IFNAR-/- mice were treated with anti-Gr1 

antibody for 24 hours before infection. 24 hours later serum was collected, and viral RNA 

was quantified by RT-qPCR. Graph representative of two experiments. n = 6 mice/group. 

D) IFNAR-/- mice were treated with anti-Ly6G antibody 24 hours. 24 hours later serum 

was collected, and viral RNA was quantified by RT-qPCR. n = 3 - 4 mice/ group.  E) 

IFNAR-/- mice were treated with human recombinant G-CSF 48 hours before infection.  

24 hours later serum was collected, and viral RNA was detected by RT-qPCR. Graph 

representative of three experiments. n = 6 mice/group n = 4 - 5 / group. F) Experimental 

design. Bone marrow neutrophils from IFNAR-/- mice were harvested and infected in 

vitro with ZIKV MOI 1 for 1 hour. Cells were washed, stained with CFSE, and transferred 

to pregnant IFNAR-/- on gestational day 13 (E13). 24 hours later maternal and fetal 

tissues were harvested. Viral RNA detected by RT-qPCR in the G) brain, liver, bone 

marrow and spleen from the mothers and H) in the placenta and head of the fetus. Data 

from two experiments with 2 or 3 pregnant mice each. I) Blood, spleen, and placentas 

were harvested from F and cell suspensions were analyzed by flow cytometer for CFSE 

detection. Representative dot plot. Unpaired two-tailed t-test was used in B,C, D and E. 

Figure 5: Placental neutrophils are infected with ZIKV and increase antigen presentation 

molecules expression. IFNAR-/- pregnant mice were infected at day E13 with 106 PFU 

of ZIKV and on day E17 placentas were harvested and dissociated for 

immunophenotyping and cell sorting. A) Representative dot plot and B) frequency of 

neutrophils from control (CTRL) and ZIKV-infected pregnant mice placenta. C, 
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D)Placenta single cell suspension were submitted to cell sorting and neutrophils (gated 

on Ly6G+CD11b+) and macrophages (Ly6G-CD11b+) were submitted to C) mRNA 

extraction for viral RNA detection by RT-qPCR. D) Isolated neutrophils (gated on 

Ly6G+CD11b+) were submitted to protein analysis by proteomics. Volcano plot showing 

in orange 12 proteins differently expressed between control and ZIKV groups. E – H) 

Placental neutrophils gated on A and B were immunophenotyped. Representative 

histogram plot (on top) and the median of fluorescence intensity (MFI – on bottom) of E) 

MHC-I, F) MHC-II, G) CD80 and H) CD86. Unpaired two-tailed t-test was used in B, C, 

E to H. 

Figure 6: Comparison between mice placental neutrophils proteome and RNAseq of 

human placental tissue. Available RNAseq data set from Lum et al., 2019 of CD45+ cells 

from pre-term placenta of ZIKV-infected women in the first trimester and health donor 

was compared to our sorted placental neutrophil proteomics. A) heatmap with human 

genes (on left) and murine proteins (on right) that were concordant in both data sets. The 

first 12 were downregulated (in blue scale), whereas the last 6 were upregulated (in red 

scale). B) GO of reactome pathways and C) Cellular componentsof genes and proteins 

showed in A. D) Cytokines in the serum of ZIKV and CHIV-infected patients and healthy 

individuals. CTRL n = 23; ZIKV n = 58; CHIV n = 29. One-way ANOVA and Kruskal-

Wallis multiple-comparisons test was used. 

Supplementary figure 1: Neutrophil isolation from murine placenta. A) Gate strategy 

for placental neutrophil isolation by cell sorter. B) Neutrophils (CD11b+Ly6G+) and 

macrophages (CD11b+Ly6G-) cells isolation yield after cell sorter used in figure 5. 

Supplementary Figure 2: Zika virus infects SJL neutrophils. A) Bone marrow 

neutrophils from SJL mice were infected with ZIKV MOI 1 for 20 hours and further 

submitted to prime flow staining protocol for ZIKV genomic (gRNA - purple) and anti-
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genomic (agRNA - green) RNA detection and ZIKV envelope protein (ZIKV - red) 

staining. Cells were analyzed using confocal microscope. Pictures were acquired in 63x 

of magnificence and 3 times zoom.  B) Supernatants from ZIKV-infected neutrophils 

cultures were collected at the indicated time points and submitted to PFU assay. Graph 

representative of two experiments with three replicates each. C) ZIKV-infected 

neutrophils were incubated during indicated time points and cell death analysis was 

performed by flow cytometry with Annexin V and 7-AAD staining. D) Neutrophil ROS 

production was evaluated by oxidation of DCFDA by flow cytometry. Neutrophils were 

incubated with DCFDA for 30 minutes at 37⁰C and further infected with ZIKV MOI 0.1 

for 6h. During the last 30 minutes of infection PMA (50mM) was added to respective 

wells and used as positive control. Experiment repeated two times with three replicates 

each. E) Neutrophils were infected with ZIKV (MOI 0.1) for 9 hours and submitted to 

qPCR for Axl, Ifna4, Ifnb1, Ifnar2, Tnf, Glut1, Nos2, Lcn2, Mif, Retn and Camp genes. 

Fold change of all genes normalized by Actb and control group. One-way ANOVA was 

used D. Unpaired two-tailed t-test was used in E. 

Supplementary Figure 3: Gene expression profile in ZIKV-infected neutrophils. Bone 

marrow neutrophils from C57Bl/6 mice were infected with ZIKV (MOI 0.1) for 6 and 18 

hours. Then, the total RNA was extracted and submitted to qPCR for A) Interferons and 

Interferon stimulated genes (Ifnb1, Ifna4, Ifnar2, Osa and Eif2a), B) TAM receptors (Axl, 

MertK, Tyro3 and Socs-3), C) Metabolism and immune response (Glut1, Ldha, Tnfa and 

Nos2) and D) Neutrophil function (Camp, Lcn2, Defa1, Mif and Prdx4). Fold change was 

normalized by Actb and control group. Data used in the heatmap showed in figure 1H. 

Data representative of 1-3 experiments with 3 replicates each. Two-way ANOVA. 

Supplementary Figure 4: Antigen presentation molecules expressed by in vitro ZIKV-

infected neutrophils. Bone marrow neutrophils were isolated from C57BL/6 mice and 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2021. ; https://doi.org/10.1101/2021.09.14.460378doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.14.460378
http://creativecommons.org/licenses/by-nd/4.0/


infected in vitro with ZIKV MOI 1 for 18 hours. After that, cells were recovered and 

stained for A) anti-CD80, B) anti-CD86, C) anti-MHC-I, D) anti-MHC-II and E) anti-

IFNAR. Peritoneal macrophages from C57BL/6 i.p. Infected mice were used as positive 

control. Experiment with 3-5 replicates. One-way Anova was used. 

Supplementary figure 5: Gene expression profile in ZIKV-infected human neutrophils. 

Peripheral blood neutrophils from healthy subjects were infected in vitro with ZIKV 

(MOI 0.1) for 9 hours. Then, the total RNA was extracted, converted into cDNA and 

submitted to qPCR for A) TAM receptors (AXL, MERTK, TYRO3) and Interferon 

receptor IFNAR2, B) Neutrophil function (AZU1, DEFA1, LCN2) and C) Immune 

response (NOS2 and Tnfa). Data from 6-8 subjects with three replicates. Unpaired two-

tailed t-test was used. 

Supplementary figure 6: Aedes aegypti saliva induces higher viremia. A) Experimental 

design. C57BL/6 IFNAR-/- mice were infected with 106 PFU of ZIKV in the presence of 

10ug of Aedes egypti saliva. Twenty-four hours later B) paw, C) spleen, D) brain, E) 

liver, F) serum and G) neutrophils and PBMC from blood were harvested submitted to 

viral RNA detection by RT-qPCR. Data representative of 3 experiments with 3 - 4 

replicates. Unpaired two-tailed t-test was used from B to F. One-way ANOVA was used 

in G. 

Supplementary figure 7: Frequency and number of neutrophils and macrophages in the 

placenta of IFNAR-/- mice. Placentas were harvested at the timepoints shown and 

chemically and mechanically dissociated for the measurement of the frequency and 

number of neutrophils (CD11b+Ly6G+) and macrophages (CD11b+Ly6G-) by flow 

cytometry. One-way ANOVA was used. 

Supplementary figure 8: Coverage of proteomic analysis from placental neutrophils. 

Neutrophils isolated from placenta in figure 5 were submitted to protein extraction 
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followed by proteomics analysis. Heatmap with 180 from 192 proteins detected in the 

proteomic analysis. All these proteins were not statistically different between control and 

ZIKV groups. 

Supplementary figure 9: Genes downregulated in human ZIKV-infected placenta. 

Available RNAseq data set from Lum et al., 2019 of CD45+ cells from pre-term placenta 

of ZIKV-infected on the first trimester and health donor were analyzed. A) Genes 

involved in neutrophil activation and degranulation were downregulated in ZIKV-

infected placenta. B-C) Gene ontology (GO) of downregulated genes in ZIKV-infected 

placenta showed enrichment of B) immune response pathways and C) viral infection 

processes. 
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Figure 1 

 

 

 

 

 

A

B

D

Hours post ZIKV infection

Z
IK

V
 t

it
e
r 

(l
o

g
(p

fu
 m

l–
1

))

6 20 24 28 30 48
1

2

3

4

Live cells

Hours post ZIKV infection

%
 o

f 
li
v
e
 c

e
ll
s

0 30
0

20

40

60

80

100

6 18 24 36 48

Dead cells

Hours post ZIKV infection

%
 o

f 
d

e
a
d

 c
e
ll
s

0 30
0

20

40

60

80

100

6 18 24 36 48

CTRL ZIKV PMA

%
 o

f 
D

e
x

tr
a

n
-F

IT
C

fa
g

o
c

y
to

s
is

CTRL ZIKV
0

1

2

3

4

5
p=0.0309

E

F GC

Z
IK

V
 P

F
U

 e
q

u
iv

a
le

n
t 

(L
o

g
1

0
)

CTRL 6h 18h
0

2

4

6

8

ZIKV

p=0.0004

DL

CTRL

ZIKV 

CTRL ZIKV 

10μm

25μm 25μm

10μm 10μm 10μm 10μm

10μm 10μm 10μm 10μm 10μm

4G2                                       gRNA                                   agRNA                                   Hoechst Merge

Seconds

C
h

e
m

il
u

m
in

e
s

c
e

n
c

e
 (

L
o

g
1

0
)

0 2750 5500 8250 11000
2

3

4

5

A
U

C
 (

L
o

g
1
0
)

C
TR

L
P
M

A
ZIK

V

ZIK
V
 +

 P
M

A

5

6

7

8

9

p=0.0004 p=0.0003

%
 o

f 
D

C
F

D
A

+
 c

e
ll
s

C
TR

L
P
M

A
ZIK

V

ZIK
V
+P

M
A

0

1

2

3
12

14

16

18

20

22
p<0.0001

p=0.0024

#
 o

f 
D

C
F

D
A

+
 c

e
ll
s

C
TR

L
P
M

A
ZIK

V

ZIK
V
+P

M
A

0

2×103

4×103

6×103

8×103

1×104

p=0.0001

p=0.5876

p=0.0012

M
F

I 
D

C
F

D
A

C
TR

L
P
M

A
ZIK

V

ZIK
V
+P

M
A

0

1000

2000

3000

4000

5000

p<0.0001

p=0.6392

H

Ifn
b1

Ifn
a4

Ifn
ar

2
O
sa

E
if2

a

N
os2

G
lu

t1

Ldha
Tnf

A
xl

M
er

tk

Tyr
o3

S
ocs

3

C
am

p

D
ef

a1

Lcn
2

M
if

P
rd

x4

6 h

18 h 1 2 3 4

Fold change

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2021. ; https://doi.org/10.1101/2021.09.14.460378doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.14.460378
http://creativecommons.org/licenses/by-nd/4.0/


 

Figure 2 

 

 

 

 

 

 

 

 

Hours post Zika virus infection

Z
IK

V
 t

it
e
r 

(l
o

g
(p

fu
 m

l–
1

))

1 3 6 9 12 24
3

4

5

6

%
 o

f 
D

e
x

tr
a

n
-F

IT
C

fa
g

o
c

y
to

s
is

CTRL ZIKV
16

18

20

22

24

26 p=0.0352

M
F

I 
o

f 
D

e
x

tr
a

n
-F

IT
C

fa
g

o
c

y
to

s
is

CTRL ZIKV
1250

1500

1750

p=0.0072

DC

B

2μm 800nm

A

C
T

R
L

Z
IK

V

4G2                                      gRNA                                 agRNA                                  Hoechst Merge

10μm 10μm 10μm 10μm 10μm

10μm10μm10μm10μm10μm

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2021. ; https://doi.org/10.1101/2021.09.14.460378doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.14.460378
http://creativecommons.org/licenses/by-nd/4.0/


Figure 3 
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Figure 4 
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Figure 5 
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Supplementary Fig 1 
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Supplementary Fig 2 
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Supplementary Fig 3 
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Supplementary Fig 4 
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Supplementary Fig 5 
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Supplementary Fig 6 
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Supplementary Fig 7 
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Supplementary Fig 8 
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Supplementary Fig 9 
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