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Zika virus (ZIKV) is a Flavivirus closely related to other human pathogens such as Dengue 

virus (DENV)1. Primary transmission usually involves Aedes aegypti, which has expanded 

its distribution range significantly2, though rarer infection routes including mother-to-fetus 

transmission, sexual contact and blood transfusion have also been observed3-7. Primary 

ZIKV infection is usually asymptomatic or mild in adults, with quickly resolved blood 

viremia, but ZIKV might persist for months in saliva, urine, semen, breast milk and the 

central nervous system8-12. During a recent ZIKV outbreak in South America, significant 

numbers of neurological complications such as Guillain-Barré syndrome were reported13,14, 

together with cases of microcephaly and associated developmental problems in infants born 

to women infected with ZIKV during pregnancy15-20, raising the clinical significance of this 
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infection. Analyses of the human immune response to ZIKV are scarce21-28, but the recent 

outbreak has provided an opportunity to assess ZIKV immunity using current 

immunological methods. Here, we comprehensively assessed the acute innate and adaptive 

immune response to ZIKV infection in ten female subjects recruited during early infection 

and followed through reconvalescence. We define a cascade of events leading to 

immunological control of ZIKV, with previous exposure to DENV impacting some, but not 

all mediators of antiviral immunity.

The ten women with confirmed and documented acute ZIKV infection were followed 

throughout infection at the Viral Hepatitis Ambulatory Clinic, Oswaldo Cruz Foundation, 

Rio de Janeiro, Brazil. All subjects tested positive for plasma and urine ZIKV RNA as well 

as for anti-ZIKV IgM and/or IgG antibodies. None of the patients presented with detectable 

IgM antibodies against DENV, but 6/10 tested positive for anti-DENV IgG confirming 

previous DENV exposure. One patient reported having received Yellow Fever virus (YFV) 

vaccine previously. Fig. 1a illustrates the detailed clinical course of a 31-year-old woman as 

a typical example of symptomatic ZIKV infection. The longitudinal specimens from this 

cohort were divided into three different timeframes post-infection: the acute phase (A, < 14 

days), the recovery phase (R, between days 14 and 56), and the follow-up phase (FU, 56 to 

224 days) (Fig. 1b). The presence and pattern of symptoms and plasma ZIKV-RNA 

detection during these phases are indicated in Fig. 1c. Patient demographics and HLA-types 

are available in Extended Data Table 1. Individual symptom occurrence and plasma ZIKV-

RNA levels are detailed in Extended Data Fig. 1.

First, we monitored different innate sensor cell subsets of monocytes and dendritic cells, as 

well as myeloid-derived suppressor cells (MDSCs) (Extended Data Fig. 2a), as those cell 

types are key modulators of subsequent adaptive immune responses and can also be infected 

by ZIKV 29-32. We observed an increase in the relative frequency of intermediate monocytes 

(CD16+CD14+) within the earliest phase of infection compared to follow-up time points in 

the same patients and healthy controls, mirrored by a decrease in classical monocytes 

(CD16-CD14+). We also observed a relative reduction in mDC populations with a profound 

shift toward a dominance of pDCs versus mDCs as early as the changes in monocyte 

populations (Fig. 1d and Extended Data Fig. 3a,b). Both intermediate monocytes and mDCs 

have been identified as possible compartments of ZIKV replication, but they seem to 

respond differently to infection, with either activation and expansion or conversely apoptotic 

cell death 29-31,33. The observed early changes were temporary and both monocyte and DC 

compartments returned to normal distribution patterns observed in healthy controls by the 

end of the acute infection phase, consistent with other reports 26,29. Intermediate monocytes 

produce large amounts of pro-inflammatory cytokines and possess high phagocytic potential, 

leading to the induction of plasmablast differentiation and T cell activation 34. Thus, we also 

studied general activation of immune cells from the adaptive immune system, measuring the 

frequency of plasmablasts and activated CD8+ T cells over time (Extended Data Fig. 2b). 

Again, similar to the innate immune cells, we observed increased frequencies of 

plasmablasts as well as CD38high CD8+T cells at the earliest observation time points, with 

rapid normalization upon entry into reconvalescence (Fig. 1d and Extended Data Fig. 3c,d). 

That we observe not only a significant containment of ZIKV viremia contemporaneously 

with the increase in the intermediate monocyte population, but also plasmablast induction 
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and high activation levels of CD8+ T cells supports the idea that these monocytes with an 

intermediate phenotype play a key role in both ZIKV control and the induction of adaptive 

immunity 29. Previous exposure to DENV did not affect these results. Together, the data 

indicate a rapid and broad immune activation with the onset of symptoms of ZIKV infection, 

followed by a rapid return to a general status similar to what is observed in healthy 

individuals.

Vaccine-induced protection from ZIKV infection is believed to be mediated, at least in part, 

by the induction of potent neutralizing antibodies 35,36, as suggested in experimental models 

of infection 37,38. Given the limited data on the neutralizing antibody response in natural 

human infection, and the potential impact of previous exposure to other Flaviviruses, most 

notably DENV, we monitored the evolution of anti-ZIKV IgM, IgA, IgG and neutralizing 

antibodies in this cohort using ELISA assays based on a viral lysate containing structural as 

well as non-structural ZIKV proteins. Anti-ZIKV IgM were usually detectable early in the 

acute phase and declined thereafter (Fig. 2a). Anti-ZIKV IgA closely mirrored IgM 

responses (Fig. 2b), while IgGs developed later with maximum IgG levels coinciding with 

clinical recovery and persisting throughout the follow-up of up to 200 days (Fig. 2c). No 

manifest differences between DENV-naïve and DENV-experienced patients were observed 

for the kinetics of both IgA and IgM responses (Fig. 2a,b and Extended Data Fig. 4a). In 

contrast, previous exposure to DENV was associated with earlier detection and higher 

plasma levels of IgG, with positive titers at the earliest timepoints following symptom onset 

and no lag time after the detection of IgM and IgA responses (Fig. 2d), supporting the 

presence of DENV cross-reactive memory B cells rapidly responding to ZIKV infection 
23,39, even though we did not observe a faster and greater expansion of plasmablasts, as 

suggested in a previous study describing antibody cross-reactivity 39 (Fig. 1d). Similar 

results were obtained with a different ELISA assay employing a single ZIKV-specific 

epitope niched in NS1 protein (Extended Data Fig. 4b,c). The emergence of antibodies with 

neutralizing capabilities paralleled the anti-ZIKV IgG response, with peak magnitude 

observed during the recovery phase and persistent neutralization throughout follow-up (Fig. 

2e and Extended Data Fig. 5). Notably, plasma samples with the highest titers of neutralizing 

antibodies also had the highest IgG responses and were found in DENV-experienced 

patients, compared to DENV-naives (Fig. 2f). While our results identify distinct patterns in 

the dynamics and the intensity of anti-ZIKV IgG and neutralizing antibodies production 

between DENV-experienced and DENV naïve patients during acute and recovery phases of 

infection, the antibody responses become more similar for the parameters we measured once 

the virus was cleared, thus suggesting limited long-term differences. Whether DENV-

specific pre-existing humoral responses are mainly an asset to ZIKV control, or whether 

they can also be detrimental through antibody-dependent enhancement (ADE) or lead to 

limited efficacy due to original antigenic sin remains unknown 40-44. Resolving this question 

has clear relevance to the development of integrated vaccination strategies against 

Flaviviruses with shared endemic areas.

We then monitored ZIKV-specific CD4+ and CD8+ T cells in 6 ZIKV-infected patients with 

sufficient availability of peripheral blood mononuclear cells (PBMCs). We stimulated 

PBMCs directly ex vivo with pools of overlapping peptides representing ZIKV structural 

proteins [capsid (cap), pre-membrane (prM) and envelope (env)], as well as non-structural 
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proteins (NS1 to NS5). Using intracellular cytokine staining (ICS) assays, we monitored the 

presence of activated (CD154+CD4+ and CD69+CD8+) IFNγ-producing ZIKV-specific 

CD4+ and CD8+ T cells (Fig. 3a). We detected ZIKV-specific CD4+ T cells broadly 

targeting epitopes across the ZIKV genome, whereas CD8+ T cell responses were focused 

on non-structural Zika proteins (Fig. 3b). This was observed for the breadth of the response, 

with only 15/47 (31.9%) CD8 assays using structural antigens were positive, compared to 

58/79 (73.4%) assays for NS1 to NS5 (p=0.01). In contrast CD4 responses targeted equally 

structural (35/47, 74.4%) and non-structural proteins (53/79, 67%) (Fig. 3c). The difference 

was even more pronounced for the magnitude of the response, with CD8+ T cell targeting 

NS1 to NS5 being almost universally one log or higher in frequency compared to those 

targeting structural proteins, a difference that far exceeds the difference in size of the two 

viral regions. (Fig. 3d). In contrast, CD4+ responses were more evenly distributed between 

structural and non-structural proteins. The results also indicate a differential targeting 

between individual ZIKV proteins, the moist obvious being the absence of CD8+ response 

targeting prM, but patterns were overall heterogeneous and likely confounded by different 

protein size. There are limited and conflicting data in the literature from ZIKV infection 

regards the preferred viral target regions for virus-specific CD4+ and CD8+ T cell 

responses, with results from human studies 24,27 as well as mice 45,46 not being consistent. 

Most notably a human study by Grifoni et al. found fewer ZIKV-specific CD8+ T cell 

responses targeting non-structural proteins in DENV seronegative patients, where CD8+ T 

cell responses to NS3–5 clearly dominate in DENV infection. Our results are more similar to 

the CD8+ T cell response pattern reported for DENV, with both breadth and magnitude of 

the CD8+ response strongly biased towards non-structural proteins, most notably NS5. 

Indeed, CD8+ T cell responses targeting non-structural ZIKV proteins made up at least 90% 

of the overall response in all patients and at most timepoints studied. In contrast, ZIKV-

specific CD4+ T cell responses were much more broadly directed across the ZIKV 

polyprotein, with frequent recognition of capsid, envelope, NS1, NS3 and NS5 across all 

patients. This is different from the more capsid and envelope focused CD4+ response 

described for DENV. We also were unable to detect ZIKV-specific CD4+ T cells with a 

cytotoxic profile, as previously reported in DENV infection, suggesting that the CD4+ 

response might be of different quality in the two infections47,48.

When we compared the patterns and kinetics of the T cell responses between patients with 

and without previous DENV exposure, the most notable observation was a strikingly strong 

and focused CD8+ T cell response in the DENV experienced patient CR8603, with almost 

8% of CD8+ T cells targeting NS5 at the earliest timepoint, more than 1 log higher than the 

next biggest single protein CD8+ T cell response at any timepoint in all other patients (Fig. 

3b). In addition, the patient also mounted most of the strongest CD4+ and CD8+ responses 

against other ZIKV proteins throughout the observation period. In contrast, the other patients 

with prior DENV exposure were not significantly different in their T cell response profile. 

There were also little phenotypic or functional differences between ZIKV-specific T cells 

from DENV naïve and experienced patients that would indicate a difference in speed or 

direction of T cell differentiation. In all patients, ZIKV-specific CD4+ T cell responses 

displayed a mix of mostly effector phenotype (EM: CCR7−CD45RA−) with some central-

memory component (CM: CCR7+CD45RA−) evolving toward a dominant central-memory 
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T cell phenotype by the end of follow-up (Fig. 4a and Extended Data Fig. 6a). ZIKV-specific 

CD8+ T- cells were also mostly effector-memory during the acute phase, but with recovery 

shifted towards a phenotype with many cells re-expressing CD45RA as in terminally 

differentiated effector-memory T cells (TEMRA: CCR7−CD45RA+) (Fig. 4b and Extended 

Data Fig. 6b). Functionally, the majority of ZIKV-specific CD4+ T cells produced TNFα 
exclusively, with more polyfunctional ZIKV-specific CD4+ T cell responses emerging over 

time by additional production of IFNγ and IL-2 (Fig. 4c,d and Extended Data Fig. 7a). In 

contrast, ZIKV-specific CD8+ T cells mostly produced CD107a together with one or both of 

the cytokines IFNγ and TNFα, with resolution of infection being associated with an 

increase in TNFα producing cells (Fig. 4c,e and Extended Data Fig. 7b). In this context, it is 

important to differentiate between the general activation of CD8+ T cells as displayed in Fig. 

1d and the much smaller populations of truly ZIKV-specific CD8+ T cells (Fig. 3 and 4). 

While the latter are thought to be key mediators of viral control and clearance, there is 

increasing evidence that activation of large non-specific T cell populations is a frequent 

phenomenon in acute viral infection and can mediate disease symptoms and tissue pathology 
49-52. Together, the data demonstrate different targeting of ZIKV regions by ZIKV-specific 

CD4+ versus CD8+ responses and suggest that prior DENV exposure can be associated with 

the rapid expansion of pre-existing DENV-specific T cells, though this seems not a universal 

feature in DENV seropositive patients, as also observed in a study by Grifoni et al.24. The 

exact extent of T cell crossreactivity between DENV and ZIKV will need to be established 

by larger cohort studies in natural infection, but also post vaccination.

It is worth noting that our T cell data need to be interpreted in the context of some 

limitations, most notably the sample size of our cohort. At this moment in time, larger 

cohorts of patients with acute ZIKV infection are impossible to establish, given the current 

absence of ZIKV outbreaks that would allow recruitment of new patient cohorts with large-

volume PBMC collection. Nevertheless, our results for both CD4+ and CD8+ T cell 

responses were rather homogenous not only between the patients we analyzed, but also 

between responses targeting different viral proteins (Extended Data Fig. 8), increasing the 

likelihood that these results present general patterns. There is also a limitation in that none 

of our patients were male, thus making it impossible to identify sex-related differences in 

our study. Finally, in a human study it is not feasible to study immune responses beyond the 

blood compartment since there is no indication for any tissue biopsies in ZIKV infection. As 

it is well established that T cell responses in different infected tissues differ in phenotype 

and function from those in the blood, such studies are highly desirable but will have to be 

performed in animal models.

In conclusion, our comprehensive analysis of immune responses from acute symptomatic 

ZIKV virus infection in women finds a rapid evolution from broad and strong non-specific 

immune activation to the emergence of adaptive immunity by ZIKV antibodies and virus-

specific CD4+ and CD8+ T cells, all within a few days after the onset of symptoms, as 

summarized schematically in Extended Data Fig. 9. These immune responses are not only 

associated with symptomatic disease, but also with almost complete control of ZIKV 

replication. For the T cell response, we find strikingly different target regions between virus-

specific CD4+ and CD8+ T cells, with evident gaps in the CD8+ response to structural 

proteins. Finally, we find previous DENV infection to broadly affect the humoral response, 
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with effects on the T cell side limited to increased ZIKV-specific CD8+ T cell frequencies in 

few select patients. More detailed analyses of Flavivirus cross-reactive immune responses in 

different infection scenarios will be required in order to judge their impact on disease 

pathogenesis of ZIKV infection and vaccination.

Methods

Human subjects and specimen collection

Ten female subjects with acute-ZIKV infection were recruited at the Viral Hepatitis 

Ambulatory Clinic, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil. Acute ZIKV infection 

was confirmed by plasma and urine detection of ZIKV RNA as well as serological detection 

of anti-ZIKV IgM and/or IgG antibodies. The initiation date and duration of symptoms were 

reported by the patients at admission. All patients were negative for other infections such as 

viral hepatitis (A, B, C), HIV, chikungunya and Dengue viruses as based on the absence of 

detection of any other viruses as well as the lack of serological evidences for another 

ongoing acute infection. Previous exposure to DENV (DENV pre-exposed) was defined by 

the positive detection of anti-DENV IgG at admission. Plasma and PBMC samples were 

collected at different time points as described in Fig. 1b. Additionally, urine and vaginal 

fluid (VF) samples may have been collected. None of the patients were pregnant at the time 

of the study. Nine healthy subjects have been recruited as control. This study was approved 

by Partners Healthcare Human Research Committee and the IRB of the Oswaldo Cruz 

Institute in Rio de Janeiro, Brazil, and all patients provided written informed consent.

ZIKV RNA detection and quantification

ZIKV RNA detection was performed using the internally controlled AccuPower® ZIKV 

Real-Time RT-PCR Kit (Bioneer Corporation, Daejeon, Republic of Korea), and a standard 

curve was prepared using the 1st World Health Organization (WHO) International Standard 

(IS) for Zika virus RNA (11468/16)53. Data were expressed as in international unit per 500 

microliters (IU/500 μL). The WHO IS was reconstituted in accordance with the instructions 

for use in sterile nuclease free water and was diluted in either plasma or urine to create a 

standard curve. The assay has a 95% cut-off of ~80 IU/mL for both plasma and urine. For 

analysis of the plasma or urine samples, RNA extraction was performed using the ExiPrep™ 

Dx Viral RNA Kit (Bioneer Corporation) on the ExiPrep™ 16 Dx platform and PCR set-up 

was performed using the ExiSpin™ device (Bioneer Corporation). Amplification/detection 

reactions were performed using the Exicycler™ 96 Real-Time Quantitative Thermal Block 

(Bioneer Corporation).

ZIKV-specific antibody detection by ELISA

Presence of human anti-ZIKV IgM, IgA and IgG in plasma was detected using the 

DIACHECK anti-human ZIKV antibody assay, based on a viral lysate containing structural 

and non-structural proteins including the NS1 protein [commercially available for research 

use only (RUO), Dr. Julio Moran Laboratories, Zurich, Switzerland]. EuroImmun ELISA 

assays (EuroImmun AG, Lübeck, Germany), based on a ZIKV-specific NS1 antigen 

detection, were also used for the detection of anti-ZIKV IgM and IgG in plasma samples. 

Assays were performed in accordance with the manufacturer’s instructions.

Tonnerre et al. Page 6

Nat Microbiol. Author manuscript; available in PMC 2020 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ZIKV neutralization: Endpoint method

Neutralization reactions were setup by mixing 50-μL virus (1 × 105 TCID50/mL of ZIKV 

Polynesian strain PF13/251013–1)54 with 400 μL from 1:2 dilution series of heat-treated 

(56°C, 30min) plasma. After 2 h at 37°C, the mixtures were inoculated on 96-well plates 

with Vero-E6 cells (8 aliquots with 50 μL from each neutralization reaction per well). After 

incubation for 1 h at 37°C, 150μl D-MEM was added per well. The infection status of 

individual cell cultures was determined by light microscopy after 7 days. The endpoint 

plasma titer resulting in neutralization (i.e., no infection) of 50% of cell cultures (NT50) was 

calculated by maximum likelihood algorithm.

Immunophenotyping by flow cytometry

For the profiling of the different immune subsets presented in Fig. 1d, surface staining of 

PBMCs was performed as follows: In brief, cells were thawed and washed in R10 medium 

[RPMI 1640 (Sigma-Aldrich), 2% FCS, 1.5% 1M HEPES buffer (Fisher Scientific), L-

glutamine 1X (Fisher Scientific) and Streptomycin/penicillin 1X (Fisher Scientific)]. Cells 

were then stained with LIVE/DEAD Cell Viability dye (Thermo Fisher Scientific) according 

to the manufacturer’s protocol. Cells were washed in FACS buffer and stained for surface 

antibodies: [CD16-BUV395 (clone 3G8, BD Biosciences); CD14-AF700 or CD14-APC-

Cy7 (clone UCD14, Biolegend); HLA-DR-BV605 (clone L243, Biolegend); CD123-APC 

(clone 6H6, Biolegend); CD11c-PerCP-Cy5.5 (clone 3.9, Biolegend); CD33-PE (clone 

P67.6, Biolegend); CD11b-PE/Dazzle 594 (clone ICRF44, Biolegend); CD27-PE-Texas Red 

(clone O323, Biolegend); CD38-PE-Cy7 (clone HB7, eBioscience); CD3-BUV496 (clone 

UCHT1, BD Biosciences); CD3-AF700 (clone UCHT1, Biolegend); CD19-BUV496 (clone 

SJ25C1, BD Biosciences); CD4-APC (clone RPA-T4, Biolegend); CD8-PE (clone RPA-T8, 

Biolegend); and CD56-APC-Cy7 (clone HCD56, Biolegend)]. Following surface antigen 

staining, cells were washed twice in FACS buffer and fixed in 4% Paraformaldehyde 

solution (Affymetrix). All steps were performed at 4°C, unless specified otherwise by the 

manufacturer. Acquisition was performed on an LSR-II flow cytometer (Becton Dickinson) 

and data were analyzed using FlowJo software.

Intracellular cytokine staining assays

Frozen PBMC samples were rested overnight at 37°C in R10 medium [RPMI 1640 (Sigma-

Aldrich), 2% FCS, 1.5% 1M HEPES buffer (Fisher Scientific), L-glutamine 100X (Fisher 

Scientific) and Streptomycin/penicillin 50X (Fisher Scientific)]. Cells were counted and 

distributed at 3 million cells per condition. For each PBMC samples, 9 different conditions 

were tested: one unstimulated condition and eight stimulated conditions with eight 15-mer 

overlapping-peptide pools covering ZIKV capsid (cap), pre-membrane (prM), envelope 

(env), non-structural protein 1 (NS1), NS2A + NS2B, NS3, NS4A+2k+NS4B and NS5 (JPT 

Peptide Technologies, Berlin, Germany or A&A, San Diego, CA). Stimulation was 

performed in the presence of 10 μL/mL anti-CD28/49d (BD Biosciences), 5μl of CD107a-

BV421antibody (clone H4A3, Biolegend) and 5 μg/mL of peptides (except for the 

unstimulated condition), in R10 medium to a final volume of 500 μL. Additionally, 1X Cell 

Stimulation Cocktail of PMA and Ionomycine has been used as a positive control 

(eBioscience™). Cells were incubated for 6 hours at 37°C and 1X Protein Transport 
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Inhibitor (eBioscience™) was added after the 2 first hours of incubation. At the end of the 

incubation time, cells were washed and stained with a viability dye (LIVE/DEAD Fixable 

Blue; Thermo Fisher Scientific) according to the manufacturer’s protocol, then with the 

following surface antibodies and as described above: CD3-AF700 (clone UCHT1, 

Biolegend); CD4-PE-Cy7 (clone RPA-T4, Biolegend); CD8-BUV395 (clone RPA-T8, 

Biolegend); CD45RA-AF700 (clone HI100, Biolegend); CCR7−PE (clone G043H7, 

Biolegend); CD19-BUV496 (clone SJ25C1, BD Biosciences). After surface antigen 

staining, cells were washed twice in FACS buffer and fixation/permeabilization step was 

performed using the FOXP3 Transcription Factor Staining buffer set, according to 

manufacturer’s protocol. The following antibodies were used for intracellular staining: 

CD69-BV510 (clone FN50, Biolegend); CD154-AF488 (clone 24–31, Biolegend); IFNγ-

APC-Cy7 (clone 4S.B3, Biolegend); TNFα-BV605 (clone MAb11, Biolegend); IL-2-APC 

(clone MQ1–17H12, BD Biosciences). All steps were performed at 4°C, unless specified 

otherwise by the manufacturer. Acquisition was performed on an LSR-II flow cytometer 

(Becton Dickinson) and data were analyzed using FlowJo (FlowJo LLC) and Spice (NIAID) 

software. The unstimulated condition was used to subtract any background staining in the 

analysis and positive ICS were determined by the detection of at least 10 ZIKV-specific T 

cells and a frequency of ZIKV-specific T cells of at least twice the corresponding 

unstimulated signal.

Extended Data
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Extended Data Fig. 1. Patient’s symptoms and ZIKV-RNA detection data
(a) Patient’s symptoms information and associated plasma ZIKV-RNA detection, over time. 

(b) Quantification of ZIKV RNA in the plasma. Each patient and previous exposure to 

DENV status, as defined by the positive detection of anti-DENV IgG at symptom onset, is 

displayed through unique symbols and connecting lines. X-axis, Time (days) represents the 

time from onset of symptoms. Gray dashed line notes the assay’s detection limit. Data are 

representative of n=2 independent experiments.
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Extended Data Fig. 2. Gating strategies for blood immunophenotyping
Flow cytometry gating strategies for the identification of the different cell subsets of 

monocytes (NC= non-classical; I= intermediate; C= classical), dendritic cells (pDCs= 

plasmacytoid dendritic cells; mDCs= myeloid dendritic cells) and MDSCs (myeloid-derived 

suppressor cells) (a), as well as plasmablasts and activated CD8+ T cells (b).
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Extended Data Fig. 3. Changes in immune cell frequencies following acute ZIKV infection
Representative flow-cytometry plots showing changes in the frequency of monocytes (a), 

dendritic cells (b), plasmablasts (c) and activated CD8+ T cells (d), at different time points 

following ZIKV infection. Numerical values of the measured frequencies in a total n=10 

patients, at different time points (acute n=10; recovery n=5; follow-up n=4) are displayed in 

Fig. 1d. Times (in days) from onset of symptoms are indicated.
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Extended Data Fig. 4. Humoral immune response to acute ZIKV infection
Linear regression analysis to model the relationship between plasma anti-ZIKV IgM and 

IgA detection signals (n=41) using DIACHECK ELISA assays. (b) Plasma detection of anti-

ZIKV IgM antibodies using EUROIMMUNE ELISA assay (left chart) and linear regression 

analysis to model the relationship between plasma anti-ZIKV IgM detection signals obtained 

with EUROIMMUNE and DIACHECK ELISA assays (n=41) (right chart). (c) Plasma 

detection of anti-ZIKV IgG antibodies using EUROIMMUNE ELISA assay (left chart) and 

linear regression analysis to model the relationship between plasma anti-ZIKV IgG detection 

signals obtained with EUROIMMUNE and DIACHECK ELISA assays (n=41) (right chart). 

(a-c) Each patient and previous exposure to DENV status, as defined by the positive 

detection of anti-DENV IgG at symptom onset, is displayed through unique symbols and 

connecting lines. Gray dashed lines note assay’s detection limits. X-axis, (Time (days)) 

represents the time from onset of symptoms. Data are expressed as mean values of OD/CO 

ratios from two independent experiments. Pearson correlation coefficient R and significance 

p (two-sided) values are reported from the linear regression analysis performed with 

GraphPad Prism software.
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Extended Data Fig. 5. Titration of anti-ZIKV neutralizing antibodies
Representative titration assays for the detection of anti-ZIKV neutralizing antibodies, 

overtime. Titers were measured by endpoint titration. A color mapping of the OD/CO ratio 

values for the detection anti-ZIKV IgM and IgG using EUROIMUNE ELISA assays are 

indicated. The data are representative of n=2 (patients CR8587, CR8602, CR8663, CR4434, 

CR8597 and CR8622), n=3 (patients CR4565 and 8603) or n=4 (CR8623) independent 

experiments.
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Extended Data Fig. 6. ZIKV-specific T cell memory differentiation following acute ZIKV 
infection
T cell memory differentiation based on CCR7 and CD45RA co-expression (naïve: 

CCR7+CD45RA+; CM: CCR7+CD45RA-; EM: CCR7−CD45RA−; TEMRA: 

CCR7−CD45RA+). Frequencies of ZIKV-specific CD4+ (a) and CD8+ (b) T cells across 

the different memory subsets over time, from 5 different patients, are indicated. The analysis 

was performed on a total of n=6 patients, at different time points (Data from patient CR4965 

are available in Fig. 4a,b).
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Extended Data Fig. 7. ZIKV-specific T cell functional profiles overtime
Detailed representation of the overlapping pie charts presented in Fig. 4d,e. The data 

represent the different sub-groups of cytokine secreting and cytotoxic CD154+CD4+ (a) and 

CD69+CD8+ (b) T cells after stimulation with 15-mer overlapping peptide pools covering 

all ZIKV-proteins, by ex vivo intracellular cytokine stainings (ICSs). Frequencies of IL-2, 

TNFa, IFNγ and CD107a co-expressing cells are indicated. Baseline signals of IL-2, TNFα, 

IFNγ and CD107a-expressing cells from unstimulated controls have been subtracted to the 

stimulated conditions to allow the visualization of ZIKV-specific CD4+ and CD8+ T cell 

signals. Only time points with detectable CD154+IFNγ+CD4+ (acute n=24, recovery n=26, 

follow-up n=29) and CD69+IFNγ+CD8+ T cells (acute n=17, recovery n=19, follow-up 

n=24) from patients CR4965, CR8623, CR8603 and CR8622, as depicted in Fig. 3a,b, have 

been used for this analysis. Black bars correspond to the median of expression in each 

condition.
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Extended Data Fig. 8. ZIKV-specific T cell functional profiles across the different viral proteins 
targeted
Overlapping pie charts describing the polyfunctionality of ZIKV-specific CD4+ (a) and 

CD8+ (b) T cells according to the ZIKV-overlapping peptide pools used for T cell 

stimulation and determined by ex vivo intracellular cytokine staining (ICS) as defined in Fig. 

3. Baseline signals of TNFα, IL-2, CD107a and IFNγ-producing cells in unstimulated 

controls have been subtracted from ZIKV-stimulated assays to allow the visualization of 

ZIKV-specific CD4+ and CD8+ T cell signals. Only time points with detectable 

CD154+IFNγ+CD4+ (acute n=24, recovery n=26, follow-up n=29) and CD69+IFNγ
+CD8+ T cells (acute n=17, recovery n=19, follow-up n=24) from patients CR4965, 
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CR8623, CR8603 and CR8622, as depicted in Fig. 3a,b, were used for this analysis. 

Distribution of the numbers (n) of T cell responses across the different ZIKV-peptide pools 

are reported.
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Extended Data Fig. 9. 
General overview of the dynamics of immune responses following acute ZIKV infection in 

human.

Extended Data Table 1.

Patient’s demographics and HLA-types

patient ID Sex Age HLA-A I HLA-A II HLA-B I HLA-B II HLA-DRB1 I HLA-DRB1 II

CR4965 F 31 A*24:02 A*68:02 B*52:01 B*53:01 DRB1*01:02 DRB1*08:07

CR8587 F 31 A*29:02 A*68:02 B*13:02 B*44:03 DRB1*07:01 DRB1*07:01

CR8592 F 27 A*02:05 A*33:01 B*44:03 8*49:01 DRB1*07:01 DRB1*11:02

CR8623 F 33 A*02:01 A*68:02 B*27:05 B*35:02 DRB1*07:01 DRB1*11:04

CR8597 F 44 A*02:01 A*36:01 8*51:01 B*53:01 DRB1*11:01 DRB1*15:03

CR8602 F 49 A*02:01 A*02:11 B*48:02 B*50:01 DRB1*07:01 DRB1*08:04

CR8603 F 50 A*02:01 A*02:01 B*18:01 B*35:01 DRB1*01:03 DRB1*03:01

CR8622 F 28 A*03:01 A*68:01 B*14:XX B*18:XX DRB1*12:01 DRB1*13:01

CR4434 F 42 A*02:01 A*03:01 B*07:02 B*07:02 DRB1*08:04 DRB1*15:01

CR8663 F 56 A*02:01 A*30:02 B*07:02 B*14:02 DRB1*14:01/54 DRB1*15:03
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Fig. 1: Clinical and immunological features of ten ZIKV acutely-infected women.
(a) Complete clinical follow-up of a 31-year-old woman assessed at the Viral Hepatitis 

Ambulatory Clinic, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil. Representative 

pictures of maculopapular cutaneous rash on arms and dry peeling skin on hands are 

depicted, as well as plasma, urine and vaginal fluid detection of ZIKV RNA, and plasma 

detection of anti-ZIKV IgM, IgA and IgG. (b) ZIKV-infected subjects and peripheral-blood 

specimen collection over time since symptom onset. Patients with previously documented 

Dengue (DENV) or Chikungunya (CHIKV) viruses or Yellow-fever (YFV) vaccine 

exposures are annotated. (c) Color mapping of the number of patients with designated 

symptoms or clinical signs, and who are positive for ZIKV-RNA detection in the plasma. 

*patient CR8622 had recent documented CHIKV infection and ZIKV-associated symptoms 
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onset correspond to a rebound in symptoms previously experienced following CHIKV 

infection, as both infections have similar symptom patterns. (d) Flow cytometry analysis of 

the frequency of the different monocyte and dendritic cell subsets, as well as of myeloid-

derived suppressor cells (MDSCs), plasmablasts and activated (CD38high) CD8+ T cells, in 

the peripheral blood of ZIKV-infected patients at different time points starting from 

symptom onset (acute n=10; recovery n=5; follow-up n=4). Flow cytometry gating strategies 

are depicted in Extended Data Fig. 2. Data are expressed as percentages of the indicated 

populations. Each patient and previous exposure to DENV status, as defined by the positive 

detection of anti-DENV IgG at symptom onset, are displayed through unique symbols and 

connecting lines. Cross symbols represent data from 9 healthy adults, as a control. X-axis, 

Time (days) represents the time from symptom onset. Abbreviations: pDCs= plasmacytoid 

dendritic cells; mDCs= myeloid dendritic cells.
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Fig. 2: Dynamics of the humoral response to acute ZIKV infection.
Plasma detection of anti-ZIKV IgM (a), IgA (b) and IgG (c) over time, as determined by 

ELISA (DIACHECK®) in 10 ZIKV acutely-infected patients. Data are expressed as mean 

values of OD/CO ratios from n=2 independent experiments. (d) Median of anti-ZIKV 

antibody detection signals within DENV-naïve (n=4) and DENV pre-exposed (n=6) patient 

groups. (e) Titration of anti-ZIKV neutralizing antibodies, overtime. Titers were measured 

by endpoint titration. The data are expressed as mean values of n=2 (patients CR8587, 

CR8602, CR8663, CR4434, CR8597 and CR8622), n=3 (patients CR4565 and 8603) or n=4 

(CR8623) independent experiments. (f) A linear regression model was applied to fit the 

relationship between anti-ZIKV IgG detection signal intensities and ZIKV-neutralizing 

antibodies according to patient’s previous exposure to DENV status (Total: n=36; DENV-

naïve: n=15; DENV pre-exposed: n=21). Pearson correlation coefficient R and significance 

p (two-sided) values are reported from the linear regression analysis performed with 

GraphPad Prism software. (a-e) Each patient and previous exposure to DENV status, as 

defined by the positive detection of anti-DENV IgG at symptom onset, is displayed through 

unique symbols and connecting lines. Gray dashed lines note assay’s detection limits. X-

axis, (Time (days)) represents the time from onset of symptoms.
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Fig. 3: Dynamics of the cellular immune response to ZIKV infection.
(a) Representative flow-plots of intra-cellular cytokine staining (ICS) for the detection of 

ZIKV-specific CD4+ (upper plots) and CD8+ T cells (lower plots) after stimulation with 15-

mer overlapping peptide pools covering the structural as well as non-structural ZIKV 

proteins. Frequencies of activated-INFγ-producing cells are indicated. A positive ICS was 

determined by the detection of at least 10 ZIKV-specific T cells and a frequency of ZIKV-

specific T cells being at least twice the unstimulated signal. (b) Detection of ZIKV-specific 

CD4+ (blue) and CD8+ (red) T cells over time and across six patients by ICS. Frequencies 

of activated-INFγ-producing cells are depicted through a blue (for CD4+ T cells) or red (for 

CD8+ T cells) color mapping and are expressed as percentages of total CD4+ or CD8+ T 
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cells. (c) Frequencies of samples with positive detection of activated-INFγ-producing cells 

among total samples tested by ICS as grouped according to the ZIKV regions targeted; 

Structural (S) (n=47) or Non-structural (NS) (n=79) ZIKV proteins. (d) Cell frequencies of 

activated-INFγ-producing CD4+ (upper charts) or CD8+ (lower charts) T cells targeting 

Structural (S) or Non-structural (NS) ZIKV proteins. Each dot plot and line represent a 

single patient (acute n=6; recovery n=6; follow-up n=4).
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Fig. 4: Memory differentiation and polyfunctionality of ZIKV-specific CD4+ and CD8+ T cells.
T cell memory differentiation based on CCR7 and CD45RA co-expression (naïve: 

CCR7+CD45RA+; CM: CCR7+CD45RA−; EM: CCR7−CD45RA−; TEMRA: 

CCR7−CD45RA+). Representative flow-cytometry plots from the analysis of n=6 patients 

are indicated on the upper charts. Frequencies of ZIKV-specific CD4+ (n=8) (a) and CD8+ 

(n=6) (b) T cells across the different memory subsets over time are indicated on the lower 

charts for patient CR4965. Data from 5 additional patients are displayed in Extended Data 

Fig. 6. (c) Representative flow-cytometry plots, from the analysis of n=4 patients, of 

cytokine production and cytotoxicity within CD154+CD4+ (left panels) and CD69+CD8+ 

(right panels) T cells following stimulation with 15-mer overlapping peptide pools. 

Frequencies of TNFα, IL-2, CD107a and IFNγ-producing cells are indicated. (d-e) 

Overlapping pie charts describing the polyfunctionality of activated CD154+CD4+(d) and 

CD69+CD8+ (e) T cells following stimulation with ZIKV-overlapping peptide pools over 

time. Baseline signals of TNFα, IL-2, CD107a and IFNγ-producing cells in unstimulated 
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controls have been subtracted from ZIKV-stimulated assays to allow the visualization of 

ZIKV-specific CD4+ and CD8+ T cell signals. Only time points with detectable 

CD154+IFNγ+CD4+ (acute n=24, recovery n=26, follow-up n=29) and CD69+IFNγ
+CD8+ T cells (acute n=17, recovery n=19, follow-up n=24) from patients CR4965, 

CR8623, CR8603 and CR8622, as depicted in Fig. 3b, have been used for this analysis. Data 

represents the median of expression across the different ZIKV-specific T cell responses 

detected. More detailed representations of the data used in the overlapping pie charts are 

available in Extended Data Fig. 7.
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