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Abstract

:

The frequency of Zika virus (ZIKV)-specific IgA and IgM and the cytokine expression profile of ZIKV-infected patients in hyperendemic areas remain unclear. This study investigated the rates of ZIKV non-structural protein 1 (NS1)-specific IgA and IgM and evaluated serum cytokine levels of ZIKV and Dengue virus (DENV) cases in Thailand to identify potential diagnostic biomarkers, elucidate the immunity against ZIKV and DENV, and investigate the association between cytokine levels and ZIKV symptoms. Low rates of positivity for ZIKV NS1-specific IgA and IgM were detected in our study. ZIKV NS1 IgA/M (11%, 11/101) in combination was more frequently detected than ZIKV NS1 IgM (2%, 2/101) or ZIKV NS1 IgA (4%, 4/96) alone, especially in acute ZIKV cases with previous DENV exposure (14%, 10/72). Cytokine analysis showed that both ZIKV and DENV infections induced polyfunctional immunity, and the latter triggered more prolonged responses. The existence of significant differences in IL-4 and IL-10 levels between acute ZIKV and acute DENV cases suggested that IL-4 (p = 0.0176) and IL-10 (p = 0.0003) may represent biomarkers for acute ZIKV and acute DENV infections, respectively. Analysis of the association between increased cytokine levels and ZIKV symptoms indicated that CXCL10 (p = 0.0029) was associated with exanthema, while IL-5 (p = 0.0496) was linked to headache. The detection of ZIKV NS1 IgA and IgM in combination may enhance the diagnosis of early ZIKV infection, particularly when levels of IgM or IgA alone are low or undetectable. IL-4 and IL-10 may serve as targets for the development of diagnostic tools to detect ZIKV and DENV infections early, respectively, in flavivirus-endemic regions.
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1. Introduction


Zika virus (ZIKV) is a positive-sense, single-stranded RNA virus, belonging to the genus Flavivirus, family Flaviviridae. Dengue virus (DENV) is also a member of this family, and both ZIKV and DENV are found in tropical and subtropical regions where Aedes mosquitoes, their main vector, co-circulate [1]. Most ZIKV-infected patients are asymptomatic, whereas others exhibit mild symptoms resemble those of other arbovirus infections, especially DENV, making clinical-symptom-based diagnosis inadequate [2]. During major outbreaks in French Polynesia in 2013 and Brazil in 2015, ZIKV infection was linked to increased neurological complications, including Guillain–Barre syndrome in adults and microcephaly in infants [3]. Its transmission is expected to occur worldwide, especially through the mobility of infected mosquitoes and viremic travelers [4], thereby accentuating the demand for reliable and accurate diagnostic tools.



Despite the above background, current laboratory tests for diagnosing ZIKV have several limitations. Although reverse-transcription polymerase chain reaction (RT-PCR) assays, used for detecting ZIKV RNA during acute infection, represent the most specific tests for recent infections [5,6], their sensitivity is limited by a short viremic period and low-level viremia [7]. Serological tests, including IgM and IgG enzyme-linked immunosorbent assays (IgM and IgG ELISAs), are then used to assess antibody levels in patients with negative RT-PCR results; however, these assays’ specificity is affected by antibody cross-reactivity with other flaviviruses, making it challenging to interpret the results [8,9]. Thus, plaque reduction neutralization tests (PRNTs) are applied to acquire a confirmatory diagnosis of recent ZIKV infection in endemic areas via the detection of neutralizing antibodies; however, the assays may fail to confirm test results in populations previously infected with flavivirus as they cannot specify antibody classes and the presence of cross-reactive neutralizing antibodies [7]. Moreover, PRNTs are laborious to perform and can only be carried out at highly specialized laboratories, limiting their use in routine diagnostics [7]. Recently, several high-throughput and multiplex microsphere immunoassays, developed based on the use of flavivirus proteins, such as envelope protein and non-structural proteins NS1 and NS5, have been shown to detect multiple flavivirus infections in a single assay with accuracy comparable to that of ELISA [10,11]. The assay requires shorter testing time and lower sample volumes than ELISA; nevertheless, its utility and availability may be limited due to the requirements of skilled technicians, costly analysis instruments, and confirmation by PRNTs [10,11,12]. Studies have found that non-structural 1 (NS1)-based IgM and IgG ELISAs could detect flavivirus-specific antibodies with high sensitivity and specificity [13,14]. Interestingly, NS1-specific IgA has been shown to provide additional diagnostic value for acute ZIKV and DENV infections, even when the patient’s viremia has disappeared and IgM titers are low or absent, as found in secondary infections [15,16]. Morales et al. recently reported that anti-ZIKV NS1 IgA and IgM ELISA could boost the diagnosis of ZIKV infection in Brazil and Venezuela where arboviruses are endemic [17]. However, despite extensive studies on ZIKV antibodies, there have been few studies involving serological surveys of ZIKV-specific IgA and IgM in hyperendemic settings.



ZIKV exhibits multiple-cell tropism, infecting structural cells, including human skin cells [18] and immune cells, in the peripheral and central nervous systems [19]. Such infection triggers the release of immune mediators essential for viral clearance [20]. However, under chronic infection, the dysregulation of cytokine secretion can lead to excessive inflammation, causing cell death and tissue injuries, as seen in fetal microcephaly during pregnancy of ZIKV-infected women [21]. Recently, although CXCL10 has been suggested as a specific biomarker linked to neurological diseases in cases with confirmed ZIKV, the association between cytokine levels and Zika symptoms has not been consistently reported [22].



Interestingly, studies of cytokine profiles in patients with other flavivirus infections, including DENV and Japanese encephalitis virus (JEV), suggested that certain cytokines could serve as potential prognostic markers for disease severity and diagnostic markers of the disease [23,24,25,26,27,28]. Recent studies have suggested IFN-γ, IL-10, GM-CSF, and MIP-1β as potential predictor for severity of dengue disease and IL-10 as a diagnostic marker for dengue fever [23,24]. However, the application of the specified markers may be limited in other patient populations due to heterogeneity in patient cohorts and methodologies used in the current literature, contributing to inconsistent outcomes [29]. Accordingly, it is possible that cytokines may also serve as targets for diagnostic development [28]; nevertheless, the precise biomarkers for distinguishing ZIKV infection from infection with the most closely related flavivirus, DENV, in hyperendemic areas have not yet been identified.



In this study, we used Euroimmun ZIKV NS1-based IgM, IgA, and combined IgA/IgM (or IgA/M) ELISAs to detect IgA and IgM in the sera of patients in Thailand. We evaluated the levels of seven cytokines in sequential serum samples of ZIKV and DENV cases, using multiplex immunoassay to characterize immunity to ZIKV and DENV, to determine potential diagnostic biomarkers, and to investigate the association between cytokine levels and Zika symptoms.




2. Materials and Methods


2.1. Ethics Statement, Collection of Human Specimens, and Clinical Data


The protocol of this study was reviewed and approved by the ethics committee of the Faculty of Tropical Medicine, Mahidol University, Thailand (FTM-EC; approval number MUMT 2021-025-01). Human sera were obtained from two sites: the Department of Tropical Pediatrics and the Department of Microbiology and Immunology (collected in 2007–2009 and 2017–2019, respectively), Mahidol University, Thailand. The enrolled patients were ≥4 years of age, who came to the hospital with clinical symptoms of low-grade fever, arthralgia, myalgia, and rash/exanthema with a duration of up to 7 days. The samples collected at enrollment (≤7 days after symptom onset) and ≥15 days after disease onset were characterized as acute-phase samples and convalescent-phase samples, respectively. Pregnant women were excluded in the study. Demographic data and clinical information recorded at enrolment including age, sex, self-reported symptoms, and seven days of fever were provided by the Hospital for Tropical Diseases, Bangkok, Thailand. All sera were stored at −80 °C until used for all experiments in this study.




2.2. Sample Classification and Study Design


The serum samples were classified into three groups: ZIKV-infected samples, DENV-infected samples, and healthy samples, based on laboratory confirmation using real-time RT-PCR and ELISAs. The samples with positivity for ZIKV in real-time RT-PCR and/or IgM/IgG ELISAs, but negativity for DENV in RT-PCR and IgM/IgG ELISAs, were specified as ZIKV-infected samples. (Note that, within this sample group, sera with positivity in ELISA for DENV1-4 NS1 IgG were denoted as ZIKV sera with previous DENV exposure, while those with negativity in ELISA for DENV1-4 NS1 IgG were referred to as ZIKV sera without previous DENV exposure). These samples were used to evaluate the positive reactivity rate of anti-ZIKV NS1 IgA/M, IgM, and IgA ELISA kits (Euroimmun, Lübeck, Germany). The samples with positivity for DENV in real-time RT-PCR and/or IgM/IgG ELISAs, but negativity for ZIKV in RT-PCR and IgM/IgG ELISAs, were specified as DENV-infected samples (serving as a reference control for cross-reactivity), while the samples with negativity for both ZIKV and DENV in real-time RT-PCR and IgM/IgG ELISAs were specified as flavivirus-negative samples (serving as a negative control). These latter samples were also regarded as healthy samples, all of which were used to evaluate the negative reactivity rate of the ZIKV IgA/M, IgM, and IgA ELISAs. Samples tested using the ZIKV ELISAs are described in Table 1 and Table 2. Briefly, the positive reactivity rates of the Anti-Zika Virus NS1 IgA/M, IgM, and IgA ELISA kits (Euroimmun) were examined using 101 acute and 30 convalescent ZIKV sera, whereas the corresponding negative reactivity rates were evaluated using 5 acute and 10 convalescent DENV sera and 10 healthy sera. Subsequently, the remaining sera obtained from ZIKV and DENV cases (during acute and convalescent phases), as well as that obtained from healthy donors, were used for cytokine analysis.




2.3. RNA Extraction and Real-Time RT-PCR for ZIKV and DENV1-4 Diagnosis


Viral RNA was extracted using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany), in accordance with the manufacturer’s instructions. RNA was eluted in 60 μL of AVE buffer and stored at −80 °C without further thawing until use. Real-time RT-PCR was performed on a CFX96TM real-time system C1000 thermal cycler (Bio-Rad, Tokyo, Japan). ZIKV detection was performed using the Altona Diagnostics RealStar ZIKV RT-PCR test kit (Altona Diagnostics GmbH, Hamburg, Germany), as described elsewhere [6]. Real-time RT-PCR conditions for ZIKV were as follows: 20 min at 55 °C; 2 min at 95 °C; and then 45 cycles for 15 s at 95 °C, 45 s at 55 °C, and 15 s at 72 °C. Detection of DENV1-4 was performed using a Dengue RealTM Genotype kit (Sacace Biotechnologies, Como, Italy), as described previously [30]. Real-time RT-PCR conditions for DENV1-4 were as follows: 30 min at 50 °C; 15 min at 95 °C; 5 cycles for 10 s at 95 °C, 40 s at 56 °C, and 20 s at 72 °C; and then 40 cycles for 10 s at 95 °C, 40 s at 54 °C, and 20 s at 72 °C.




2.4. ZIKV and DENV Serological Diagnosis


Serum was used to detect the presence of IgM and IgG antibodies against ZIKV and DENV using anti-ZIKV and anti-DENV IgM and IgG ELISA kits (Euroimmun), in accordance with the manufacturer’s instructions. The assays were based on the identification of antibodies against recombinant non-structural protein 1 (NS1) of ZIKV coated on microplate wells. A calibrator containing ZIKV/DENV-specific IgM or IgG included in the respective kits was tested in each run to define the cut-off ratio of the test. Outcomes were assessed by calculating the ratio of the extinction of the control/patient sample over the extinction of the calibrator. Samples with ratios > 1.1 were considered positive, whereas those with values < 0.8 were considered negative. Intermediate values (>0.8 and <1.1) were regarded as indeterminate/borderline.




2.5. DENV1-4 NS1 IgG In-House ELISA


To evaluate ZIKV patients’ immune status, DENV1-4 NS1 IgG ELISA was performed using acute ZIKV sera. The assay was performed in accordance with previous studies [31]. Briefly, ELISA plates were filled with DENV-1, DENV-2, DENV-3, and DENV-4 NS1 proteins (2000 ng of combined DENV1-4 NS1 proteins per well; 500 ng per serotype per well) in 1× PBS, while blank wells filled with 1× PBS were also included in each plate (used to subtract non-specific binding). The plates were then incubated at 37 °C overnight, washed with 1× PBS containing 1% Tween 20 (PBS-T) six times and blocked with 5% skim milk in PBS-T for 1 h at 37 °C. The plates were then washed and filled with diluted (1:100) serum and controls, followed by incubation at 37 °C for 1 h and then washing. The plates were supplemented with diluted (1:1500) goat-anti-human IgG antibody conjugated to horseradish peroxidase (KPL Inc., Gaithersburg, MD, USA) and incubated at 37 °C for 1 h. The plates were then washed and filled with the substrate SureBlueTM (KPL Inc.), followed by incubation at room temperature for 30 min. Finally, the reactions were stopped using 0.4 M sulfuric acid. The optical density (OD) was measured at 450 nm. An acute serum:negative control ELISA OD ratio of ≥2.0 was considered seropositive.




2.6. Anti-ZIKV NS1 IgA/M, IgM, and IgA ELISAs


To evaluate the positive and negative reactivity rates of serum samples, anti-ZIKV IgA/M, IgM, and IgA ELISAs (Euroimmun) were performed in accordance with the manufacturer’s instructions. These assays were based on the identification of antibodies against recombinant non-structural protein 1 (NS1) of ZIKV coated on microplate wells. A calibrator containing ZIKV-specific IgA/M, IgM, and IgA included in the corresponding kits was tested in each run to define the cut-off ratio of the test. Results were assessed by calculating the ratio of the extinction of the control/patient sample over the extinction of the calibrator. A sample was considered positive if its ratio was >1.1 and negative if it was <0.8. Intermediate values (>0.8 and <1.1) were interpreted as indeterminate/borderline.




2.7. Quantification of Cytokines Using Multiplex Immunoassay


The levels of seven biomarkers, namely IFN-γ, IL-4, IL-5, IL-6, IL-10, IL-21, and CXCL10, in the sera of ZIKV-infected patients, DENV-infected patients, and healthy controls were measured using a commercial kit (Human ProcartaPlex Mix and Match 7-plex Immunoassay; Thermo Fisher Scientific, Vienna, Austria) and a Luminex MAGPIX instrument (BIO-TECHNE, Minneapolis, MN, USA). Serum samples of 25 µL from all study subjects were used to perform the test, following the manufacturer’s instructions. The interpretation of cytokine concentrations was performed using ProcartaPlex Analyst 1.0 software (Thermo Fisher Scientific).




2.8. Statistical Analysis


All data were analyzed using GraphPad Prism 7 (Prism Software; GraphPad, San Diego, CA, USA). The significant differences between two groups of analytes were determined using Mann–Whitney test. Meanwhile, that of differences among the three groups of analytes were determined using the Kruskal–Wallis test. A p-value of less than 0.05 was considered statistically significant. Associations between cytokine levels and clinical symptoms were identified by Mann–Whitney U test (fold change of ≥2 and p-value < 0.05), to compare cytokine levels among healthy donors and ZIKV-infected patients with the absence or presence of specific symptoms. Associations between different immune mediators were determined by Spearman’s rank correlation test (p-value < 0.05 and an rs range from −1 to +1). All significance correlations are presented with the degree of significance indicated (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). All heatmaps were constructed using GraphPad Prism 7 (Prism Software; GraphPad, San Diego, CA, USA). In the heatmap display, the mean concentrations (pg/mL) for each measured cytokine in its corresponding group were computed, and the mean values were displayed for visualization. Additionally, the mean concentrations for each measured cytokine in its corresponding group were computed, then the mean values were subsequently scaled as percentages from 0 to 100% for visualization.





3. Results


3.1. Data of Participants and Samples


Among the 101 RT-PCR-confirmed ZIKV patients, there were 47 males and 54 females. The median age of all ZIKV patients was 28. The median number of days of fever of all ZIKV patients was 3. The analysis of DENV exposure among acute ZIKV cases showed that 29% (29/101) of the cases had never been exposed to dengue, whereas 71% (72/101) had. Notably, the observations of clinical manifestations available for 70 RT-PCR-confirmed ZIKV cases revealed that the most common symptom was exanthema (59/70, 84%), followed by fever (58/70, 83%), myalgia (23/70, 33%), headache (20/70, 29%), conjunctivitis (19/70, 27%), sore throat (18/70, 26%), arthralgia (14/70, 20%), and cough (14/70, 20%) (Table 1).



Regarding the numbers of RT-PCR-confirmed ZIKV serum samples used in this study, 71 sera were acute samples collected from 2017 to 2019, while 60 sera were paired samples of acute and convalescent phases (30 sera per phase), collected from 2007 to 2009. Upon confirmation using dengue and flavivirus diagnostic ELISA kits, 5 acute and 10 convalescent sera of DENV patients and 10 sera of healthy donors were used in this study (Table 2).




3.2. Detection of ZIKV IgA/M, IgM, and IgA in Confirmed ZIKV Cases in Thailand


Determination of Zika antibodies in all acute ZIKV (AZ) sera showed that 10% (10/101), 2% (2/101), and 3% (3/96) of them were positive for IgA/M, IgM, and IgA, respectively (Table 3). Notably, 14% (10/72), 3% (2/72), and 4% (3/69) of dengue-primed, acute sera were positive for IgA/M, IgM, and IgA, respectively, whereas no dengue-unprimed, acute sera were positive for any of the analyzed antibodies. However, considering all convalescent ZIKV (CZ) sera, IgA/M and IgA were detected at the same rate of 3% (1/30) of the samples, but IgM was undetectable (0%, 0/30). No dengue-primed, convalescent sera were positive for any of the analyzed antibodies, whereas 8% (1/13) of dengue-unprimed, convalescent sera were equivalently positive for IgA/M and IgA, while none of them were positive for IgM alone. Taking the findings together, the evaluation of Zika NS1-specific IgA/M, IgM, and IgA seroconversions in all ZIKV-infected patients revealed that 11% (11/101), 2% (2/101), and 4% (4/96) of them were positive for IgA/M, IgM, and IgA, respectively (Table 3). Specifically, the results show that 14% (10/72), 3% (2/72), and 4% (3/69) of dengue-primed, ZIKV patients were positive for IgA/M, IgM, and IgA, respectively. Conversely, 3% (1/29) and 4% (1/27) of dengue-unprimed ZIKV cases were positive for IgA/M and IgA, respectively, whereas none (0%, 0/29) of them were positive for IgM.




3.3. Comparison of Combined IgA/M, IgM, and IgA Reactivities against ZIKV NS1 ELISAs in Confirmed ZIKV Cases, Confirmed DENV Cases, and Healthy Donors


Comparison of IgA/M reactivity against ZIKV IgA/IgM ELISA between different groups of subjects showed that IgA/M levels of AZ patients were significantly higher than those of healthy donors (HDs) (p = 0.0105), whereas those of CZ cases were significantly lower than those of convalescent DENV (CD) cases (p = 0.0252) (Figure 1, left). As for IgM reactivity against ZIKV IgM ELISA, the outcomes demonstrated that IgM levels of CZ cases were significantly higher than those of both CD cases (p = 0.0019) and HDs (p = 0.0251) (Figure 1, middle). Notably, there were no significant differences in IgA/M and IgM levels when AZ cases were compared with acute DENV (AD) cases. Regarding IgA reactivity against ZIKV IgA ELISA, IgA levels of AZ cases were significantly elevated when compared with HDs (p = 0.029), but not with CZ cases (p = 0.2245) (Figure 1, right). DENV sera were not subjected to this test due to a lack of samples. Interestingly, the comparison of IgA/M, IgM, and IgA OD450 ratios among the three subject groups, namely dengue-primed and dengue-unprimed ZIKV-infected patients and HDs, revealed that there were significant differences among the subjects for IgA/M (p = 0.024) and IgA (p = 0.037) OD450 ratios, but not for IgM OD450 ratios (p = 0.222) (Figure 2).




3.4. Cytokine Analysis of Zika and Dengue Patients in Endemic Country, Thailand


Among the seven cytokines analyzed, the results showed significant increases in IFN-γ (p < 0.0001), IL-4 (p < 0.0001), IL-5 (p < 0.0001), IL-10 (p < 0.0001), and CXCL10 (p = 0.0002) levels in AZ cases, compared with those in HDs (Figure 3, Figure 4 and Figure 5; Table 4 and Table 5; Supplementary Figure S1). Notably, CXCL10 exhibited the highest concentration levels in AZ sera, followed by IL-4, IFN-γ, IL-5, IL-21, IL-6, and IL-10, in that order; all declined to healthy levels in the CZ phase, with the exception of IL-21. Similarly, significant increases in IFN-γ (p = 0.0008), IL-10 (p = 0.0008), CXCL10 (p = 0.0016), IL-5 (p = 0.0070), and IL-4 (p = 0.0109) levels were observed in AD cases compared with those in HDs (Figure 3, Figure 4 and Figure 5; Table 4 and Table 5; Supplementary Figure S2). In contrast to the findings in CZ cases, IL-10 (p = 0.0008), CXCL10 (p = 0.0016), and IFN-γ (p = 0.0350) levels of CD cases were significantly higher than in HDs. Interestingly, IL-4 levels (p = 0.0176) of AZ patients were significantly higher than in AD cases, whereas IL-10 levels (p = 0.0003) of AZ cases were significantly lower than in AD cases (Figure 3). Notably, IL-10 (p < 0.0001) and CXCL10 (p = 0.0002) levels of CZ patients were significantly lower than those of CD cases (Figure 3).




3.5. Association between Cytokines and Symptoms in Acute ZIKV-Infected Patients


Investigation of the links between increased cytokine levels and certain symptoms presented by AZ patients, compared with individuals without symptoms, revealed associations between fever and cytokines, namely IFN-γ (p < 0.0001), IL-4 (p = 0.0106), IL-5 (p = 0.0018), and IL-10 (p = 0.0004). Moreover, headache was found to be associated with IL-5 (p = 0.0496). Interestingly, exanthema was strongly associated with IFN-γ (p = 0.0017), IL-4 (p = 0.0018), IL-5 (p = 0.0047), and CXCL10 (p = 0.0029). Meanwhile, conjunctivitis was linked to elevated levels of IFN-γ (p = 0.0306), IL-4 (p = 0.0112), and CXCL10 (p = 0.0332). Arthralgia was associated with high IL-4 levels (p = 0.0388), whereas myalgia was linked to increased IL-10 levels (p = 0.0114) (Table 6).




3.6. Correlations among Cytokine Levels in Acute ZIKV-Infected Patients


Spearman’s rank correlation coefficient (rs) analysis of elevated levels of the seven circulating cytokines during AZ infection revealed that IFN-γ was strongly correlated with IL-4 (rs = 0.60, p < 0.001) and IL-10 (rs = 0.53, p < 0.001), while being moderately correlated with IL-6 (rs = 0.43, p < 0.001), CXCL10 (rs = 0.42, p < 0.001), and IL-5 (rs = 0.40, p < 0.001). In addition, CXCL10 was strongly correlated with IL-4 (rs = 0.65, p < 0.001) and moderately linked to IL-21 (rs = 0.42, p < 0.001). Moreover, IL-4 was moderately correlated with IL-6 (rs = 0.47, p < 0.001) and IL-21 (rs = 0.47, p < 0.001). Furthermore, weak positive correlations were found between CXCL10 and IL-6 (rs = 0.37, p = 0.002); CXCL10 and IL-10 (rs = 0.36, p = 0.002); IL-6 and IL-21 (rs = 0.39, p < 0.001); IL-5 and IL-10 (rs = 0.40, p < 0.001); and IL-5 and IL-21 (rs = 0.27, p = 0.026) (Table 7).





4. Discussion


Zika virus (ZIKV) belongs to the genus Flavivirus (family Flaviviridae), which also includes DENV and JEV, all of which are endemic in Southeast Asia [1,3,25,32,33]. These viruses not only share a high degree of sequence and structural homology, but also cause similar clinical symptoms, making diagnosis of a specific virus infection difficult, especially in highly endemic regions where secondary infections are prevalent [1,3,25,32,33]. Although most ZIKV-infected patients develop mild illnesses, the virus infection can also lead to serious neurological diseases in certain cases, particularly in older adults and infants [2,3].



Thus, it is important to accurately identify the infecting virus and determine whether a patient contracted a primary or secondary flavivirus infection because knowing these details can help avoid unnecessary medical analysis and treatment and prevent adverse outcomes in vulnerable populations, especially in pregnant women who might give birth to a baby with neurological abnormalities and impaired growth if infected with ZIKV and in ZIKV-infected men who might spread the virus via sexual activities if unprotected [14,16,34,35]. Importantly, timely diagnosis can provide early warning of flavivirus epidemics to enhance management of patients and outbreaks. Owing to the limitations of current diagnostic tools [7,8,9], it is critical to find alternative methodologies for specific identification of a flavivirus infection.



The serological findings in this study suggest that the combined detection of both ZIKV NS1-specific IgA and IgM (IgA/M) could be more beneficial for early ZIKV diagnosis than the detection of either of these immunoglobulins alone. Using ZIKV NS1-based ELISAs, we found that IgA/M was more frequently detectable than either IgM or IgA alone in acute ZIKV sera, as indicated by the higher rate of positivity for IgA/M (14%, 10/72) than those of IgM (3%, 2/72) or IgA (4%, 3/69) among dengue-primed, acute ZIKV sera; nevertheless, none of the respective antibodies were detectable in all dengue-unprimed, acute ZIKV sera. However, the possibility of false-positive results due to flavivirus-induced antibody cross-reactivity could not be completely ruled out as the occurrence of cross-reactive antibodies against IgM assays among ZIKV cases with dengue (or other flaviviruses) background immunity has been extensively reported [9]. Notably, only 3% (1/30) of convalescent ZIKV sera were equally positive for IgA/M and IgA, whereas none (0%, 0/30) of them were positive for IgM. These results suggest that the acute serum may serve as a more suitable specimen for the Zika NS1-specific detection of IgA and IgM than the convalescent serum and that the combined detection of Zika NS1-specific IgA/M may enhance acute ZIKV identification, particularly in populations previously infected with dengue.



Nevertheless, it is worth noting that the low rates of positivity for Zika IgM were expected in this study as the acute sera were collected during viremia when it might be too early for IgM seroconversion to have occurred [9]. However, the absence of Zika IgM even in the convalescent samples might imply secondary/flavivirus-primed ZIKV infection in our cohort; correspondingly, 71% (72/101) of the cases had been exposed to DENV infection [16]. We hypothesized that the prevalence of anti-dengue IgG from previous infections might interfere with IgM or IgA seroconversion of current ZIKV infection, making the rates of positivity for IgM or IgA appear much lower than those of IgA/M combined. Similarly, recent studies showed that no or low levels of IgM were observed among early viremic (0% to 31.6%) and acute sera (0% to 48.4%) of ZIKV-confirmed cases in flavivirus-endemic countries, the convalescent sera of whom also showed a low rate of positivity for IgM of 12.5% [14,16,36]. Conversely, our results are in contrast to the observations among returned travelers with RT-PCR-confirmed primary ZIKV infection, in whom early and strong IgM responses (87.5% to 100%) were detected [14,36]. It has been suggested that the serological response to ZIKV may be altered by previous flavivirus infection [14,36]. Hence, the data presented here should be interpreted with caution.



Interestingly, through an analysis of antibody reactivity against the assays, we found significant differences in IgA/M (p = 0.0105) and IgA (p = 0.029) levels of acute ZIKV cases compared with those of HDs. We also observed significant differences in IgA/M (p = 0.024) and IgA (p = 0.037) levels, but not in IgM levels (p = 0.222), among acute ZIKV patients with and without previous dengue exposure and HDs. These results suggest that Zika NS1-specific IgA might be an alternative or additional diagnostic target to IgM for early ZIKV detection, particularly in dengue-primed individuals. Several reports are consistent with our findings regarding the better performance of IgA/M- and IgA-based tests over IgM-based ones [17]. Using acute samples, Morales et al. reported that an anti-ZIKV NS1 IgA/M test detected 15% of RT-PCR-confirmed ZIKV cases, whereas an anti-ZIKV NS1 IgM test detected only 9% of them. They also reported that, using follow-up samples, the IgA/M test (94%) outperformed the IgM (30%) and IgG (72%) tests; however, in that study, the history of previous flavivirus infection of participants was not explicitly clarified [17]. Using NS1-based ELISAs in a Latin American setting, Bozza et al. found that Zika IgA (53%) was more detectable than Zika IgM (33%), although the sample size was small [37]. Using ZIKV NS1-based IgA and IgM ELISAs to test paired serum samples from 31 Dominican patients with RT-PCR-confirmed ZIKV infection, Warnecke et al. reported that ZIKV NS1 IgA and IgM were detected in acute samples (collected 8–16 days after illness onset) with sensitivities of 93.5% and 48.4%, respectively, but were negative in all of viremic samples, collected 2–5 days after illness onset [16]. Their findings also showed that the proportion of positive IgA, but negative IgM cases, was higher in (flavivirus-primed) secondary (61.9%) than in primary (30.0%) ZIKV infections [16]. Likewise, a similar serological response has been observed among patients with DENV, in whom dengue NS1-specific IgA was more frequently detected in acute sera, and of greater prevalence during secondary DENV infection, compared with dengue NS1-specific IgM [38,39,40]. This information highlights the diagnostic value of IgA for the development of screening tests and detection tools to be used in endemic areas where primary and secondary flavivirus infections are prevalent and the value of IgM and IgG testing is lowered by low/undetectable IgM levels and high cross-reactivity against other flaviviruses [16,37]. Additionally, Zika IgA was reportedly detected in saliva during acute and early convalescent infection, making this specimen applicable for noninvasive diagnosis [41]. However, based on the findings mentioned above, the performance and efficiency of the IgA and IgA/IgM-based tests may be affected by the transient presence of IgA and IgM in blood circulation and variability in immune status among different patient populations [14,16,17].



In our study, we detected 100% negative rates in all of our control groups (dengue and healthy cases) using the Euroimmun ZIKV NS1-based ELISAs, corresponding to the high specificity of the tests (85% to 100%) observed in other studies [16,17]. Moreover, similar to the findings of Kikuti et al., we also found that the infecting serotype or prior dengue infection status (primary or secondary infection) did not have any effects on the specificity of the tests [36]. Recently, few studies have demonstrated the diagnostic potential of Zika NS1 IgA for acute ZIKV identification due to its complementary detectability to IgM [16,41]. Other studies have shown the benefits of the combined IgA and IgM test for acute ZIKV diagnosis in endemic areas where there is a high prevalence of flavivirus-primed individuals, in whom IgM titers are often transient and IgG levels are rapidly elevated [9,17]. According to the characterization of Zika IgA and IgM in sera collected from RT-PCR-confirmed ZIKV cases, living in a flavivirus-hyperendemic country in Southeast Asia, Thailand [42], we concluded that Zika NS1 IgA/M (11%, 11/101) was more frequently detected than Zika NS1 IgM (2%, 2/101) or Zika NS1 IgA (4%, 4/96) alone, particularly in acute ZIKV cases with previous DENV infection (14%, 10/72), as opposed to those without previous DENV exposure (3%, 1/29). We also concluded that the ZIKV NS1-based IgA/M ELISA may serve as an additional diagnostic tool for acute ZIKV detection, in addition to the use of RT-PCR and IgM ELISAs. As a limitation of the study, cross-reactivity tests against other flaviviruses were not performed. Further studies with larger numbers of well-characterized samples (including several types of samples such as serum, saliva, and urine) with a longer follow-up and cross-reactivity tests against other flaviviruses are warranted to properly address the kinetics of ZIKV NS1-specific IgA and IgM antibody responses in hyperendemic countries.



Regarding the investigation of the systemic immune activation profile of ZIKV and DENV cases in a hyperendemic setting (Thailand), our findings showed that both ZIKV and DENV infections induced polyfunctional systemic immune activation during the acute phase, as reflected by heightened cytokine levels associated with various T cell responses, including type-1 T helper or Th1 (IFN-γ, CXCL10), Th2 (IL-4, IL-5, IL-10), regulatory T or Treg (IL-10), as well as both proinflammatory (IL-5, IL-6, CXCL10) and immunoregulatory (IL-4, IL-10) responses, compared with those in healthy controls, coinciding with the findings in previous studies [43,44,45]. In fact, accumulating evidence has suggested that significant increases in IFN-γ and CXCL10 levels during acute ZIKV infection are desirable for adequate induction of antiviral response, resulting in a mild illness [43,46,47]. Notably, together with IL-23, via the activation of the Stat3 transcription factor, IL-6 is needed for the differentiation of Th17 cells that, when optimally activated, could help boost immune responses against invading viruses [48,49]. Accordingly, it has been reported that high levels of IFN-γ, IL-6, and IL-8 have been found in dengue-infected patients, in whom significant levels of IL-6 and IL-8 were linked to dengue hemorrhagic fever (DHF), and that the mean levels of these three cytokines were lower in primary dengue infection cases than in secondary ones [50,51,52].



In this study, during the convalescent phase of ZIKV infection, serum levels of most immune mediators generally returned to the normal state, consistent with the findings of Tappe et al., although the levels of several molecules (IL-6, IL-10, CXCL10) in that previous study remained significantly high in the recovery phase [53]. This discrepancy in cytokine levels may be attributable to the differences in ethnicity, as previously seen in DENV infection, because our cohort mostly consisted of Thai patients, while that in the study of Tappe et al. consisted of European travelers who had returned home [53,54]. Another possible explanation for this issue may be due to differences in immune status of individuals, which may be influenced by age and previous flavivirus infections [52,55,56], as the median age of ZIKV patients in our cohort (28 years) was lower than that of Tappe et al.’s study cohort (41 years) and most of the ZIKV-confirmed cases in our study were previously exposed to DENV infections, whereas those of Tappe et al.’s study suffered from primary ZIKV infection. Notably, the significant increases in IFN-γ, IL-4, IL-10, and CXCL10 levels during acute ZIKV infection could reflect the presence of the virus in blood circulation or other tissue reservoirs, as opposed to the levels that returned to the normal state in the convalescent phase when the viremia often becomes undetectable in plasma and urine [43,57]. In contrast, during convalescent DENV infection, the mean levels of IFN-γ, CXCL10, IL-4, and IL-10 remained relatively high, suggesting that the sustained interplay of Th1, Th2, and Treg may be needed for dengue control in this setting. Alternatively, it may reflect the migration of dengue-specific T cells, which reportedly move into the skin during acute infection and return to peripheral blood upon viral clearance [58,59]. However, owing to the small number of dengue cases in this study, larger cohorts of patients should be examined to strengthen the findings.



Notably, it is possible that pre-existing immunity to flavivirus could have influenced cytokine responses in our cohort as most of the subjects reside in a country where flavivirus is hyperendemic [55,56]. In fact, numerous studies have shown that, besides enhancing virus infection and worsening disease severity via a phenomenon known as “original antigenic sin,” both cross-reactive antibody and T cell responses caused by primary dengue infection could induce protective immunity upon secondary infection with different dengue serotypes and flaviviruses, including ZIKV [52,55,56]. Interestingly, more rapid and intense T cell responses against ZIKV have been reported in individuals with prior DENV infection, particularly cross-reactive T cell responses toward non-structural proteins, during primary infection [55,56].



Through analysis of potential biomarkers for differentially diagnosing ZIKV and DENV in endemic areas, our results suggest that IL-4 (p = 0.0176) could serve as a diagnostic target for distinguishing acute ZIKV from acute DENV infections, while IL-10 (p = 0.0003) could serve as a molecular marker for differentiating acute DENV from acute ZIKV infections, attributed to significant differences in the cytokine levels between the patient groups. Our additional experiments using a larger number of acute dengue cases helped support the results (Supplementary Figures S3 and S4; Supplementary Tables S1–S4). To our knowledge, this is the first study to observe the differences in cytokine levels in ZIKV and DENV cases in order to determine circulating molecules useful for the differential diagnosis of early ZIKV and DENV infections when a flavivirus infection is considered in hyperendemic areas. Evidently, IL-4 produced by Th2 cells and natural killer T (NKT) cells is critical for antiviral CD8+ T-cell (IFN-γ- and TNF-α–secreting cell) functions and antibody development during early viral infections, all of which are essential for inhibiting the establishment of persistent virus infections [60,61]. IL-4, functioning synergistically with IL-21, is required for normal germinal center function, B cell functions, and immunoglobulin (Ig) production and Ig class switching [61,62]. During early/acute viral infections, IL-10 produced by innate immune cells, including antigen-presenting cells (dendritic cells and macrophages) and NK cells, helps restrain excessive inflammation by counterbalancing proinflammatory signals triggered by virus infection, thereby reducing tissue damage [63]. However, in chronic virus infections (such as HCV, HBV, and HIV), elevated IL-10 levels during the acute phase have been linked to disease progression and persistent virus infections, mainly caused by T cell dysregulation [63]. Notably, previous studies showed that elevated IL-10 levels are associated with dengue pathogenesis and disease severity [52]. A study by Rathakrishnan et al. showed that dengue patients with warning signs (abdominal pain or tenderness, mucosal bleeding, clinical fluid accumulation, persistent vomiting, hepatomegaly, increase in hematocrit with rapid decrease in platelet count, and lethargy or restlessness) exhibited high levels of IL-10 throughout the disease course, whereas those without warning signs showed decreasing IL-10 levels toward a healthy state in the convalescent phase [44]. Moreover, Pérez et al. reported that increased IL-10 levels were detected in all subjects with DHF and that the patients with secondary infections showed consistently higher levels of IL-10 than the controls [64]. Conversely, Treg-produced IL-10 was reported to suppress Th17-induced inflammation in the tumor microenvironment in mice by preventing Th17 proliferation in the tumor and spleen [65]. Moreover, it is suggested that the combined functions of Treg cells, IL-10, and type I IFN were required for effective suppression of Th17-induced inflammation in the tumor microenvironment [65]. Thus, it is possible that the manipulation of Treg cells, by either suppressing or enhancing their suppressor functions, may represent a promising immunotherapy to prevent or alleviate severe dengue disease [52].



Considering the associations between cytokine levels and specific symptoms among acute ZIKV cases, we found that our patients presented with high frequencies of exanthema (84%), fever (83%), myalgia (33%), headache (29%), and conjunctivitis (27%). Interestingly, in agreement with the studies by Barros et al. and Sánchez-Arcila et al., reporting that exanthema in ZIKV-infected cases was associated with increased CXCL10 levels, our patients with exanthema showed significant elevations of CXCL10 (p = 0.0029), as well as IL-4 (p = 0.0018), IL-5 (p = 0.0047), and IFN-γ (p = 0.0017), in that order [43,45]. CXCL10 is a chemokine known to chemoattract CXCR3-positive cells, including activated T cells, NK cells, macrophages (microglia cells in CNS), and dendritic cells, toward sites of infection and inflammation [47]. Owing to levels of IL-4 and IL-5 being higher than IFN-γ levels, we hypothesize that the exanthema observed in our cohort might be attributable to the involvement of IgE-mediated hypersensitivity reactions driven by Th2-cytokine secretions (IL-4, IL-5, and IL-13), leading to an eosinophilic inflammatory reaction in the skin [66,67]. However, the IgE and eosinophil levels of the patients should be assessed to confirm these observations. Likewise, conjunctivitis found in our cohort was linked to significant increases in CXCL10 (p = 0.0332), followed by IL-4 (p = 0.0112) and IFN-γ (p = 0.0306) levels. Notably, these circulating molecules have been described to play critical roles in various allergic reactions (via cellular activation and lymphocyte/mast cell infiltration), including asthma and other types of conjunctivitis [47,68,69]. The fever in our cases was associated with significant escalations of IFN-γ (p < 0.0001), IL-10 (p = 0.0004), IL-5 (p = 0.0018), and IL-4 (p = 0.0106). IFN-γ has been suggested to regulate and mediate high fever in patients with blood cancers and infectious diseases [70,71]. Remarkably, headache in our study was associated with significantly high levels of IL-5 (p = 0.0496), corresponding to the findings of previous studies [43,45]. Moreover, arthralgia and myalgia in our patients were linked to increases in IL-4 (p = 0.0388) and IL-10 (p = 0.0114), respectively. The associations between the Zika symptoms and the increased levels of cytokines may suggest cytokines’ participation in the underlying mechanisms by which the symptoms are induced. In addition, the correlations in the levels of different cytokines observed in acute ZIKV cases may reflect the cytokines’ synergistic properties required for virus control and disease resolution.




5. Conclusions


In conclusion, the combined detection of ZIKV NS1-specific IgA and IgM appears to enhance the efficacy of acute ZIKV diagnosis, particularly in ZIKV cases with previous DENV exposure when the levels of either IgM or IgA alone are low or undetectable. In a flavivirus-hyperendemic country (Thailand), patients with acute ZIKV infection show polyfunctional systemic immune responses, which return to homeostasis in the convalescent phase, resulting in mild illness, whereas patients with acute DENV infection exhibit more prolonged polyfunctional immunity. The significant differences in cytokine levels detected among ZIKV and DENV cases suggest that IL-4 and IL-10 may serve as differential immune indicators for acute ZIKV and acute DENV infections, respectively, when a flavivirus infection is considered. The associations between specific symptoms and certain cytokines may suggest that cytokines participate in inducing Zika symptoms, making them applicable for symptom prediction and the development of treatment. Further studies, with a larger number of patients, well-characterized samples, and a longer follow-up, are necessary to properly address the kinetics of ZIKV-induced antibody responses and to identify biomarkers of a specific flavivirus infection. The findings in this study may be useful for the development of diagnostic tools required for more effective management of future outbreaks and treatments.
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Figure 1. Anti–ZIKV NS1 IgA/IgM combined, IgM, and IgA reactivities in ZIKV cases compared to DENV cases and healthy donors. Boxplot demonstrates minimum, interquartile range, median, and maximum of each sample group on the x-axis. Note: The value of 1.1 on the y-axis represents cut–off value. Samples with cut–off values greater than 1.1 are considered positive. The asterisk (*) shows a comparison of the medians between two groups. All significant correlations are presented with the degree of significance indicated (* p < 0.05, ** p < 0.01). 
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Figure 2. Differences in ZIKV–specific IgA/IgM combined, IgM, and IgA OD450 ratios among dengue–primed, ZIKV–infected patients, dengue–unprimed, ZIKV–infected cases, and healthy donors. Boxplot demonstrates minimum, interquartile range, median, and maximum of each sample group on the x-axis. Note: The value of 1.1 on the y-axis represents cut–off value. Samples with cut–off values greater than 1.1 are considered positive. The asterisk (*) or ns symbol shows a comparison of the medians of all three groups. ZIKV w/pre DENV represents ZIKV–infected cases with previous dengue infection, while ZIKV w/o pre DENV represents ZIKV–infected patients without previous dengue infection. All significant correlations are presented with the degree of significance indicated (* p < 0.05; ns, not significant). 
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Figure 3. Differences in the levels of immune mediators in the acute and convalescent phases of ZIKV cases compared with DENV cases. Boxplot demonstrates minimum, interquartile range, median, and maximum of each sample group on the x-axis. The asterisk (*) shows a comparison of the medians between two groups. All significant correlations are presented with the degree of significance indicated (* p < 0.05, *** p < 0.001, **** p < 0.0001). 
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Figure 4. Heatmap showing average levels of cytokine/chemokine (pg/mL) in serum samples of ZIKV and DENV cases (in both acute and convalescent phases) compared to healthy donors. 
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Figure 5. Heatmap showing relative expression of average levels of cytokine (percent; ranging from 0–100%) in serum samples of ZIKV and DENV cases (in both acute and convalescent phases) compared to healthy donors. Note: the darkest blue square indicates 100% (representing the highest concentration (pg/mL) of immune mediators in each column), while the white square indicates 0% (corresponding to the lowest concentration (pg/mL) of immune mediators in each column). 
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Table 1. Characteristics of the ZIKV samples.
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	Characteristics of Samples
	Microbiology and Immunology
	Tropical Pediatrics
	Total





	Subject number (n)
	71
	30
	101



	Male:Female
	0.82:1
	1:1
	0.87:1



	Age (years old) *
	36
	9
	27.41 ± 17.37 (28, 4–68)



	Day of fever *
	3
	2
	2.90 ± 1.49 (3, 1–7)



	Clinical symptoms (n = 70):
	
	
	



	- Fever
	58 (83%)
	NA
	58 (83%)



	- Sore throat
	18 (26%)
	NA
	18 (26%)



	- Cough
	14 (20%)
	NA
	14 (20%)



	- Headache
	20 (29%)
	NA
	20 (29%)



	- Exanthema
	59 (84%)
	NA
	59 (84%)



	- Conjunctivitis
	19 (27%)
	NA
	19 (27%)



	- Arthralgia
	14 (20%)
	NA
	14 (20%)



	- Myalgia
	23 (33%)
	NA
	23 (33%)



	Sample types:
	
	
	



	Acute sample
	71
	30 **
	101



	Convalescent sample
	0
	30 **
	30



	Dengue exposure cases ***:
	
	
	



	Dengue IgG+
	55 (77%)
	17 (57%)
	72 (71%)



	Dengue IgG−
	16 (23%)
	13 (43%)
	29 (29%)







* The values shown are mean ± SD (median, minimum–maximum). ** The data shown are paired blood samples from the Tropical Pediatrics lab. *** Acute serum samples were used to determine previous dengue exposure among ZIKV cases. NA, not available.
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Table 2. Characteristics of DENV and healthy control samples.
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Characteristics of Samples

	
Dengue Patients *

	
Healthy Donors

(n = 10)




	
Acute

(n = 5)

	
Convalescent

(n = 10)






	
Dengue IgM+

	
5 (100%)

	
10 (100%)

	
NA




	
Dengue IgM−

	
0

	
0

	
NA




	
Dengue IgG+

	
0

	
10 (100%)

	
NA




	
Dengue IgG−

	
5 (100%)

	
0

	
NA




	
Flavivirus IgM+

	
NA

	
NA

	
0




	
Flavivirus IgM−

	
NA

	
NA

	
10 (100%)




	
Flavivirus IgG+

	
NA

	
NA

	
0




	
Flavivirus IgG−

	
NA

	
NA

	
10 (100%)








* The number of days of fever of all acute DENV patients was 1. NA = not available.
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Table 3. Determination of rates of positivity and negativity for Zika IgA/IgM combined, IgM, and IgA by Euroimmun NS1-based ZIKV ELISAs.
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Type of Samples/Cases

	
DENV IgG

	
Euroimmun ZIKV NS1 ELISAs




	
IgA+/IgM+

	
IgM+

	
IgA+






	
Acute ZIKV samples

	
Positive (n = 72)

	
10/72 (14%)

	
2/72 (3%)

	
3/69 (4%)




	
Negative (n = 29)

	
0/29 (0%)

	
0/29 (0%)

	
0/27 (0%)




	
Total (n = 101)

	
10/101 (10%)

	
2/101 (2%)

	
3/96 * (3%)




	
Convalescent ZIKV samples

	
Positive (n = 17)

	
0/17 (0%)

	
0/17 (0%)

	
0/17 (0%)




	
Negative (n = 13)

	
1/13 (8%)

	
0/13 (0%)

	
1/13 (8%)




	
Total (n = 30)

	
1/30 (3%)

	
0/30 (0%)

	
1/30 (3%)




	
ZIKV patients **

	
Positive (n = 72)

	
10/72 (14%)

	
2/72 (3%)

	
3/69 (4%)




	
Negative (n = 29)

	
1/29 (3%)

	
0/29 (0%)

	
1/27 (4%)




	
Total

(n = 101)

	
11/101 (11%)

	
2/101 (2%)

	
4/96 * (4%)




	
Acute DENV samples

	
Total (n = 5)

	
0/5 (0%)

	
0/5 (0%)

	
NA




	
Convalescent DENV samples

	
Total (n = 10)

	
0/10 (0%)

	
0/10 (0%)

	
NA




	
Healthy samples

	
Total (n = 10)

	
0/10 (0%)

	
0/10 (0%)

	
0/10

(0%)








* Overall, 96 out of 101 acute ZIKV sera were tested by ZIKV NS1 IgA ELISA (5 went untested due to insufficient samples). ** The positive rates of the acute and convalescent ZIKV samples were not always derived from the same patients, so the positive rates in individual ZIKV patients were analyzed. NA, not available.
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Table 4. Changes in the levels of circulating immune mediators in the acute and convalescent phases of infection among ZIKV-infected patients and DENV-infected patients compared with healthy donors.
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Cytokine

(pg/mL)

	
Type of Serum Samples




	
Acute ZIKV

(n = 70)

	
Convalescent ZIKV

(n = 18)

	
Acute DENV

(n = 5)

	
Convalescent DENV (n = 5)

	
Healthy Donor

(n = 8)






	
IFN-γ

	
14.54 ± 50.87/6.08

5.32 (0–422.70)

2.41, 26.67

	
1.13 ± 1.65/0.39

0 (0–4.49)

0.31, 1.95

	
3.64 ± 3.18/1.42

1.53 (1.10–7.82)

−0.31, 7.59

	
8.52 ± 13.99/6.25

3.81 (0–33.15)

−8.85, 25.88

	
0 ± 0/0

0 (0–0)

0, 0




	
IL-4

	
41.85 ± 24.85/2.97

40.44 (0–106.30)

35.93, 47.78

	
7.90 ± 8.77/2.07

4.41 (0–28.81)

3.54, 12.26

	
16.79 ± 1.54/0.69

17.28 (14.60–18.42)

14.87, 18.70

	
15.50 ± 7.66/3.43

19.43 (7.08–22.72)

5.99, 25.02

	
9.14 ± 6.22/2.20

10.88 (0–17.39)

3.94, 14.33




	
IL-5

	
12.90 ± 12.03/1.44

9.69 (0–58.09)

10.03, 15.76

	
9.12 ± 13.54/3.19

0 (0–44.85)

2.39, 15.85

	
18.78 ± 11.80/5.28

18.59 (0–31.60)

4.12, 33.43

	
8.74 ± 12.18/5.45

0 (0–25.10)

−6.39, 23.87

	
0 ± 0/0

0 (0–0)

0, 0




	
IL-6

	
6.91 ± 12.02/1.44

2.89 (0–77.54)

4.05, 9.78

	
3.16 ± 5.60/1.32

0 (0–18.06)

0.38, 5.94

	
4.96 ± 9.68/4.33

0.60 (0–22.21)

−7.06, 16.97

	
0 ± 0/0

0 (0–0)

0, 0

	
3.67 ± 4.42/1.56

2.70 (0–11.93)

−0.03, 7.37




	
IL-10

	
4.26 ± 7.06/0.84

2.44 (0.24–55.16)

2.58, 5.95

	
0.54 ± 0.63/0.15

0.35 (0–2.64)

0.23, 0.85

	
25.20 ± 24.77/11.08

14.73 (5.47–64.38)

−5.56, 55.95

	
24.35 ± 23.99/10.73

13.08 (3.13–56.09)

−5.43, 54.14

	
0.63 ± 0.68/0.24

0.55 (0–2.18)

0.05, 1.20




	
IL-21

	
11.01 ± 32.27/3.86

0 (0–184.3)

3.32, 18.71

	
40.84 ± 97.16/22.90

2.07 (0–347.10)

−7.48, 89.16

	
5.58 ± 10.76/4.81

0 (0–24.66)

−7.78, 18.93

	
1.84 ± 2.69/1.20

0 (0–5.95)

−1.51, 5.18

	
12.18 ± 23.18/8.20

0 (0–66.86)

−7.20, 31.56




	
CXCL10

	
186.2 ± 170.2/20.35

135.2 (13.53–852.4)

145.60, 226.80

	
39.92 ± 27.69/6.53

29.13 (14.82–124.1)

26.15, 53.69

	
131.3 ± 33.16/14.83

137.2 (93.19–167.8)

90.17, 172.50

	
237.9 ± 132.7/59.34

293.0 (95.63–372.6)

73.11, 402.60

	
49.65 ± 17.52/6.19

51.05 (13.72–75.47)

35.00, 64.29








Data are the values (in pg per ml) of mean ± SD (standard deviation)/SEM (standard error of the mean), median (minimum–maximum), and 95% CI (confidence interval), respectively. The results were analyzed by Mann–Whitney U test.
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Table 5. Differences in the levels of circulating immune mediators in the acute and convalescent phases of infection among ZIKV-infected patients, DENV-infected patients, and healthy donors.
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Cytokine

	
p-Value a Derived from the Comparison between Each Group of Serum Samples




	
Acute ZIKV

vs.

Healthy Donor

	
Convalescent ZIVK

vs.

Healthy Donor

	
Acute DENV

vs.

Healthy Donor

	
Convalescent DENV

vs.

Healthy Donor

	
Acute ZIKV

vs.

Acute DENV

	
Convalescent ZIKV

vs.

Convalescent DENV






	
IFN-γ

	
<0.0001;

****

	
0.0721;

ns

	
0.0008;

***

	
0.0350;

*

	
0.3361;

ns

	
0.1381;

ns




	
IL-4

	
<0.0001;

****

	
0.6726;

ns

	
0.0109;

*

	
0.2688;

ns

	
0.0176;

*

	
0.0909;

ns




	
IL-5

	
<0.0001;

****

	
0.0696;

ns

	
0.0070;

**

	
0.1282;

ns

	
0.2132;

ns

	
0.9026;

ns




	
IL-6

	
0.5928;

ns

	
0.6948;

ns

	
>0.9999;

ns

	
0.1608;

ns

	
0.7391;

ns

	
0.2006;

ns




	
IL-10

	
<0.0001;

****

	
0.4187;

ns

	
0.0008;

***

	
0.0008;

***

	
0.0003;

***

	
<0.0001;

****




	
IL-21

	
0.9495;

ns

	
0.7600;

ns

	
>0.9999;

ns

	
0.6954;

ns

	
0.8012;

ns

	
0.3794;

ns




	
CXCL10

	
0.0002;

***

	
0.1285;

ns

	
0.0016;

**

	
0.0016;

**

	
0.9099;

ns

	
0.0002;

***








a Values of all significant correlations are given with the degree of significance indicated (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant); the results were analyzed by Mann–Whitney U test.
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Table 6. Associations between the cytokine/chemokine levels and the absence or presence of specific clinical manifestations among acute ZIKV-infected patients (n = 60) and healthy donors (n = 8).
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Cytokine

(pg/mL)

p-Value a

	
Cytokine Levels among Individuals with the Absence or Presence of Clinical Symptoms




	
Fever

	
Sore Throat

	
Cough

	
Headache

	
Exanthema

	
Conjunctivitis

	
Arthralgia

	
Myalgia




	
Absence

(n = 18)

vs.

Presence

(n = 50)

	
Absence

(n = 55)

vs.

Presence

(n = 13)

	
Absence

(n = 56)

vs.

Presence

(n = 12)

	
Absence

(n = 49)

vs.

Presence

(n = 19)

	
Absence

(n = 19)

vs.

Presence

(n = 49)

	
Absence

(n = 52)

vs.

Presence

(n = 16)

	
Absence

(n = 55)

vs.

Presence

(n = 13)

	
Absence

(n = 49)

vs.

Presence

(n = 19)






	
IFN-γ

	
0.77

(0–10.83)

vs.

5.97

(0–422.70)

<0.0001; ****

	
3.61

(0–422.7)

vs.

6.42

(0–35.88)

0.2585; ns

	
3.81

(0–422.7)

vs.

3.58

(0–48.29)

0.9081; ns

	
3.61

(0–56.64)

vs.

7.83

(0–422.7)

0.1010; ns

	
0.67

(0–422.7)

vs.

5.63

(0–50.66)

0.0017; **

	
3.41

(0–422.7)

vs.

8.23

(0.9–29.94)

0.0306; *

	
3.41

(0–422.7)

vs.

6.42

(0–29.94)

0.2455; ns

	
3.61

(0–422.7)

vs.

6.12

(0–56.64)

0.1131; ns




	
IL-4

	
15.18

(0–69.94)

vs.

45.1

(4–106.3)

0.0106; *

	
26.49

(0–106.3)

vs.

55.78

(6.0–78.7)

0.0671; ns

	
39.29

(0–106.3)

vs.

31.4

(3.9–85.1)

0.9079; ns

	
38.34

(0–106.3)

vs.

38.82

(6.3–92.84)

0.6473; ns

	
17.43

(0–106.3)

vs.

49.77

(6.0–92.84)

0.0018; **

	
23.6

(0–106.3)

vs.

57.24

(11–92.84)

0.0112; *

	
29.94

(0–106.3)

vs.

57.81

(3.89–92.84)

0.0388; *

	
28.58

(0–92.84)

vs.

46.89

(4–106.3)

0.1381; ns




	
IL-5

	
0

(0–25.10)

vs.

10.87

(0–58.09)

0.0018; **

	
8.53

(0–58.09)

vs.

9.70

(0–31.60)

0.2189; ns

	
8.53

(0–58.09)

vs.

10.28

(0–38.34)

0.9841; ns

	
8.53

(0.0–58.09)

vs.

12.03

(0–38.34)

0.0496; *

	
0

(0–31.60)

vs.

10.87

(0–58.09)

0.0047; **

	
8.53

(0–44.85)

vs.

10.28

(0–58.09)

0.2223; ns

	
8.53

(0–58.09)

vs.

12.02

(0–38.34)

0.3942; ns

	
8.53

(0–44.85)

vs.

12.02

(0–58.09)

0.1299; ns




	
IL-6

	
2.52

(0–11.93)

vs.

2.13

(0–77.54)

0.5793; ns

	
1.63

(0–77.54)

vs.

5.04

(0–20.89)

0.5512; ns

	
2.13

(0–77.54)

vs.

3.61

(0–20.89)

0.5558; ns

	
1.41

(0–37.86)

vs.

3.62

(0–77.54)

0.4603; ns

	
5.40

(0–77.54)

vs.

1.63

(0–28.84)

0.414; ns

	
0

(0–77.54)

vs.

4.57

(0–28.84)

0.2589; ns

	
1.13

(0–77.54)

vs.

5.04

(0–28.84)

0.5250; ns

	
1.63

(0–77.54)

vs.

3.62

(0–37.86)

0.6509; ns




	
IL-10

	
1.35

(0–4.43)

vs.

3.35

(0.2–55.2)

0.0004; ***

	
2.18

(0–55.16)

vs.

3.92

(1.7–10.7)

0.0857; ns

	
2.44

(0–55.16)

vs.

3.59

(0.3–12.1)

0.4476; ns

	
2.55

(0–55.16)

vs.

2.50

(0.24–16.5)

0.3001; ns

	
2.28

(0–55.16)

vs.

2.58

(0.24–16.50)

0.632; ns

	
2.995

(0–55.16)

vs.

1.87

(0.90–12.14)

0.5214; ns

	
2.55

(0–55.16)

vs.

1.61

(0.57–12.14)

0.5554; ns

	
2.18

(0–16.5)

vs.

4.44

(1.3–55.2)

0.0114; *




	
IL-21

	
0

(0–66.86)

vs.

0.70

(0–138.90)

0.5181; ns

	
0

(0–138.9)

vs.

3.83

(0–18.51)

0.7609; ns

	
0

(0–66.86)

vs.

2.05

(0–138.9)

0.6518; ns

	
2.32

(0–138.90)

vs.

0

(0–10.58)

0.2113; ns

	
0

(0–138.9)

vs.

0

(0–46.8)

0.9795; ns

	
0

(0–138.9)

vs.

0

(0–46.80)

0.9228; ns

	
0

(0–138.9)

vs.

4.10

(0–21.63)

0.1638; ns

	
0

(0–66.86)

vs.

2.32

(0–138.9)

0.4379; ns




	
CXCL10

	
76.0

(14–525.6)

vs.

140.9

(13.5–852)

0.0914; ns

	
120.4

(14–852.4)

vs.

163.0

(46–727.6)

0.2267; ns

	
120.2

(14–852.4)

vs.

169.3

(14–726.1)

0.4122; ns

	
120.6

(14–852.4)

vs.

126.0

(23–399.2)

0.8922; ns

	
64.36

(13.5–852.4)

vs.

151.2

(22.8–727.6)

0.0029; **

	
100.6

(13.5–852.4)

vs.

156.2

(65.4–489.8)

0.0332; *

	
120.0

(13.7–852.4)

vs.

143.2

(13.5–489.8)

0.5169; ns

	
115.7

(14–727.6)

vs.

151.2

(14–852.4)

0.2649; ns








Note: Data are median (minimum–maximum), all presented in pg per ml, and respective p-value, respectively. a All significant correlations are presented with the degree of significance indicated (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant). The results were analyzed by Mann–Whitney U test.
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Table 7. Correlations among cytokine levels in acute sera from RT-PCR-confirmed ZIKV cases.






Table 7. Correlations among cytokine levels in acute sera from RT-PCR-confirmed ZIKV cases.





	
Correlations among Immune Mediators in Acute ZIKV Subjects (n = 70)




	
rs

95% CI

p-Value a

	
IFN-γ

	
IL-4

	
IL-5

	
IL-6

	
IL-10

	
IL-21

	
CXCL10






	
IFN-γ

	
1

	

	

	

	

	

	




	
IL-4

	
0.6038

0.42, 0.74

<0.001;

***

	
1

	

	

	

	

	




	
IL-5

	
0.4017

0.18, 0.59

<0.001;

***

	
0.1923

−0.05, 0.41

0.111; ns

	
1

	

	

	

	




	
IL-6

	
0.4282

0.21, 0.61

<0.001;

***

	
0.4676

0.25, 0.64

<0.001;

***

	
0.2123

−0.03, 0.43

0.078;

ns

	
1

	

	

	




	
IL-10

	
0.5266

0.33, 0.68

<0.001;

***

	
0.2271

−0.02, 0.44

0.059;

ns

	
0.3990

0.17, 0.58

<0.001;

***

	
0.1961

−0.05, 0.42

0.104;

ns

	
1

	

	




	
IL-21

	
0.2019

−0.04, 0.42

0.094;

ns

	
0.4730

0.26, 0.64

<0.001;

***

	
0.2663

0.03, 0.48

0.026;

*

	
0.3873

0.16, 0.58

<0.001;

***

	
0.1770

−0.07, 0.40

0.143;

ns

	
1

	




	
CXCL10

	
0.4175

0.20, 0.60

<0.001;

***

	
0.6452

0.48, 0.77

<0.001;

***

	
0.1417

−0.10, 0.37

0.242;

ns

	
0.3716

0.14, 0.56

0.002;

**

	
0.3603

0.13, 0.55

0.002;

**

	
0.4182

0.20, 0.60

<0.001;

***

	
1








Abbreviation: rs = Spearman’s Rho (rs) or Spearman rank correlation measures the strength and direction of the relationship between two variables. a All significant correlations are presented with the degree of significance indicated (* p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant). The results were analyzed by Spearman’s rank correlation test.
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