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Abstract

:

During the 2015–2016 outbreak of Zika virus (ZIKV) in the Americas, a previously unknown severe complication of ZIKV infection during pregnancy resulting in birth defects was reported. Since the ZIKV outbreak occurred in regions that were highly endemic for the related dengue virus (DENV), it was speculated that antibody-dependent enhancement (ADE) of a ZIKV infection, caused by the presence of cross-reactive DENV antibodies, could contribute to ZIKV disease severity. Emerging evidence indicates that, while in vitro models can show ADE of ZIKV infection, ADE does not seem to contribute to congenital ZIKV disease severity in humans. However, the role of ADE of ZIKV infection during pregnancy and in vertical ZIKV transmission is not well studied. In this study, we hypothesized that pregnancy may affect the ability of myeloid cells to become infected with ZIKV, potentially through ADE. We first systematically assessed which cell lines and primary cells can be used to study ZIKV ADE in vitro, and we compared the difference in outcomes of (ADE) infection experiments between these cells. Subsequently, we tested the hypothesis that pregnancy may affect the ability of myeloid cells to become infected through ADE, by performing ZIKV ADE assays with primary cells isolated from blood of pregnant women from different trimesters and from age-matched non-pregnant women. We found that ADE of ZIKV infection can be induced in myeloid cell lines U937, THP-1, and K562 as well as in monocyte-derived macrophages from healthy donors. There was no difference in permissiveness for ZIKV infection or ADE potential of ZIKV infection in primary cells of pregnant women compared to non-pregnant women. In conclusion, no increased permissiveness for ZIKV infection and ADE of ZIKV infection was found using in vitro models of primary myeloid cells from pregnant women compared to age-matched non-pregnant women.
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1. Introduction


Zika virus (ZIKV) is a mosquito-borne flavivirus that can infect humans, often resulting in an asymptomatic or self-limiting mild infection. However, a ZIKV infection during pregnancy can result in severe congenital birth defects such as microcephaly, arthrogryposis, and hypertonia [1,2]. Furthermore, ZIKV infections can sporadically trigger Guillain–Barré syndrome [3,4,5]. ZIKV is closely related to dengue virus (DENV) which also is a mosquito-borne flavivirus that can cause dengue hemorrhagic syndrome and dengue shock syndrome [6]. The severe presentation of a DENV infection occurs more often during a secondary DENV infection with a different serotype due to antibody-dependent enhancement (ADE) [7,8,9]. ADE is a paradoxical phenomenon in which antibodies, that normally act against pathogens and aid the immune response, can actually worsen an infection [10]. In the case of DENV, antibodies against one serotype of DENV that can cross-react with, but not cross-neutralize, another DENV serotype can help the virus to enter phagocytic cells through Fcγ-receptor (FcγR) mediated uptake, after which the virus can replicate in these cells. This results in an increased number of infected cells (extrinsic ADE) and can also lead to increased virus production per infected cell due to a shift in immune response towards a more pro-viral state (intrinsic ADE) [11,12,13]. Antigenic relatedness between DENV and ZIKV results in antibody cross-reactivity between these viruses [14,15]. Because of antibody cross-reactivity and the occurrence of the 2015–2016 outbreak of ZIKV in DENV (hyper)endemic regions, ADE of ZIKV infection was suggested as a possible mechanism behind the increased observations of ZIKV-related congenital complications during this outbreak [16]]. While there are indications from animal studies that ADE of ZIKV infection can increase the risk of transplacental ZIKV transmission, this has not been studied in detail for human pregnancies [17,18].



Multiple experimental studies investigated whether cross-reactive DENV antibodies can cause ADE of ZIKV infection in FcγR-bearing cells and in animal models [19]. Although in vitro ADE of ZIKV infection has been observed in many of these studies, this has not been observed in several animal models and in clinical studies [19,20,21]. Therefore, it seems that the result from in vitro ADE studies poorly predicts the occurrence of in vivo ADE of disease. Studying ADE in humans is challenging as it requires sufficiently powered standardized prospective cohorts which is difficult for an infection that is mostly associated with asymptomatic or mild disease. Furthermore, the methodological differences in the in vitro ADE studies make it difficult to compare the results between these studies and the conflicting results might be in part attributed to the lack of standardization of in vitro ZIKV ADE assays.



Therefore, to develop a standardized in vitro model to study ADE of ZIKV infection, we compare different cell lines and primary cell types and read-outs of in vitro ZIKV ADE assays to assess permissiveness for and immunological responses to ZIKV infection with and without the presence of cross-reactive antibodies.



Because the most severe complications of a ZIKV infection can occur during pregnancy, and the surface FcγR expression on myeloid cells is progressively upregulated during pregnancy, we then tested if there is a difference of permissiveness for ADE of ZIKV infection in myeloid cells from pregnant women compared to non-pregnant women [22].



The results of this study can ultimately provide a comparative understanding of various in vitro models employed to study ADE of ZIKV infection and gain insight into the risks of ZIKV infections during pregnancy in women who were previously exposed to other flaviviruses.




2. Methods


2.1. Human Subjects


To assess the permissiveness of primary myeloid cells for ZIKV infection and ADE of ZIKV infection, buffy coats from three healthy blood donors were obtained from the blood bank of the Netherlands (Sanquin, the Netherlands). To investigate ADE in primary cells derived from pregnant women, whole blood was collected from pregnant women from different trimesters at the outpatient clinic of the department of Obstetrics and Gynaecology at Erasmus Medical Center, Rotterdam, the Netherlands after written informed consent was obtained.



Exclusion criteria for participation were current or recent (<1 month) use of immune suppressive medication, a current or recent (<1 week) infection or vaccination, and a known immunodeficiency. For the control group, aged-matched, non-pregnant women who had not been pregnant in the 6 months prior to study participation were recruited. Exclusion criteria for the non-pregnant women were the same as for the pregnant women. Approval for this study was granted by the Medical Ethical Committee of Erasmus Medical Center (MEC-2021-0134).




2.2. Cell Lines


Cell lines tested to study ADE were selected based on previous studies regarding ADE of ZIKV and DENV infection [23,24,25,26,27]. K562 cells were obtained from ATCC (CCL-243) and were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Lonza) at 37 °C, 5% CO2. U937 and THP-1 cells (kindly provided by the department of Immunology of Erasmus Medical Center) were cultured in RPMI 1640 (Lonza) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C, 5% CO2. Vero cells (African green monkey kidney epithelial cells, ATCC CCL-81) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza) with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM glutamine. All cell lines were tested and found to be mycoplasma free.




2.3. Primary Human Cells


For isolation of peripheral blood mononuclear cells (PBMCs), blood was layered on Ficoll-Paque PLUS density gradient media (GE Healthcare Life, Singapore) and centrifuged for 20 min at 800× g without brake. After centrifugation, the PBMC layer was isolated, washed three times with PBS, and frozen at −135 °C until further use. Monocytes were isolated from frozen PBMCs using magnetic-based CD14-positive selection according to the manufacturer’s instructions and the Pan Monocyte Isolation Kit (both Miltenyi Biotec). The purity of the monocytes, based on CD14 positivity, was 87.6% as determined with flow-cytometry (Figure S1). To differentiate monocytes into macrophages and dendritic cells, monocytes were plated at a density of 100,000 cells per well in 96-well plates in complete RPMI 1640 (Lonza) medium supplemented with 4200 IU/mL macrophage colony stimulating factor (M-CSF; R&D systems, Minneapolis, MI, US) for macrophages, and with 1000 IU/mL granulocyte macrophage colony stimulating factor (GM-CSF; R&D systems, US) and 500 IU/mL IL-4 for dendritic cells, for six days. For maturation of immature dendritic cells, lipopolysaccharides (Sigma-Aldrich) were added to the cells on day six for 48 h in a concentration of 1 µg/mL. The maturation of dendritic cells was confirmed by upregulated expression of maturation markers, including CD80 and CD83, compared to immature dendritic cells (Figure S2).




2.4. Virus and Virus Quantification


An Asian lineage ZIKV strain was used for all experiments (Suriname ZIKVNL00013, EVAg no. 011V-01621). The virus was grown in Vero cells and passage number 3 was used for the current study. Viral titers in supernatants, expressed as a 50% tissue culture infective dose (TCID50), was determined by 10-fold dilution endpoint titration on Vero cells and calculated with the method of Kärber [28].




2.5. ZIKV Infection


For infection experiments, cells were seeded in 96-well plates at a density of 100,000 cells per well and infected with ZIKV at a multiplicity of infection (MOI) of 0.5, 1, 5, or 10 for 1 hour at 37 °C, 5% CO2. After incubation, the supernatant was removed, and cells were washed three times. Cell supernatants were collected at day 0 and day 2 post infection. The supernatant was stored at −80 °C until further use. Experiments were performed in triplicates.




2.6. Antibody-Dependent Enhancement Assay


For ADE assays, ZIKV (MOI 0.5) was incubated with different concentrations of the humanized IgG1 pan-flavivirus antibody 4G2 (hu4G2, Native Antigen Company, Kidlington, UK) at 37 °C to form immune complexes. After an hour of incubation, the virus-antibody mixture was added to the cells in 96-well plates and incubated for one hour at 37 °C, 5% CO2. Subsequently, cells were washed three times and the supernatant was collected on day 2 post infection and frozen at −80 °C until further use. For FcγR blocking experiments, cells were pre-incubated for one hour with 10 μg/mL FcγRI-, FcγRII-, and/or FcγRIII-blocking antibodies (clones 10.1, 6C4, and 3G8, respectively, all eBioscience) at 37 °C before infection with ZIKV or ZIKV + hu4G2.




2.7. Flow Cytometry


In some ADE experiments, flow-cytometry was used as a read-out to determine the percentage of infected cells. For this, cells were collected on day two post infection and stained with live/dead stain. Cells were blocked with 10% normal goat serum (NGS, Dako, Glostrup, Denmark) and total human Fc block (BD Biosciences). After fixation and permeabilization using BD Cytofix/Cytoperm (BD Biosciences, Franklin Lakes, NJ, USA), intracellular staining for ZIKV E-protein was performed with a mouse 4G2 antibody (MAB10216, clone D1-4G2-4-15; Millipore, Darmstadt, Germany) followed by an APC/Cy-7 conjugated goat anti-mouse IgG2a secondary antibody (Abcam, Cambridge, UK). Flow cytometry was performed with the FACS Lyric machine (BD Biosciences, USA). Data were analyzed using FlowJo 10.6.1 software (Ashland, OR, USA). All experiments were performed three times (biological replicates), and each experiment included duplicate (technical replicates) measurements from which the average was calculated and used for further analysis. To demonstrate that intracellular ZIKV-E staining represents productive infection and not just phagocytosis, some ZIKV-infected cells were also stained with an anti-DENV NS3 antibody (E1D8, My Biosource, San Diego, CA, USA), which has been shown to cross-react with ZIKV NS3 [29].




2.8. Cytokine Detection in Supernatant


Cytokines were detected in the supernatant of infected cells using a 13-plex bead-based fluorescence assay according to the manufacturer’s instruction (LEGEND-plex Human Anti-Virus Response Panel, Biolegend). Briefly, beads conjugated with a specific antibody against cytokines were incubated with the cell supernatant of either uninfected cells, ZIKV-infected cells, or ZIKV + hu4G2 infected cells. Subsequently, a detection antibody cocktail was added, and a read-out of the assay was performed with flow cytometry (FACS lyric, BD Biosciences, USA). The cytokines that could be detected with this assay were IL-1β, IL-6, IL-8, IL-10, IL-12p70, IFN-α, IFN-β, IFN-λ1, IFN-λ2/3, IFN-γ, TNF-α, IP-10, and GM-CSF. Data were analyzed with LEGEND-plex data analysis software (Biolegend).




2.9. Statistical Analysis


Statistical analyses were performed with GraphPad Prism 8. Significant differences between groups in the ADE assays were determined with either a Students’ t-test or ANOVA, with Dunnett’s post-hoc test or for non-normally distributed data a Mann-Whitney U test or Kruskal–Wallis tests, followed by Dunn’s post-hoc test. Correlations between viral titers and the percentage of infected cells were determined with Spearman’s rank correlation coefficient. Within the different pregnancy trimester groups, paired analysis between conditions with and without ADE was performed with a paired Mann-Whitney U test. A p-value ≤ 0.05 was considered a statistically significant difference.





3. Results


3.1. Permissiveness for ZIKV Infection


We first studied the permissiveness for ZIKV infection of cells that are commonly used for in vitro ZIKV ADE assays; the cell lines U937 [14,16], K562 [26,30] and THP-1 [31,32] as well as primary monocytes [33], monocyte-derived macrophages, monocyte-derived immature dendritic cells (immature DCs) and monocyte derived mature dendritic cells (mature DCs) [34,35]. Cells were infected with ZIKV at varying multiplicities of infection (MOI) for 48 h after which viral titers were determined in the supernatants. Infection of U937 cells with ZIKV with an MOI of 0.5, 1, or 5 did not result in viral replication while infection with ZIKV at an MOI of 10 resulted in low titers (147 TCID50/mL, Figure 1A). THP-1 cells and especially K562 cells were more permissive for ZIKV infection (peak titer 4.1 × 103 and 1.1 × 105 TCID50/mL, respectively, Figure 1B,C). For the primary cells, replication with low titers was observed in monocytes (peak titer 147 TCID50/mL, Figure 1D), while monocyte-derived macrophages and immature DCs were permissive to ZIKV infection resulting in high ZIKV titers in supernatants (peak titers 3.2 × 105 and 6.8 × 105 TCID50/mL, respectively, Figure 1E,F). Mature DCs were less permissive than immature DCs and could only be infected with a high MOI of ZIKV (peak titer 6.8 × 103 TCID50/mL, Figure 1G). Vero cells were included as a reference since these cells are known to be highly permissive for ZIKV infection. As expected, peak viral titers in supernatants of infected Vero cells were high, regardless of the MOI of ZIKV (peak titer 1.5 × 107 TCID50/mL, Figure 1H).




3.2. ADE of ZIKV Infection in Myeloid Cell Lines and Primary Myeloid Cells


To determine the potential for ADE of ZIKV infection of the above-mentioned cell lines and primary cells, we subsequently performed ADE assays with these cells. Cells were infected with ZIKV alone or ZIKV that was pre-incubated with increasing concentrations of a humanized pan-flavivirus monoclonal antibody (hu4G2) at the lowest MOI (0.5) that was used in the permissiveness experiments in Figure 1. After 48-h, two commonly used read-outs for ADE assays were used; virus titration of supernatants and flow cytometry analysis to determine the percentage of infected cells.



Pre-incubation of ZIKV with hu4G2 resulted in a concentration-dependent increase of infectious titer and percentage of infected cells in all three tested cell lines (Figure 2). Highest viral titers and the percentage of infected cells were observed in K562 cells (9.7 × 105 TCID50/mL and 29.6% infected cells) and lowest in U937 cells (5.0 × 104 TCID50/mL and 2.1% infected cells) after infection with ZIKV + 1µg/mL hu4G2. For all cell lines, there was a strong correlation between the viral titers in supernatants and the percentage of infected cells (r = 0.85 for U937, r = 0.85 for THP-1 and r = 0.82 for K562, p < 0.0001 for all, Figure S3A–C).



For the primary cells, ADE of ZIKV infection was not observed in monocytes nor in mature DCs, while for immature DCs, the addition of hu4G2 even partially inhibited ZIKV infection (Figure 3C,G). We ruled out that a CD14-positive selection of monocytes influences the permissiveness of these cells for ZIKV infection due to stimulation of CD14 by using a non-CD14-based negative selection kit to isolate monocytes from PBMCs. The permissiveness for ZIKV infection was comparable between the negatively and positively isolated monocytes when infected with ZIKV at a MOI of 0.5, 1, and 5 and slightly increased when infected with an MOI of 10 (2315 vs. 147 TCID50/mL p = 0.002, Figure S6).



In monocyte-derived macrophages, ADE of ZIKV infection was dependent on the concentration of hu4G2 as shown by an increase in viral titers in supernatants and an increase in the percentage of infected cells (1.5 × 106 TCID50/mL and 15.3% infected cells with 1 µg/mL hu4G2, p < 0.01, Figure 3B,F). Similar to the cell lines, a strong positive correlation was found in monocyte-derived macrophages between the viral titers in supernatants and the percentage of infected cells (r = 0.82, p < 0.0001, Figure S3D).



Collectively, these results demonstrate that ADE of ZIKV infection can be observed in the myeloid cell lines U937, K562, and THP-1. For primary cells, ADE of ZIKV infection is only observed in monocyte-derived macrophages.




3.3. Fcγ Receptors and ADE of ZIKV Infection


One of the main relevant differences between the cell lines used for ADE assays in this study is the expression of Fcγ-receptors (FcγRs). U937 and THP-1 cells express FcγRI and –II (CD64 and CD32) while K562 cells only express FcγRII (Figure S4) [36]. For primary myeloid cells, FcγRI and –II are expressed by monocytes, monocyte-derived macrophages, and can be induced in dendritic cells, while FcγRIII (CD16) is expressed by monocyte-derived macrophages and dendritic cells and on intermediate and non-classical monocytes [37,38,39,40]. In the cells permissive for ADE of ZIKV infection, we tested which FcγRs were important for this ADE. Therefore, we performed ZIKV ADE assays with the highest tested concentration of hu4G2 (1 µg/mL) and pre-incubated the cells with monoclonal antibodies against FcγRI, FcγRII, FcγRIII, or with a blocker of all Fc-receptors (total Fc Block) to block the interaction of hu4G2 with these FcγRs.



ADE of ZIKV infection in U937 and THP-1 cells was mainly inhibited by blocking FcγRI and by adding total Human Fc Block and to a lesser extent by blocking FcγRII while blocking. FcγRIII did not reduce viral titers or percentage of infected cells (Figure 4A,B,E,F). For K562, which only expresses FcγRII, ADE of ZIKV infection was significantly inhibited by blocking FcγRII but not by the other FcγR blockers (Figure 4C,G). For macrophages, blocking FcγRI and FcγRII resulted in a slight, but not statistically significant, decrease in the percentage of infected cells, while adding total Fc Block did significantly reduce ADE of ZIKV infection in these cells (Figure 4D,H). Collectively, these data demonstrate that ADE of ZIKV infection, induced by a monoclonal antibody, can be inhibited by blocking FcγRI (except for K562) and to a lesser extent FcγRII.




3.4. Cytokine Quantification


ADE is believed to be one of the main mechanisms responsible for a cytokine storm that occurs during severe DENV infections; therefore, we determined cytokine production of all cells during ADE of ZIKV infection [41].



Cytokines were determined in supernatants of cells that were permissive for ZIKV ADE, 48 h after either mock infection, ZIKV infection, or ADE of ZIKV infection. Only a limited number of cytokines could be detected in the supernatants of U937, K562, and THP-1 cells and differences between cytokine concentrations of uninfected cells compared to cells infected with ZIKV or ZIKV + hu4G2 were small (Figure 5A–C). For THP-1 cells, IL-8 production of cells infected with ZIKV + 4G2 was statistically significantly higher compared to uninfected cells (average 43.7 vs. 35.7 pg/mL, p = 0.007), while for K562 cells, a decrease in IL-8 production was found during ADE of ZIKV infection compared to uninfected cells (426.4 vs. 350.8 pg/mL, p = 0.014). IL-6 production was lower in K562 infected with ZIKV + 4G2 compared to uninfected K562 cells (24.2 vs. 28.8 pg/mL, p = 0.005). Compared to the cell lines, more cytokines could be detected in supernatants of monocyte-derived macrophages (Figure 5D). In line with a previous observation, there was an increased production of IL-6 in monocyte-derived macrophages during ADE of ZIKV infection compared to mock infection (13.6 vs. 3.1 pg/mL, p = 0.003, Figure 5D) [35]. Furthermore, production of IFN-β, IFN-λ1, and IP-10 was significantly increased during ADE of ZIKV infection compared to uninfected cells (10.1 vs. 1.3 pg/mL for IFN-β, 14.7 vs. 3.0 pg/mL for IFN-λ1, and 2889 vs. 19.8 pg/mL for IP-10, p < 0.001, p < 0.001, and p < 0.0001, respectively, Figure 5D). An increase in IL-10 production during ADE of infection, which is thought to play an important role in intrinsic ADE of DENV infections, was not observed in any of the cells.




3.5. ZIKV Permissiveness in Myeloid Cells from Pregnant Women


Due to the potential detrimental effects of a ZIKV infection during pregnancy, we wanted to test whether FcγR-bearing primary myeloid cells, collected during different trimesters of pregnancy, are more permissive for ZIKV infection and ADE of ZIKV infection compared to non-pregnant women. Therefore, we isolated PBMCs from 30 pregnant women during each of the three trimesters, as well as from 10 non-pregnant women. Based on the above presented results, we decided to use monocyte-derived macrophages to test potential differences in the permissiveness of (ADE of) ZIKV infection. As we found a strong positive correlation between infection titers and percentage of infected cells, we decided to continue with virus titration as a read-out for (ADE of) ZIKV infection in these experiments. With this read-out, an increase in infected cells (extrinsic ADE) as well as an increase of viral production per infected cell (intrinsic ADE) can be detected, which is not the case when determining the percentage of infected cells with flow cytometry. Even though in monocytes of three healthy donors, we only found low-grade ZIKV infection and no ADE (Figure 1D and Figure 3A,E), we also infected monocytes of the pregnant and non-pregnant women with ZIKV because a higher susceptibility of monocytes for ZIKV infection has been observed during the first trimester of pregnancy [42].



No difference was found in permissiveness for ZIKV infection in monocytes or macrophages over the different trimesters of pregnancy nor between pregnant women compared to non-pregnant women (Figure 6B and Figure S5). ADE of ZIKV infection was observed in monocytes and monocyte-derived macrophages from pregnant women and non-pregnant women. There was no difference in peak ADE titers in supernatants of primary cells from pregnant women, independent of gestational age, compared to non-pregnant women (Figure 6A,B). Furthermore, no difference was found in ZIKV permissiveness and ADE potential between monocytes and macrophages from women at different gestational ages at the time of sample collection (first, second, or third trimester) (Figure 6D).



Collectively, these data demonstrate that no enhanced susceptibility of ZIKV infection and ADE of infection is present in monocytes and monocyte-derived macrophages collected from pregnant women compared to non-pregnant women.





4. Discussion


In this paper, we found that the myeloid cell lines U937, K562, and THP-1 were all permissive for ADE of ZIKV infection, as has been shown by others [16,31,43]. The highest ZIKV titers were obtained in K562 cells, followed by THP-1 and U937 cells, the latter of which was non-permissive to ZIKV infection in the absence of cross-reactive antibodies. Blocking of FcγRI significantly reduced ADE of ZIKV infection in both U937 and THP-1 cells which, for U937 cells, is in line with findings for DENV ADE [43,44,45]. However, contrary to our observations, FcγRIIa has been reported to be the main FcγR responsible for ADE of DENV and ZIKV infections [33,40,46]. In these previous studies, ADE of DENV or ZIKV infection was mainly induced by convalescent polyclonal sera while in this study, we only use a humanized IgG1 monoclonal antibody (hu4G2). A higher affinity of hu4G2 for FcγRI compared to FcγRII could possibly explain why ADE of ZIKV in these experiments mainly depend on FcγRI.



To relate the findings from in vitro cell line models to potential primary cell targets, we evaluated the permissiveness for (ADE) of ZIKV infection in primary human myeloid cells, which are generally considered to be more representative of the in vivo human situation compared to cell lines. Of the primary myeloid cells isolated from healthy blood donors, only monocyte-derived macrophages and immature dendritic cells were highly permissive to ZIKV infection, while ADE of ZIKV infection was only observed in monocyte-derived macrophages. A high permissiveness of monocyte-derived macrophages for ZIKV infection and ADE of ZIKV infection has been previously observed [27]. The high permissiveness of immature dendritic cells for ZIKV infection but not for ADE of ZIKV infection has been previously observed for both DENV and ZIKV and might be caused by a high expression of the flavivirus entry cofactor DC-SIGN by these cells, which has shown to be inversely correlated to the rate of ADE of infection [33,47,48]. Our finding is in line with the previously published study by Li et al., 2018 [33], while few studies have shown the conflicting observation about the susceptibility of mature DCs to ZIKV infection [49,50]. These conflicting findings could be explained based on a previously published study for DENV [51], where it was shown that DENV infection of monocytes/macrophages (MO/Mφ) was suppressed due to LPS treatment via a CD14-dependent mechanism of monocytes. This could possibly explain our current observation regarding the non-permissiveness of mature DCs to ZIKV infection. In the monocyte-derived macrophages, ADE of ZIKV infection seemed to be dependent on both FcγRI and FcγRII since the blocking of these receptors individually resulted in a non-statistically significant reduction of ADE of infection, while blocking all FcγRs with total Fc Block did result in a significant reduction of ADE. The low permissiveness of monocytes for ZIKV infection that we found in this study is in contrast with results from other studies that showed that monocytes are the main targets of ZIKV infection in blood [29,33,42,52]. One possible explanation for this can be that there is a variation in the tropism for monocytes between the different Asian lineage ZIKV isolates used in the previous studies and this study [53].



The main difference in cytokine production of the cell lines upon (ADE of) ZIKV infection was observed for IL-8, which was induced in THP-1 cells while reduced in K562 cells. IL-8 is a chemoattractant for neutrophils which are important effector cells of the innate immune system. A reduction of IL-8 production during ADE of ZIKV infection could reflect a dampened innate antiviral immune response as is observed during ADE of ZIKV infection in fetal macrophages [54,55]. The induction of IFN-β, IFNλ1, and IP-10 in monocyte-derived macrophages during ZIKV ADE is in line with a pro-inflammatory immune response while an induction of IL-6 can indicate a T-helper cell 2 biased immune response as is seen during intrinsic ADE [54,56,57]. However, as with the cell lines, we did not detect an increase in IL-10 production in monocyte-derived macrophages during ADE of ZIKV infection, which has been suggested to be one of the hallmarks of intrinsic ADE for DENV and seems to contribute to disease severity in severe DENV infections [11,12,57,58,59]. It is possible that a non-increased IL-10 production during ADE of infection is specific for ZIKV as we and others have not observed increased IL-10 production during ADE of ZIKV infection in fetal macrophages and in primary human cells [35,55,60].



When combining the results regarding peak viral titer and the percentage of infected cells during ADE of ZIKV infection, THP-1 and K562 cells resemble the monocyte-derived macrophages better than U937 cells, while U937 cells resemble monocytes. Regarding FcγRs’ expression, monocyte-derived macrophages are resembled by U937 and THP-1 cells but not by K562 cells since these only express FcγRII. In general, these data suggest that the THP-1 cell line resembles monocyte-derived macrophages, which are the best for ADE of ZIKV infection concerning titers and FcγRs responsible for ADE of ZIKV infection while primary monocytes are best resembled by U937 cells. Since ADE of ZIKV infection can be induced in all three cell lines, all three of these cells can be used for in vitro screening of antibodies for ADE potential.



The role of ADE in the context of pregnancy is critical to study not only because ZIKV can cause congenital abnormalities after maternal infection and ZIKV co-circulates with DENV, but also due to physiological changes that occur during pregnancy [17,22]. Therefore, after validating the assays and read-outs using cell lines and primary cells, we determined the ADE of ZIKV infection in potential target cells derived from the pregnancy cohort. The ZIKV titers that we found in ZIKV-infected monocytes from pregnant women and non-pregnant women were in line with a previous study by Foo et al. [42]. One difference is, however, that in this previous study, a small increase in permissiveness for ZIKV infection was found in monocytes from pregnant women in the first trimester compared to non-pregnant women based on ZIKV NS1 viral load, while this is not observed in the current study [42]. This could possibly be explained by differences in the experimental set-up, e.g., infection of whole blood vs. infection of PBMCs-derived monocytes and the specific ZIKV isolate that was used. As with the monocytes, no differences were found in monocyte-derived macrophages for ZIKV infection and ADE of ZIKV infection. These results indicate that monocytes and monocyte-derived macrophages from pregnant women are not more permissive for ZIKV infection and ADE of ZIKV infection compared to non-pregnant women, independent of trimester.



Though our findings are consistent and validated at various levels, there are limitations to this study. First, to avoid the variability among the tested in vitro models because of IgG subclasses, we only used humanized 4G2 as an enhancing antibody and not, e.g., polyclonal sera containing DENV antibodies. However, it is likely that there are differences in affinity for FcγRs between monoclonal hu4G2 and polyclonal serum consisting of multiple IgG subclasses that may also have an impact on the final outcome of ADE assay [61]. Furthermore, differences in glycosylation status of this monoclonal antibody compared to polyclonal sera are also likely to influence the affinity for different FcγRs [62,63]. The exact role of interactions of immune complexes with different FcγRs on the outcome of ADE of infection and the role of glycosylation of these antibodies on this is an interesting topic that should be studied in more detail. Furthermore, we only used one MOI (0.5) and one concentration of hu4G2 for all infection experiments to limit the number of variables. It could be that with a higher MOI or with a (even) higher concentration of hu4G2, ADE of ZIKV infection would be observed in, e.g., monocytes and mature dendritic cells. However, it is not likely that these conditions will occur in vivo. Lastly, for the pregnant cohort due to limited sample availability, we tested only PBMCs-derived myeloid cells to validate ZIKV-ADE in an in vitro culture system. This does not allow us to study the possible effects of hormonal changes that occur during pregnancy on permissiveness for (ADE of) ZIKV infection, which needs further validation in a well-defined cohort.



In conclusion, we found that U937, THP-1, and K562 cell lines can be used for in vitro ADE assays for ZIKV as well as monocyte-derived macrophages. Regarding permissiveness for ZIKV infection and ADE of ZIKV infection, THP-1 cells mimic the results that are obtained with monocyte-derived macrophages, while U937 cells mimic the results of monocytes. No increased permissiveness for ZIKV infection and ADE of ZIKV infection was found in primary myeloid cells from pregnant women compared to age-matched non-pregnant women. These data are in line with data from a study with pregnant non-human primates and indicate that during pregnancy, pre-existing DENV immunity is not likely to be a risk for a more severe ZIKV infection in the mother [64]. A possible facilitating role of DENV immunity on the risk of transplacental ZIKV transmission is not ruled out based on the results of this study and is suggested in multiple experimental studies and should be studied in more detail in human studies [17,18,55,60,65].
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Figure 1. ZIKV infection of FcγR-bearing cell lines and Vero cells. Myeloid cell lines (A–C), primary myeloid cells (D–G), and Vero cells (H) were infected with ZIKV at different MOI’s for 48 h after which ZIKV titers were determined in supernatants. Dotted lines represent the lower limit of detection. Bars represent median ZIKV titer ± interquartile range. DC; dendritic cells. 
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Figure 2. ADE of ZIKV infection in U937, THP-1, and K562 cells. Cells were infected for 48 h with ZIKV at an MOI of 0.5 with and without increasing concentrations of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2). ZIKV titers were determined in supernatants (A–C) and the percentage of infected cells was determined with flow cytometry (D–F). Bars represent median titer ± IQR (A–C) and mean percentage of infected cells ± SEM (D–F). Statistical significance was determined with the Kruskal–Wallis test with Dunn’s post hoc test or a one-way ANOVA with Dunnett’s post hoc test, comparing the conditions with hu4G2 to infection with only ZIKV. * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. 
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Figure 3. ADE of ZIKV infection in primary myeloid cells. FcγR-bearing human myeloid cells were infected for 48 h with ZIKV at an MOI of 0.5 with and without increasing concentrations of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2). Viral titers in supernatants were determined with titration (A–D) and the percentage of infected cells was determined with flow cytometry (E–H). Bars represent median titer ± IQR (A–D) and mean a percentage of infected cells ± SEM (E–H). Statistical significance was determined with the Kruskal–Wallis test with Dunn’s post hoc test or a one-way ANOVA with Dunnett’s post hoc test, comparing the conditions with hu4G2 to infection with only ZIKV. * p < 0.05, ** p < 0.01. N = 3 donors. 
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Figure 4. FcγRI and FcγRII contribute to ADE of ZIKV infection in FcγR cell lines and primary cells. FcγR-bearing human cell lines and myeloid cells that are permissive to ADE of ZIKV infection were pre-incubated with monoclonal antibodies against FcγRs or with Human BD Fc Block before adding ZIKV (MOI 0.5) that was pre-incubated with 1 µg/mL of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2). Viral titers in supernatants were determined with titration (A–D) and the percentage of infected cells was determined with flow cytometry (E–H). Bars represent median titer ± IQR (A–D) and mean percentage of infected cells ± SEM (E–H). Statistical significance was determined with the Kruskal–Wallis test with Dunn’s post hoc test or a one-way ANOVA with Dunnett’s post hoc test, comparing the conditions with hu4G2 to infection with only ZIKV. * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. N = 3 donors for monocyte-derived macrophages. 






Figure 4. FcγRI and FcγRII contribute to ADE of ZIKV infection in FcγR cell lines and primary cells. FcγR-bearing human cell lines and myeloid cells that are permissive to ADE of ZIKV infection were pre-incubated with monoclonal antibodies against FcγRs or with Human BD Fc Block before adding ZIKV (MOI 0.5) that was pre-incubated with 1 µg/mL of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2). Viral titers in supernatants were determined with titration (A–D) and the percentage of infected cells was determined with flow cytometry (E–H). Bars represent median titer ± IQR (A–D) and mean percentage of infected cells ± SEM (E–H). Statistical significance was determined with the Kruskal–Wallis test with Dunn’s post hoc test or a one-way ANOVA with Dunnett’s post hoc test, comparing the conditions with hu4G2 to infection with only ZIKV. * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. N = 3 donors for monocyte-derived macrophages.
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Figure 5. A modest increase of cytokine concentrations in supernatants of FcγR-bearing cells during ADE of ZIKV infection. A panel of 13 cytokines were determined in U937 cells (A), THP-1 cells (B), K562 cells (C) and monocyte-derived macrophages (D) 48 h after mock infection or infection with ZIKV or ZIKV that was pre-incubated with 1 µg/mL of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2). Only the cytokines that could be detected in the supernatants of the cells are illustrated in the graphs. Bars represent mean ± SEM. Statistical significance was determined with a one-way ANOVA with Dunnett’s post hoc test, comparing uninfected cells with ZIKV infected and ZIKV + hu4G2 infected. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 6. No differences in permissiveness for ZIKV infection and ADE of ZIKV infection in monocytes (A) or monocyte-derived macrophages (B) from pregnant women compared to non-pregnant women. ZIKV titers did not differ after ZIKV infection of ADE of ZIKV infection in monocytes (C) and monocyte-derived macrophages (D) collected from pregnant women in different trimesters of pregnancy. Cells were infected for 48 h with ZIKV at an MOI of 0.5 with and without 1 µg/mL pan-flavivirus humanized monoclonal antibody 4G2 (4G2) and viral titers in supernatants were determined by titration. Bars represent median titer ± IQR. Statistical significance was determined with the Kruskal–Wallis test with Dunn’s post hoc test ** p < 0.01, **** p < 0.0001. 
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