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Abstract  

 

Dengue (DENV) and Zika viruses (ZIKV) are closely related mosquito-borne flaviviruses 

that co-circulate in tropical regions and constitute major threats to global human health. 

Whether preexisting immunity to one virus affects disease caused by the other during 

primary or secondary infections is unknown but is critical in preparing for future 

outbreaks and predicting vaccine safety. Using a human skin explant model, we show 

that DENV-3 immune sera increased recruitment and infection of Langerhans cells, 

macrophages and dermal dendritic cells following inoculation with DENV-2 or ZIKV. 

Similarly, ZIKV immune sera enhanced infection with DENV-2. Immune sera increased 

migration of infected Langerhans cells to dermis and emigration of infected cells out of 

skin. Heterotypic immune sera increased viral RNA in dermis almost tenfold and reduced 

the amount of virus required to infect a majority of myeloid cells by 100 to 1,000 fold. 

Enhancement was associated with cross-reactive IgG and induction of IL-10 expression 

and was mediated by both CD32 and CD64 Fcγ receptors. These findings reveal that 

preexisting heterotypic immunity greatly enhances DENV and ZIKV infection, 

replication and spread in human skin. This relevant tissue model will be valuable in 

assessing the efficacy and risk of dengue and Zika vaccines in humans.  
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Introduction  

 

Dengue is the most important mosquito-transmitted viral disease worldwide, with recent 

estimates indicating that 390 million infections and 96 million symptomatic dengue cases 

occur annually (1). Infection by any of the four dengue virus (DENV) serotypes 

(DENV1-4) can result in a wide spectrum of clinical manifestations, ranging from 

asymptomatic infection or flu-like febrile illness to life-threatening, severe dengue during 

primary or secondary infections (2). Zika virus (ZIKV) is a closely related flavivirus that 

has spread rapidly in the Americas and is associated with devastating clinical 

consequences in affected individuals, including congenital malformations and 

autoimmune polyneuropathy (3, 4). The overlapping spread of ZIKV in DENV endemic 

areas raises concerns that interplay between the two viruses could alter infection and 

disease dynamics (5). This is particularly a concern as DENV and ZIKV have a high 

degree of structural homology (6, 7), and immune responses raised against one virus 

could affect subsequent infection with the heterologous virus.  

Preexisting immunity is a major risk factor for severe dengue, as primary DENV 

infection commonly results in self-limiting febrile illness, whereas secondary DENV 

infection is more likely to promote severe clinical symptoms (8). Severe dengue also 

accompanies primary infections in infants born to dengue-immune mothers (9). In vitro, 

non-neutralizing antibodies bind to DENV, creating immune complexes that are 

presented to myeloid cells or other cells with Fcγ receptors resulting in increased 

production of virus, a phenomenon known as antibody-dependent enhancement (ADE) 

(8, 10, 11). Mechanistic studies in mice support the role of ADE in increasing infection 
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and disease during DENV infection (12–14). Epidemiologic studies support the 

relationship between preexisting DENV-binding antibodies and severity of disease during 

natural DENV infection of humans (15, 16).  

The interaction between DENV and ZIKV is less understood. Enhancement of 

ZIKV infection with DENV-specific antibodies and immune serum has been 

demonstrated by in vitro and murine studies (17–21). However, whether preexisting 

immunity to DENV alters the pathogenesis of ZIKV infections in humans, particularly as 

immunity wanes, is unclear. Conversely, studies in macaques suggest that preexisting 

immunity to ZIKV enhances DENV replication (22), but whether this occurs in humans 

is unknown. These are critical issues not only for understanding the epidemiology of 

natural infections but also for vaccine safety, as vaccination against DENV or ZIKV 

could potentially exacerbate disease following subsequent infection with the heterologous 

flavivirus (23).  

DENV and ZIKV undergo primary replication in skin after inoculation by an 

infected mosquito, and the skin is rich in myeloid cells including Langerhans cells (LC), 

macrophages and dermal dendritic cells (DC), which are susceptible to infection with 

either virus (24–28). These factors suggest that the skin is a principle site for 

enhancement of DENV and ZIKV infection immediately following transmission leading 

to increased virus spread in the host.  

We adapted an established ex vivo model of DENV infection of human skin (25) 

to determine whether preexisting immunity to DENV or ZIKV enhanced infection with 

heterologous virus, using small volumes of monotypic immune human sera introduced 

via microneedle arrays. Our findings reveal that cross-reactive antibodies within immune 
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serum greatly exacerbate infection and spread of both DENV and ZIKV in human skin, 

primarily within the dermis. Enhancement of infection was associated with increased 

recruitment, infection and migration of LC, macrophages and dermal DC and was 

completing blocked by neutralizing antibodies to both CD64 and CD32 Fcγ receptors. 

These data have important implications for the impact of both naturally acquired and 

vaccine-acquired immunity to DENV and ZIKV on humans living in or visiting dengue 

and Zika endemic regions.  
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Results  

 

Immunity to DENV-3 potently enhances infection with DENV-2 in human skin 

To investigate the potential for preexisting immunity to alter flavivirus infection 

dynamics in human skin, we first evaluated crosstalk between two DENV serotypes. We 

formulated dissolvable microneedle arrays to contain tenfold dilutions of pooled sera 

from healthy individuals in Brazil who had previously experienced primary infection 

with DENV-3. Sera were confirmed to have neutralizing antibodies against DENV-3 but 

to no other DENV serotype or related flaviviruses, including ZIKV, yellow fever, and 

West Nile viruses (Table 1)(29, 30). Microneedle arrays containing pooled Flavivirus-

naïve sera were prepared in a similar fashion and used as controls. Individual arrays were 

manually applied to the middle of 1 square-inch pieces of abdominal skin obtained by 

elective plastic surgery. Skin was incubated with arrays for 15 minutes to allow needle 

tips to dissolve, delivering a 1-2 ul volume to the central area of skin. One thousand 

focus-forming units (FFU) of DENV was then inoculated into skin using a bifurcated 

needle (25). This quantity of virus approximates physiologic levels of virus that would be 

transmitted by the bite of an infected mosquito (31). Skin explants were harvested 24 

hours after inoculation and stained with antibody to DENV non-structural protein 3 

(NS3), which is expressed only during virus replication. 

 We first examined the effect of immune sera on infection with the homologous 

DENV-3 (strain Philippines/H87/1956). In the presence of naïve sera NS3 expression 

was detected in cells in epidermis and dermis, and the extent of infection was 

independent of serum dilution, as determined by quantitative image analysis (Figure 1A, 
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B). As expected, inoculation of DENV-3 into skin pretreated with DENV-3 immune sera 

resulted in a dose-dependent inhibition of virus replication, reaching more than 80% 

inhibition in dermis at the highest serum concentration of 1:40 (Figure 1A, B). 

Inoculating DENV-2 (strain Thailand/16681/1964) into skin that was pretreated with 

naïve sera resulted in NS3 expression in both epidermis and dermis, similar to that seen 

with DENV-3. In marked contrast, infection with DENV-2 in skin pretreated with 

DENV-3 immune sera resulted in a substantial increase in infected cells in a dose-

dependent manner. This effect was most pronounced in dermis, where the density of 

DENV-2 infected cells increased more than 3-fold at a 1:40 dilution of immune sera 

(Figure 1A, B). We repeated this experiment using increasing amounts of DENV-2 in the 

presence of naïve serum. Similar levels of infection of cells in dermis occurred when 105 

to 106 FFU of DENV-2 was inoculated with naïve sera as with 103 FFU DENV-2 and 

DENV-3 immune sera (Figure 1C). Thus, the presence of DENV-3 immune sera required 

100 to 1,000-times less DENV-2 to produce the same degree of infection as virus alone. 

We then quantified DENV genomes by quantitative real-time PCR at 24 hours post 

infection with 103 FFU of DENV-2 after enzymatic separation of epidermis and dermis. 

At a 1:40 dilution of immune or naïve sera, no difference in virus titer was observed in 

the epidermis, consistent with our imaging data indicating minimal enhancement within 

this compartment. However, in dermis the presence of DENV-3 immune sera increased 

viral RNA by approximately tenfold relative to DENV-2 alone (Figure 1D).  
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DENV-3 immune serum increases recruitment and infection of dermal macrophages 

and DC in skin inoculated with DENV-2 

To examine the role of myeloid cells in enhancement of DENV infection in skin, 

we quantified the density of macrophages and DC in dermis after inoculation with 103 

FFU of DENV-2 in the presence or absence of DENV-3 immune sera. DENV-2 alone 

resulted in increased density of CD163+ macrophages and CD1c+ dermal DC relative to 

mock infected skin, as we have previously described (Figure 2A, B) (25). However, 

DENV-3 immune sera increased the density of macrophages and dermal DC by two- to 

three-fold over DENV-2 alone (Figure 2A, B). To determine if proliferation of myeloid 

cells within the dermis accounted for this increased density, we stained sections with 

antibody to the nuclear antigen Ki67, which is expressed in recently divided cells. No 

Ki67-expressing cells were identified in the dermis regardless of condition (Supplemental 

Figure 1). These data indicate that macrophages and DC were recruited locally to the foci 

of infection in increased numbers in the presence of DENV-3 immune sera. In addition, 

DENV-3 immune sera increased the density of dermal DC and macrophages that were 

infected by four to six-fold relative to naïve sera. Infection of macrophages and DC 

reached 50 to 65% of their respective populations at the highest serum concentration 

(Figure 2C, D). 

 

DENV-3 immune serum enhances migration and infection of Langerhans cells  

We next explored the apparent lack of enhancement of DENV-2 infection in 

epidermis in the presence of DENV-3 immune sera. We first quantified the density of 

LC, the principle myeloid cell in the epidermis, in the presence of immune or naïve sera 
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followed by DENV-2 infection. Notably, large cords of NS3+ CD207+ LC were evident 

within the dermis of skin inoculated in the presence of DENV-3 immune sera that were 

absent with naïve sera (Figure 3A). At a dilution of 1:40, DENV-3 immune sera 

increased the density of LC in the dermis by five-fold relative to naïve sera, and 

concurrently decreased LC density in epidermis. Eighty percent of LC that had migrated 

to dermis were infected with virus (Figure 3B). There was also a three-fold increase in 

the total number of cells in media, indicating that heterologous immune sera augments 

cell emigration out of skin (Figure 3C). Quantitative real-time PCR demonstrated the 

presence of significantly more DENV genomes in migrated cells from skin infected with 

DENV-2 in the presence of DENV-3 immune sera, indicating that migrating cells also 

harbored more virus (Figure 3D).  

We next examined the impact of DENV-3 immune sera on DENV-2 infection of 

keratinocytes, the most abundant cell in the epidermis that is amongst the earliest and 

most significant target of DENV infection in human skin (25). Inoculating DENV-3 in 

skin pretreated with DENV-3 immune sera resulted in reduced infection of keratinocytes, 

as expected (Figure 3E, F). Notably however, neither the density nor proportion of 

infected keratinocytes was affected by the presence of DENV-3 immune sera (Figure 3E, 

F). Thus, heterologous immune serum enhances infection and migration of LC but has no 

effect on keratinocytes.  

 

Reciprocal immune enhancement of DENV and ZIKV infection in human skin 

We next sought to investigate the potential of monotypic DENV immune sera to 

enhance ZIKV infection in human skin, and vice versa. We inoculated 103 FFU of ZIKV 
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(strain H/Brazil/PE243/2015) into skin pretreated with either naïve or DENV-3 immune 

sera. ZIKV replication identified by NS3 staining was seen in epidermis and to a lesser 

extent in dermis in the presence of naïve sera (Figure 4A, B). In contrast, inoculation of 

ZIKV into skin pretreated with DENV-3 immune sera at the highest concentration more 

than doubled the density of infected cells in the dermis relative to naïve sera, while 

having no effect on infection in the epidermis (Figure 4A, B). ZIKV inoculated with 

DENV-3 immune sera markedly increased the density of LC in dermis relative to naïve 

sera (Figure 4C). Moreover, DENV-3 immune sera increased both the density and 

percentage of ZIKV-infected LC, DC and macrophages within the dermis (Figure 4C).  

We next examined the reciprocal effect of ZIKV immune sera on infection with 

DENV-2. We inoculated 103 FFU of ZIKV or DENV-2 into skin pretreated with either 

naïve sera or pooled sera from individuals confirmed to have neutralizing antibodies 

against ZIKV but not DENV (Table 1). ZIKV immune sera significantly blocked 

infection with ZIKV in epidermis and dermis, as expected (Figure 4D, E). Inoculating 

DENV-2 in the presence of naïve or ZIKV immune sera resulted in similar levels of NS3 

expression in cells in epidermis (Figure 4D, E). In marked contrast, ZIKV immune sera 

increased the density of DENV-2 infected cells in a dose-dependent manner within the 

dermis (Figure 4D, E). This effect was most pronounced at lower concentrations of ZIKV 

immune sera (1:400 and 1:4,000). To provide an overall comparison between the 

enhancing effect of heterologous sera on infection with DENV and ZIKV we calculated 

the power of enhancement, which is the ratio of the peak number of infected cells in 

dermis in the presence of heterotypic serum relative to naïve serum. The power of 
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enhancement of preexisting heterotypic immune serum was remarkably similar for both 

DENV-2 and ZIKV infection at between 2 and 3 (Figure 4F).  

 

Cross-reactive serum antibodies mediate ADE through CD32 and CD64 Fcγ 

receptor engagement and IL-10 secretion  

To determine the factors that mediate the exacerbation of DENV and ZIKV 

infection in human skin that was driven by heterologous immune serum, we first assessed 

the capacity for immune sera to bind DENV and ZIKV particles in an in vitro IgG 

binding assay. As expected, the IgG in DENV-3 and ZIKV immune sera strongly bound 

homologous DENV-3 and ZIKV, respectively, in a dose-dependent manner. However, 

both DENV-3 and ZIKV immune sera also exhibited significant IgG binding to the 

heterologous viruses when compared to naïve sera (Figure 5A). To quantify binding we 

calculated the IC50, which is the concentration of IgG that results in 50% binding to virus 

particles. DENV-3 immune sera bound DENV-3 and DENV-2 particles with similar 

efficiency, having IC50 values of 3.23 and 3.05 log10, respectively, but had lower binding 

efficiency to ZIKV (1.81 log10). Similarly, ZIKV immune sera bound both DENV 

serotypes with near equal efficiency (1.77 log10 for DENV-2, 1.52 log10 for DENV-3), 

although this was weaker than binding to homologous ZIKV (2.06 log10, Supplemental 

Table 1). Overall, based on endpoint titer, 80% and 60% of binding IgG in DENV-3 

immune sera were cross-reactive with DENV-2 and ZIKV, respectively, whereas 80% of 

binding IgG in ZIKV immune sera were cross-reactive with both DENV-2 and DENV-3 

(Figure 5A and Supplemental Figure 2).  

We next addressed potential mechanisms of ADE within skin. To determine if 
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differential cytokine expression contributed to enhanced myeloid cell recruitment and 

infection, we carried out quantitative real-time PCR analysis for gene expression of a 

panel of cytokines and chemokines known to be involved in skin inflammatory 

responses. Inoculation of 103 FFU of DENV-2 alone induced expression of IL-1β and 

CCL20, consistent with our previous findings (Figure 5B)(25). However, when  DENV-2 

was inoculated into skin pretreated with DENV-3 immune sera there was a strong 

increase in IL-10 expression (median fold change: 4.11 log2; range: 3.19-5.58) as 

compared to naïve serum (median fold change: -0.97 log2; range: -0.33-0.85; Mann 

Whitney: 0.028). To determine the role FcγR in the observed increase in virus replication 

in the presence of immune serum, we next formulated dissolvable microneedle arrays 

containing neutralizing antibodies to CD32 (FcγRIIa) and/or CD64 (FcγRI) combined 

with a 1:40 dilution of immune or naïve sera. Individual arrays were applied to the skin 

before inoculation of 103 FFU of DENV-2. Quantitative image analysis revealed no effect 

of blocking antibodies on infection of cells in the epidermis, as expected (Supplemental 

Figure 3). In contrast, inoculating DENV-2 in skin pretreated with neutralizing antibodies 

to CD32 or CD64 combined with DENV-3 immune sera resulted in an 80% reduction in 

enhancement of infection in dermis, and antibodies to both receptors fully eliminated 

enhancement induced by heterotypic immune sera (Figure 5D). Similarly, blocking both 

CD32 and CD64 inhibited the increase in cell migration out of skin induced by 

heterotypic immune sera (Figure 5E). Microneedle arrays containing neutralizing 

antibodies to CD32 or CD64 profoundly reduced both recruitment and infection of 

macrophages, DC and LC in the dermis relative to isotype control antibody, with a 

combination of blocking antibodies to both CD32 and CD64 completely eliminating the 



 

 
 

14 

enhancing effect of immune sera on infection of each cell type (Figure 5F). Collectively, 

these data indicate that ADE of DENV infection of myeloid cells in human dermis is a 

function of both CD64 and CD32 receptors. 
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Discussion   

 

Our findings reveal for the first time that cross-reactive antibodies in human immune 

serum markedly exacerbate infection and spread of both DENV and ZIKV in human skin, 

the primary site of virus transmission. Preexisting immunity increased both the density of 

infected cells and the amount of virus recovered from dermis, consistent with other 

reports using in vitro and murine models (10, 18–20, 32, 33). Strikingly, heterotypic 

immune serum effectively reduced the amount of virus needed to produce a similar level 

of infection in naïve skin by 100 to 1,000 times, such that inoculation of 103 FFU, 

roughly equivalent to the amount of virus delivered by a mosquito (31), infected 50 to 

80% of all myeloid cells in the dermis. These data suggest that preexisting heterotypic 

immunity not only enhances virus replication and spread within human skin but also may 

increase efficiency of transmission, as one bite of a single infected mosquito would be 

sufficient to cause productive infection. 

While DENV and ZIKV replication takes place in both epidermis and dermis, 

enhancement of infection by preexisting immunity was restricted to dermis. Localized 

recruitment and infection of CD163+ macrophages and CD1c+ dermal DC clearly 

contributed to enhancement of infection in dermis, consistent with studies in IFN-α/β 

receptor deficient mice (14). However, a key factor in enhancement of infection in human 

skin was the five-fold increase in the number of infected LC that exited the epidermis, 

substantially greater than that seen with virus alone (25, 26, 34, 35). Moreover, 

preexisting immunity increased the number of cells migrating out of skin by the same 

amount. Our prior studies showed that a significant proportion of migrating cells are LC, 
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dermal DC and macrophages (25), and in the current study, these migrating cells carried 

more virus when infection occurred in the presence of heterotypic immune sera. These 

findings indicate that heterotypic immune enhancement of DENV and ZIKV infection in 

skin would result in increased myeloid cell dissemination of virus in the host (14, 24, 26).   

The majority of studies using cell lines and murine models suggest a primary role 

for CD32 (FcγRIIa) in mediating ADE of DENV and ZIKV infection (19, 36–39). Our 

data in the ex vivo human skin model indicate that both CD32 and CD64 (FcγRI) 

contribute substantially to ADE, and that blocking both receptors is required to 

completely eliminate enhancement, consistent with the notion of Fcγ receptor synergy in 

enhancement of flavivirus infection (40). It is likely that in intact human skin ADE is 

influenced by the ratio of expression levels of CD64 and CD32 on each cell type and on 

the signaling pathway followed by Fcγ receptor crosslinking, which potentially induces 

unique cell responses (39, 41, 42). Notably, keratinocytes, which lack expression of Fcγ 

receptors (43, 44), did not have enhanced infection in the presence of heterotypic immune 

serum, and infection of this cell type was unaffected by blocking antibodies to CD32 and 

CD64.  

Our findings suggest that IL-10 may play an important role the observed immune 

enhancement of DENV and ZIKV infection in skin. While the source of IL-10 in skin 

needs to be determined, this finding is consistent with previous in vitro studies showing 

that macrophages and DC strongly upregulate IL-10 production upon exposure to 

antibody-opsonized virus in an Fcγ receptor-dependent manner. They also are in 

consonance with epidemiological studies showing higher levels of IL-10 production in 

patients experiencing secondary DENV infections (32, 39, 45–49). Fcγ receptor 
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engagement of immune complexes results in suppression of innate immune responses 

through both increased IL-10 production and a bias towards a Th2 response, ultimately 

leading to increased virus output per infected cell (32, 39, 48, 49). Interestingly, we found 

a two- to threefold increase in overall number of cells with viral replication in the dermis 

and a tenfold increase in virus genome production in skin inoculated with heterotypic 

antibodies. These findings suggest that both an increased number of infected cells 

(extrinsic ADE) and an increase in virus output per cell (intrinsic ADE) (50) are active 

processes in human skin. 

 Our data indicate that the majority of binding IgG in monotypic DENV-3 and 

ZIKV human immune serum is in fact cross-reactive with heterologous virus, a critical 

feature in the observed immune enhancement of both DENV and ZIKV infection in skin. 

This finding is consistent with previous reports showing that individuals exposed to 

primary DENV or ZIKV infections develop a dominant Flavivirus cross-reactive IgG 

response and a minor population of antibodies that are specific to the virus of infection 

(10, 51). Notably, despite similar frequencies of cross-reactive binding IgG to DENV-2, 

peak enhancement of DENV-2 by ZIKV immune serum was observed at substantially 

lower serum concentrations compared with the peak enhancement by DENV-3 immune 

serum. Interestingly, one of the earliest prospective studies of ADE in children showed 

that the relative risk of severe dengue increased six-fold when in vitro enhancement of 

infection was induced by high serum concentrations relative to low serum concentrations 

(11). It is notable that the ZIKV immune sera used in our study were from individuals 

with very high ZIKV neutralizing titers, with mean neutralizing titers more than three-

fold higher than the DENV-3 immune sera, but only a fraction of ZIKV infected 
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individuals generate this level of antibody response. Nevertheless, this finding may 

suggest that individuals with preexisting immunity to DENV-3 may be at greater risk of 

disease when infected with heterologous DENV or ZIKV. The data also indicate that a 

ZIKV vaccine that induces low antibody titers may increase the risk of severe dengue. 

It is well described that mosquito saliva enhances infection of a number of 

arthropod-borne viruses, including DENV (52–55). A recent study using IFN-α/β 

receptor deficient mice has shown greater recruitment and infection of skin-resident 

macrophages and DC after intradermal inoculation of DENV in the presence of 

enhancing antibodies that was dependent upon mosquito salivary gland components (14). 

While serum antibodies normally are present at low concentration in the interstitial space 

(56), the act of mosquito probing itself induces edema which traps both virus and plasma 

in skin (57), and a similar effect is seen with mosquito saliva (14). Thus, it is reasonable 

to speculate that mosquito inoculation of virus would further intensify the observed 

enhancement effect in human skin. Additional experiments will be required to test this 

hypothesis, ideally with DENV- and ZIKV-infected mosquitoes probing skin explants.  

In summary, our data using a novel ex vivo system reveal that preexisting 

immunity to heterologous flavivirus greatly exacerbates DENV and ZIKV infection in 

human skin, markedly reducing the amount of virus needed to infect myeloid cells while 

also increasing migration of infected cells out of skin. Whether increased dissemination 

of virus from skin in the presence of heterotypic immune sera leads to more severe 

clinical disease in the host is not possible to address with this model, although murine 

studies are consistent with this hypothesis (14). In terms of vaccination, the findings 

emphasize the absolute need to develop vaccines that elicit an appropriate range of 
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potent, high affinity cross-reactive antibodies that neutralize rather than enhance 

heterologous virus. By determining the effects of vaccine-induced antibodies on virus 

infection, our model will serve as a valuable tool for assessing vaccine safety and risk.  
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Methods  

 

Cells and viruses 

Vero cells (African green monkey kidney epithelial; ATCC #CCL-81) were 

maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% 

fetal bovine serum, 2mM L-glutamine, 1.5 g/l sodium bicarbonate, 100 U/ml penicillin, 

100 μg/ml of streptomycin, and incubated at 37 °C in 5% CO2. C6/36 cells (Aedes 

albopictus mosquito cell line; ATCC #CRL-1660) were maintained in DMEM 

supplemented with 10% fetal bovine serum, 2mM L-glutamine, 1.5g/l sodium 

bicarbonate, 100 U/ml penicillin, 100 μg/ml of streptomycin, 1% tryptose phosphate 

broth and incubated at 28°C in 5% CO2. Virus stocks of the prototype DENV-2 (strain 

Thailand/16681/1964) and DENV-3 (strain Philippines/H87/1956) serotypes were 

prepared by inoculation onto an 80% confluent monolayer of C6/36 cells. Supernatant 

were harvest at 7 and 15 days post-infection and concentrated by ultracentrifugation 

before storage at -80°C. DENV titers of the stock were determined via a modified FFU 

assay using Vero cells (58). Virus stocks of ZIKV (strain Brazil/PE243/2015) were 

prepared in Vero cells and virus titer was determined through plaque assay (20). 

 

Immune serum and microneedle arrays 

DENV serotype-specific and ZIKV-specific immune human sera were delivered 

to the skin using tip-loaded dissolvable 3:2 carboxymethyl cellulose/trehalose 

microneedle arrays fabricated as described (59). Arrays were loaded with 1:40, 1:400 or 

1:4,000 dilutions of each pooled sera. Serum samples from individuals that experienced a 
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primary DENV-3 infection were collected in a prospective cohort study in Brazil and 

were confirmed to have solely DENV-3 monotypic immunity by plaque reduction 

neutralization assay (29). All samples tested positive and negative for anti-DENV IgG 

and IgM, respectively (Anti-DENV IgG indirect ELISA and IgM capture ELISA; 

PanBio, Brisbane, Australia). Pooled sera from individuals who had experienced primary 

ZIKV infection were collected in epidemiological studies conducted in Brazil (3, 60). 

Sera were confirmed to have neutralizing antibodies to ZIKV but to no other DENV 

serotype by plaque reduction neutralization assay. Control arrays contained dilutions of 

Flavivirus-naïve serum (human serum off clot sterile type AB; MP Biomedicals). For 

blocking experiments, arrays containing 10ug of neutralizing antibodies to human CD32 

(IV.3, Stemcell Technologies), and/or CD64 (10.1; Biolegend) or isotype control 

antibodies combined with either DENV-3 immune or Flavivirus-naïve sera at 1:40 

dilution were formulated. The concentration of neutralizing antibodies was twice the 

neutralization dose required to saturate surface expression of CD32 and CD64 molecules 

(36, 61) multiplied by a factor of 2.3 to compensate for dilution following dispersal 

within skin.  

 

Skin processing and virus inoculation 

Healthy skin was obtained from 16 Caucasian individuals undergoing elective 

abdominoplasty or panniculectomy surgery. Donors were from the Pittsburgh, 

Pennsylvania region, an area with no local transmission of dengue or Zika. Lack of 

immunity to DENV1-4 and ZIKV was confirmed by ELISA in six individuals from 

which sera were available. Skin processing was carried out as previously described (25). 
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Briefly, residual adipose tissue was trimmed from the underside of the skin and tissue 

was cut into full-thickness 1-square inch explants. Microneedle arrays were manually 

applied to skin explants for 15 minutes to allow needle tips to dissolve, leaving loading 

reagents in the skin. Following the removal of arrays, a suspension containing 5x103 FFU 

of virus (50μl) was placed in the region of array application on the skin surface. 

Bifurcated allergy skin testing needles (Precision Medical Product Inc., Denver, PA) 

were used to repeatedly puncture the skin surface through the inoculum to deliver virus 

into the epidermis and dermis. This inoculation method results in the delivery of 

approximately 10μl of virus suspension (equivalent to 103 FFU of virus) into the skin 

(25). Inoculated explants were incubated at 37˚C in 5% CO2 for 2 hours. Following 

incubation, explants were placed dermis-side down on mesh grids or filter paper in tissue 

culture dishes, and incubated at the liquid-air interface in RPMI 1640 complete media 

(10% fetal bovine serum, 2mM L-glutamine, 100 U/ml penicillin, 100 μg/ml of 

streptomycin, 10mM HEPES, 1% sodium pyruvate and 1% non-essential amino acids) at 

37°C for 24 hours. For immunohistochemistry analysis, inoculated skin was submerged 

in 30% sucrose overnight at 4˚C, and then kept at -80˚C until sectioned. For quantitative 

real-time PCR, a 4-mm punch biopsy from inoculated skin was obtained, submerged in 

Dispase II solution (2.4U/ml in PBS) and incubated overnight at 4˚C. Epidermal sheets 

were separated from dermis and both samples immediately subjected to viral RNA 

isolation. 

 

 

 



 

 
 

23 

Immunohistochemistry 

Immunohistochemistry was performed as described (25), using the following 

antibodies: polyclonal rabbit anti-pan DENV NS3 antibody (kindly provided by Sujan 

Shresta, La Jolla Institute for Allergy and Immunology, San Diego, CA), cytokeratin pan 

type I monoclonal antibody (AE-1; Invitrogen, MA5-13144), anti-CD163 antibody (5C6-

FAT; Novus Biologicals, BM4041), CD207/ langerin (DCGM4; Beckman Coulter, 

IM3449), anti-CD1c antibody (L161; Abcam, ab190305) and anti-Ki67 antibody (SP-6; 

Thermo Fischer Scientific, MA5-14520). Secondary antibodies were from Thermo 

Fischer Scientific and included goat anti-mouse IgG1 Alexa Fluor 546 and donkey anti-

rabbit IgG Alexa Fluor 488. 

 

Quantitative image analysis 

Image analysis was performed by thresholding for positive staining and 

normalizing to total tissue area using Nikon NIS elements AR 4.40 software (Nikon, 

Tokyo, Japan), as previously described (25). Data for each skin explant were collected 

from a minimum of 15 confocal images taken from 3 skin sections collected from 

different sites of virus-inoculated skin. Means from each individual were presented as an 

individual data point, and data are presented for four individuals per experiment. 

 

RNA isolation and quantitative real-time PCR 

Total RNA was extracted from epidermal sheet and dermis using RNeasy mini kit 

(Qiagen, Valencia, CA), following the manufacturer’s instructions. RNA samples were 

reverse transcribed using the Maxima First-Strand cDNA Synthesis Kit (ThermoFisher 
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Scientific, Waltham, MA). To measure virus genomes, quantitative PCR was undertaken 

using the GoTaq® Probe qPCR kit (Promega) with amplification in the Applied 

Biosystems QuantStudio 6 Flex real-time PCR system. The following primer sets were 

used: forward 5’-AAGGACTAGAGGTTAGAGGAGACCC-3’; reverse 5’-

CGTTCTGTGCCTGGAATGATG-3’; and probe 5’- FAM-

AACAGCATATTGACGCTGGGAGAGACCAGA-BHQ1-3’ (54). Cycling conditions 

were as follows: 95°C for 2 min, followed by 40 cycles of 95°C for 15 seconds and 60°C 

for 1 min. DENV genomes were determined by interpolation onto an internal standard 

curve produced using 10-fold serial dilutions of a synthetic DENV-2 fragment based on 

the prototype DENV-2 strain 16681 used for infections in skin. Virus titers were 

expressed as DENV genome equivalents per mg of tissue or million migrated cells. The 

amplification of cytokines, chemokines and reference genes was performed as previously 

described (25) using Platinum SYBR green qPCR Supermix-UDG (Invitrogen, Carlsbad, 

CA). Quantities of cytokine and chemokines targets were normalized to the 

corresponding 18S ribosomal RNA levels in the skin tissues.  

 

Binding IgG assays 

Sera were tested for binding to DENV-2, DENV-3 and ZIKV using indirect 

ELISA. Virus antigens (whole virus) were the same as used to inoculate skin explants. 

Briefly, high-binding half-area 96-well polystyrene plates (Corning, New York, USA) 

were coated overnight at 4°C with DENV-2, DENV-3 or ZIKV diluted in phosphate 

buffered saline (PBS). Plates were blocked with either non-fat dry milk (NFDM) 

(Blotting Grade Blocker, Bio-Rad) or albumin from bovine serum (Sigma-Aldrich) at 5% 



 

 
 

25 

(w/v) in PBS+0.1% (v/v) Tween 20 (PBS-T). Samples were 2-fold serially diluted 

(starting at 1:100) and added to the plates for 1 hour. Plates were then washed five times 

with PBS-T and incubated for another 1h with horseradish peroxidase (HRP)-linked anti-

human IgG (Jackson Immunoresearch, West Grove, USA), before developing using with 

SureBlue Reserve TMB Microwell Peroxidase substrate (SeraCare, Milford, USA). 

Endpoint titers and IC50 values were calculated using 4-parameter non-linear regression 

and determined as the dilution required for the optical density (OD) value of the negative 

control plus three times the standard deviation (SD). Using the estimated endpoint titers, 

the percentage of cross-reactive and type-specific binding IgG against each virus were 

calculated as follows: (i) % cross-reactive binding IgG = (Endpoint titer against 

heterologous virus/ endpoint titer against homologous virus) × 100; and (ii) % type-

specific binding IgG = 100 − % of cross-reactive IgG 

 

Statistics 

Results from multiple experiments are presented as mean ± SEM. Comparison 

between two groups was performed using unpaired two-tailed Mann-Whitney test. 

Kruskal-Wallis one-way ANOVA followed by Dunn multiple comparison test was used 

for multiple comparisons. Data were analyzed with Prism software version 7.0a 

(GraphPad). A P value of less than .05 was considered significant. 

 

Study approval 

Identifiable private information concerning skin donors was not provided and no 

interaction or intervention with donors was possible. Thus, the project did not constitute 
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human subjects research and the study was exempted from full review by the Institutional 

Review Board of the University of Pittsburgh. 
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Table 1. Neutralizing antibody titers of DENV-3 and ZIKV immune sera. 

 

Subject 

 Reciprocal neutralizing antibody titera 

 DENV-1 DENV-2 DENV-3 DENV-4 ZIKV 

DENV-3 immune sera 

B034  <20 <20 380 <20 <20 

B113  <20 <20 375 <20 <20 

B116  <20 <20 389 <20 <20 

B182  <20 <20 1,221 <20 <20 

B198  <20 <20 341 <20 <20 

B212  <20 <20 1,282 <20 <20 

B380  <20 <20 1,320 <20 <20 

Mean  <20 <20 758 <20 <20 

ZIKV immune sera 

01-007-2-2  <20 <20 <20 <20 140 

01-008-2-2  <20 <20 <20 <20 277 

01-009-2-2  <20 <20 <20 <20 529 

03-006-2-2  <20 <20 <20 <20 673 

IAM#1  <20 <20 <20 <20 2,560 

IAM#5  <20 <20 <20 <20 12,980 

IAM#11  <20 <20 <20 <20 634 

IAM#23  <20 <20 <20 <20 573 

Mean  <20 <20 <20 <20 2,296 

aDetermined by plaque reduction neutralization test. 





Figure 1. DENV-3 immune sera blocks infection with DENV-3 but enhances infection with 

DENV-2 in human skin. (A) Representative images showing NS3 expression (green) 24 hours 

after inoculation with 103 FFU of DENV-2 or DENV-3 in human skin pretreated with pooled 

DENV-3 immune sera or naïve sera. Blue staining represents nuclei and dotted lines indicate 

epidermal-dermal junction. Scale bar 50μm. (B) Quantification of virus infection in epidermis 

and dermis expressed as area of NS3-expressing cells. *p<0.05 (Mann-Whitney test). (C) 

Quantification of infection after inoculation of skin with increasing amounts of DENV-2 in the 

presence of naïve sera or 103 FFU of DENV-2 in the presence of DENV-3 immune sera. Data are 

from four skin donors expressed as mean ± SEM. (D) Viral RNA copies/mg of tissue in 

epidermis and dermis of skin infected with DENV-2 in the presence of DENV-3 immune sera or 

naïve sera. Each symbol is an individual donor and horizontal line is the mean. *p<0.05 (Mann-

Whitney test) comparing immune sera to naïve sera at the same dilution. 

 





Figure 2. DENV-3 immune sera increases recruitment and infection of macrophages and 

dermal DC in skin inoculated with DENV-2. (A) Immunofluorescence in dermis stained with 

antibodies to CD163 (macrophage, red) and CD1c (dermal DC, red) after mock infection or 

inoculation with 103 FFU of DENV-2 in the presence of DENV-3 immune sera or naïve sera. 

Scale bar 50μm. (B) Quantification of the density of macrophages and dermal DC in dermis 

under different conditions. Data are from four skin donors and expressed as mean + SEM. **p 

<0.01 determined by Kruskal-Wallis one-way ANOVA followed by Dunn multiple comparison 

test. (C) Representative images showing staining with antibodies to CD163 or CD1c (red) and 

NS3 (green) in dermis of skin infected with DENV-2 in the presence of DENV-3 immune sera. 

Arrowheads indicate infected cells. Scale bar 25μm. Blue staining in A and C represents nuclei 

and dotted lines indicate epidermal-dermal junction. (D) Quantification of area of infection and 

percentage of infection for each cell type. Data are from four skin donors expressed as mean ± 

SEM.*p <0.05 (Mann-Whitney test) comparing immune sera to naïve sera at the same dilution. 

 





Figure 3. DENV-3 immune sera enhances migration of infected Langerhans cells from 

epidermis to dermis in skin inoculated with DENV-2. (A) Immunofluorescence of skin 

stained with antibodies to CD207+ (LC, red) and NS3 (green) after inoculation with 103 FFU of 

DENV-2 in skin pretreated with DENV-3 immune sera or naïve sera. Blue staining represents 

nuclei and dotted lines indicate epidermal-dermal junction. Scale bar 50μm. (B) Quantification 

of the area of LC and the area and percentage of infected  LC in epidermis and dermis. Data are 

from four skin donors expressed as mean ± SEM. *p <0.05 (Mann-Whitney test) comparing 

immune sera to naïve sera at the same dilution. **p <0.01 determined by Kruskal-Wallis one-

way ANOVA followed by Dunn multiple comparison test. (C) Number of migrated cells 

collected from media per square inch of skin after DENV-2 or mock-infection in the presence of 

DENV-3 immune sera or naïve sera. (D) Viral RNA copies/106 migrated cells from skin 

inoculated with DENV-2 in the presence of DENV-3 immune sera or naïve sera. Dotted line 

indicates limit of detection. (E, F) Quantification of area of infected keratinocytes (E) and 

percentage of infected keratinocytes (F) in epidermis of skin after DENV-2 or mock infection in 

the presence of DENV-3 immune sera or naïve sera. Each symbol is an individual donor and 

horizontal line is the mean.*p <0.05, **p <0.01 (Mann-Whitney test).  

 

 

 
 





Figure 4. Reciprocal immune enhancement of DENV and ZIKV infection in human skin. 

(A) Representative images showing NS3 (green) expression after inoculation with 103 FFU of 

ZIKV in human skin pretreated with DENV-3 immune sera or naïve sera. Scale bar 50μm. (B) 

Quantification of ZIKV infection in epidermis and dermis of skin inoculated in the presence of 

DENV-3 immune sera or naïve sera. *p<0.05 (Mann-Whitney test) comparing DENV-3 immune 

sera to naïve sera. (C) Quantification of area of cells, area of infected cells and percentage of 

infected cells for each cell type (macrophages, dermal DC and LC) in dermis after inoculation 

with ZIKV in skin pretreated with 1:40 dilution of DENV-3 immune sera or naïve sera. Each 

symbol is an individual donor and horizontal line is the mean. *p<0.05 (Mann-Whitney test). (D) 

Quantification of ZIKV and DENV-2 infection in epidermis and dermis of skin inoculated in the 

presence ZIKV immune sera or naïve sera. *p<0.05 (Mann-Whitney test) comparing ZIKV 

immune sera to naïve sera. Data in B and D are from four skin donors expressed as mean ± SEM. 

(E) Representative images showing NS3 (green) expression after inoculation with 103 FFU of 

DENV-2 or ZIKV in human skin pretreated with ZIKV immune sera. Scale bar 50μm. Blue 

staining in A and E represents nuclei and dotted lines indicate epidermal-dermal junction. (F) 

Fold increase (power of enhancement) in the density of DENV-2 and ZIKV infected cells in the 

presence of DENV-3 immune sera relative to naïve sera and DENV-2 infected cells in the 

presence of ZIKV immune sera relative to naïve sera at peak enhancement. Data are from four 

skin donors expressed as mean ± SEM.  

 





Figure 5. Cross-reactive antibodies in immune sera mediate enhancement through CD32 

and CD64 Fcγ receptor engagement and IL-10 expression. (A) Binding IgG properties of 

DENV-3 and ZIKV immune serum to DENV-2, DENV-3 and ZIKV particles. Data are from 

four skin donors expressed as mean ± SEM. Dotted line represents optical density value of the 

negative control plus three times the standard deviation. (B) Percentage of binding IgG in 

immune sera that binds to homologous virus or cross-reacts with heterologous virus, calculated 

as follows: Percent cross-reactive binding IgG = (Endpoint titer against heterologous virus/ 

endpoint titer against homologous virus) × 100. Percent type-specific binding IgG = 100 − 

percent of cross-reactive IgG. (C) Expression of innate immune genes determined by RT-PCR in 

whole digests of mock-infected skin or skin infected with DENV-2 in the presence of DENV-3 

immune sera or naïve sera. Changes in expression of genes are presented as a heatmap of log2-

transformed expression ratios relative to control skin prior to infection. (D) Quantification of the 

density of NS3-expressing cells in dermis after inoculation with 103 FFU of DENV-2 in skin 

pretreated with neutralizing antibodies to CD32 and/or CD64 combined with a 1:40 dilution of 

DENV-3 immune sera or naïve sera. (E) Number of migrated cells collected from media per 

square inch of skin treated as in D. (F) Quantification of the area of infected macrophages, 

dermal DC and LC in dermis after inoculation with DENV-2 in skin treated as in D. Data are 

from four skin donors expressed as mean ± SEM. *p <0.05, **p <0.05 determined by Kruskal-

Wallis one-way ANOVA followed by Dunn multiple comparison test. 
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