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Abstract: Zika virus (ZIKV) outbreaks in Central and South America caused severe public health 

problems in 2015 and 2016. These outbreaks were finally contained through several methods, in-

cluding mosquito control using insecticides and repellents. Additionally, the development of herd 

immunity in these countries might have contributed to containing the epidemic. While ZIKV is 

mainly transmitted by mosquito bites, mucosal transmission via bodily fluids, including the semen 

of infected individuals, has also been reported. We evaluated the effect of mucosal ZIKV infection 

on continuous subcutaneous challenges in a cynomolgus monkey model. Repeated intravaginal in-

oculations of ZIKV did not induce detectable viremia or clinical symptoms, and all animals devel-

oped a potent neutralizing antibody, protecting animals from the subsequent subcutaneous super-

challenge. These results suggest that viral replication at mucosal sites can induce protective immun-

ity without causing systemic viremia or symptoms. 
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1. Introduction 

Zika virus disease is caused by Zika virus (ZIKV), which is a single-stranded RNA 

virus of the Flaviviridae family, genus Flavivirus. ZIKV was first identified in a rhesus ma-

caque from Uganda in 1947 [1]. ZIKV is mainly transmitted by Aedas mosquitoes, includ-

ing A. aegypti and A. albopicus. While most ZIKV infections are asymptomatic, the ob-

served symptoms include mild fever, headache, red eyes, arthralgia, conjunctivitis, and 

rashes. Moreover, a link between ZIKV infection and Guillain-Barré syndrome (GBS) has 

been documented [2,3]. Currently, no vaccine or specific antiviral drug is available to pre-

vent or treat ZIKV infection. 

To date, ZIKV outbreaks have been documented in 89 countries and territories in 

Africa, the Americas, Asia, and the Pacific [4]. In 2007, there was an outbreak on the island 

of Yap [5], followed by an outbreak in 2013 in French Polynesia [6]. In 2015, the Americas 

experienced an outbreak of ZIKV for the first time, and the epidemic has been dissemi-

nated to more than 20 countries and territories in South, Central, and North America, and 

the Caribbean. Along with the circulation of ZIKV, clinicians reported an association be-

tween ZIKV infection and GBS in adults in July 2015 [7], and microcephaly in neonates in 

October 2015 [8]. Subsequent studies have revealed that ZIKV infection in pregnant 
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women can lead to vertical transmission to approximately 20–30% of neonates [4], causing 

congenital abnormalities, including microcephaly and congenital eye disease [9–12]. This 

led the World Health Organization (WHO) to declare a public health emergency of inter-

national concern in February 2016. 

In addition to transmission by mosquito bites, the sexual transmission of ZIKV has 

also been documented. This includes male-to-female [13–15], male-to-male [16], and sus-

pected female-to-male transmission [17]. Other studies have demonstrated a persistent 

presence of ZIKV in semen [18–22], even several months after symptom onset [23–26]. The 

persistent presence of infectious ZIKV in bodily fluids may lead to a risk of sexual trans-

mission. A previous study estimated that approximately 1% of ZIKV infections reported 

in Europe and the United States were acquired through sexual transmission [27], and the 

importance of sexual ZIKV transmission should be considered a serious concern. 

The outbreak in Central and South American countries was finally contained due to 

several reasons, including mosquito control and the development of herd immunity in 

these countries. Although herd immunity was likely achieved by asymptomatic ZIKV in-

fection through mosquito bites, sexual transmission could also have a minor but signifi-

cant role in the development of herd immunity. Therefore, the impact of ZIKV infection 

via the mucosal route on the induction of anti-ZIKV immunity remains to be elucidated. 

In this study, we used a cynomolgus macaque model to investigate the impact of 

mucosal ZIKV infection on subcutaneous superchallenge. We intravaginally infected 

three macaques with the Asian ZIKV PRVABC59 strain for four successive days. Repeated 

intravaginal inoculation did not induce detectable viremia or other symptoms in these 

monkeys. Eleven days after the first intravaginal inoculation, three monkeys and four na-

ïve monkeys were subcutaneously challenged with the homologous PRVABC59 strain. 

While all naïve monkeys developed viremia, the three intravaginally pre-infected mon-

keys completely suppressed viremia. A neutralizing assay demonstrated that repeated 

intravaginal inoculation resulted in the development of a potent neutralizing antibody. 

These results suggest that viral replication at mucosal sites can induce protective immun-

ity without inducing systemic viremia or symptoms.  

2. Results 

2.1. Absence of systemic viremia and clinical symptoms in cynomolgus monkeys after 

intravaginal inoculation of ZIKV PRVABC59 strain 

To investigate the immunological impact of intravaginal ZIKV infection, three mon-

keys were intravaginally inoculated with the PRVABC59 virus for four successive days to 

mimic repeated sexual intercourse (Figure 1). We monitored plasma viral RNA levels and 

changes in blood parameters, including platelet (PLT), red blood cell (RBC), and white 

blood cell (WBC) counts. We observed that none of the monkeys developed detectable 

viremia 11 days after infection (Figure 2A). We observed a marginal change in blood cells, 

including PLT, RBC, and WBC counts (Figures 3A, 3C, and 3E). No changes were ob-

served in the skin of these macaques (data not shown). This result suggests that the ex-

perimental protocol used in this study did not induce systemic viremia or symptoms in 

the cynomolgus macaques. 
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Figure 1. Schematic procedure of the in vivo experiment. Three female cynomolgus monkeys were 

intravaginally inoculated with the Zika virus (ZIKV) PRBABC59 strain on Days 8, 9, 10, and 11  (2 

× 106 focus forming units [FFU] at each time point) prior to subcutaneous infection. Seven female 

monkeys, including these three animals, were subcutaneously challenged with the ZIKV PRBABC59 

strain (2 × 106 FFU) on day zero. 

 

Figure 2. Plasma viral RNA load in cynomolgus monkeys. (A) Viral RNA levels in monkey plasma 

were quantified with quantitative real-time polymerase chain reaction (PCR). The red arrows indi-

cate timepoints of intravaginal inoculation. (B) The relative value of platelets on days one, two, and 

three was calculated compared to day zero. Differences between group V (intravaginal pre-
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inoculation) and group C (control) were examined by a two-tailed, unpaired Student t-test. ***p < 

0.001, **p < 0.01. 

 

 

Figure 3. Changes in blood parameters in ZIKV-infected monkeys. (A) The number of platelets 

was counted with a hematology analyzer. (B) The relative value of platelets on days one, two, and 

three was calculated compared to day zero. Differences between group V (intravaginal pre-inocu-

lation) and C (control) were examined by a two-tailed, unpaired Student t-test (ns, not significant). 

(C) The number of red blood cells (RBC) was counted with a hematology analyzer. (D) The relative 

value of red blood cells (RBC) on days one, two, and three was calculated compared to day zero. 

Differences between groups V and C were examined by a two-tailed, unpaired Student t-test (ns, 

not significant). (E) The number of white blood cells (WBC) was counted with a hematology ana-

lyzer. (F) The relative value of WBC on days one, two, and three was calculated compared to day 

zero. Differences between groups V and C were examined by a two-tailed, unpaired Student t-test. 

*P < 0.05, ns (not significant). (G) The number of lymphocytes was counted with a hematology ana-

lyzer. (H) The relative value of lymphocytes on days one, two, and three was calculated compared 

to day zero. Differences between groups V and C were examined by a two-tailed, unpaired Student 

t-test. **P < 0.01, *P < 0.05, ns (not significant). ZIKV, Zika virus. 

2.2. Monkeys intravaginally infected with the ZIKV PRVABC59 strain controlled the 

subcutaneous superchallenge with homologous PRVABC59 strain 

To test whether repeated intravaginal inoculation could induce protective immunity 

in three monkeys (hereafter referred to as the V group), we subcutaneously challenged 
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these monkeys with the homologous PRVABC59 strain 11 days after the first intravaginal 

challenge. Four naïve macaques served as the control group (hereafter referred to as the 

C group) (Figure 1). We monitored the levels of plasma viral RNA load and changes in 

PLT, RBC, and WBC counts on days zero, one, two, three, four, and seven. We observed 

a peak in viral RNA load between days two and three in the C group. Similar to observa-

tions in a previous cynomolgus monkey model [28], the maximal viral load for monkeys 

in the C group was 1.5 × 103–9.1 × 103 genome copies/mL (Figure 2A). In sharp contrast, 

none of the monkeys in the V group showed detectable viremia (Figures 2A and 2B). Alt-

hough we observed comparable changes in RBC between the V and C groups (Figures 3C 

and 3D), the C group tended to have a lower PLT level than the V group (Figures 3A and 

3B). Notably, the C group had significantly lower WBC counts than the V group on days 

one and two (Figures 3E and 3F). The C group showed a more significant decline in lym-

phocytes than the V group on days one and three (Figures 3G and 3H). Flow cytometric 

analysis demonstrated that the decline in lymphocytes is associated with a rapid loss of T 

cell subsets (CD3+, CD16- population) (Supplemental Figure 1). Furthermore, the C group 

exhibited apparent changes in the skin (Figure 4). We did not observe such changes in 

group V (data not shown). Collectively, macaques in the V group were protected from the 

subcutaneous superchallenge. 

 

Figure 4. Change of the skins in ZIKV-infected monkeys. The change of skins of group C (control) 

was observed. ZIKV, Zika virus. 

2.3. Local intravaginal infection induced a potent neutralizing antibody 

Next, we aimed to elucidate the underlying protective mechanisms. Therefore, we 

tested the induction of neutralizing antibodies in monkeys. First, we performed a focus 

reduction neutralization test (FRNT) on the homologous PRVABC59 strain. Monkeys in 

the V group developed >100 FRNT50 titers at the time of subcutaneous superchallenge 

(Figures 5A and 5B). As expected, monkeys in the C group had undetectable levels of 

neutralizing antibodies at the time of the subcutaneous challenge. After the subcutaneous 

challenge, monkeys in the V group had a much higher neutralizing antibody level com-

pared to those in the C group. Next, to examine the broadness of neutralizing antibodies 

in the V group, we tested neutralizing activity against heterologous ZIKV strains, includ-

ing three African strains (MR766-NIID, DAK AR 41524, and IbH 30656). The phylogenetic 

analysis of the E protein demonstrated that these strains were genetically distant from 

PRVABC59 (Supplemental Figure 2 and Supplemental Table 1). The FRNT assay 

demonstrated that antibodies elicited in the V group blocked heterologous ZIKV strains 

(Supplemental Figures 3A and 3B). These results demonstrated that intravaginal ZIKV 

inoculation induced a potent neutralizing antibody that blocked a wide variety of ZIKV 

strains. Because previous studies demonstrated that ZIKV-binding IgM and IgG were 
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rapidly induced in ZIKV-infected rhesus monkeys [29], we aimed to determine the class 

of immunoglobulins responsible for neutralization. Because protein G binds to human 

IgG but not IgM, we used a protein G column to isolate IgG from monkey plasma. The 

size of the purified protein on an SDS-PAGE gel was approximately 150 kDa (Supple-

mental Figure 4A), suggesting that the method used in this study specifically purified IgG 

from the plasma. The FRNT assay demonstrated that purified IgG (Post) showed a signif-

icantly lower FRNT50 titer than total plasma (Pre) against the PRVABC59 strains (Supple-

mental Figure 4B). This result showed that IgG had a limited role in neutralization in the 

V group, suggesting that immunoglobulin(s) other than IgG were responsible for neutral-

ization.  

 

Figure 5. Monkeys in the V group developed a potent neutralizing antibody at the time of sub-

cutaneous superchallenge. (A) The focus reduction neutralization test (FRNT)50 titers were calcu-

lated. (B) Differences of FRNT50 titers at day zero, one, two, four, and seven between group V (in-

travaginal pre-inoculation) and C (control) were examined by a two-tailed, unpaired Student t-test. 

****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns (not significant). 

3. Discussion 

In this study, we demonstrated that ZIKV infection at the mucosal site induced pro-

tective immunity and blocked subcutaneous superchallenge in a cynomolgus macaque 

model. Furthermore, this protection was associated with a neutralizing antibody at the 

time of subcutaneous challenge. 

Mucosal ZIKV transmission should be prevented because pregnant women who are 

infected with ZIKV face a critical risk of fetal abnormalities [4,9–12]. Approximately 10% 

of babies born to mothers with ZIKV infection have birth defects [30]. Notably, ZIKV 
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infection during the first trimester is the most likely to cause birth defects [31–34]. The 

abnormalities induced by ZIKV infection have been reproduced in animal models. In-

travaginal ZIKV infection in pregnant mice during early pregnancy leads to fetal growth 

restriction, infection of the fetal brain, and abortion, depending on the stage of pregnancy 

[35,36]. 

We showed that repeated intravaginal inoculation protected cynomolgus monkeys 

from viremia and the clinical symptoms induced by subcutaneous superchallenge (Fig-

ures 2, 3F, 3H, and 4). Furthermore, intravaginal ZIKV infection was sufficient to induce 

neutralizing antibodies without systemic viremia (Figure 5A). A similar observation was 

reported in a study in which mice were intrarectally immunized with the ZIKV PRV-

ABC59 strain [37]. Intrarectal inoculation of the PRVABC59 strain induced low viremia in 

Ifnar1−/− mice. In the subcutaneous superchallenge experiment, intrarectally inoculated 

mice were protected from infection 21 days after the intrarectal infection. This observation 

supports our finding that mucosal infections with limited viral replication can confer pro-

tective immunity. We further tested the cross-reactivity of plasma samples from the V 

group and showed that the plasma samples efficiently blocked not only the homologous 

PRVABC59 strain but also heterologous strains, including three African strains, MR766-

NIID, DAK AR 41524, and IbH 30656 (Supplemental Figures 3A and 3B). These observa-

tions suggest that mucosal infection without systemic viremia or clinical symptoms can 

induce neutralizing antibodies that potently suppress broad ZIKV strains. Protection from 

subcutaneous superchallenge with a heterologous Asian ZIKV strain has also been ob-

served in rhesus monkeys pre-inoculated with the African ZIKV strain via the subcutane-

ous route [38]. Notably, these monkeys had systemic viremia after the primary infection, 

suggesting that they developed stronger immunity against ZIKV than those in this study. 

Moreover, an alarming observation was made. Owing to the co-circulation of ZIKV 

and DENV in endemic countries, cross-reactive antibodies may be produced, leading to a 

risk of antibody-dependent enhancement (ADE). A previous study demonstrated that im-

munodeficient AG129 mice administered monoclonal antibodies targeting ZIKV showed 

severe symptoms upon challenge with dengue virus type 2 (DENV-2) [39]. Similarly, a 

rhesus macaques pre-infected with ZIKV presented higher viremia and inflammatory re-

sponse after DENV-2 challenge [40]. Therefore, the impact of mucosal ZIKV infection 

should be carefully evaluated. Future research should investigate whether the monkeys 

in this study developed an ADE antibody. 

The ZIKV outbreak in Central and South America was controlled at the end of 2016. 

However, the reasons for this are not fully understood. Efforts to control the mosquito 

population likely contributed to the control of the epidemic. Nonetheless, the develop-

ment of herd immunity in these regions could also be associated with containment [re-

viewed in 41]. A survey demonstrated that 63–73% of the population in Salvador, Brazil, 

was seropositive for ZIKV, leading to the development of herd immunity. This study sug-

gested that herd immunity in this area contributed to the extinction of the ZIKV epidemic 

[42]. Another study demonstrated that preexisting high-titer DENV antibodies limited the 

risk of ZIKV infection [43], suggesting that cross-reactive antibodies can also contribute to 

the dissemination of ZIKV in tropical and subtropical areas. Extensive surveys are neces-

sary to monitor the seroprevalence of ZIKV and prevent future epidemics. Although the 

frequency of sexual ZIKV transmission is minor [27], the impact of mucosal ZIKV infec-

tion should also be considered. 

How we were unable to induce systemic viremia in cynomolgus macaques upon suc-

cessive intravaginal inoculations remains to be elucidated. One possible explanation is 

that the estrus cycle affected the outcome of the inoculations in these animals. The use of 

Depot-medroxyprogesterone acetate (DMPA) is associated with increased HIV suscepti-

bility in women [44–46]. Furthermore, studies using rodent and macaque models have 

demonstrated that the condition of sexual hormones has a significant impact on suscepti-

bility to viral infection, replication, and pathogenesis [47–50]. Previous studies using im-

munodeficient mice models suggested that the status of sex hormones can influence the 

permissiveness and persistence of ZIKV infection [51]. While mice infected during the 
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estrus-like phase were resistant to intravaginal ZIKV infection, during the diestrus-like 

phase they were susceptible. A similar observation was reported in a rhesus macaque 

model, where DMPA enhanced the susceptibility of the macaques to intravaginal infec-

tion [52]. Future research should address this issue since we did not synchronize the estrus 

cycle of monkeys in this study. 

A limitation of this study is that the monkeys in the C group did not receive any 

treatment before the subcutaneous challenge. Nevertheless, our protocol for intravaginal 

inoculation did not include any surgical treatments. Therefore, the absence of pretreat-

ment in the C group might not have a significant impact on the outcome. Synchronization 

of the estrus cycle using a hormonal drug such as DMPA can be tested in a future study 

to elucidate the impact of the estrus cycle on susceptibility to ZIKV infection. Another 

limitation of this study is that we did not determine which immunoglobulin class was 

responsible for viral neutralization. However, it is reasonable to assume that IgM contrib-

uted to neutralization since purified IgG failed to neutralize ZIKV (Supplemental Figures 

4A and 4B), and the neutralizing antibody was rapidly induced after intravaginal inocu-

lation. This hypothesis is supported by a previous study in which ZIKV-binding IgM was 

rapidly induced after subcutaneous ZIKV infection [29]. Furthermore, because we im-

munized the V group via the intravaginal route, future research should examine whether 

intravaginally inoculated animals develop IgA with neutralizing activity in the plasma 

and secretions from mucosal sites. 

In conclusion, our results revealed that mucosal ZIKV infection without systemic vi-

remia and symptoms was sufficient to induce a potent neutralizing antibody, protecting 

macaques from subsequent subcutaneous superchallenge with homologous ZIKV strains. 

Furthermore, the antibody showed neutralizing activity against heterologous genetically 

distant ZIKV strains. These findings suggest a complex immunological event in individ-

uals in epidemic areas of ZIKV, highlighting the potential of mucosal immunization to 

contain a ZIKV epidemic. 

4. Materials and Methods 

4.1. Ethics statement 

Animal experiments were carried out at the Tsukuba Primate Research Center, Na-

tional Institutes of Biomedical Innovation, Health and Nutrition (NIBIOHN) with the help 

of HAMRI CO., LTD. for animal care and sample processing. All procedures were ap-

proved by the Committee on the Ethics of Animal Experiments of NIBIOHN (permission 

number: KAN30-05, and KAN31-04) and Osaka University (permission number: H30-03-

0) under the guidelines for animal experiments at NIBIOHN, and Osaka University in 

accordance with the Guidelines for Proper Conduct of Animal Experiments established 

by the Science Council of Japan (http://www.scj.go.jp/ja/info/kohyo/pdf/kohyo-20-k16-

2e.pdf). The experiments were conducted in accordance with the "Weatherall report for 

the use of non-human primates in research" recommendations (https://royalsoci-

ety.org/topics-policy/publications/2006/weatherall-report/). Animals were housed in ad-

joining individual primate cages, allowing them to make sight and sound contact with 

one another for social interactions, where the temperature was maintained at 25°C with 

light for 12 h per day. The animals were fed apples and a commercial monkey diet (Type 

CMK-2; Clea Japan, Inc.). Blood collection and virus inoculation were performed under 

ketamine anesthesia. The animals were euthanized at the end of the experiment. At eu-

thanasia, the animals were deeply anesthetized with pentobarbital under ketamine anes-

thesia, and whole blood was collected from the left ventricle. 

4.2. Cell culture. 

Vero cells (Japanese Collection of Research Bioresources Cell Bank (JCRB), Cat# 

JCRB9013) were cultured in modified Eagle’s medium (MEM, Nacalai Tesque, Cat# 21442-

25), supplemented with 10% fetal bovine serum (FBS) (HyClone, Cat# SH30396), 1× non-

essential amino acids solution (Nacalai Tesque, Cat# 06344-56), and 1× penicillin-
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streptomycin (P/S, Nacalai Tesque, Cat# 09367-34). C6/36 cells (JCRB, Cat# IFO50010) were 

cultured at 28°C in Leibovitz L-15 medium (Thermo Fisher Scientific, Cat #11415064) sup-

plemented with 10% FBS, 0.3% tryptose phosphate broth (Sigma-Aldrich, Cat# T8782-

500G), and 1× P/S. 

4.3. Viruses. 

The Asian strain of Zika virus (ZIKV), PRVABC59 (Human/2015/Puerto Rico) (NR-

50240), an African ZIKV strain, the African ZIKV strain, DAK AR 41524 (Mos-

quito/1984/Senegal) (NR-50338), and IbH 30656 (Human/1968/Nigeria) (NR-50066) were 

obtained from Biodefense and Emerging Infections (BEI) Resources. The African strain of 

ZIKV, MR766-NIID (Rhesus/1947/Uganda), was obtained from the National Institute of 

Infectious Diseases, Japan [53]. The viruses were propagated in C6/36 cells. Viral titers 

were determined using a focus-forming assay in Vero cells. 

4.4. Focus-forming assay. 

The virus stock was diluted 10-fold (1:10–1:106) in FBS-free minimal essential me-

dium (MEM). Diluted viruses (250 μL) were inoculated into the Vero cell monolayer in a 

24-well plate and incubated at 37°C for 2 h. The cells were overlaid with 500 μL MEM 

(Thermo Fisher Scientific, Cat #11935046) supplemented with 3% FBS and 1.5% carbox-

ymethylcellulose sodium salt (Sigma-Aldrich, Cat# C4888-500G), and the plate was incu-

bated at 37°C for three days. The cells were washed three times with phosphate-buffered 

saline (PBS) (+) and fixed with 10% formaldehyde neutral buffer solution (Nacalai Tesque, 

Cat# 37152-51) for 20 min. After permeabilization with 1% Triton X-100 (Nacalai Tesque, 

Cat# 35501-15) in PBS (-) for 5 min, cells were incubated with mouse anti-flavivirus NS3 

monoclonal antibody (34B1) [54] at 37°C for 60 min. After washing with PBS (-), cells were 

incubated with goat anti-mouse IgG (H＋L)-HRP (KPL, Cat# 074-1806) at 37°C for 60 min. 

The foci of the infected cells were visualized using a Peroxidase Stain 3,3′-diaminobenzi-

dine (DAB) Kit (Nacalai Tesque, Cat# 25985-50) prepared in the Metal Enhancer for DAB 

Stain (Nacalai Tesque, Cat# 07388-24).  

4.5. Animal experiment. 

Seven adult female cynomolgus monkeys were used in the present study. These an-

imals were confirmed to be negative for preexisting anti-ZIKV neutralizing antibodies. 

Three animals received repeated intravaginal inoculations of 2 × 106 FFU of PRVABC59 on 

Day -11, -10, -9, and -8 prior to subcutaneous infection under ketamine-induced anesthe-

sia. All animals were subcutaneously inoculated with 2 × 106 focus forming units (FFU) of 

the PRVABC59 strain on day zero under ketamine anesthesia. Blood was collected on days 

zero, one, two, three, four, and seven under ketamine-induced anesthesia. The number of 

platelets (PLT), red blood cells (RBC), and white blood cells (WBC) was counted using a 

hematology analyzer (Sysmex). 

4.6. Quantification of plasma viral RNA. 

Viral RNA was isolated from monkey plasma using a High Pure Viral RNA Kit 

(Roche, Cat# 11858882001), according to the manufacturer’s protocol. Viral RNA was 

quantified using a One Step TB Green PrimeScript PLUS reverse transcription polymerase 

chain reaction (RT-PCR) Kit (Perfect Real Time) (TaKaRa, Cat# RR096B) and the following 

primers for ZIKV: ZIKV F, 5´- AGGATCATAGGTGATGAAGAAAAGT -3´ and ZIKV R, 

5´- CCTGACAACATTAAGATTGGTGC -3´ [55]. The total reaction volume was 12.5 μL 

per tube. The PCR conditions were 42°C for 5 min and 95°C for 10 s for reverse transcrip-

tion, followed by 40 cycles at 95°C for 5 s and 60°C for 34 s. Fluorescent signals were de-

tected using a QuantStudio 3 Real-Time PCR system (Thermo Fisher Scientific). 
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4.7. Focus reduction neutralization test (FRNT) 

Monkey plasma samples were heat-inactivated at 56°C for 30 min and diluted four-

fold (1:10 to 1:2,560) in FBS-free MEM. Plasma samples (150 μL) were incubated with 100 

FFU of PRVABC59, MR766-NIID, DAK AR 41524, or IbH 30656 (150 μL) at 37°C for 1 h. 

Subsequently, the mixtures (250 μL) were transferred to a Vero cell monolayer in a 24-

well plate and incubated at 37°C for 2 h. Infected cells were quantified as described above. 

The neutralizing antibody titer was expressed as the maximum serum dilution yielding a 

50% reduction in the foci formed (FRNT50). 

4.8. Immunophenotyping of monkey lymphocytes. 

Whole blood was labeled with antibodies against CD3 (clone SP34, APC/Cy7, BD Bi-

osciences, Cat# 557757) and CD16 (clone 3G8, Brilliant Violet 711, BioLegend, Cat# 

302044). After incubation, the blood samples were treated with fluorescence-activated cell 

sorting (FACS) Lysing Solution (BD Biosciences, Cat# 349202). Fluorescent signals were 

collected on an Attune NxT Flow Cytometer (Thermo Fisher Scientific) and analyzed us-

ing the FlowJo software (BD Biosciences). 

4.9. Purification of IgG from monkey plasma samples. 

IgG was purified from monkey plasma using IgG purification kit A (Dojindo, Cat# 

349-91071). Equal volumes of plasma or purified IgG were mixed with 2× Bolt LDS sample 

buffer (Thermo Fisher Scientific, Cat# B0008) and incubated at 70°C for 10 min. Proteins 

were separated on a Bolt 4–12% Bis-Tris Mini Protein Gel (Thermo Fisher Scientific, Cat # 

NW04122BOX) and visualized using CBB Stain One (Ready to Use) (Nacalai Tesque, Cat# 

04543-51). 

4.10. Construction of a phylogenetic tree. 

In total, 1029 complete amino acid sequences of the E protein from ZIKV strains are 

available in the Virus Pathogen Resource database (https://www.viprbrc.org/) (accessed 

on September 29, 2022). Among them, E protein sequences of 24 ZIKV strains were se-

lected by redundancy removal using Jalview version 2.11.2.4 for the phylogenetic analy-

sis, and the dengue virus type 2 (DENV-2) strain was used as the outgroup (Supplemental 

Figure 2). A phylogenetic tree was constructed using the maximum likelihood, and neigh-

bor-joining method based on the Jones-Taylor-Thornton matrix-based model with 1,000 

bootstrap replicates using the MEGA X software. 

4.11. Statistical analysis. 

Differences in values between the animal groups were examined using an unpaired 

two-tailed Student’s t-test. P< 0.05 or less were considered statistically significant. FRNT50 

values were calculated using the Prism 9 software v9.1.1 (GraphPad Software). 

Supplementary Materials: Figure S1: Immunophenotyping of monkey lymphocytes; Figure S2: 

Phylogenetic analysis of the ZIKV E protein; Figure S3: Neutralizing activity against heterologous 

ZIKV strains; Figure S4: IgG had a limited neutralizing activity; Table S1: Number of amino acid 

substitutions per site among the 24 ZIKV strains. 
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