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Abstract

Zika virus (ZIKV) infection of pregnant women is associated with congenital Zika syndrome 

(CZS) and no vaccine is available, although several are being tested in clinical trials. We tested the 

efficacy of ZIKV DNA vaccine VRC5283 in a rhesus macaque model of congenital ZIKV 

infection. Most animal vaccine experiments have a set pathogen exposure several weeks or months 

after vaccination. In the real world, people encounter pathogens years or decades after vaccination, 

or may be repeatedly exposed if the virus is endemic. To more accurately mimic how this vaccine 

would be used, we immunized macaques prior to conception, and then exposed them repeatedly to 
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ZIKV during early and mid-gestation. In comparison to unimmunized animals, vaccinated animals 

had a significant reduction in peak magnitude and duration of maternal viremia, early fetal loss, 

fetal infection, and placental and fetal brain pathology. Vaccine-induced neutralizing antibody 

titers on the day of first ZIKV exposure were negatively associated with the magnitude of maternal 

viremia, and the absence of prolonged viremia was associated with better fetal outcomes. These 

data support further clinical development of ZIKV vaccine strategies to protect against negative 

fetal outcomes.

One Sentence Summary:

A Zika virus vaccine administered to macaques prior to conception reduces maternal viremia and 

improves fetal outcomes.

Introduction

In 2016, the World Health Organization declared Zika virus (ZIKV) a Public Health 

Emergency of International Concern because of its rapid spread in Latin America and 

association with congenital abnormalities in infants of infected mothers. Although 

transmission occurs primarily via mosquitoes, ZIKV can also be transmitted sexually and 

through blood products (reviewed in (1)). ZIKV infection of healthy adults is generally 

asymptomatic and clinically benign. However, ZIKV infection during pregnancy is 

associated with a high risk of adverse fetal effects, including fetal death, microcephaly, and 

other neural and developmental abnormalities, which are collectively termed congenital Zika 

syndrome (CZS) (2, 3). Although the incidence of new ZIKV cases has declined 

substantially since 2016 (4), a high risk for sporadic outbreaks continues, especially with the 

expansion of mosquito territories and continued human travel to endemic areas. 

Accordingly, pregnant women will continue to be at risk. Ideally, a ZIKV vaccine can be 

developed to induce protective immunity in adolescent girls and women of child-bearing age 

prior to pregnancy and prevent CZS.

Nonhuman primates, especially rhesus macaques, have been shown to be a highly relevant 

animal model of ZIKV infection, because they recapitulate many of the features of human 

ZIKV infection, including the development of placental and fetal neurologic abnormalities 

and fetal loss (5–11). Preclinical studies in adult non-pregnant macaques have demonstrated 

the efficacy of several experimental ZIKV vaccine candidates (reviewed in (12)). This 

includes the ZIKV DNA vaccine VRC5283, which expresses pre-membrane and envelope 

proteins which form subviral particles (SVPs), with antigenic properties similar to infectious 

virions; protection against viremia correlated with serum neutralizing activity (13). 

VRC5283 DNA was immunogenic in healthy adults in a phase 1 clinical trial (14), and is 

currently being evaluated in a multi-site phase 2/2b clinical trial (15). These trials have 

provided valuable data on safety and immunogenicity. However, due to diminished 

incidence rates and difficulty predicting the location of future outbreaks, it is logistically 

challenging to achieve a clinical or virological endpoint and even more difficult to determine 

efficacy against CZS in randomized clinical trials (4, 16, 17). Therefore, understanding the 

basis for vaccine-induced protection in animal models will be essential for advanced 
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development of candidate vaccines. In the current study, we evaluated the VRC5283 DNA 

vaccine in macaques that then became pregnant, as well as their offspring.

Results

Experimental design

We evaluated the VRC5283 DNA vaccine in a macaque model of ZIKV infection during 

pregnancy (Fig. 1A). Eighteen non-pregnant adult female rhesus macaques were immunized 

with VRC5283 delivered by needle-free injection using a Pharmajet device. Two doses of 1 

mg were administered intramuscularly 4 weeks apart (Fig. 1B). Due to the initiation of the 

study late in the breeding season, time-mated breeding was initiated after the first 

immunization (see Materials and Methods). Thirteen vaccinated animals became pregnant, 

with a time interval between the 1st immunization and estimated conception ranging from 1 

day to 1 year (table S1). The first 6 vaccinated animals that became pregnant conceived 

between the 1st and 2nd immunization, so that their first ZIKV inoculation occurred from 4 

days to 28 days after the 2nd immunization (table S1, animals Vax-04 to Vax-28). The last 4 

of these 13 conceptions were after treatment with the fertility drug clomiphene (see 

Materials and Methods). An additional 12 non-immunized female macaques served as 

ZIKV-inoculated control animals and were enrolled at time of pregnancy confirmation.

Studies in humans suggest the highest risk of CZS is when maternal ZIKV infection occurs 

during the first and second trimesters of pregnancy (18, 19). To mimic repeated mosquito 

exposure, we challenged the pregnant macaques (which have a gestation of ~ 165 days) by 

subcutaneous inoculation 3 times during the first and second trimester, at gestational day 

(GD) 30, 60 and 90. Each inoculation consisted of 1,000 plaque forming units (PFU) of 

ZIKV; to mimic exposure to different variants that may be circulating in endemic areas, we 

alternated between two strains: a 2015 Puerto Rico isolate (PRVABC-59) and a 2015 Brazil 

isolate (SPH2015). Animals were monitored closely for health including ultrasound-

monitoring of fetal development, with frequent collection of blood and amniotic fluid for 

virological and immunological analyses (2). At the end of gestation (GD 155–162), 

surviving fetuses were collected via hysterotomy for detailed tissue analysis.

Vaccine-induced development of neutralizing antibodies

Neutralizing antibody responses were measured by an established reporter virus particle 

assay(13). Serum antibody responses peaked 2–4 weeks after the 2nd immunization (Fig. 2). 

A slow decline of serum neutralizing activity over time can be observed in animals that did 

not immediately become pregnant and thus had delayed ZIKV challenge. Since ZIKV 

challenge of pregnant animals at GD 30 occurred at variable times (4 to 369 days) after the 

2nd immunization, there was a wide range of neutralizing activity at the time of ZIKV 

exposure (EC50 titers: 1:161 to 1:1,518) reflecting a real-world scenario where time is 

variable between vaccination and exposure, and providing an opportunity to assess correlates 

of protective immunity.
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Durability of vaccine efficacy in non-pregnant animals

Five vaccinated animals did not become pregnant despite multiple breeding attempts for a 

year. All animals had detectable neutralizing activity at 13 months post-vaccination. They 

were challenged with a single dose of ZIKV (1,000 PFU) 13 months after the last DNA 

immunization and had either no detectable viremia or transient viremia (Fig. S1). An IC50 

serum neutralizing titer of greater than ~1:300 on day of ZIKV exposure protected against 

viremia.

Reduced viremia in vaccinated pregnant animals after ZIKV exposure

Following the first ZIKV inoculation at GD 30, all pregnant control animals reached peak 

viremia (range 3.5 to 6, mean 4.8 log10 viral RNA (vRNA) copies/ml plasma) within 2–5 

days (Fig. 3A). Two dams had early fetal losses at day 5 and day 30 after the first ZIKV 

exposure (GD 35 and GD 60, respectively). Most unvaccinated control animals displayed 

prolonged viremia during pregnancy, with 8/11, 4/10, and 2/10 still viremic at day 21 (GD 

51), day 60 (GD 90) and day 90 (GD 120) after the first virus inoculation, respectively, with 

the decrease in denominator due to early pregnancy loss. Vaccinated pregnant animals had 

reduced virus replication after ZIKV exposure. When viremia occurred in vaccinated 

animals, it was transient, as none of the vaccinated animals had viremia beyond 14 days after 

the first ZIKV inoculation (Fig. 3B). Five of the thirteen vaccinated pregnant animals had no 

detectable vRNA in plasma, and the remaining 8 animals had a 100-fold reduction in mean 

peak viremia compared to unvaccinated pregnant controls (range 1.5 to 5.4; mean 2.9 log10 

vRNA copies/ml)(Fig. 3B). Of the 8 viremic animals, 2 animals were challenged within 4–8 

days of the 2nd DNA immunization prior to peak antibody titers, and 2 animals were 

challenged 260–369 days after the 2nd DNA immunization when antibody responses had 

waned (table S1). The vaccinated animal with highest peak viremia (animal ID Vax-369, 5.4 

log10 vRNA/ml) was challenged about one year after vaccination.. DNA vaccination 

significantly reduced maternal peak viremia and overall magnitude of viremia as measured 

by area-under-the-curve (AUC) analyses (p<0.001; Fig. 3C–D). For all control and 

vaccinated animals, once viremia was controlled, the 2nd and 3rd ZIKV inoculations (at GD 

60 and 90 respectively) did not result in detectable viremia, consistent with earlier 

observations in nonpregnant macaques that a primary ZIKV infection induces protective 

immunity against re-infection (20, 21). These data demonstrate that DNA vaccination prior 

to pregnancy is able to prevent or reduce viremia in pregnant dams exposed to ZIKV.

Whether a vaccinated animal had no viremia or transient viremia corresponded strongly with 

the anti-ZIKV neutralizing activity in plasma on the day of first ZIKV exposure. Aviremic 

animals had higher neutralizing activity than those with transient viremia (p=0.002), and a 

serum IC50 titer of ~ 1:355 was the apparent threshold level that prevented viremia (Fig. 3E). 

This level of vaccine-induced neutralizing activity is similar to the mean IC50 titer of 1:304 

achieved at the dose regimen used in the phase 2b efficacy trial of VRC5283 using the same 

assay (14). Neutralizing activity on the day of first challenge correlated negatively with both 

the magnitude and duration of viremia (AUC) (Fig. S2).
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Augmented neutralizing antibody responses after ZIKV exposure

After the first ZIKV challenge, all vaccinated animals, including the aviremic ones, mounted 

rapid anamnestic antibody responses, which declined again towards the end of gestation 

(Fig. 4A). This suggests that the absence of detectable viremia was not a sign of sterilizing 

immunity against the inoculum. This rapid anamnestic antibody response in which all 

vaccinated animals reached neutralizing antibody titers > 1:2,000 likely explains the absence 

of viremia following the 2nd and 3rd ZIKV inoculation. The control animals mounted rapid 

primary antibody responses after ZIKV inoculation (Fig. 4B). Towards the end of gestation, 

the control animals had higher neutralizing activity than the vaccinated animals, which may 

be explained by the increased antigenic stimulation associated with the prolonged viremia; 

in fact, the 4 control animals with the most prolonged viremia were also among the ones 

with the highest neutralizing antibody titers at the end of gestation (Fig. 4C). Titers of 

neutralizing antibodies in fetal cord blood were similar to those in their dams, reflecting 

transplacental antibody transfer towards the end of gestation (Fig. 4D).

Development of virus-binding IgG antibodies and association with viremia

Virus-binding IgG antibody responses, measured by a whole-virion ELISA, followed similar 

patterns as the neutralizing antibodies. Vaccine-induced virion-binding IgG titers peaked 

shortly after the second DNA immunization, declined for animals with delayed challenge, 

and increased after ZIKV challenge to reach levels similar to those of the ZIKV-infected 

control pregnant macaques (Fig. S3A–C). For the vaccinated animals, although virion-

binding IgG titers on the day of challenge correlated with presence or absence of viremia, 

they did not correlate with the magnitude of viremia (Fig. S3D–F). Thus, neutralizing 

activity was a better predictor of viremia than virion-binding IgG titers.

Vaccine-induced ZIKV-specific T cell responses

Following immunization, the vaccinated animals mounted detectable CD4+ T cell responses 

to Zika virus envelope protein E as measured by intracellular cytokine staining; no 

significant CD8+ T cell responses were detected (Fig. 5). The CD4+ T cell responses were 

significantly different from baseline (i.e., pre-immunization) at day of first ZIKV challenge 

(P=0.01) and one week after challenge (P=0.036). In contrast, the control animals had 

almost no detectable CD4+ T cell responses one week after challenge. Indeed, these 

responses were statistically different between groups at this time point (P=0.013). These 

results indicate that vaccinated animals had increased antiviral T cell responses early after 

challenge relative to the controls.

Effect of vaccine on fetal clinical outcomes

Two control pregnant animals (C07 and C03) had early fetal death (detected as an absence of 

fetal heartbeat by ultrasound) at 5 days and 30 days after the first ZIKV inoculation (i.e., GD 

35 and 60). Both dead fetuses were removed via hysterotomy and had abundant vRNA in 

fetal-placental tissues (Fig. 6), and evidence of deciduitis (table S2–3). These observations 

are consistent with a growing body of evidence of increased fetal loss in ZIKV-infected 

pregnant nonhuman primates (5) and humans (18, 19). Although both these control animals 

had detectable viremia on the day of hysterotomy, viremia was undetectable at the next time 
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point of blood collection (2 to 7 days later); this is consistent with earlier data from 

nonhuman primate studies and human studies, that the likely source of the prolonged 

maternal viremia is the placental-fetal compartment (6, 11, 22).

In contrast, none of the 13 vaccinated pregnant animals had early fetal loss. There were three 

complications late in pregnancy (≥ GD 146), which based on the available evidence 

(including onset of detection, predisposing factors, lack of detectable vRNA in fetal or 

maternal tissue, and pathological findings) were considered unrelated to ZIKV infection: 

animal Vax-76, placenta previa with placental disruption, stunted fetal growth and death; 

Vax-260, left ventricular hypertrophy with cardiac arrest of the dam (23); Vax-348: marked 

decidual reaction with placental insufficiency.

Similar to previous ZIKV studies in pregnant macaques (6, 10, 11), no development of gross 

microcephaly was detected in fetuses in the current study. Fetal growth was monitored via 

weekly ultrasound monitoring, and a computed tomography (CT) scan at the end of 

gestation. In addition, at the time of experimental hysterotomy and fetal euthanasia, 

measurements of head, brain and body development were collected. With exception of the 

fetus with placenta previa and stunted fetal growth, no differences could be detected between 

the control and vaccine groups, and available historical control data (Fig. S4–S5); an 

exception was that the ZIKV-infected control group had slightly lower placental weights 

(Fig. S5A), but as placental weight did not correlate with placental histopathology scores, its 

biological significance is unclear.

Detection of ZIKV RNA in fetal and maternal tissues

Six control animals had detectable ZIKV RNA in at least 1 amniotic fluid sample. In 

contrast, none of the vaccinated animals had detectable vRNA in amniotic fluid samples 

(Fig. S6). Consistent with earlier observations in fetal macaques (6), none of the fetuses in 

the current study that were carried to term, including the control fetuses, had detectable 

vRNA in cerebrospinal fluid or cord blood plasma, suggesting the limited value of these 

fluid samples in diagnosing congenital ZIKV infection (Fig. 6).

Fetal tissues from the maternal-fetal interface, CNS, lymphoid, cardiopulmonary, 

genitourinary, gastrointestinal and integument system were tested for ZIKV RNA using qRT-

PCR. A caveat of any tissue analysis is that it represents a single time point. Except for the 

cases of early fetal losses, tissue harvesting was done approximately 4 months after maternal 

ZIKV inoculation; thus, an absence of detectable ZIKV RNA does not preclude the 

possibility of an earlier infection or an infection below the limit of detection of the assay. We 

designated a fetus as ZIKV-infected if at least 1 tissue had detectable vRNA. Eleven of the 

12 control fetuses (including the 2 early fetal losses) were diagnosed as being ZIKV-infected 

with an average of 7 tissues per fetus having vRNA (Fig. 6, Fig. S7). Strikingly, none of the 

13 vaccine group fetuses had a tissue with detectable viral RNA. Thus, the vaccine 

significantly reduced fetal infection rates from 91% to 0% (P<0.0001; 2-sided Fisher’s Exact 

test). Previous studies have observed detectable vRNA in lymphoid tissues of pregnant 

macaques (6), so viral load analysis was also performed on five maternal tissues: spleen, 

mesenteric lymph node (LN), obturator LN, inguinal LN, and uterus. Whereas all 12 control 

dams still had viral RNA in lymphoid tissues, only 2 vaccinated dams that had early viremia 
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had detectable vRNA, each in one lymph node (Fig. S8). Thus, tissue analysis demonstrated 

that ZIKV DNA vaccination decreased the presence of vRNA in maternal lymphoid tissues 

and prevented detection of vRNA in fetal tissues.

Evaluation of histopathology

Histopathology was evaluated and scored by pathologists blinded to the study groups. Six of 

the 12 control fetuses had moderate-to-severe pathology scores in brain, placenta or amnion 

(Fig. 7A). Brain and placental lesions were similar to those described earlier in ZIKV-

infected fetuses (5–11, 22), including segmental loss of ependymal cell lining, calcification 

and gliosis; trophoblastic cell loss, necrosis, and neutrophilic inflammation of the fetal 

placenta (Fig. S9–11). The control fetus with highest pathology score (C08-F) was also 

among the ones with highest vRNA detection in fetal and placental tissues, further 

supporting a direct role of ZIKV infection. On the other hand, concentrations of cytokines 

and chemokines in amniotic fluid did not correlate with placental pathology (Fig. S12). In 

contrast to the control fetuses, only 2 fetuses of the vaccine group had a pathology score of 

moderate-to-severe for any tissue (Fig. 7A). One of these fetuses was from animal Vax-348, 

which was aviremic, but had decidual reaction with placental insufficiency (Table S2–4); its 

fetal brain lesions were consistent with hypoxia rather than typical ZIKV-induced lesions. 

The second vaccine group fetus with a severe brain pathology score, and lesions consistent 

with ZIKV infection, was Vax-82F. Its dam had only a single time point of detectable 

viremia (1.5 log10 vRNA copies/ml at day 3 after the first ZIKV inoculation), but no vRNA 

could be detected in fetal tissues; although it is possible that this fetus may have experienced 

an undetected early ZIKV infection. Overall, vaccine group fetuses had lower brain 

pathology scores than the control group, although this was not stastically significant (Fig. 

7B). For the control fetuses, a higher fetal pathology score was associated with the 

persistence of maternal viremia (Fig. 7C), which supports the contention that the placental-

fetal compartment is the source; such association between maternal viremia and fetal 

pathology score was not observed for the vaccine group fetuses (Fig. 7D–E). Consistent with 

previous ZIKV studies (6, 24), there was no ZIKV-attributable pathology in maternal tissues 

(Table S5).

Discussion

The current study demonstrates the efficacy of a ZIKV DNA vaccine expressing the pre-

membrane and envelope proteins of ZIKV, initiated prior to pregnancy, in a nonhuman 

primate pregnancy model. In comparison to unimmunized animals, vaccinated pregnant 

animals had reduced viremia and improved fetal outcomes.

Although ZIKV infection of pregnant macaques recapitulates many features of ZIKV 

infection in pregnant women, this animal model and our experimental design have inherent 

limitations. Due to financial and logistical constraints, animal group sizes are necessarily 

small. We inoculated animals at gestational day 30, shortly after pregnancy was confirmed 

via ultrasound; thus, our study design does not reflect women who are exposed to ZIKV 

earlier in gestation, when infection may be more harmful to fetal development. In addition, 

to make optimal use of the vaccinated animals, we aimed for high pregnancy rates, by 
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repeated time-mated breedings for up to a year. Humans and animals that have difficulty 

conceiving have higher risks for developing pregnancy complications (25). Thus, vaccinated 

animals that became pregnant late (such as Vax-348, that had early evidence of abnormal 

placental development leading to progressive placental insufficiency and late fetal loss) had 

inherently higher risks of complications. In contrast, the control pregnant animals were 

enrolled as soon they became available from our breeding colony, which may have created a 

bias for healthy control pregnancies at the onset. Despite this potential bias, our study 

demonstrates that vaccinated animals fared better than the control animals. Other limitations 

of our study design are that the many experimental procedures (including sedations and 

amniocentesis) performed during pregnancy may have affected placental and fetal 

development, as reflected in minor pathological lesions even in animals that appeared to be 

uninfected. Finally, in order to acquire timely data, we tested the durability of protection 

only up to 1 year after immunization, and we terminated pregnancies at the end of gestation 

(to allow access to placental and fetal tissues for analysis), rather than monitoring infants 

after birth for normal development into adulthood.

Despite these limitations, this study provides further insights in the pathogenesis of ZIKV 

infection in this nonhuman primate pregnancy model. Our data suggest that vertical 

transmission is most likely to occur during primary infection, which is thus the critical target 

for preventive interventions. Maternal VRC5283 immunization initiated prior to pregnancy 

protected against fetal ZIKV infection. Vaccinated animals had fewer early fetal losses and 

had reduced placental and fetal pathology. Vaccinated animals also had reduced peak 

viremia and were protected against persistent ZIKV viremia which was associated with fetal 

infection in control animals. This study suggests that sterilizing immunity in the mother is 

not required for protection against CZS and that prevention of persistent viremia in pregnant 

women may be an important endpoint to consider in future clinical trials.

In this study, vaccine protection correlated with serum neutralizing activity and increased 

antiviral T cell responses early after challenge. Although the antibody responses were 

detectable for at least one year, they gradually waned, and animals exposed to ZIKV late 

after immunization were more likely to experience transient viremia. A study in nonpregnant 

macaques comparing different ZIKV vaccine platforms found that some vaccines had better 

durability of neutralizing antibody responses one year after immunization, and this was 

associated with protection against viremia (26). Thus, more studies are needed understand 

the immunological basis of preventing viremia and persistent viremia in pregnant women, 

with the goal of developing ZIKV vaccine modalities that induce effective and durable 

immunity.

In conclusion, the current study highlights the usefulness of the nonhuman primate 

pregnancy model to gain further insights into the pathogenesis of vertical ZIKV transmission 

and to explore intervention strategies. By demonstrating the efficacy of VRC5283 in this 

animal model, these findings will help guide the clinical development of future ZIKV 

vaccine strategies.
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Materials and Methods

Study design

To evaluate the efficacy of the VRC5283 DNA vaccine in a pregnant macaque model, one 

group of 18 macaques was immunized with VRC5283 prior to time-mated breeding, with 

the goal of having at least 12 pregnancies. A second group consisted of 12 control pregnant 

animals enrolled at time of pregnancy confirmation. Group sizes were determined using 

power analysis: assuming control animals would have a 75% fetal infection rate, a group 

size of 12 animals would have 95% power to detect a 80% reduction in fetal infection rate in 

the vaccine group (one-sided p=0.05). Pregnant animals were inoculated three times with 

ZIKV, and monitored closely. At the end of gestation (GD 155–162), surviving fetuses were 

collected via hysterotomy for detailed tissue analysis. All pregnancies, including those with 

complications that may be unrelated to ZIKV, were included in the analysis. Immunized 

animals that did not become pregnant were ZIKV-inoculated once ~ 13 months after the last 

immunization, and euthanized ~2 weeks later. Morphometry, virology, serology and 

pathology analyses were performed blinded. Primary data are reported in data file S1.

Animals and care

All adult female rhesus macaques (Macaca mulatta) in the study were born and raised in the 

conventional (i.e., not specific pathogen free) breeding colony at the California National 

Primate Research Center (CNPRC). Whereas none of the animals were positive for type D 

retrovirus, SIV or simian lymphocyte tropic virus type 1, some animals were seropositive for 

West Nile virus due to prior outdoor housing. All animals had prior successful pregnancies 

(range 1–7).

The CNPRC is accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International (AAALAC). Animal care was performed in 

compliance with the 2011 Guide for the Care and Use of Laboratory Animals provided by 

the Institute for Laboratory Animal Research. Macaques were housed indoor in stainless 

steel cages (Lab Product, Inc.) whose sizing was scaled to the size of each animal, as per 

national standards, and were exposed to a 12-hour light/dark cycle, 64–84°F, and 30–70% 

room humidity. Animals had free access to water and received commercial chow (high 

protein diet, Ralston Purina Co.) and fresh produce supplements. The study was approved by 

the Institutional Animal Care and Use Committee of the University of California, Davis 

(protocol number 19695).

Immunizations with VRC5283 vaccine

The DNA vaccine plasmid VRC5283 was based on the H/PF/2013 French Polynesian virus 

isolate (GenBank accession AHZ13508.1) and has been previously described (13). Briefly, 

the DNA plasmid encodes the ZIKV prM and E proteins under the control of the CMV 

immediate early promoter and uses the Japanese encephalitis virus (JEV) prM signal 

sequence previously used for a WNV DNA vaccine (27). Non-pregnant adult rhesus 

macaques were immunized with 2 doses (1 mg each, in a volume of 0.5 ml) of VRC5283, 

administered 4 weeks apart in the quadriceps muscle region (right side for the 1st, and left 
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side for the 2nd immunization) via the same needle-free Stratis injection device (Pharmajet) 

as that used in the previously described NHP studies (13) and clinical trials (14).

Time-mated breeding and pregnancy selection

For time-mated breeding, the female macaques were monitored for reproductive cycle and at 

the time of optimal receptiveness, temporarily housed with breeding males to induce 

pregnancy. Rhesus macaques are seasonal breeders; by the time the first immunization 

started (February 2017), it was already late in the breeding season, which is known to be 

associated with a lower rate of successful conception. Therefore, instead of waiting until 

after both immunizations, we decided to start breeding immediately after the first 

immunization. Nine animals became pregnant within 80 days of the first immunization. 

Animals that were not pregnant 80 days after the first immunization were started on 

treatment with the fertility drug clomiphene (oral, 25 mg/dose) administered once daily for 4 

days from days 5 to 8 of each menstrual cycle (28); an additional 4 vaccinated animals 

became pregnant. Unimmunized control pregnant animals were selected from the CNPRC’s 

timed-breeding colony as they became available (without clomiphene treatment). Gestational 

ages were determined from the menstrual cycle of the dam and the fetus length at initial 

ultrasound compared to growth data in the CNPRC rhesus macaque colony. Fetal health and 

viability were rechecked via ultrasound immediately before the first ZIKV inoculation (~ 

GD 30) and regularly thereafter.

Virus inoculations

Each pregnant animal was inoculated with virus 3 times. The normal gestation of rhesus 

macaques is 165 days; inoculations occurred at approximately GD 30, 60 and 90, 

corresponding to first and second trimester of human gestation. The GD 30 and GD 90 

inoculations were done with a 2015 Puerto Rico isolate (PRVABC-59; GenBank 

KU501215), whereas the GD 60 inoculation was done with a 2015 Brazil isolate (strain Zika 

virus/H.sapiens-tc/BRA/2015/Brazil_SPH2015; GenBank KU321639.1), the same strain as 

tested earlier in pregnant and non-pregnant animals (6, 24). The use of two strains was 

intended to mimic an endemic area where different variants may circulate. Aliquots of both 

virus stocks were kept frozen in liquid nitrogen, and a new vial was thawed shortly before 

each inoculation. For each inoculation, the inoculum was adjusted to 1,000 PFU in 0.5 ml of 

RPMI-1640 medium, then kept on wet ice and injected subcutaneously to simulate the route 

of mosquito feeding. This dose is higher than the typical dose received from a mosquito bite, 

which in laboratory experiments was ~30 PFU for both the ZIKV isolates used in this study 

(29).

Sample collection and clinical observations and monitoring

Macaques were evaluated twice daily for clinical signs of disease including poor appetence, 

stool quality, dehydration, diarrhea, and inactivity. When necessary, macaques were 

immobilized with ketamine hydrochloride (Parke-Davis) at 10 mg/kg and injected 

intramuscularly after overnight fasting. Animals in both the ZIKV treated and placebo 

cohorts were sedated at days 0 (time of first virus inoculation; approximately GD 30), 2, 3, 

5, 7, 14, 21, 30 (2nd ZIKV inoculation at GD60), 32, 37, 44, 51, 60 (3rd ZIKV inoculation; 

GD90), 62, 67, and then weekly until time of euthanasia between GD155–162, for sample 
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collection and ultrasound monitoring of fetal health. EDTA-anti-coagulated blood was 

collected using venipuncture at every time point for complete blood counts (with differential 

count), and a separate aliquot of blood was centrifuged for 10 min at 800 g to separate 

plasma from cells. The plasma was spun an additional 10 min at 800 g to further remove 

cells, and aliquots were immediately frozen at −80°C. The cellular blood fraction was 

diluted with Dulbecco’s phosphate buffered saline (DPBS) and layered on lymphocyte 

separation medium (MP Biomedicals) and spun for 30 m at 800 g to isolate peripheral blood 

mononuclear cells that were washed and then cryopreserved for later analyses. At selected 

time points, blood was collected without anti-coagulant to provide serum.

Ultrasound guided amniocentesis was conducted starting at day 14 after inoculation (GD44), 

and then at all time points listed above with exception of days 32 and 62 after initial 

infection. The amniocentesis was conducted using sterile techniques by inserting a 22 gauge, 

1.5 inch spinal needle into the amniotic sac. The fetal heart rate was obtained before and 

after amniocentesis. The area of umbilical entry through the amniotic sac was always 

avoided to prevent damage to the umbilical arteries and vein. Whenever possible, placental 

tissue was avoided during the collection of amniotic fluid. Amniotic fluid was spun to 

remove cellular debris, and the supernatant was aliquoted and immediately cryopreserved at 

−80°C for viral RNA assays.

Fetal Measurements

Fetal measurements were collected during pregnancy after dams were sedated with ketamine 

hydrochloride (10 mg/kg) for sonographic assessments and amniocentesis. The biparietal 

diameter (BPD) was measured from ultrasound (US) images collected by veterinary staff. 

Images were analyzed by a researcher blind to the group assignment and ZIKV infection 

status of each animal. BPD was drawn in ImageJ and rescaled into metric units using the 

scale available on each image that was produced by the US machine. The CNPRC colony 

BPD mean was derived from historical data (30). Computerized tomography (CT) scans 

were performed on a GE Medical Systems machine (Discovery 610), using a helical head 

sequenced acquisition protocol. After a localizer scan, a scan with the following parameters 

was deployed: 10.0 s 99.38 mm 0.62 mm 20.0 mm 1.0 1 X-ray source. CT X-ray source 

parameters: 1 120.0 kV 280.0 mA 280.0 mA 2 s; CT Dose 100.79 mGycm IEC Head 

Dosimetry Phantom 1007.88 mGycm. CT images were analyzed by a researcher blind to the 

group assignment and infection status of each animal. Average skull volumes were 

computed in Osirix on all three imaging orientations (axial, sagittal, and coronal) and then 

averaged. Length of the clavicles was computed from the CT images and used to create a 

skull-to-shoulder ratio. At necropsy of the fetus, fetal and organ weights were measured with 

a scale, and crown-rump length, biparietal diameter, head height, head length, and femur 

length, were derived from caliper measurements.

Necropsy and tissue collection

All necropsies were performed by a board-certified anatomic pathologist and a pathology 

technician. For animals that had early fetal loss, the procedures described below were 

performed to the best extent possible based on fetal size. Hysterotomy was performed by a 

veterinary surgeon on the pregnant macaques under inhalation anesthesia. After collection of 
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amniotic fluid and cord blood, the fetus was euthanized with an overdose of sodium 

pentobarbital (≥120 mg/kg), and a detailed tissue dissection was performed. Except for some 

animals that had early fetal loss and were maintained several weeks after removal of the 

fetus, all other dams were euthanized shortly after their fetus with an overdose of sodium 

pentobarbital for tissue collection.

Each tissue was grossly evaluated in situ, and then excised, with further dissection with 

separate forceps and razor blades for each tissue to minimize risks for cross-contamination. 

Tissues were collected for viral analyses in RNAlater (according to manufacturer’s 

instructions, Thermo Fisher); extra available samples were snap-frozen and stored at −70°C. 

Tissues were also preserved in 10% neutral buffered formalin and routinely paraffin-

embedded and slides were created and routinely stained with hematoxylin and eosin (H&E).

Isolation and quantitation of viral RNA from fluids and tissues for determination of 
infection status

ZIKV RNA was isolated from samples and measured in triplicate by qRT-PCR according to 

methods described previously (24) modified to increase the initial volume of sample tested 

from 140 to 300 μl (when available) to increase sensitivity. According to the volume 

available, the limit of detection for plasma and amniotic fluid ranged from 1.5 to 2.3 log10 

viral RNA copies per ml fluid. RNAlater-preserved tissues were homogenized to a liquid 

state with glass beads (Fisher Scientific) or a 5 mm steel ball (Qiagen). For tissues, the limit 

of detection (LOD) varied depending on the weight of tissue sampled with a mean of 3.53 

log10 RNA copies/g of tissue, determined according to the calculations described in (31).

For maternal plasma, amniotic fluid, fetal cord blood and fetal cerebrospinal fluid, all 

samples from both control and vaccine group animals that could be collected were tested. 

For the maternal tissue samples, as maternal infection was not the main focus of this study, a 

limited selection of lymphoid tissues most likely to have viral RNA based on prior studies 

was tested (6, 24), with addition of uterus due to proximity to the placenta and fetus. For the 

analysis of fetal tissue samples for viral RNA, we started our analysis with the control 

fetuses, and tested 26 fetal and maternal-fetal-interface (MFI) tissues, consisting of tissues 

most likely to contain viral RNA based on our prior study (6). Next we generated a heatmap 

and selected a list of 17 tissues consisting of those most likely to be infected and diagnosing 

the most infections in the control fetuses, with addition of brain regions most likely to have 

histological lesions in the current study (such as hippocampus), or found to be infected in 

human fetuses affected by CZS (32). The criteria to define infection were used 

systematically for both control and vaccine group fetuses: a fetus was considered ZIKV-

infected if at least one tissue had a consistent qRT-PCR signal (3/3 replicates positive for 

viral RNA); this situation applied to 11 of the 12 control fetuses. In a rare case, when a fetus 

only had a sample with inconsistent qRT-PCR signal (1 out of 3 replicates positive) while all 

other tissues were negative, retesting was performed, generally on a different aliquot. If the 

retest result was negative (3/3 replicates), the sample was considered not infected, and the 

fetus was considered not infected; one control fetus (C11-F) and 2 vaccine group fetuses met 

these criteria and were therefore considered uninfected.
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Detection of neutralizing antibodies in macaque serum

Reporter virus particles (RVPs) incorporating the structural proteins of ZIKV strain H/PF/

2013 were produced by complementation of a sub-genomic GFP-expressing replicon 

derived from a lineage II strain of WNV as previously described (13, 33). Briefly, 

HEK-293T cells were transfected with plasmids encoding the replicon and structural genes 

at a 1:3 ratio by mass using Lipofectamine 300 (Invitrogen), followed by incubation at 30°C. 

RVP-containing supernatant was harvested from cells at days 3–6 post-transfection, filtered 

through a 0.22 μm filter, and stored at −80°C. To determine virus titer, two-fold dilutions of 

RVPs were used to infect Raji cells that express the flavivirus attachment factor DC-SIGNR 

(Raji-DCSIGNR) {Davis, 2006 #6394} in duplicate technical replicates at 37°C. GFP-

positive infected cells were detected by flow cytometry 2 days later. In subsequent 

neutralization assays, RVPs were sufficiently diluted to within the linear range of the virus-

infectivity dose-response curve to ensure antibody excess at informative points.

For detection of neutralizing antibodies, ZIKV RVPs were mixed with serial dilutions of 

heat-inactivated macaque serum for 1 h at 37°C, followed by infection of Raji-DCSIGNR 

cells in duplicate technical replicates. Infections were carried out at 37°C and GFP-positive 

infected cells quantified by flow cytometry 2 days later. Results were analyzed by non-linear 

regression analysis to estimate the dilution of serum required to inhibit 50% of infection 

(EC50). Serum samples were initially tested at a starting dilution of 1:60 (based on the final 

volume of cells, virus, and serum per well), which was designated as the limit of detection. 

EC50 titers estimated as <60 by non-linear regression analysis were reported as half the 

limit of detection (a titer of 30).

Detection of ZIKV-specific binding antibodies in macaque plasma

High-binding 96-well ELISA plates (Greiner) were coated with 30 ng/well of 4G2 

monoclonal antibody, produced in a mouse hybridoma cell line (D1-4G2-4-15, ATCC), 

diluted in 0.1M carbonate buffer (pH 9.6) and incubated overnight at 4°C. Plates were 

blocked in 1X Tris-buffered saline containing 0.05% Tween-20 and 5% normal goat serum 

for 1 hour at 37°C, followed by an incubation with a 1:5 dilution of ZIKV (strain 

PRVABC59, BEI Resources) for 1 hour at 37°C. Plasma samples were tested at a dilution 

series of 1:12.5–204,800 with 4-fold dilutions and incubated for 1 hour at 37°C. A Zika-

specific monoclonal antibody, H24 (10 μg/mL, isolated from a Zika-infected rhesus 

macaque; unpublished data) and rhesus hyperimmunoglobulin (purified from ZIKV-infected 

rhesus macaque serum) were used as positive controls. An anti-horseradish peroxidase 

(HRP)-conjugated goat anti-monkey IgG secondary antibody (AbCam) was used at a 

1:2,500 dilution and incubated at 37°C for 1 hour, followed by the addition of SureBlue 

Reserve TMB Substrate (KPL). Reactions were stopped by Stop Solution (KPL) after a 5-

minute incubation per plate in the dark. Optical density (OD) was detected at 450 nm on a 

Victor X Multilabel plate reader (PerkinElmer). Binding was considered detectable if the 

sample OD value at the lowest dilution was greater than 0.986, the mean OD of 16 

seronegative monkeys at the lowest dilution plus two standard deviations (SD). For samples 

above this threshold, the OD values for the serial dilution were entered into Prism v8 

(GraphPad Software) to determine the 50% effective dilution (ED50). The ED50 was 

calculated by log transforming the dilution series and then analyzing using a sigmoidal dose-
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response regression model. Samples with an ED50 below the limit of detection were 

assigned an ED50 value of 12.5, the lowest dilution tested. IgG Zika-specific binding was 

reported in Log10 ED50.

Measurement of ZIKV-specific T cell responses via intracellular cytokine staining (ICS)

Cryopreserved peripheral blood mononuclear cells (PBMCs) were thawed by using 

Thawsome adapter (34). The cells were washed in pre-warmed R10 [RPMI 1640 

(BioWhittaker), 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin G, 100 μg/ml 

streptomycin] with 50 U/ml Benzonase (Novagen). Cells were then resuspended at 1–2 

million cells/ml in R10 and rested overnight in a 37C/5% CO2 incubator. The following 

morning, cells were stimulated at 1–3 million cells/well in a 96 well v-bottom plate with an 

overlapping peptide pool of the ZIKV E protein (15-mers overlapping by 11 amino acids; 

final concentration of 2 μg/ml) in the presence of GolgiPlug (at a final concentration of 10 

μg/ml; BD Biosciences) for 6 h. Negative controls received an equal concentration of DMSO 

instead of peptides. ICS was performed as outlined (35). The following monoclonal 

antibodies were used: CD4-BV421 (clone OKT4; BioLegend), CD8- BUV395 (clone RPA-

T8; BD Biosciences), CD69-ECD (clone TP1.55.3; Beckman Coulter), CD3-Cy7APC 

(clone SP34.2; BD Biosciences), IFNγ-APC (clone B27; BD Biosciences), IL-2-PE (clone 

MQ1–17H12; BD Biosciences), and TNF-FITC (clone Mab11; BD Biosciences). Aqua 

LIVE/DEAD kit (Invitrogen, Carlsbad, CA) was used to exclude dead cells. All antibodies 

were previously titrated to determine the optimal concentration. Samples were acquired on 

an BD Symphony flow cytometer and analyzed using FlowJo version 9.9.6 (Treestar, Inc.) 

and graphed using SPICE software (NIAID).

Cytokine and chemokine measurement in amniotic fluid

Cytokine and chemokine concentrations in amniotic fluid were determined by Luminex 

technology using the Non-Human Primate MILLIPLEX MAP (Millipore) according to the 

manufacturer’s instructions.

Histopathology

Sections of fixed and embedded maternal and fetal tissues were stained with H&E, and 

evaluated blindly by a board-certified anatomic pathologist. Scoring of critical fetal tissues 

was done by 2 pathologists according to established criteria, and based on reading 13–20 

sections for brain, 1–2 sections for placenta, and 1 section for amnion, umbilical cord and 

eye.

Statistical analyses

Statistical analyses were performed using Prism version 8 (GraphPad), with selection of the 

test as outlined in the results. P values of <0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Concept of Zika virus vaccine and experimental design for ZIKV DNA vaccine study in 
pregnant rhesus macaques.
(A) Ideally, administration of a ZIKV vaccine regimen to adolescent girls and women of 

child-bearing age would be initiated prior to conception, and induce immunity (including 

neutralizing antibodies) that protects the mother against infection and also her fetus from 

transplacental infection to prevent congenital Zika syndrome. (B) Eighteen non-pregnant 

female rhesus macaques were immunized twice with VRC5283, a ZIKV DNA vaccine, 4 

weeks apart. Timed breeding was initiated immediately after the first immunization; 13 

animals became pregnant, of which 6 conceptions occurred between the 1st and 2nd 

immunization (see table S1), and consequently the first ZIKV challenge was in some cases 

only a few days after the 2nd vaccine dose. An additional 12 unimmunized pregnant animals 

at matched gestation days served as controls. The pregnant macaques were inoculated 

subcutaneously three times with ZIKV, alternating between Puerto Rican (PR) and Brazilian 

(BR) ZIKV isolates, at gestational days (GD) ~30, 60 and 90. PI is post-inoculation; CT is 

computed tomography.
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Fig. 2. Neutralizing antibody responses following ZIKV DNA immunization.
Neutralizing antibody responses in vaccinated animals (n=13) after two DNA immunizations 

(at weeks 0 and 4; arrows) and prior to ZIKV challenge. Neutralizing activity, expressed as 

reciprocal EC50 dilution, was assessed on the day of challenge and at week 8 if challenge 

occurred after week 8. The last data point for each animal represents the time of first ZIKV 

exposure.
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Fig. 3. Viremia of pregnant rhesus macaques after ZIKV inoculation.
(A) Plasma ZIKV RNA (vRNA) in unimmunized control animals (n=12). Arrows show 3 

ZIKV inoculations and blue shows the 2 animals with early fetal death. Each viremia value 

reported represents the mean of triplicate qRT-PCR measurements; the assay limit of 

detection (LOD) of ~1.5 log10 vRNA copies/ml is used as baseline for the Y-axis. (B) 
Plasma vRNA in vaccinated pregnant macaques (n=13). Yellow (n=2) and green (n=2) 

symbols indicate viremic animals for which the first ZIKV-inoculation occurred either very 

early (4–8 days) or late (260–369 days) after the 2nd DNA immunization, respectively. Red 

symbols are 5 vaccinated dams that after challenge had undetectable viremia. The three 

vaccinated animals with late fetal death are indicated: PP= placenta previa; LVH= left 

ventricular hypertrophy, DR=decidual reaction. (C) and (D). Peak viremia and area under 

the curve of log10-transformed plasma ZIKV RNA levels over time, respectively (both 

comparisons with two-tailed Mann Whitney test). (E) Neutralizing antibody titers (with 
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indication of median) on day of first ZIKV challenge and viremia status of vaccinated 

pregnant animals (n=13) after ZIKV inoculation. The dotted line, drawn between the ‘not 

viremic’ and ‘viremic’ animals that were vaccinated is at EC50 dilution value of ~ 2.55 log10 

(or titer of 1:355).
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Fig. 4. Neutralizing antibody responses in pregnant macaques after ZIKV inoculation
(A) and (B) Neutralizing antibody responses in vaccinated pregnant animals (n=13) and 

control pregnant animals (n=12) after ZIKV inoculation. (C) Comparison of neutralizing 

antibody titers (with median, indicated by horizontal lines) between 10 control animals (after 

exclusion of 2 animals with early fetal loss) and 13 vaccinated animals at end of gestation 

(two-tailed Mann-Whitney test). Open circles indicate the 4 control animals with most 

prolonged viremia (> 60 days after first ZIKV inoculation). (D) Comparison of neutralizing 

antibody titers in serum from the pregnant animals at end of gestation and fetal cord blood; 

NA indicates not available.
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Fig. 5. T cell responses to Zika virus E protein in vaccine and control groups measured by 
intracellular cytokine staining.
The frequencies of total CD4 and CD8 T cells producing interleukin 2, interferon γ, and 

tumor necrosis factor α, or a combination of these cytokines, were measured at time of 

immunization (vaccinated animals only), day of first ZIKV challenge, and week one post-

challenge (PC). Boolean gating was performed, responses were background subtracted, and 

all cytokine positive gates were summed using SPICE software to calculate the total 

frequency of cytokine-positive T cells responding to the E peptide pool. Samples with less 

than 35,000 events and 35% viability were excluded from analysis; therefore, twelve 

vaccinated animals and nine control animals are depicted. Statistical significance was 

calculated by Student’s t-test. Bars are drawn at the median.
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Fig. 6. Detection of ZIKV RNA in fetal macaques from control or vaccine group pregnancies.
Tissues are categorized per system; CNS= central nervous system; GI=gastrointestinal. Full 

placenta refers to the full thickness of the primary placental disc (i.e., chorioamnion, villous 

placenta, basal plate and decidua); fetal placenta is the villous placenta and chorionic plate. 

Viral RNA was detected by qRT-PCR. The intensity of red highlights the quantity of viral 

RNA detected. Samples that were not available are crossed out.
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Fig. 7. Pathology scores are lower in fetuses from vaccinated versus control dams.
(A) Fetal brain (13–20 sections/animal), placenta (1–2 sections/animal), amnion (1–2 

sections/animal) and eye (1 section/animal) were evaluated blindly by 2 pathologists and 

were assigned a score from 0 to 4 based on severity (see tables S2–3 for more details, 

including the scoring system). nd indicates not done (due to fetal death with autolysis). * 

indicates Vax348-F that was removed via hysterotomy on GD 148 due to fetal distress. (B) 
Comparison of fetal brain pathology scores between control (n=10) and vaccine group 

(n=12) fetuses (P = 0.10; one-sided Mann-Whitney). Horizontal lines represent median 

value. Vax-348-F (with placental insufficiency/brain hypoxia) is indicated by an arrow. (C) 
Comparison of the duration of maternal viremia with pathology score in the 10 control 

fetuses that survived to the end of gestation (P = 0.04; one-tailed Mann-Whitney). . (D) 
Comparison of total fetal pathology score between vaccinated dams with or without viremia; 

P =0.37 and 0.16 (one-tailed Mann-Whitney), with and without inclusion of Vax-348-F with 
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placental insufficiency, respectively. (E) Duration of maternal viremia in the 13 vaccinated 

dams in comparison to fetal pathology score (P = 0.46; one-tailed Mann-Whitney).
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