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Abstract

There is limited information about the impact of Zika virus (ZIKV) exposure in utero on the 

anti-ZIKV immune responses of offspring. We infected six rhesus macaque dams with ZIKV early 

or late in pregnancy and studied four of their offspring over the course of a year postpartum. 

Despite evidence of ZIKV exposure in utero, we observed no structural brain abnormalities in the 

offspring. We detected infant-derived ZIKV-specific IgA antibody responses and T cell memory 

responses during the first year postpartum in the two offspring born to dams infected with ZIKV 

early in pregnancy. Critically, although the infants had acquired some immunological memory of 

ZIKV, it was not sufficient to protect them against reinfection with ZIKV at one year postpartum. 

The four offspring re-exposed to ZIKV at one year postpartum all survived, but exhibited acute 

viremia and viral tropism to lymphoid tissues; three out of four re-exposed offspring exhibited 

spinal cord pathology. These data suggest that macaque infants born to dams infected with ZIKV 

during pregnancy remain susceptible to postnatal infection and consequent neuropathology.

Introduction

Zika virus (ZIKV) infections have now been reported in more than 80 countries, and 

outbreaks have occurred recently in new locations in Asia and Africa (1, 2). The number 

of documented ZIKV infections has declined in the Americas following the outbreak of 

2015–2016, but the World Health Organization indicates that ZIKV could reemerge in 

the Americas, following the pattern of other epidemic-prone pathogens (1, 3). Previously 

unappreciated severe manifestations of congenital ZIKV infection including microcephaly 

and a spectrum of malformations called congenital Zika syndrome have become apparent 

in French Polynesia and Latin America during the last decade (4–7). In addition to fetal 

abnormalities that are evident during gestation, infants can also manifest congenital Zika 

syndrome postnatally in the presence or absence of overt clinical anomalies at birth (8–11). 

Few studies have longitudinally tracked infants and children after birth who are affected by 

congenital Zika syndrome (12, 13), and information about the postnatal impact of in utero 
ZIKV exposure is limited. This is because offspring from the peak of ZIKV activity in the 

Americas are currently no more than 5 years old. Also, this period has not yet been studied 

in nonhuman primates.

Nonhuman primates, particularly macaques, are the best described animal model of human 

ZIKV infection (14, 15). Macaques are a particularly relevant model for studying human 

congenital ZIKV infection because macaques and humans share similar hemomonochorial 

placentas, gestational stages, neuroanatomy, and immune system development (14–16). Thus 

far, ZIKV infection of pregnant macaques has sometimes resulted in severe fetal central 

nervous system (CNS) abnormalities but most often has been clinically unremarkable, 

consistent with the natural history of congenital ZIKV infection in humans (15). Macaques 

also are a useful model of postnatal development with the advantage of maturing three to 

four times faster than humans (15–17).

Vannella et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2024 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gaining a better understanding of fetal and infant immune responses to ZIKV is particularly 

relevant because ZIKV vaccine trials and studies of passive antibody transfer to nonhuman 

primate adults have demonstrated that neutralizing antibody titers are close correlates of 

ZIKV immunity (14, 18–22). The role of antibodies during pregnancy and infancy is more 

complex, however. Delivery of neutralizing antibodies to infected pregnant animals has not 

prevented fetal ZIKV infection (23). Moreover, the timing and effectiveness of fetal immune 

responses remains a topic of controversy. Fetuses are known to have an immature immune 

system that is limited in its ability to respond to viruses as compared to adults (24–26). 

However, recent reports have indicated that fetal immune responses to foreign antigens may 

develop in utero with immune memory that lasts into childhood (25, 27–29).

We set out to address uncertainties about the early host immune response to ZIKV, 

once our longitudinal studies in pregnant macaques were completed and passive maternal 

immunity had waned in offspring. Here, we report the longitudinal analysis of macaque 

offspring born to ZIKV-infected rhesus macaque dams from gestation through an extended 

postnatal period. We evaluated whether the offspring born to ZIKV-infected mothers had 

acquired immunological memory to ZIKV that was sufficient to protect against ZIKV 

re-exposure. We monitored the offspring for ocular and brain structural alterations and 

overt neurological manifestations of congenital Zika virus syndrome during the first year of 

life. We characterized the ZIKV-specific antibody response to congenital ZIKV infection in 

offspring for one year after birth, a developmental stage similar to that of the oldest children 

born to ZIKV-infected mothers during the 2015–2016 epidemic.

Results

ZIKV kinetics and tropism in macaque dams and their fetuses during gestation

Data from the 2015–2016 epidemic suggested that ZIKV infection during early gestation 

was associated with increased prevalence of congenital Zika syndrome compared with 

exposure during late gestation (30). We began our study by infecting two cohorts of pregnant 

rhesus macaques with ZIKV early or late in gestation. The “early” cohort of dams was 

infected during the late first trimester (one animal, E1D) or early second trimester (two 

animals, E2D, E3D) of pregnancy. The “late” cohort (three animals, L1D, L2D, L3D) was 

infected early in the third trimester (Fig. 1). The dams were subcutaneously infected with 

1×106 plaque-forming units (PFU) of ZIKV Paraiba/2015 strain, which has been associated 

with a high prevalence of infant microcephaly (31, 32). A control cohort (two animals, M1D, 

M2D) was mock-infected with saline alone. All ZIKV-infected dams developed short-term 

viremia with viral RNA peaking at 5.7–6.2 Log10 genome equivalents (GE)/ml (Fig. S1). We 

did not detect ZIKV RNA in the blood of any dam after 10 days post-infection. Conversely, 

we first detected ZIKV RNA in amniotic fluid of two dams (E1D and E3D) more than 3 

weeks after infection (Fig. 2). 23 days post-infection (d.p.i), we recovered 1.7 Log10 PFU/ml 

of infectious ZIKV from the amniotic fluid of dam E3D. The amniotic fluid contained 7.3 

Log10 GE/ml of ZIKV RNA, a log higher than we found in the blood of infected dams. We 

also detected ZIKV RNA in the amniotic fluid of E1D at 79 d.p.i. indicating that its fetus, 

E1I, was exposed to ZIKV during gestation, weeks after ZIKV was cleared from the blood 

of dam E1D. To investigate prenatal viral tissue tropism and pathology, one maternal-fetal 
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pair from each cohort (E1D–E1I and L1D–L1I) was sacrificed at the time of delivery. Using 

droplet digital PCR (ddPCR) for increased sensitivity, we found no ZIKV RNA in the 23 

tissues we sampled from E1D and E1I, (Fig. S2) despite the presence of ZIKV RNA in the 

amniotic fluid 4 weeks before necropsy. We detected ZIKV RNA in the inguinal lymph node 

and spleen of L1D, but detected none in the tissues of fetus L1I.

No observed abnormalities in fetal macaques after ZIKV exposure in utero

We detected no abnormalities in the rate of biparietal diameter growth (the standardized 

measurement of the transverse distance across the fetal skull) for any of the fetuses 

despite in utero exposure to ZIKV. Biparietal diameters measured by serial ultrasonography 

during gestation remained within two standard deviations of predicted growth means for 

rhesus macaques (Fig. S3)(33). Brain MRI performed on each of the fetuses during the 

third trimester showed no gross abnormalities (Fig. S4A). Fetal intracranial volume (ICV) 

measurements did not show (P=0.3297) differences between two control animals and six 

animals born to infected dams, all imaged between 17 and 20 weeks of gestational age (Fig. 

S4B). Further, no abnormalities were detected by histological evaluation of brain tissues 

collected from the maternal-fetal pairs sacrificed at the time of delivery (Tables S1, S2).

Longitudinal analysis of prenatal and postnatal ZIKV-specific antibody responses

All infected dams mounted ZIKV-specific neutralizing antibody responses (Fig. 2). The 

neutralizing antibodies were detectable in the maternal circulation at 7 d.p.i. and 5 of the 6 

dams reached a peak neutralizing antibody titer in the plaque reduction neutralization test 

(PRNT50) of 2–8×103 by 42 d.p.i. The dam with the highest viral RNA in its amniotic fluid, 

E3D, produced a PRNT50 measurement that was a full log higher (4×104) than that for the 

other dams (Fig. 2). We detected this highest neutralizing antibody titer at 51 d.p.i., 9 days 

after we detected viral RNA in the amniotic fluid of E3D. Following delivery, neutralizing 

antibody titers gradually decreased in each of the surviving dams (E2D, E3D, L2D, L3D), but 

remained detectable for as long as they were measured (at least 100 d.p.i.).

We used a surface plasmon resonance (SPR) assay to determine the isotypes of the 

antibodies specific for the ZIKV envelope protein and nonstructural 1 (NS1) protein. We 

first demonstrated the specificity of the assay for detection of rhesus macaque antibody 

isotypes (Fig. S5). As expected in a primary immune response, maternal IgM was highest 

at the earliest time-points we tested following inoculation with ZIKV (Fig. 3A, Fig. S6A). 

We detected envelope protein-specific IgM above background in dam E1D until 42 d.p.i., in 

E2D, E3D and L1D until 23 d.p.i, and in L3D only until 7 d.p.i. IgA antibodies were also 

readily detectable in the blood of 5 of 6 ZIKV-infected dams by 7 d.p.i. and peaked around 

21 d.p.i (Fig. 3A). Envelope-specific IgA was detectable at every time-point tested after 7 

d.p.i. in all dams (Fig. 3A). IgG was the predominant isotype in the circulation from 7 d.p.i. 

onwards in all dams (Fig. 3A). Envelope-specific IgG generally peaked around 45 d.p.i., and 

like IgA, persisted in all surviving animals near peak amounts until 79 d.p.i.

Due to the longitudinal nature of the study, we were able to carry out a new investigation 

of the ZIKV-specific neutralizing antibodies in the four surviving offspring a year after 

birth. The four infant macaques were breastfed for approximately 6 months after birth. 
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About two weeks after birth, total circulating neutralizing antibody titers in three of the 

four infants were found to be similar to those of their respective dams (Fig. 2). Unlike the 

other three offspring, L3I had lower neutralizing antibody titers than its dam for several 

weeks after delivery before reaching the same amount as in maternal blood by 6 weeks 

postpartum. The neutralizing antibody titers of all four infants waned after birth (Fig. 2). 

PRNT50 measurements remained above the limit of detection for 140 days after birth (231 

d.p.i.) for E2I, 185 days after birth (288 d.p.i.) for E3I, 60 days after birth (107 d.p.i.) for 

L2I, and 136 days after birth (181 d.p.i.) for L3I (Fig. 2)

Amongst antibodies against envelope protein or NS1 protein, we detected no IgM in the 

circulation of the four infants (E2I, E3I, L2I, L3I) from birth until one year of age (Fig. 

3B, Fig. S6B). In contrast, about 2–7% of the envelope-specific or NS1-specific neutralizing 

antibodies in the infant circulation had an IgA isotype (Fig. S5B). The percentage of IgA 

antibodies generally increased in the infants, but absolute amounts waned in the weeks after 

birth, remaining above background in infant E2I for 31 days after birth (122 d.p.i.), infant 

E3I for 78 days after birth (181 d.p.i.), infant L2I for 12 days after birth (59 d.p.i.), and 

infant L3I for 42 days after birth (87 d.p.i.) (Fig. 3B, Fig. S6B). Greater than 90% of the 

infants’ circulating envelope-specific or NS1-specific neutralizing antibodies had an IgG 

isotype throughout the time-points we tested after birth (Fig. 3B, Fig. S6B). IgG also waned 

but remained detectable throughout the SPR assay testing period in the circulation of infants 

E2I, E3I, and L3I. In contrast, IgG in the circulation of infant L2I fell below the limit of 

detection by 102 days after birth (147 d.p.i.).

No ocular or structural brain manifestations of congenital Zika syndrome were observed 
for one year postpartum

Offspring of mothers who were infected with ZIKV during pregnancy can develop 

congenital Zika syndrome in the absence of overt clinical anomalies at birth (8). As a 

result, we observed macaque infants E2I, E3I, L2I, and L3I for developmental abnormalities 

during their first year of life, which is considered similar to the first three years of human 

development (17). We did not detect ZIKV RNA during regular sampling of the blood 

(Fig. 2) or the cerebrospinal fluid (CSF; Table S3) of infants E2I, E3I, L2I, and L3I 

beginning two weeks after birth until one year of age. We conducted a subset of Brazelton 

exam tests to quantitatively score behavioral development two weeks and four weeks 

postpartum. The Brazelton exam is designed to assess a variety of attentional, neuromotor, 

and temperamental responses and characteristics that mature during the first month of life 

in nonhuman primates. The exam included 24 tests (scored from 0–2, lowest to highest), 

a subset of those that were previously validated for rhesus macaques to assess behavioral 

clusters such as orientation and motor maturity (34). At two weeks postpartum, the scores 

of E2I, E3I, L2I, and L3I averaged 0.80, whereas the scores of M2I averaged 0.83 (Data File 

S1). At four weeks postpartum, the scores for E2I, E3I, L2I, and L3I averaged 1.05, whereas 

the scores for M2I averaged 1.07 (Data File S1).

Approximately six months after delivery, the brain of each infant was analyzed by MRI and 

was found to be grossly normal with no evidence of intracranial calcifications, ventricular 

abnormalities or gliotic foci (Fig. S4C). Intracranial brain volumes of the infants were not 
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compared because the infants were imaged at slightly different ages (from 7–9 months). We 

conducted ophthalmic exams three times (once when the offspring were about 6 months 

old, once two weeks before ZIKV reinfection at about 14 months old, and once after 

the reinfection). The only abnormal finding on any exam was an avascular area on the 

macula during the 6-month exam of E3I (Table S4). However, this was not noticed on 

follow-up exams. The rest of the exams were normal, and none of the animals exhibited 

any gross indications of vision impairment based on the physical exams. Histopathological 

examination of eye tissue after necropsies at delivery (Table S2) and after the reinfection 

studies (Data File S2) also revealed no abnormalities. The offspring were clinically observed 

over the entire length of the study by a trained veterinarian. Physical exams were done 

routinely when the animals were sedated. The animals were also qualitatively observed daily 

for appetite, overt neurological abnormalities, and activity/lethargy. No abnormalities were 

noted from these exams throughout the study period.

Development of immune memory does not protect against ZIKV reinfection

Once passive immunity acquired from the dams had completely waned prior to one year 

after birth, we sought to determine if the infants had mounted their own anti-ZIKV immune 

responses. Based on our data and previous nonhuman primate studies that have reported 

ZIKV transmission from dams to fetuses (14, 15, 35), we expected all of our offspring 

to have been exposed to ZIKV. Specifically, we investigated whether the offspring had 

generated ZIKV-specific immunological memory and whether this memory was sufficient 

to protect them against a subsequent postnatal ZIKV infection. To do this, we infected 

two cohorts of animals with ZIKV (Fig. 4). The first cohort was comprised of animals 

born to dams that were not infected with ZIKV during pregnancy. This cohort included 

15-month-old M2I and two additional two-year-old animals (C1 and C2). The second cohort 

was comprised of the remaining 13–15-month-old offspring (E2I, E3I, L2I, L3I) born to 

dams that were infected with ZIKV while pregnant. We infected all seven animals with 

the same strain and dose of ZIKV used for the primary infection. One day after infection, 

we detected similar amounts of ZIKV RNA in the blood of all seven animals (Fig. 5A). 

ZIKV RNA ranged from 5.4–6.2 Log10 GE/ml in the first cohort and 5.5–6.6 Log10 GE/ml 

in the second cohort. We detected ZIKV RNA in the CSF of animals from both cohorts 

(M2I, E3I, and L2I) at 2 d.p.i. Amounts of circulating ZIKV RNA in both cohorts at 3 

d.p.i, were similar to the amounts found in the dams three days after they were infected at 

the start of the study (Fig. S1). We began to detect a circulating ZIKV-specific neutralizing 

antibody response in animals of both cohorts at 5 d.p.i. (Fig. 5B). All 7 animals mounted 

ZIKV-specific antibody responses with similar kinetics and magnitude (Fig. 5B). Two weeks 

after reinfection, ZIKV tissue tropism was similar across the two cohorts (Fig. 5C).

Because we expected that the offspring in the second cohort had been exposed to ZIKV, 

we wished to confirm that the second cohort had acquired no memory T cells specific for 

ZIKV. We tested peripheral blood mononuclear cells (PBMCs) collected from infants M2I, 

E2I, E3I, L2I, and L3I more than a year after birth and one month prior to reinfection. We 

also tested PBMCs collected from dam E2D at 23 d.p.i. and from animals C1 and C2 before 

they were initially infected. After stimulating the cells for 6 hours with overlapping ZIKV 

envelope and NS1 peptides, we looked for memory CD4+ and CD8+ T cells producing the 
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anti-viral effector cytokines TNFα or IFNγ (Fig. S7). Animals C1, C2, and M2I had never 

been exposed to ZIKV, and they did not have any ZIKV-specific memory T cell populations 

(Fig. 5D). Dam E2D, which had been subcutaneously inoculated as an adult, had both 

ZIKV-specific CD4+ and CD8+ memory T cells producing both TNFα and IFNγ (Fig. 5D). 

The two offspring of dams infected with ZIKV early in pregnancy had some ZIKV-specific 

memory T cells that responded to the peptides. Infant E2I had CD8+ memory T cells that 

produced TNFα (Fig. 5D). Infant E3I had CD8+ memory T cells that produced IFNγ and 

TNFα (Fig. 5D). Conversely, we did not detect ZIKV-specific memory T cells in the two 

offspring of the dams infected with ZIKV later in pregnancy.

CNS pathology was observed in offspring born to ZIKV-infected dams after ZIKV 
reinfection

Postmortem CNS tissues from the first cohort (M2I C1, C2; no prior exposure to ZIKV) 

and the second cohort (E2I, E3I, L2I, L3I, born to dams infected with ZIKV during 

pregnancy) were processed, coronally sectioned, and evaluated for histopathology. We 

identified Wallerian degeneration (axon injury that results in no distal viability) in 3 of 

4 spinal cords (E2I, E3I, L3I) from the second cohort (Table S5; Fig. 5E). In contrast, 

Wallerian degeneration was not observed in CNS tissues in the first cohort (Fig. 5F). There 

was Wallerian degeneration in multiple cervical, thoracic and lumbar segments of the spinal 

cords characterized by multifocal, mild axonal swelling with infiltrating macrophages and 

digestion chambers in the cytoplasm of Schwann cells. Digestion chambers are associated 

with myelin destruction after the start of Wallerian degeneration (36). The acute Wallerian 

degeneration we observed at this time-point was not extensive enough to be noticed 

clinically. We did not detect ZIKV in the spinal cord lesions or locate an initial point of 

injury above the axonal damage. Infant E3I had a focally extensive lesion in the lumbar 

spinal cord consisting of marked microgliosis of gitter cells with phagocytized debris and 

multifocal axonal swelling and necrosis (Fig. S8A). Glial fibrillary acidic protein (GFAP), 

an astrocyte marker, showed a marked increase in astrocytic processes and subsequent glial 

scars (Fig. S8B). Ionizing calcium binding adaptor molecule 1 (Iba1), a microglial marker 

(Fig. S8C), and CD68, a macrophage marker, showed increased expression in the lesion 

found in the lumbar spinal cord segment of infant E3I. In situ hybridization with a ZIKV 

antisense oligonucleotide probe targeting genomic RNA (Fig. S8D, E) and a ZIKV sense 

oligonucleotide probe targeting replicative RNA intermediates was negative in this lesion 

(Fig. S8F).

After observing spinal cord pathology only in the cohort that was previously exposed to 

ZIKV, we used a sensitive and quantitative ZIKV reporter virus particle assay (37, 38) to 

investigate whether this cohort possessed infection-enhancing antibodies that contributed to 

the pathology. No antibody-dependent enhancement (Fig. S9A) or neutralization (Fig. S9B) 

of ZIKV infection was detected in blood collected from infants in both cohorts prior to 

ZIKV infection. Two weeks post-infection, antibody-dependent enhancement (Fig. S9C) and 

ZIKV-specific neutralization (Fig. S9D) were detected in all animals as expected, and the 

magnitude of the response was not higher in the in utero-ZIKV exposed cohort compared to 

the naïve cohort (Fig. S9E–F).
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We also identified multifocal mineralization of unknown etiology within the brains of six of 

the seven animals in the ZIKV reinfection study (Table S5; Fig. S10A). Animal C2 did not 

have evidence of mineralization (Fig. S10B), whereas four animals (C1, M2I, E3I and L2I) 

had minimal deposits. Infants E2I and L3I had moderate and mild numbers of mineralized 

deposits, respectively (Table S5). The mineralization was located predominantly within 

the globus pallidus of the macaque brain, but extended to other regions within the basal 

ganglia. Mineralized lesions were often perivascular but could be found randomly in the 

CNS without evidence of underlying vasculature; there was no accompanying inflammatory 

reaction or gliosis. The mineralization was often arranged in single to multiple grape-like 

basophilic clusters frequently showing a concentric layered or lamellar ring. Mineralized 

lesions appeared basophilic and granular after staining with hematoxylin and eosin. They 

stained positive with periodic acid-Schiff stain (Fig. S10C) and von Kossa stain and negative 

with Prussian blue iron stain. Iba1 immunohistochemistry highlighted microglial processes 

surrounding areas of mineralization (Fig. S10D); there was no increase in GFAP expression 

in these lesions (Fig. S10E).

Discussion

There is currently a shortage of data about the postpartum ZIKV-specific host immune 

response after ZIKV infection in utero. We designed a nonhuman primate study focused 

on the ZIKV-specific antibody response because of its importance for protection against 

infection and vaccine development (14). We serially investigated the kinetics of the 

ZIKV-specific antibody response in the circulation of 4 macaque infants born to ZIKV-

infected dams. Similar ZIKV-specific neutralizing antibody titers in the infants and their 

mothers could mean that the neutralizing antibodies in the infant circulation were primarily 

maternally-derived IgG that had passed through the placenta before birth. Comparison of 

ZIKV-specific neutralizing antibody titers in the infants and their mothers indicated that the 

neutralizing antibodies in the infant circulation were maternally derived IgG. These data 

align with historical findings in macaques and humans that serum IgG concentrations in 

infants are within 10–15% of maternal concentrations at birth(39). In our study, detectable 

ZIKV-specific neutralizing antibodies in the infant circulation gradually waned after birth. 

We would expect this to happen in the absence of ongoing or new ZIKV infection in the 

infants, but it was also possible that the infants’ immature immune system was incapable of 

generating its own neutralizing antibody responses or that the infants displayed tolerance to 

viral antigens which they were exposed to during gestation.

To further characterize the origin and function of ZIKV-specific antibody responses, we 

identified their isotype. These data are important because they provide evidence that the 

infants produced their own anti-ZIKV serum IgA and possibly harbored ZIKV postnatally. 

In support of this, historical data show that macaque and human newborns are born with 

low to undetectable serum IgA in the absence of infection(40). The macaque infants received 

secretory IgA-rich breastmilk for about 6 months after birth, but this maternally-derived 

IgA did not contribute to serum titers. Antibodies in the breastmilk are not believed to 

pass through the intestinal epithelium and into the circulation of humans and nonhuman 

primates (41). In this context, it is important to note that although the infant ZIKV-specific 

IgA titers were readily detectable, the titers did decrease after the first month of life. This 
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suggested that perhaps the newborns re-encountered ZIKV during delivery or were forced to 

control intrauterine-acquired ZIKV independent of the maternal immune system soon after 

delivery. Compared to mucosal IgA, the immunological function of serum IgA is relatively 

unexplored (42). Early and sustained elevated serum IgA titers suggest that the role of serum 

IgA in the anti-ZIKV immune response should be a topic for future studies. This observation 

also supports recent studies that identified acute IgA titers after ZIKV infection in humans as 

a possible diagnostic target (43, 44).

Once the macaque offspring reached 13–15 months of age (~3–4 years of human 

maturation), we re-exposed them to ZIKV by inoculating them subcutaneously with the 

same strain and dose (1×106 PFU) of ZIKV that we had administered to the dams at the 

start of the study. We purposely waited to do this until all maternal passive immunity had 

waned in the offspring. A recent pilot study showed that 2 macaques born to ZIKV-infected 

dams exhibited more controlled viremia after re-exposure compared to once-infected adults 

from other studies(45). The dams received primary ZIKV infection late during gestation, and 

the offspring were re-exposed 5 months after birth when ZIKV-specific antibodies, likely 

derived from the dams, were still detected in the serum (45). With our study, we were able 

to further characterize the ZIKV-specific immune response of offspring in utero and after 

birth by determining whether they were immunologically protected against reinfection in the 

absence of maternal passive immunity and using an age-matched control group.

From the results of the ZIKV reinfection study, we drew several conclusions with 

epidemiological and immunological implications. First, the data demonstrate that in utero 
exposure to ZIKV does not confer immunological protection against a subsequent ZIKV 

infection after birth. Given the similarity of the macaque model of congenital ZIKV 

infection to human congenital ZIKV infection, it is possible that the same may be true 

for asymptomatic human offspring born to ZIKV-infected mothers. Although adults and 

many children do not experience severe disease after ZIKV infection, a recent study of 

infant macaques demonstrated that ZIKV infection shortly after birth can induce severe CNS 

pathology(46). Second, the data provide more evidence of an immune response mounted by 

the infants against ZIKV. The two offspring born to ZIKV-infected mothers infected early in 

gestation were capable of mounting their own ZIKV-specific memory T cell responses. It is 

not possible from our data to know for certain whether this immune response was initiated 

in utero or after birth, but recent studies indicate that immunological memory can begin to 

develop in utero (25, 27–29). Third, the appearance of Wallerian degeneration we found in 

the spinal cords of the in utero exposed cohort after the reinfection study indicated that it 

was acute and not chronic pathology (36). The fact that we found the Wallerian degeneration 

only in the previously exposed cohort suggested that prior in utero ZIKV exposure promoted 

spinal cord pathology in the reinfected offspring. It is not clear from our data why the spinal 

cord pathology was limited to the previously exposed cohort. Because of the small macaque 

numbers in our study, this is a critical area for further investigation. It is also not clear 

from our data exactly why the offspring born to ZIKV-infected mothers were not protected 

against reinfection even though ZIKV exposure during adulthood confers immunological 

protection(47, 48). We hypothesize that the compromised antiviral immune response of the 

fetus and the immature immune system of the neonate both may contribute to this finding 

despite evidence that the same animals were capable of developing a ZIKV-specific memory 
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T cell response in the first year of life. In a recent pilot study of 2 macaque neonates 

re-exposed 5 months postpartum to ZIKV, the moderate protection observed could be due 

to lingering maternal transfer of antibodies. Those antibodies were absent by the time we 

re-exposed our offspring to ZIKV. Lastly, it is worth noting that the brain histopathology 

analysis from the ZIKV reinfection study supported a previous observation that idiopathic 

mineralization occurs frequently in nonhuman primate brains(49). Brain mineralization in 

nonhuman primates is not as reliable a ZIKV-specific injury as it may be in humans infected 

with ZIKV.

There are several limitations to our study that are important to note. The biggest constraint 

in drawing conclusions from our data is the small number of nonhuman primates in our 

study. In particular, the small number of mock-infected control animals restricted our ability 

to establish whether there was a consistent background amount of pathology in the study 

animals and our ability to draw powerful statistical comparisons between some study cohorts 

(e.g. with the Brazelton exam). Also, despite finding evidence that macaque infants E2I, E3I, 

L2I, and L3I each produced a ZIKV-specific immune response, we did not find evidence that 

the offspring in the reinfection study had a prior productive infection. Thus, the conclusions 

of this study may or may not be relevant to human infants who harbored a productive ZIKV 

infection in utero.

Because there is currently limited available information about the impact of congenital and 

postnatal ZIKV infection during the postnatal period in humans, it is essential that we use 

the best available animal model to address this knowledge gap. Collectively, our data from 

pregnant macaque dams infected with ZIKV and their offspring provide insights and focus 

new questions about the ZIKV-specific host immune response during gestation and in the 

first year of life, a critical period as we seek to design therapies and ultimately prevent 

ZIKV-related disease.

Materials and Methods

Study design

The initial objective of this study was to longitudinally investigate pathogenesis and 

immunological correlates of congenital Zika syndrome in macaques postpartum after 

exposure to ZIKV in utero. We mock-infected or ZIKV-infected pregnant rhesus macaque 

dams and then investigated the ZIKV-specific host immune responses of asymptomatic 

offspring born to dams infected with ZIKV early or late in pregnancy. We determined 

whether the immune responses of the macaque offspring were sufficient to protect against 

ZIKV reinfection a year after birth. We assessed prenatal and postnatal ZIKV kinetics and 

tissue tropism in dams and offspring using qPCR and ddPCR, and dam and infant humoral 

immune responses using a PRNT50 assay, surface plasmon resonance, flow cytometry, and 

an antibody-dependent enhancement assay. Histopathology was assessed in two dam/infant 

pairs at delivery and also in the remaining offspring two weeks after reinfection with ZIKV. 

We looked for any developmental abnormalities in offspring in utero and up to 13–15 

months postpartum after ZIKV infection of pregnant dams using prenatal and postnatal 

MRI, fetal ultrasound imaging, ophthalmic exams, regular physical exams, and daily clinical 

observations.
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The dams were randomly chosen from a breeding colony and randomly assigned to 

experimental groups at the start of the study. Investigators were blinded to the identity 

of the groups for assessment of outcomes. We began the study with 9 dams and maximized 

the number in each group (n=3). Samples and assays were run in duplicate or triplicate 

when possible after consideration of ethical animal sampling guidelines. Samples or data 

points were excluded only in the case of a technical equipment error or human error. One 

maternal/fetal pair was removed from the mock-infected group after a miscarriage. No other 

animals were excluded from the study.

This nonhuman primate study was conducted with the approval and oversight of the 

National Institute of Allergy and Infectious Diseases Division of Intramural Research 

Animal Care and Use Committee as part of the National Institutes of Health Intramural 

Research Program (protocol LID 37). Rhesus macaques (Macacca mulatta) were housed 

and sustained in accordance with standards established by the Association for Assessment 

and Accreditation of Laboratory Animal Care (AAALAC). 8 female Indian-origin rhesus 

macaques seronegative for dengue virus and West Nile virus served as dams. Sexes of the 

offspring followed longitudinally were as follows: M2I and E3I were females, and E2I, 

L2I, and L3I were males. The 2 additional control animals for the ZIKV reinfection study 

(C1 and C2) were also seronegative for dengue virus and West Nile virus. They were both 

2-year-old females. All animals were cared for at the National Institutes of Health Animal 

Center.

Characteristics of the Zika virus strain

The ZIKV-Paraiba/2015 strain was originally isolated in the state of Paraiba, Brazil in 2015 

from a serum sample of an acutely infected patient and was provided by Pedro Vasconcelos, 

Instituto Evandro Chagas, Brazil. The virus isolate was terminally diluted and passaged 

twice in Vero cells to generate a working stock. Virus titer (log10 PFU/ml) was determined 

by plaque assay in Vero cells. Vero cells were cultured in OptiPro SFM medium (Life 

Technologies) supplemented with 4 mM L-glutamine (Life Technologies) and kept at 37°C 

(5% CO2 and 80% relative humidity) until confluent. To prepare the inoculum, the working 

stock of ZIKV-Paraiba/2015 was diluted in 2X L-15 medium (Lonza) and water for injection 

to yield an infectious titer of 6.0 log10 PFU/ml in 1X L-15 medium. The inoculum was kept 

on ice before administration and used within 3 hours. 0.5ml of inoculum was subcutaneously 

injected into the right shoulder and the left shoulder for a total injection volume of 1.0ml. 

Stability of virus titer was confirmed by back-titration of the inoculum by plaque assay both 

0 and 3 hours after preparation.

Fluid sample collection

Animals were sedated with 100mg/ml Ketamine between 10mg/kg and 20mg/kg. Blood 

was collected from the femoral vein and CSF was collected percutaneously via the cisterna 

magna using aseptic technique each time the animals were sedated between birth and the 

reinfection study (every two weeks after delivery for eight weeks and then every four 

weeks). During the reinfection study, blood was collected on all days −14, 1–5, 7, 10, 12 

and at necropsy. CSF was collected on days −14, 3, 7, and at necropsy. Amniotic fluid was 

collected from the dam aseptically. Ultrasonography was utilized to identify the appropriate 
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area to obtain the amniotic fluid but avoid the fetus and placenta. A 22 X 1.5 inch needle 

was inserted into the uterus with ultrasound guidance, 0.3ml of amniotic fluid was collected. 

Amniotic fluid was collected weekly starting seven days after the inoculation with the virus.

Clinical observations

Animals were administered an entrance physical examination prior to assignment to the 

study. Animals were observed before pre-dose and approximately 2, 4, and 6 hours post-

dose on days of ZIKV inoculation and at least twice daily thereafter for signs of poor 

health or abnormal behavior. Special attention was directed to any signs of neurological 

symptoms, hemorrhagic disease, or dermal effects especially at the sites of inoculation. 

During post-partum and infancy periods, nursing and mother-infant interactions were closely 

observed. Additional physical examinations were done each time cerebrospinal fluid was 

collected, 14 days before reinfection, and 2, 7, and 14 days after reinfection. Animals were 

also qualitatively monitored daily for appetite, overt neurological abnormalities, and activity/

lethargy. Full physical exams included recording weight, rectal temperature, heart rate, and 

respiratory rate each time animals were sedated.

Brazelton exam assessment

In postnatal weeks 2 and 4, prior to sedation for labs, the infants were given a battery 

of tests designed to assess neonatal neurobehavioral development. The test battery was a 

subset of those tests derived from the Brazelton Neonatal Assessment Scale, modified for 

rhesus monkeys(34). All test items listed by cluster in Data File S1 were scored on a 2-point 

scale with 2 being the best score. All tests were conducted by a single experienced research 

veterinarian, Richard Herbert, D.V.M., at the same time of day to minimize inter-tester and 

temporal variations.

Ophthalmic exam

Examinations were performed at 6 months postpartum, 2 weeks before the reinfection study, 

and 2 weeks after the reinfection study. Animals were anesthetized with ketamine (10mg/kg 

intramuscularly), and their eyes were dilated with a mydriatic agent prior to examination. An 

indirect ophthalmoscope was used to visualize the cornea, pupil, lens, and retina. Ambient 

light was reduced for 3–4 hours after the exam.

ZIKV detection in fluids by qPCR

Viral RNA was extracted from nonhuman primate-derived serum, plasma, CSF, and 

amniotic fluid using the EZ1 Virus mini kit v2.0 (Qiagen). cDNA was synthesized 

with the SuperScript III First-Strand Synthesis System (Life Technologies) using random 

hexamer primers. Absolute quantification of virus genome equivalents (Log10 GE/mL) 

was determined by real-time PCR using a TaqMan probe (Integrated DNA Technologies) 

targeting the ZIKV envelope protein. The limit of detection was 3.2 Log10 GE/ml.

ZIKV detection in tissues by ddPCR

Total RNA was extracted from RNAlater (Invitrogen, Hampton, NH, USA) preserved tissues 

collected at necropsy using the RNeasy Plus Universal Mini kit (Qiagen, Germantown, MD, 
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USA) according to the manufacturer’s protocol. Flash frozen tissue samples were used in 

select instances instead. The upper and lower left hemisphere of the brain was sampled 

by punch biopsy. Prior to extraction, tissues were suspended in QIAzol Lysis Reagent 

(Qiagen) and mechanically homogenized on the TissueLyser (Qiagen) using stainless steel 

beads. The NanoDrop 8000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA) 

was used to quantify RNA concentrations prior to reverse transcription using the iScript 

Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad, Hercules, CA, USA). The QX200 

AutoDG Droplet Digital PCR System (Bio-Rad, Hercules, CA, USA) was used to detect 

and quantify ZIKV RNA using a custom designed ddPCR Copy Number Variation Assay 

(Bio-Rad, Hercules, CA, USA) targeted against the envelope (E) gene region: forward 

(5’-CCGCTGCCCAACACAAG-3’), reverse (5’-CCACTAACGTTCTTTTGCAGACAT-3’), 

probe FAM (5’-CTACCTTGACAAGCAATCAGACACT-3’). 96 well plates were prepared 

with ddPCR Supermix for Probes (No dUTP) and the aforementioned custom primer/

probe set according to the manufacturer’s instructions (Bio-Rad, Hercules, CA, USA), 

and samples were added in technical replicates with up to 1000 ng cDNA per well. The 

QX200 Automated Droplet Generator (Bio-Rad, Hercules, CA, USA) provided microdroplet 

generation and plates were sealed with the PX1 PCR Plate Sealer (Bio-Rad, Hercules, 

CA, USA) before proceeding with PCR on the C1000 Touch Thermal Cycler (Bio-Rad, 

Hercules, CA, USA) using a 55°C annealing/extension temperature. Plates were read on the 

QX200 Droplet Reader (Bio-Rad, Hercules, CA, USA) to determine the number of droplets 

containing the ZIKV target sequence. Manufacturer provided QuantaSoft Software (Bio-

Rad, Hercules, CA, USA) was used to analyze the data and quantify ZIKV copies per well, 

which was then normalized to the RNA concentration input during reverse transcription. The 

limit of detection was 1.4 ZIKV copies per well.

Plaque assay for titration of infectious virus

Fluid samples were tested for the presence of infectious virus by plaque assay in Vero 

cells. The assay was carried out by serially diluting the samples (10-fold) beginning 

at 1:10 in a round-bottom 96-well plate (Thermo Scientific) containing cold OptiMEM 

GlutaMAX medium (Life Technologies). Then 24-well plates (Corning) containing Vero cell 

monolayers were inoculated and subsequently incubated at 37°C with occasional rocking for 

1 hr. After incubation, cells were overlaid using OptiMEM GlutaMAX (Life Technologies) 

supplemented with 1% methylcellulose (Sigma), 2% fetal bovine serum (FBS) (HyClone), 

20 ug/mL ciprofloxicin (Sigma), and 2.5 ug/mL amphotericin B (Quality Biologicals) and 

incubated for 3 days at 37°C. Plaques were visualized by immunoperoxidase staining. 

Briefly, cell monolayers were washed twice with phosphate-buffered saline (PBS), fixed in 

80% methanol for 10 min and blocked with antibody buffer (5% nonfat milk in PBS) for 

10 min, all at room temperature. A pan-flavivirus (4G2) monoclonal antibody was diluted 

in antibody buffer and added to each well followed by a 2 hr incubation at 37°C. Primary 

antibody was removed and the cell monolayers were washed twice with antibody buffer. 

Peroxidase-labeled goat-anti-mouse IgG (KPL) was diluted in antibody buffer and added 

to each well, followed by a 2-hr incubation at 37°C. Secondary antibody was removed, 

and the wells were washed twice with PBS. True-Blue™ peroxidase substrate (3,3’,5,5’-

Tetramethylbenzidine)(KPL) was added to each well and plaques were counted and titers 

(log10 PFU/mL) were calculated for each sample.
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Plaque-reduction neutralization test (PRNT50)

Briefly, test sera were heat inactivated (56°C for 30 min) and serial four-fold dilutions 

beginning at 1:5 were made in OptiMEM GlutaMAX supplemented with 0.5% human 

serum albumin (Grifols), 2% FBS and 50 ug/ml gentamicin (Life Technologies). The ZIKV 

Paraiba/2015 virus, diluted to a final concentration of approximately 580 PFU/ml in the 

same diluent, was added to equal volumes of the diluted serum and incubated at 37°C 

for 30 min. Cell culture medium was removed from confluent monolayer cultures of Vero 

cells on 24- well plates and 100 ul of virus/serum mixture was transferred onto duplicate 

cell monolayers. Cell monolayers were incubated for 60 min at 37°C and overlaid with 

methylcellulose medium as described above. Samples were incubated at 37°C for three days 

after which plaques were visualized by immunoperoxidase staining as described above, and 

a 50% plaque-reduction neutralization titer was calculated. 1:5 was the limit of detection 

because 1:5 was the initial dilution used.

Tissue histology and pathology

Tissues were fixed in 10% Neutral Buffered Formalin for x2 changes for a minimum of 7 

days. Tissues were then portioned for both cryo- and paraffin-embedded sectioning. Tissues 

to be used for paraffin embedded sectioning were placed in cassettes and processed with a 

Sakura VIP-7 Tissue Tek on a 12 h automated schedule using a graded series of ethanol, 

xylene, and Ultraffin. Prior to fixation, the brain was coronally sectioned into 5 slices. 

Slices were numbered from 1 to 5 with 1 being the most anterior slice and 5 being the 

most posterior. Embedded tissues were coronally sectioned at 5 μm and dried overnight 

at 42°C prior to staining with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), 

von Kossa, Prussian blue, in situ hybridization (ISH) or immunohistochemistry (IHC). 10 

coronal sections of brain tissue were evaluated per animal. Every 10th spinal cord section 

was evaluated. Tissues to be used for cryosectioning were cryoprotected by overnight 

incubation in 30% sucrose/phosphate buffered saline and then frozen in Tissue Tek OCT 

at −20°C. Tissues were sectioned at 10μm and dried for 1hr at RT on Superfrost Plus 

slides prior to storage at −20°C. Detection of ZIKV RNA by ISH was performed using 

the RNAscope 2.5 VS assay (Advanced Cell Diagnostics Inc.) on the Ventana Discovery 

ULTRA as previously described(50) and in accordance with the manufacturer’s instructions. 

Briefly, tissue sections were deparaffinized and pretreated with heat and protease before 

hybridization with V-ZIKA-pp-02 probe for ZIKV (ACDBio). Peptidylprolyl isomerase 

B (Ppib) and the bacterial gene, dapB, were used as positive and negative controls, 

respectively. For IHC, sections were processed and imaged as previously described(51). 

Antibodies against GFAP (1:3000, Dako), ZIKA NS5 (1:3000, Aves Labs), and NeuN 

(1:2500, abcam) or Sox2 (1:750, abcam) or Iba1 (1:250, Dako) or active Caspase 3 (1:250, 

Promega) were used at the indicated concentrations. Secondary antibodies (goat anti-chicken 

AF488, 1:500 and donkey anti-rabbit AF594, 1:500) were used to label specific primaries. 

For transmitted light staining, pan-flavivirus-4G2 (1:100, EMD Millipore) primary and goat 

anti-rabbit HRP (1:500) secondary were used and visualized via a 3,3’Diaminobenzidine 

chromogen (abcam).
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Fetal and neonatal magnetic resonance imaging

Fetal macaques were sedated via an intramuscular injection of 10 mg/kg of ketamine. They 

were intubated and maintained under anesthesia with 1–2% isoflurane gas throughout the 

scanning. In situ imaging was done with a 3T Philips Achieva TX scanner using a 6-channel 

cardiac receive coil. Sequences: MultiVane (PROPELLER): FOV = 18 cm2, res = 0.75mm3, 

TR/TE = 4000/150 ms, ~73 contiguous slices, SENSE (y) = 2, fat saturation, NSA = 5, 

correction for rigid body motion between blades, scan time 9:55. 3D T2 FLAIR: FOV = 

23×20 cm2, y-SENSE = 2.6, slices = 46, res = 0.5×0.5×1mm3, TR/TE = 4800/347 ms, 

TI = 1650 ms, T2Prep = 4´125 ms, NSA = 5, scan time: 10:30. 3D MPRAGE: TR/TE 

= 13.4/6.6 ms, TI: 837 ms, FOV = 16–17 cm, Flip angle: 8°, Res: 0.5×0.5×1 mm3, 69 

slices, NSA = 4, Scan time: 5:19. All post-processing was carried out in Matlab. Intracranial 

volume (ICV) was determined from the MultiVane sequence images using a semi-automated 

segmentation method. Manual ROIs were drawn in the skull bone to separate the brain from 

surrounding fetal and abdominal tissue. This was followed by automated segmentation to 

remove remaining unwanted voxels leaving CSF, GM and white matter.

Neonatal macaques were scanned with a 3T Philips Achieva TX scanner using a 32-channel 

head coil. Sequences: 3D T2-TSE: FOV = 16×16 cm2, res: 1 mm3, y-SENSE = 2, z-SENSE 

=2.5, TR/TE = 2500/244 ms, NSA = 4, scan time: 2:53. 3D T2-w FLAIR: FOV = 16×16 

cm2, res: 1 mm3, y-SENSE = 3, z-SENSE =2, TR/TE = 2500/290 ms, TI = 1650 ms, NSA 

= 8, scan time: 5:50. 3D MPRAGE (T1-w): FOV = 16×16 cm2, res: 0.5×0.7×1mm3, flip = 

8°, y-SENSE = 2, z-SENSE =2, TR/TE = 13.4/6.6 ms, TI/TR(shot) = 837/1670 ms, NSA = 

4, scan time: 5:19.

Ultrasonography

Ultrasonography was performed with a Philips CX50 at the start of the breeding period to 

confirm pregnancy. Once the females were confirmed pregnant, a minimum of biweekly 

ultrasounds were performed to determine gestational age and estimated parturition. Initial 

measurements consisted of anteroposterior and longitudinal measurements of the gestational 

sac. Once the fetus was more developed and the biparietal (BPD) measurements could 

be obtained then BPD measurements were utilized to track the growth and determine 

gestational age.

Serum antibody binding kinetics by surface plasmon resonance assay

Steady-state equilibrium binding of longitudinal polyclonal sera from every individual 

animal was monitored at 25°C using a ProteOn surface plasmon resonance (Bio Rad). 

The purified recombinant ZIKV proteins (ZIKV-E from Sino Biologicals and ZIKV-NS1 

from Meridian Life Sciences) were coupled to a GLC sensor chip via amine coupling with 

either 100 or 500 resonance units (RU) in the test flow channels. The protein density on 

the chip was optimized such as to measure only monovalent interactions independent of the 

antibody isotype. Samples of 300 μl freshly prepared sera at 10-fold and 50- fold dilution 

in BSA-PBST buffer (PBS pH 7.4 buffer with Tween-20 and BSA) were injected at a 

flow rate of 50 μL/min (120 sec contact duration) for association, and disassociation was 

performed over a 600-second interval. Secondary anti-isotype antibodies were purified to 

remove cross-reactivity between isotypes by Brookwood Biomedical. Responses from the 
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protein surface were corrected for the response from a mock surface and for responses from 

a buffer-only injection. The maximum resonance units (Max RU) for each sample were 

calculated by multiplying the observed RU signal with the dilution factor to provide the 

data for an undiluted sample. Total antibody binding and antibody isotype analysis were 

calculated with BioRad ProteOn manager software (version 3.1.0). All SPR experiments 

were performed twice, and the researcher performing the assay was blinded to sample 

identity. In these optimized SPR conditions, the variation for each sample in duplicate SPR 

runs was <5%. The limit of detection was 20 RU.

Antigen-specific leukocyte stimulation

Peripheral blood mononuclear cells isolated from E2D at 23 dpi and from all infants −34 

days prior to reinfections were plated in a 96 well plate at 250,000–350,000 cells per well. 

Cells were rested overnight prior to re-stimulation. Cells were stimulated in triplicate with 

1ng/mL each of PepMix ZIKV (E) Ultra and PepMix ZIKV (NS1) Ultra (JPT Innovative 

Peptide Solutions, Acton, MA) or DMSO as a control for 2 hours prior to the addition of 

10ug of Brefeldin A (Sigma Aldrich, St. Louis, MO) for an additional 4 hours. Cells were 

then transferred to FACS tubes for staining. Cells were stained first with LIVE/DEAD™ 

Fixable Blue Dead Cell Stain Kit (Invitrogen) for viability. Cells were then stained with the 

following fluorochrome conjugated antibodies: CD95 BUV737 (DX2), CD4 BV421 (L200), 

CD3 AF750 (SP34–2) (all from BD Biosciences, San Jose, CA) and CD8 BV605 (RPA-

T8) from Biolegend (San Diego, CA). Cells were then fixed and permeabilized using the 

Cytofix/Cytoperm kit from BD Biosciences, followed staining with intracellular antibodies 

IFN-γ FITC (4S.B3) and TNF-α PE (MAb11) from BD Biosciences. Stained PBMCs 

were acquired on a BD FACSymphony (BD Biosciences, San Jose, CA) and analysis was 

completed using FlowJo software v10.5.3 (TreeStar, Ashland, OR).

ZIKV reporter virus particle neutralization and antibody dependent enhancement assay

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(37). 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) in duplicate technical replicates at 37°C. GFP-positive infected cells 

were detected by flow cytometry 2 days later. In subsequent neutralization and antibody-

dependent enhancement 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 neutralization studies, ZIKV RVPs were mixed with serial dilutions of heat-inactivated 

macaque plasma 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 plasma required to inhibit 50% of infection (EC50). For 

ADE studies, the assay was performed as described above except K562 cells that express 
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the Fc-γ receptor CD32A were used as the target cells for infection. Infectivity >3-fold over 

background was considered positive for ADE. For both neutralization and ADE, all samples 

were initially tested at a starting dilution of 1:60 (based on the final volume of cells, virus, 

and plasma per well), which was designated as the limit of detection. Negative values were 

reported as one half the limit of detection (1:30).

Statistical analysis

Significant differences in the data were determined by a two-tailed Student t test. A p-value 

<0.05 was deemed significant. Graphing and statistical analysis were performed using 

GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study timeline.
Shown is the study timeline for ZIKV infection of rhesus macaque dams, delivery of 

offspring, blood and cerebrospinal fluid sampling, MRI, reinfection of offspring with ZIKV 

at 13–15 months of age, and necropsy. M, mock-infected; E, early gestational infection; L, 

late gestational infection; D, dam; I, infant offspring. The first dam and infant pair from 

each cohort were euthanized at the time of delivery and their tissues were analyzed. The 

remainder of the infants were observed for the entirety of the study.
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Figure 2. ZIKV in fluid samples from ZIKV-infected dams and their infants.
Serum and amniotic fluid samples were obtained prenatally and postnatally at different 

time points after infection of macaque dams with ZIKV. Samples were assayed for ZIKV 

RNA (Log10 GE/ml) by qPCR; negative ZIKV RNA readings are not shown. Total ZIKV-

specific neutralizing antibodies in serum are represented by the dilution that achieved a 50% 

reduction in viral plaques (PRNT50 test). All PRNT50 positive and negative readings are 

shown. The vertical dotted line indicates time of birth for offspring. All ZIKV-infected dam-

infant pairs are shown. All ZIKV RNA and PRNT50 measurements from the mock-infected 

dam-infant pairs were below the limit of detection.
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Figure 3. Antibody isotype kinetics in blood samples from macaque dams and infant offspring.
Shown are the kinetics of IgM, IgA, and IgG antibodies against ZIKV envelope (E) protein 

and NS1 protein in blood samples from ZIKV-infected dams (A) and their infant offspring 

(B). Antibody binding to ZIKV protein-coated sensors was detected by surface plasmon 

resonance and is expressed as maximum relative units (Max RU). Max RU was calculated 

by multiplying the observed RU signal by dilution factors. The dashed line indicates the 

lower limit of detection for the assay. E, early gestational infection; L, late gestational 

infection; D, dam; I, infant offspring.
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Figure 4. Timeline for the ZIKV reinfection study.
Two cohorts of animals were used in this study: the first comprised offspring born to dams 

that were not infected with ZIKV during pregnancy (15-month-old M2I and two additional 

two-year-old animals, C1 and C2), and the second cohort comprised the four 13–15-month-

old offspring (E2I, E3I, L2I, L3I) born to dams that were infected with ZIKV while pregnant. 

All seven macaques were inoculated with the same strain and dose of ZIKV used for the 

primary infection (green triangle). Blood samples were taken at 1, 2, 3, 4, 5, 7, 10 and 12 

days after inoculation (blue triangles). Cerebrospinal fluid was collected on days −14 (2 

weeks before reinfection), 3 and 7 days after reinfection and at necropsy (blue triangles). 

Necropsies were performed 14–16 days after ZIKV reinfection. M, a macaque infant born to 

a dam mock-infected while pregnant; E, macaque infants born to dams infected with ZIKV 

during early gestation; L, macaque infants born to dams infected with ZIKV during late 

gestation; I, infant offspring.
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Figure 5. Anti-viral immune responses after ZIKV reinfection of macaque offspring.
(A) ZIKV RNA (Log10 GE/ml) was quantified by qPCR in serum and cerebrospinal fluid 

(CSF) of M2I, C1 and C2 macaques (cohort 1, no prior ZIKV exposure), and E2I, E3I, L2I, 

L3I (cohort 2, 13–15-month-old offspring born to dams infected with ZIKV while pregnant). 

Results for all serum samples are shown. Only positive CSF measurements are indicated. 

The dotted line marks the limit of detection of the assay. (B) Shown are the amounts 

of total ZIKV-specific neutralizing antibodies in blood samples from the seven macaques 

represented by the dilution that achieved a 50% reduction in viral plaques (PRNT50 test). 

All PRNT50 data are shown. (C) Quantification by droplet digital PCR of ZIKV RNA in 

lymphoid, pulmonary, digestive, genitourinary and nervous system tissues from the two 

cohorts is presented. (D) Shown are ZIKV-specific T cell memory responses in blood 

samples from the seven macaques as well as a single dam infected during early pregnancy 

(E2D) measured by flow cytometry. Infant samples (E2I, E3I, L2I, L3I) were collected 30 
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days before the reinfection study; the dam sample was collected 23 days after inoculation 

with ZIKV during pregnancy. Data are presented as the percentage of cytokine-positive T 

cells after stimulation of PBMCs with ZIKV envelope and NS1 peptides (with subtraction of 

baseline, which is the percentage of the same cells producing cytokines without stimulation). 

Statistically significant differences between the peptide stimulated (N=3 technical replicates 

for each cell/cytokine combination) and unstimulated groups (N=3 technical replicates) were 

determined by Student’s t test (*p<0.05, **p<0.01, ***p<0.001). Data shown are mean +/− 

SEM. (E) Shown is a representative thoracic spinal cord section from infant E3I stained 

with hematoxylin and eosin showing mineralized lesions after ZIKV reinfection. Wallerian 

degeneration associated with digestion chambers in the cytoplasm of Schwann cells is 

indicated by black arrows. (F) Shown is a representative normal thoracic spinal cord section 

from infant M2I stained with hematoxylin and eosin. Scale bar is 20 μm.
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