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Abstract

Pregnant women, and their fetal offspring, are uniquely susceptible to Zika virus and other

microbial pathogens capable of congenital fetal infection. Unavoidable exposure to Zika

virus in endemic areas underscores the need for identifying at-risk individuals, and protect-

ing expecting mothers and their fetal offspring against prenatal infection. Here we show that

primary Zika virus asymptomatic infection in mice confers protection against re-infection,

and that these protective benefits are maintained during pregnancy. Zika virus recovery was

sharply reduced in maternal tissues and amongst fetal concepti after prenatal challenge in

mothers with resolved subclinical infection prior to pregnancy compared with mice undergo-

ing primary prenatal infection. These benefits coincide with expanded accumulation of viral-

specific antibodies in maternal serum and fetal tissues that protect against infection by the

identical or heterologous Zika virus genotype strains. Thus, preconceptual infection primes

Zika virus-specific antibodies that confer cross-genotype protection against re-infection dur-

ing pregnancy.

Author summary

Expecting mothers are uniquely susceptible to Zika virus infection that often spreads to

vital tissues of the developing fetus. Since Zika virus infection in healthy non-pregnant

individuals is mostly asymptomatic, a large proportion of reproductive age women that

live in Zika endemic areas have been previously infected, and cleared the infection prior

to pregnancy. Here we show that primary Zika virus asymptomatic infection in mice pro-

tects against re-infection, and that these protective benefits are maintained during preg-

nancy. Protection in this preclinical model is mediated by circulating antibodies found at

very high levels amongst individuals with resolved infection that efficiently neutralize

virus infectivity. Thus, antibodies against Zika virus, naturally stimulated by prior asymp-

tomatic infection, protect against re-infection during pregnancy, and the presence of

these protective antibodies may help discriminate protected individuals from others that
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remain susceptible to infection. This knowledge, combined with protection primed by

promising candidate vaccine formulations that also stimulate production of high level

neutralizing antibodies, will help identify reproductive age women at-risk for severe infec-

tion consequences and more focused therapeutic strategies for averting infection.

Introduction

The ongoing Zika virus (ZIKV) epidemic has triggered an explosion in cases of fetal death,

microcephaly and other birth defects in surviving infants with congenital infection [1–4].

These sequelae usually occur in parallel with higher and more prolonged maternal viremia for

up to 15 weeks following prenatal infection [5–9]. By contrast, ZIKV infection in non-preg-

nant individuals is mostly subclinical or asymptomatic, and associated with only transient self-

resolving viremia [10]. For example, only 19% of ZIKV IgM seropositive individuals reported

clinical symptoms during the 2007 Yap Island outbreak [11]. Likewise, only 11% of individuals

developed reportable symptoms despite an approximate 50% rate of newly acquired seropreva-

lance during the 2013–2014 French Polynesian outbreak [12]. Thus, considering ZIKV-associ-

ated morbidity is largely confined to infection during pregnancy, there is an urgent need for

improved strategies for protecting against congenital fetal invasion and prenatal infection

susceptibility. This urgency persists even though several ZIKV candidate vaccines have

recently been shown to confer very promising protection in animal infection models [13–21],

since clinical validation of efficacy and safety, especially with increasingly recognized immuno-

logical shifts that physiologically occur during human allogeneic pregnancies, have not been

demonstrated.

Given the limited and non-specific clinical symptoms associated with most ZIKV infections

in healthy non-pregnant individuals, a fundamental unanswered question regarding prenatal

ZIKV susceptibility is whether preconceptual infection protects against re-infection during

pregnancy. For some classical prenatal pathogens (e.g. varicella virus, rubella virus), maternal

susceptibility and congenital fetal invasion are each efficiently overturned amongst women

with resolved infection prior to pregnancy [22–24]. By contrast, protection conferred by pre-

conceptual infection is considerably less reliable for other prenatal pathogens—that may reflect

susceptibility to re-infection by immunologically discordant strains (e.g. human cytomegalovi-

rus, influenza virus) [25, 26], or attenuated responsiveness of normally protective maternal

immune components simultaneously required for sustaining fetal tolerance (e.g. Plasmodium
spp., Listeria monocytogenes) [27–29]. Importantly, while prior infection has been shown to

protect against lethal re-challenge in non-pregnant hosts for other flaviviruses such as West

Nile virus (WNV) or St. Louis encephalitis virus [30–32], whether primary infection protects

against re-infection during pregnancy for flaviviruses as a group remains poorly defined since

prenatal infection has not traditionally been a dominant feature for these viral pathogens until

the recent clinical emergence of ZIKV [33].

Herein, pregnancies established among genetically discordant strains of inbred mice were

used to investigate how primary preconceptual ZIKV infection impacts the susceptibility of

mothers and their fetal offspring to re-infection during pregnancy. We show that anti-viral

immunity primed by asymptomatic infection prior to pregnancy protects against re-infection

during pregnancy, with sharply reduced susceptibility in both maternal and fetal tissues. These

findings have important translational implications for discriminating individuals at risk for

severe prenatal infection from others with naturally acquired protective immunity, and new

strategies for protecting against congenital fetal invasion.

Naturally acquired ZIKV immunity persists during pregnancy
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Results

Primary ZIKV asymptomatic infection protects against re-infection

ZIKV shares with other flaviviruses, susceptibility to innate anti-viral immunity activated by

type I interferons (IFNs), and functionally overriding host cell type I IFN responsiveness is

required for productive symptomatic infection [34, 35]. We exploited the selective resistance

of murine cells to STAT2 degradation by ZIKV NS5 protein, reasoning that the natural innate

resistance from unabated type I IFN responsiveness in mice makes this species ideally suited to

probe immunological shifts primed by asymptomatic infection in non-pregnant individuals

[36, 37]. In turn, temporally overriding innate protection by initiating type I IFN receptor anti-

body blockade immediately prior to secondary challenge creates a unique opportunity for

investigating the impacts of prior asymptomatic infection on susceptibility to re-infection.

Consistent with the results of recent studies [34, 35], standard laboratory C57BL/6 mice inocu-

lated with a ZIKV clinical isolate (PRVABC59) from the contemporary Latin American out-

break showed no clinical symptoms and rapidly cleared the infection (Fig 1A and 1B).

Comparatively, clinical signs of infection (i.e., hunched posture, ruffled hair, lethargy) that par-

alleled high levels of circulating virus were unleashed by type I IFN receptor antibody (MAR1-

5A3) blockade administered beginning one day prior to infection (Fig 1A and 1B). Thus, anti-

body mediated type I IFN receptor blockade efficiently causes clinical and virological suscepti-

bility to ZIKV infection despite previously described normal weight gain in mice [34].

To investigate how prior infection impacts susceptibility to re-infection, clinical symptoms

and viral RNA levels after secondary ZIKV challenge amongst mice with prior asymptomatic

infection were compared with primary infection in naive control animals. Interestingly,

despite susceptibility conferred by type I IFN receptor blockade initiated one-day prior to

infection, clinical symptoms were sharply attenuated amongst mice with prior asymptomatic

infection compared with naive control mice (Fig 1C). These protective benefits paralleled sig-

nificantly reduced recovery of ZIKV RNA in the blood and tissues of mice undergoing second-

ary challenge compared with primary infection in naive controls (Fig 1D). Together with

recent studies demonstrating significantly reduced susceptibility to secondary compared with

primary ZIKV infection in non-human primates [38–40], these results highlight the immuno-

genicity of ZIKV where even abortive primary infection can efficiently prime protection

against re-infection.

Neutralizing IgG antibodies primed by primary ZIKV asymptomatic

infection protect against re-infection

A variety of adaptive immune components stimulated by ZIKV infection or candidate vaccine

formulations are associated with protection. For example, polyfunctional IFN-γ plus TNF-α
producing CD8+ T cells with broad ZIKV specificity primed by primary infection can overturn

the susceptibility of naive recipient mice after adoptive transfer in vivo [41, 42]. Likewise, steril-

izing immunity induced by live attenuated or inactivated ZIKV candidate vaccine formula-

tions occurs in parallel with sharply expanded accumulation of IFN-γ producing ZIKV-

specific CD4+ and CD4+ T cells [14, 15]. On the other hand, the same live attenuated viral

strains and nucleic acid based candidate vaccines each prime high titer ZIKV-specific IgG anti-

bodies that protect against infection in non-pregnant mice and non-human primates [13–18].

ZIKV susceptibility to antibodies is further highlighted by protection against infection in preg-

nant and non-pregnant mice adoptively transferred individual clones of human monoclonal

antibodies that bind and neutralize ZIKV in vitro infectivity most efficiently [43]. Thus, while

ZIKV-specific T cells and antibodies are each capable of protection, the adaptive immune
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components stimulated by subclinical infection that protect against re-infection remain unde-

fined. Accordingly, our model of protective immunity primed by primary ZIKV asymptomatic

infection was used to evaluate the relative contribution of serological compared with cellular

adaptive immune components.

Consistent with efficient serological conversion after human subclinical infection [11, 12,

44], the serum of mice three weeks after asymptomatic primary infection showed robust accu-

mulation of ZIKV-specific IgG antibody, whereas IgA and IgM titers remained at background

levels found in naive control mice (Fig 2A). ZIKV-specific IgG antibodies were highly enriched

for IgG2a and IgG2b subclasses, with specificity to ZIKV envelope (ENV) and NS1 proteins

Fig 1. Asymptomatic ZIKV primary infection protects against re-infection. (A) Bar graph comparing the incidence and

clinical symptom severity (clinical score) among mice administered anti-type I IFN receptor antibody (n = 8) beginning one

day prior to infection (106 PFUs PRVABC59) compared with no antibody controls (n = 15) pooled from three independent

experiments each with similar results. (B) ZIKV genome copies per mL serum for mice described in panel A. (C) Schematic

illustrating re-infection amongst mice with prior asymptomatic infection (primed, n = 12) compared to primary infection in

naive control mice (n = 12); and bar graph comparing the incidence and clinical symptom severity (clinical score) after ZIKV

infection with type I IFN receptor blockade among each group pooled from three independent experiments each with similar

results. (D) ZIKV genome copies per mL serum and in each tissue day 3 after infection for mice described in panel C. Each

point depicts the data from an individual mouse that is representative of at least three independent experiments each with

similar results. Bar, mean ± one standard error; LOD, limits of detection; *** p < 0.001.

https://doi.org/10.1371/journal.ppat.1006684.g001
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(Fig 2B and 2C). In turn, serum from mice three weeks after primary asymptomatic infection

also efficiently neutralized ZIKV plaque formation in Vero cell monolayers, with serial dilu-

tions of the serum showing reductions in functional activity that directly paralleled when the

titer of virus-specific IgG antibody returned to background levels (loss of activity for both after

103 to 104-fold dilutions) (Fig 3A compared with Fig 2A). Interestingly, heat-inactivation did

not significantly impact the neutralization potency of serum from mice with prior asymptom-

atic infection suggesting heat-liable serum components (e.g. complement) are not required for

neutralizing ZIKV in vitro infectivity (S1A Fig).

To further investigate whether ZIKV-specific antibodies primed by asymptomatic primary

infection protect against infection, the susceptibility of naive mice adoptively transferred serum

from donor mice infected with ZIKV three weeks prior was evaluated. ZIKV RNA levels were

significantly reduced in the serum, spleen, liver and brain of recipient mice prophylactically

Fig 2. Primary ZIKV asymptomatic infection primes expanded accumulation of IgG antibodies. (A) IgG, IgA and IgM antibody titers

(A450) with ZIKV ENV specificity in the serum of mice day 21 after asymptomatic primary infection compared with naive control mice. (B)

IgG1, IgG2a, IgG2b, and IgG3 antibody titers (A450) with ZIKV ENV specificity in the serum of mice described in panel A. (C) IgG1, IgG2a,

IgG2b, and IgG3 antibody titers (A450) with ZIKV NS1 specificity in the serum of mice described in panel A. These data are representative

of at least three independent experiments each with similar results. Bar, mean ± one standard error.

https://doi.org/10.1371/journal.ppat.1006684.g002
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treated one day prior to infection with serum from donor mice with resolved primary asymp-

tomatic infection compared with the serum of naive control mice (Fig 3B). Interestingly, Fc-γ
receptor (CD16/CD32) in vivo blockade [45, 46] efficiently overturned the protective benefits

of adoptively transferred serum from mice with resolved primary infection, highlighting essen-

tial roles for phagocytic host cells that take up antibody coated virus through Fc-γ receptors

(Fig 3C). In contrast, depletion of CD8+ or CD4+ T cells, either individually or in combination,

did not significantly alter protection against re-infection amongst mice with prior infection

Fig 3. Primary ZIKV asymptomatic infection primes neutralizing antibodies that protect against re-infection. (A) Percent

reduction in ZIKV plaques after pre-incubation with each dilution of the serum of mice day 21 after asymptomatic primary infection

compared with naive control mice. (B) Schematic comparing the susceptibility of naive recipient mice administered serum from donor

mice with prior asymptomatic infection or naive control mice; and ZIKV genome copies in the serum or each tissue day 3 after infection.

(C) Schematic comparing the susceptibility of naive recipient mice administered Fcγ receptor neutralizing antibody, along with serum

from donor mice with prior asymptomatic infection or naive control mice; and ZIKV genome copies in the serum or each tissue day 3

after infection. Each point depicts the data from an individual mouse that is representative of at least three independent experiments

each with similar results. Bar, mean ± one standard error; LOD, limits of detection; * p < 0.05; ** p < 0.01; *** p < 0.001; n.s. not

significant.

https://doi.org/10.1371/journal.ppat.1006684.g003
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(S1B Fig). Thus, protection against ZIKV re-infection primed by primary infection is associated

with retained accumulation of high titer viral-specific antibodies that can adoptively transfer

protection to naive recipients. Together with the protective benefits of exogenously adminis-

tered ZIKV-specific IgG antibodies shown in recent studies [43, 47], these findings suggest

high titer ZIKV antibodies that inhibit viral infectivity can bypass the necessity for CD8+ T cells

during primary infection [41, 48].

Preconceptual asymptomatic ZIKV infection protects against re-infection

during pregnancy

Given the sharply increased morbidity associated with ZIKV infection during pregnancy—

with ensuing congenital invasion of fetal tissues, we further investigated whether protection

primed by preconceptual infection persists during pregnancy. Three weeks after primary

asymptomatic infection, allogeneic pregnancies were established amongst C57BL/6 (H-2b)

female mice by mating with Balb/c (H-2d) males to recapitulate the natural heterogeneity

between maternal and fetal antigens in outbred populations. Type I IFN receptor blockade was

subsequently initiated in pregnant females at midgestation (E10.5), followed by ZIKV infection

one-day later (E11.5) (Fig 4A). Interestingly, despite immunological shifts required for avert-

ing fetal rejection, the presence of expanded fetal target tissue and diminished responsiveness

of maternal T cells to primary ZIKV infection during pregnancy [49], protection against sec-

ondary challenge was maintained amongst mice with prior preconceptual infection shown by

sharply reduced ZIKV RNA levels in their serum, spleen, liver and brain compared with pri-

mary prenatal infection in naive control mice (Fig 4A). Importantly, congenital invasion was

also efficiently averted as ZIKV RNA levels were reduced to near or below the limits of detec-

tion for most concepti (fetal plus decidual tissue) after prenatal challenge of mice with prior

preconceptual infection (Fig 4A).

Protection against re-infection during pregnancy paralleled persistence of high titer circu-

lating ZIKV IgG antibodies that efficiently neutralized ZIKV plaque formation in vitro (loss of

activity for both after 103 to 104-fold dilutions) following preconceptual primary infection

compared with naive control mice (Fig 4B and 4C). Interestingly, despite high levels of neu-

tralizing antibodies in maternal serum following preconceptual primary infection, sporadic,

low level placental ZIKV dissemination occurred with secondary prenatal infection (Fig 4A).

These findings are consistent with breakthrough congenital invasion in mice receiving precon-

ceptual vaccination or exogenous ZIKV-antibody transfer prior to prenatal infection [20, 21,

43]. To investigate the possibility that vertically transferred maternal antibodies may provide

additional protective benefits, the levels of ZIKV-specific antibodies were compared with viral

RNA levels amongst individual concepti. ZIKV-specific IgG levels were sharply increased in

nearly all concepti homogenates of pregnant mice with prior preconceptual infection com-

pared with the concepti of naive control mice, with a highly significant inverse correlation

with ZIKV RNA levels amongst individual concepti scattered across multiple litters with low

level breakthrough infection (Fig 4D). Likewise, ZIKV infectivity of Vero cells was significantly

reduced by pre-incubation with UV-inactivated fetal tissue homogenates of pregnant mice

with prior preconceptual infection compared with the concepti of naive control mice (Fig 4E).

Together with recent studies demonstrating protection against congenital ZIKV transmission

primed by mRNA or live attenuated viral vaccine platforms [20, 21], or amongst mice exoge-

nously administered ZIKV human monoclonal antibody with high neutralization potency

[43], these findings highlight the protective capacity of virus-specific neutralizing antibodies in

overturning the natural vulnerability of mothers and their fetal offspring to ZIKV prenatal

infection.

Naturally acquired ZIKV immunity persists during pregnancy
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Fig 4. Primary ZIKV asymptomatic infection protects against re-infection during pregnancy. (A)

Schematic illustrating when mating is initiated and secondary ZIKV infection occurs amongst mice with prior

asymptomatic primary infection compared with naive control mice. ZIKV genome copies in each maternal tissue,

each individual concepti (placenta, decidua, and fetal tissue), or averaged among individual concepti in each litter

day 3 after ZIKV re-infection at midgestation (E11.5). (B) IgG antibody titers (A450) with ZIKV ENV specificity in the

serum of mice described in panel A (C) Percent reduction in ZIKV plaques after pre-incubation with each dilution

of the serum each group of mice described in panel A. (D) Scatterplot comparing ZIKV genomic copies and ENV

IgG antibody levels (A450) in clarified fetal homogenates amongst individual concepti described in panel A. (E)

Number of ZIKV plaques after pre-incubation with clarified homogenates of individual concepti described in panel

A. Each point depicts the data from an individual mouse that is representative of at least three independent

experiments each with similar results. Bar, mean ± one standard error; LOD, limits of detection; * p < 0.05;

** p < 0.01; *** p < 0.001.

https://doi.org/10.1371/journal.ppat.1006684.g004
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Asymptomatic primary ZIKV infection protects against re-infection by

heterologous viral genotype strains

ZIKV is believed to have originated in East Africa, with subsequent mutation into unique

West African and Asian variants [50]. Despite incomplete information on whether selective

pressures by host immunity drive these antigenic shifts, the existence of unique ZIKV lineage

strains has important practical implications for the scope of protection primed by natural

infection or vaccination. For example, while purified ZIKV-specific human monoclonal anti-

bodies can effectively neutralize both Asian and African strains, a single amino acid mutation

in ZIKV ENV protein can override neutralization by individual antibody clones [43]. Further-

more, while antibodies primed by infection with the related flavivirus, Dengue (DENV), pro-

tect against secondary infection by identical viral serotype strains, they can also enhance

susceptibility to re-infection by discordant DENV serotypes [51–53].

To investigate whether protective immunity primed by primary ZIKV infection extends to

cross-lineage ZIKV strains, susceptibility to the original Uganda East African MR766 strain

primed by prior infection with the Asian lineage PRVABC59 strain used in our preceding

experiments was evaluated. We found the serum from mice with prior PRVABC59 infection

efficiently neutralized plaque formation by the cross-lineage MR766 strain, and with near

identical potency compared with monolayers infected with the homologous PRVABC59 virus

(loss of activity between 103 to 104-fold dilutions) (Fig 5A compared with Fig 3A). In turn, the

potency of MR766 neutralization by the serum of mice with prior PRVABC59 infection was

not significantly impacted by pregnancy (Fig 5A).

In agreement with this cross-lineage susceptibility of MR766 to antibodies primed by prior

PRVABC59 infection, ZIKV RNA levels were significantly reduced after secondary MR766

challenge amongst mice with prior asymptomatic PRVABC59 infection compared with pri-

mary MR766 ZIKV infection in naive control mice (Fig 5B). Importantly, cross-lineage protec-

tion primed by preconceptual prior infection is maintained during pregnancy shown by

significantly reduced ZIKV RNA in the maternal serum spleen, liver, and brain, and amongst

individual concepti (fetal plus decidual tissue) after MR766 secondary challenge in midgesta-

tion pregnant mice with preconceptual PRVABC59 infection compared with primary MR766

prenatal infection in naive control mice (Fig 5C). Significantly increased ZIKV IgG antibody

titers that were inversely associated with ZIKV RNA levels were found in the tissue homoge-

nate of nearly all concepti recovered from protected pregnant mice with preconceptual pri-

mary infection, but absent in concepti from naive control mice (Fig 5D). Thus, the broadly

neutralizing capacity of serum after primary ZIKV infection in humans, non-human primates

and mice [38, 40, 54], extends to cross-genotype protection against re-infection during

pregnancy.

Discussion

Despite identification nearly 70 years ago, ZIKV has remained a relatively obscure human

pathogen until its emergence and global spread beginning in 2015. The unique propensity for

congenital fetal invasion makes ZIKV distinct from other flaviviruses, and opens-up many

unanswered fundamental questions for ZIKV and other pathogens that cause prenatal infec-

tion. These include whether strategies that protect against infection in non-pregnant healthy

individuals remain effective despite pregnancy-associated anatomical changes that signifi-

cantly expands susceptible target tissue to include fetal tissues, and increasingly recognized

immunological shifts that avert maternal-fetal immunological conflict and dampen the prolif-

eration-activation of T cells after infection during pregnancy [49, 55, 56]. Here we show pre-

conceptual asymptomatic ZIKV primary infection protects against re-infection, and that these

Naturally acquired ZIKV immunity persists during pregnancy
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Fig 5. Primary ZIKV asymptomatic infection protects against re-infection by heterologous viral genotype

strains. (A) Percent reduction in MR766 plaques after pre-incubation with each dilution of the serum from virgin or

mid-gestation (E11.5) pregnant mice with prior asymptomatic primary PRVABC59 infection compared with the

serum of naive control mice. (B) Schematic illustrating heterologous MR766 infection among type I IFN receptor

neutralized mice with prior asymptomatic PRVABC59 infection compared with naive control mice; and ZIKV genome

copies in the serum and each tissue day 3 after MR766 infection for each group of mice. (C) Schematic illustrating

Naturally acquired ZIKV immunity persists during pregnancy
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protective benefits are maintained during pregnancy (Fig 6). Thus, naturally acquired immu-

nity against prenatal ZIKV infection is similar to the resistance of mothers to classical prenatal

pathogens (e.g. varicella virus, rubella virus) that is also efficiently primed by preconceptual

infection. A potentially unifying theme among these pathogens is diversity of protective epi-

topes that functionally minimizes the impacts of antigenic shifts amongst individual immune

dominant microbe expressed antigens. For naturally acquired immunity to ZIKV, this notion

is supported by the wide distribution of protective epitopes across spatially distinct domains of

immune dominant envelope protein [13–18, 43, 57–59]. By contrast, the number of protective

immune dominant epitopes is more limited for other viral pathogens (e.g. human cytomegalo-

virus, influenza virus) where protection after preconceptual infection is less reliable [25, 26].

These protective benefits conferred by pre-conceptual asymptomatic infection parallel sus-

tained accumulation of ZIKV-specific antibodies in maternal serum that efficiently neutralize

virus infectivity in vitro and reduce susceptibility to in vivo infection by the identical or heter-

ologous ZIKV genotype strains. Interestingly, serum from mice primed by pre-conceptual

infection efficiently neutralized ZIKV infectivity despite prior heat-inactivation, suggesting

when mating is initiated and secondary MR766 ZIKV infection occurs amongst mice with asymptomatic primary

PRVABC59 ZIKV infection compared with naive control mice. ZIKV MR766 genome copies in each maternal tissue,

each individual concepti (placenta, decidua, and fetal tissue), or averaged among individual concepti in each litter

day 3 after ZIKV re-infection at midgestation (E11.5). (D) Scatterplot comparing ZIKV MR766 genomic copies and

ENV IgG antibody levels (A450) in clarified fetal homogenates amongst individual concepti for the mice described in

panel C. Each point depicts the data from an individual mouse that is representative of at least three independent

experiments each with similar results. Bar, mean ± one standard error; LOD, limits of detection; * p < 0.05;

** p < 0.01; *** p < 0.001.

https://doi.org/10.1371/journal.ppat.1006684.g005

Fig 6. Preconceptual Zika virus infection protects against re-infection during pregnancy. Zika virus

primary infection during pregnancy causes widespread seeding of maternal tissues and congenital fetal

invasion (top), whereas asymptomatic ZIKV primary infection prior to pregnancy protects against re-infection

during pregnancy (bottom).

https://doi.org/10.1371/journal.ppat.1006684.g006
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these protective benefits do not require complement or other heat-liable components associ-

ated with enhanced protection for other flaviviruses such as WNV [60]. On the other hand,

antibody-mediated Fcγ receptor blockade overturned protection conferred by transfer of

serum from mice with prior preconceptual infection. These results are consistent with our

finding that primary asymptomatic infection selectively primes IgG2a and IgG2b antibodies

with ZIKV ENV and NS1 specificity, and high affinity Fcγ receptor binding for these specific

mouse antibody isotypes [61, 62]. Interestingly however, inactivation of Fcγ receptor binding

for a human monoclonal IgG1 antibody with high affinity for ZIKV ENV protein does not sig-

nificantly impact protection against prenatal ZIKV infection in mice [43]. Thus, further stud-

ies are needed to investigate how the necessity for Fcγ receptor can be functionally bypassed,

in particular focusing on the importance of antibody isotype and/or antigen affinity, and the

potential for cross-reactivity of ZIKV-specific antibodies with structurally homologous flavivi-

ruses such as DENV that may promote antibody-dependent enhanced infectivity [63, 64].

Complexities inherent to investigating immunity and the pathogenesis of prenatal infection

largely stem from the choice of experimental models that need to balance practicality with rele-

vance to human pregnancy. Here, it is important to highlight that only humans have human

placentas—with anatomical and molecular features that are not reproduced in any other spe-

cies [65]. Likewise, the physiological discordance between maternal and fetal-expressed pater-

nal antigens drive potent immunological shifts during pregnancy amongst humans and other

outbred species that convey profound impacts on prenatal infection susceptibility [66]. For

example, expanded accumulation of immune suppressive regulatory CD4+ T cells is highly

accentuated in allogeneic compared with syngeneic pregnancies amongst inbred strains of

mice [67]. In turn, expanded systemic accumulation of immune suppressive regulatory CD4+

T cells promotes maternal susceptibility to common prenatal pathogens (e.g. Listeria and Sal-
monella spp.), whereas dampened suppressive function of maternal regulatory CD4+ T cells

fractures fetal tolerance and promotes congenital invasion in the context of allogeneic preg-

nancy [67–69]. Therefore, to extend the analysis of ZIKV prenatal infection that in mice has

been limited to syngeneic pregnancies, MHC haplotype discordant strains of inbred mice were

used for breeding to recapitulate the physiological mis-match between maternal-fetal antigens

encountered in human pregnancy. Strategies that render mice innately susceptible to more

prolonged and higher levels of ZIKV viremia by administration of type I IFN receptor blocking

antibodies were exploited to overcome the natural resistance of murine STAT2 to degradation

by ZIKV NS5 protein [34–37]. We further reasoned that unabated type I IFN responsiveness

that attenuates ZIKV replication and protects against symptomatic disease makes this species

ideally suited to investigate the immune response primed by preconceptual infection. Using

this model where susceptibility to ZIKV can be temporally controlled by delayed administra-

tion of type I IFN receptor blocking antibody, we show even asymptomatic primary infection

protects against re-infection, and that these protective benefits extend to re-infection during

allogenic pregnancy.

Importantly, ZIKV primary infection in wildtype mice used to model human infections

that are mostly subclinical and primarily associated with only transient self-resolving viremia

does not replicate all aspects of human infection. For example, ZIKV infection in non-preg-

nant individuals remains asymptomatic despite presumed functional neutralization of type I

IFN responsiveness though STAT2 inactivation [10, 11]. Thus, the enhanced vulnerability of

type I IFN receptor deficient mice that almost uniformly develop symptomatic and often fatal

infection [34, 70], suggests STAT2-indepenent, type I IFN-dependent cell activation pathways

may also be important in protection against ZIKV symptomatic infection. Potential candidates

are type I IFN induced STAT3 activation that overrides the pro-inflammatory effects of acti-

vated STAT1 and STAT2 in myeloid cells [71], or STAT5 phosphorylation that drives CD4+ T
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cell differentiation into FOXP3+ regulatory cells [72]. Nonetheless, despite this potential limi-

tation regarding how asymptomatic primary infection is achieved, protective immunity effi-

ciently primed by abortive infection we demonstrate in wildtype mice further highlights the

immunogenicity of endogenous viral antigens recently shown with minimally-replicating live-

attenuated viral strains, non-replicating inactivated virus or nucleic acid-based candidate vac-

cine formulations [13–18, 20, 21].

In the broader epidemiological context, antibody-mediated protection against re-infection

during pregnancy primed by preconceptual ZIKV primary infection has important translational

implications for new therapeutic strategies aimed at identifying at-risk individuals, and protect-

ing expecting mothers and their fetal offspring. Considering an estimated attack rate that

exceeds 90% [44], together with an ~80% rate of subclinical infection among individuals with

newly acquired infection [11, 12], a majority of reproductive age women in ZIKV endemic areas

likely have naturally acquired immunity against re-infection primed by resolved prior infections.

Thus, despite very promising protective benefits having been recently shown for several ZIKV

candidate vaccines in preclinical infection models involving non-pregnant animals or mice dur-

ing syngeneic pregnancies [13–21], neither the safety of these formulations, nor their protective

efficacy during pregnancies that recapitulate the heterogeneity between maternal and fetal

expressed antigens representative of naturally outbred human populations have been estab-

lished. Thus, our data highlighting that protection against re-infection primed by preconceptual

infection are functionally retained during allogeneic pregnancy adds an important, but previ-

ously unaddressed perspective on how protection against prenatal infection can be achieved.

Our finding that primary abortive infection primes robust expansion of anti-ZIKV neutral-

izing antibodies that functionally persist during pregnancy and can be found amongst individ-

ual concepti proportional to their degree of protection, together with recent studies showing

donor serum or purified human monoclonal antibodies can transfer protection against ZIKV

infection in pregnant hosts [43, 47], points to serological screening for viral neutralizing anti-

bodies as a practical approach for distinguishing susceptible at-risk individuals from those

with naturally acquired immunity. Considering reduced placental transfer of maternal anti-

bodies in mice compared with other mammalian species [73, 74], the 102 to 104-fold reduced

ZIKV levels we demonstrate in individual mouse concepti likely underestimates the degree of

protection achievable for human fetal offspring. In turn, the inverse correlation between ZIKV

RNA levels amongst individual concepti following secondary infection and levels of anti-ZIKV

IgG antibody suggest individual fetal offspring are near the threshold for minimal amount of

passively transferred maternal antibody required for protection against congenital invasion in

this model using mice rendered susceptible with type I IFN receptor blockade. Taken together,

these results showing cross-lineage immunity against ZIKV prenatal infection conferred by

primary abortive infection, together with protection primed by minimally replicating, attenu-

ated ZIKV vaccine candidates [14, 20, 21], underscores the therapeutic potential of preconcep-

tual strategies that prime accumulation of high titer neutralizing antibodies for broadly

protecting susceptible reproductive age women. On the other hand, since primary ZIKV infec-

tion during early pregnancy in mice also primes the accumulation of neutralizing antibodies

that are presumably similarly protective [49], averting congenital fetal invasion may require

increased functional thresholds based on antibody levels and/or affinity to viral expressed anti-

gens. Thus, important next-steps are to further investigate the degree of protection against

ZIKV prenatal infection primed by preconceptual primary infection, and whether the reduced

virus levels we find in maternal tissues are below the threshold required for pathological fetal

infection in animals where gestational length, and placental expression of factors that influence

antibody function (e.g. neonatal Fc receptor, complement regulatory protein Crry), are more

representative of human pregnancy [73–75].
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Materials and methods

Ethics statement

Experiments involving animals were performed under Cincinnati Children’s Hospital Institu-

tional Animal Care and Use Committee (IACUC) approved protocols (Assurance Number

2013–0170). These protocols strictly adhere to recommendations described in the National

Research Council’s “Guide for the Care and Use of Laboratory Animals” and American Veteri-

nary Medical Association’s "Report of the AVMA Panel on Euthanasia”.

Mouse experiments

C57BL/6 (H-2b) and Balb/c (H-2d) mice were purchased from the National Cancer Institute

Charles River Laboratories (Frederick, Maryland), and maintained under specific-pathogen

free conditions at the Cincinnati Children’s Hospital. For all Zika challenge studies, 6–8 week

old, sex-matched C57BL/6 mice were randomly assigned to experimental groups. For experi-

ments during gestation, 6–8 week old Balb/c males were used to sire allogeneic pregnancies in

C57BL/6 females.

Virus and cells

Zika virus (ZIKV) strains PRVABC59 (Puerto Rico, 2015) and MR766 (Uganda, 1947) were

obtained from the US Center for Disease and Prevention (Atlanta, Georgia) and American

Type Culture Collection (Manassas, Virginia), respectively [50]. Virus stocks were propagated

and titred based on the number of plaque forming units (PFUs) in semi-confluent monolayers

of Vero cells (American Type Culture Collection; Manassas, Virginia). All experiments were

carried out under biosafety level 2 (BSL2) containment at Cincinnati Children’s Hospital.

ZIKV infection

For abortive infections, mice were inoculated subcutaneously in the lateral flank with 106 PFU

ZIKV suspended in 100 μL sterile saline. For challenge studies, non-pregnant or allogeneic

pregnant females (embryonic day 10.5) with and without primary abortive infection were

administered 1 mg anti-type I IFN receptor antibody (MAR1-5A3; BE0241; BioXcell, West

Lebanon, New Hampshire) intraperitoneally 24 hours prior to and on the day of infection, and

were subsequently boosted (0.5 mg/dose) every five days thereafter. Mice were checked daily

and assigned the following clinical disease score (1 healthy; 2 limited ruffled fur; 3 ruffled fur

throughout; 4 mild lethargy; 5 limited movement; 6 moribund or uncontrolled spastic move-

ments; 7 deceased) as previously described [76]. For serum harvest, blood from donor mice

was obtained 21 days after initial infection, spun, filtered, and stored at -20˚C. For heat inacti-

vation, serum was incubated at 56˚C for 30 minutes. For adoptive transfer, 300 μl serum (rep-

resenting ~1/3 serum volume per donor animal) was administered i.p. to each recipient mouse

one day prior to ZIKV infection. For Fcγ receptor neutralization in vivo, 250 μg of anti-CD16/

CD32 antibody (clone 2.4G2, BioXcell) were administered intraperitoneally to mice day -1, 0

and 2 relative to ZIKV infection as described [45, 46]. For cell depletion, anti-CD4 (GK1.5;

BE0003-1; BioXcell) and/or anti-CD8 (2.43; BE0061; BioXcell) antibodies (500 μg/mouse)

were administered intraperitoneally to mice as previously described [68] one day prior ZIKV

infection.

Measurement of viral burden

Following ZIKV infection, individual tissues were harvested and homogenized, whereas serum

was collected after coagulation and centrifugation. Homogenized tissue and serum samples
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were extracted with the RNeasy mini kit (Qiagen, Hilden, Germany), and levels of ZIKV RNA

evaluated by TaqMan (ThermoFisher, Waltham, Massachusetts) one-step quantitative reverse

transcriptase PCR (qRT-PCR) on an ABI 7500 Fast instrument, using a previously described

primer/probe set: forward primer, 5’-CCGCTGCCCAACACAAG-3’; reverse primer, 5’-CCA

CTAACGTTCTTTTGCAGACAT-3’; probe 5’/FAM/AGCCTACCTTGACAAGCAATCA

GACACTCAA/NFQ-MGB/-3’ [34, 77]. Viral burden for each entire tissue was calculated by

interpolation from a standard curve produced using serial 10-fold dilutions of ZIKV, and

expressed on a log10 scale as number of viral copies.

Quantification of ZIKV-specific antibodies

Blood was collected from infected mice compared with uninfected controls and serum was iso-

lated after coagulation and centrifugation. Each individual concepti (fetus plus placenta) was

collected 3 days after prenatal infection from primed or naive pregnant females, homogenized

in PBS (1 mL) and stored at -80˚C. For ELISA, 96-well plates were coated overnight with

purified ZIKV ENV (MBS319787) or NS1 (MBS319788) proteins, blocked with BSA (1%),

incubated with serial dilutions of serum (starting at 1:10 dilution) or clarified fetal tissue

homogenates (1:4 dilution). ZIKV-specific antibodies were probed with biotinylated second-

ary antibodies including rat anti-mouse IgA (clone 11-44-2; 13-5994-82; ThermoFisher), IgM

(clone eB121-15F9; 13-5890-85; ThermoFisher), IgG1 (clone A85-1; 553441; BD Bioscience,

San Jose, California), IgG2a (clone R10-15; 553388; BD Bioscience), IgG2b (clone R12-3;

553393; BD Bioscience), IgG3 (clone R40-82; 553401; BD Pharmingen), developed with strep-

tavidin-peroxidase (554066; BD Bioscience) using o-phenylenediamine dihydrochloride as a

substrate and reading absorbance at 450 nm (A450).

Virus neutralization assays

For viral neutralization, serial dilutions of the serum from mice with and without primary

abortive infection were pre-incubated with 102 PFU ZIKV PRVABC59 or MR766 for 1 hour at

37˚C. To investigate functionally neutralizing antibodies in concepti, clarified fetal homoge-

nate was UV treated for 1 hour to inactivate any residual virus [78], and subsequently incu-

bated with 102 PFU ZIKV PRVABC59 at a 1:100 dilution for 1 hour at 37˚C. Following

incubation, protection against plaque formation by each virus-antibody complex was assessed

in Vero cell monolayers by first incubation at 37˚C for 1 hour, followed by overlaying mono-

layer cells in each well with methyl cellulose (1%), and enumeration of plaques 72 hours there-

after as described [43].

Quantification and statistical analysis

All data were analyzed using GraphPad Prism software. For viral burden, levels of ZIKV RNA

within each individual data set, were analyzed using the non-parametric Mann-Whitney test

(two groups) or ANOVA (3 or more experimental groups). Linear regression was performed

to determine correlation between ZIKA RNA and ZIKA-specific IgG levels in fetal tissue

homogenates. P< 0.05 was taken as statistical significance.

Supporting information

S1 Fig. Protection against ZIKV re-infection primed by primary asymptomatic infection is

associated with neutralizing serum that is resistant to heat-inactivation and in vivo T cell

depletion. (A) Percent reduction in ZIKV plaques after pre-incubation with each dilution of

fresh serum from mice day 21 after asymptomatic primary infection compared with serum
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from the same animal incubated at 56˚C for 30 minutes. (B) Schematic illustrating when anti-

CD4 and/or anti-CD8 depleting antibodies are administered relative to asymptomatic ZIKV

primary infection and secondary ZIKV challenge; and ZIKV genome copies in the serum and

each tissue day 3 after infection for each group of mice. Each point depicts the data from an

individual mouse that is representative of at least three independent experiments each with

similar results. Bar, mean ± one standard error; LOD, limits of detection; ��� p< 0.001.

(TIF)
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