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Abstract

Zika virus (ZIKV) and nonhuman primates have been inextricably linked since the virus was first
discovered in a sentinel rhesus macaque in Uganda in 1947. Soon after ZIKV was
epidemiologically associated with birth defects in Brazil late in 2015, researchers capitalized on
the fact that rhesus macaques are commonly used to model viral immunity and pathogenesis,
quickly establishing macaque models for ZIKV infection. Within months, the susceptibility of
pregnant macaques to experimental ZIKV challenge and ZIKV-associated abnormalities in fetuses
were confirmed. This review discusses key unanswered questions in ZIKV immunity and in the
pathogenesis of the congenital Zika virus syndrome. We focus on those questions that can be best
addressed in pregnant nonhuman primates and lessons learned from developing macaque models
for ZIKV in the midst of an active epidemic.
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Introduction

Writing a review article on Zika virus (ZIKV) in nonhuman primates is somewhat akin to
releasing a greatest hits album after having only one notable song and two studio albums (1).
There simply isn’t a large body of knowledge to review. ZIKV was originally discovered
causing a febrile illness in a sentinel rhesus macaque in Uganda (2). Macaques are not native
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to Africa, so acquisition of ZIKV in this sentinel animal does not necessarily reflect
dynamics of ZIKV transmission among native African nonhuman primates. Following this
initial discovery, ZIKV was a neglected tropical pathogen until the 2015 outbreak in the
Americas (3). Responding to newfound concern about ZIKV, several groups, including ours,
moved rapidly to study the natural history of infection in macaque monkeys and other
nonhuman primates (4-9). But as of this writing, there have only been approximately 30
peer-reviewed manuscripts describing ZIKV infection in rhesus, cynomolgus, and pig-tailed
macaques, with most utilizing rhesus macaques. These papers show that ZIKV typically
causes brief plasma viremia in macaques and that infections are often clinically inapparent,
consistent with the natural history of ZIKV infection in humans. Also similar to humans,
congenital ZIKV infection in macaques can cause adverse fetal outcomes, impacts that are
collectively termed congenital Zika syndrome (CZS) (10). Meanwhile, scientific reviews of
the primary literature have proliferated. More than 780 have been written to date (11), all but
seven of which were written after 2016. With this in mind, we refer readers to a selection of
recent review articles (see Reference Annotations) that we believe provide an overview of
pathogenesis, vaccine prospects, treatment approaches, and animal models for ZIKV. The
current review, instead, presents key unanswered questions and the potential value, and
limitations, of using pregnant macaque models to address them.

1. Do infected macaques recapitulate key features of human ZIKV infections and CZS?

Human congenital ZIKV infections share many characteristics with the congenital diseases
caused by a group of pathogens commonly referred to as TORCH pathogens (Toxoplasma
gondii, other agents, rubella virus, cytomegalovirus, and herpes simplex virus). These
similarities include brain anomalies, neurologic disease, ocular disease, hearing deficits,
preterm delivery, and/or pregnancy loss (10, 12). However, congenital ZIKV infection can be
distinguished from infection with the TORCH agents based on the pattern, frequency, and
severity of the observed developmental defects such as severe microcephaly, extensive brain
calcifications and brain volume loss, hypertonia, and congenital contractures (10, 13) that
collectively define CZS. ZIKV-associated birth defects and/or CZS are estimated to occur in
approximately 1 in 7 infants born to women infected with ZIKV during pregnancy (14). To
date, both rhesus and pigtailed macaques have been used to study vertical ZIKV
transmission and model CZS (5, 15-20). While many adverse outcomes have been reported
in these macaque pregnancies, fetal demise is the only outcome for which there is sufficient
data to support a significantly elevated risk associated with ZIKV infection (21). But this
does not mean that macaques are a perfect proxy for human CZS; understanding how
macaque and human ZIKV infections in pregnancy are both similar and different is essential
to using this model appropriately.

Similar to human ZIKV infections, viral RNA (VRNA) is commonly detected in blood and
in other body fluids of infected macaques (15, 16, 20, 22). Interestingly, ZIKV viremia can
be substantially prolonged in pregnant women and macaques relative to males or non-
pregnant females: viremia can persist >50 days in pregnant hosts, while it is resolved within
~10 days in non-pregnant humans and macaques (8, 23-26). The mechanism(s) of this
prolonged viremia are unknown; it is impossible at this time to know whether prolonged
viremia is more or less common in macaques than in people, whether the few strains that
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have been used to model ZIKV infection in macaques are representative of other strains in
their ability to cause prolonged viremia, or if the duration of prolonged viremia varies
between humans and macaques. Since macaque pregnancies are shorter than human
pregnancies, the macaque fetoplacental unit may be exposed to virus for a greater proportion
of pregnancy than human fetuses, if the duration of viremia in number of days is the same
(Figure 1).

Because overt birth defects occur in a minority of both human and macaque congenital
ZIKV infections, data on the manifestations and potential mechanisms of CZS in both
humans and macaques remain sparse. Studies in macaques have used a variety of virus
strains, as well as timing, route, and dose of inoculation (5, 15, 19, 20). This heterogeneity in
design has made it difficult to compare results across macaque studies. Studies focusing on
the natural history of congenital ZIKV infection typically use infectious doses in the range
thought to be delivered by mosquitoes (10*-10° plaque forming units, PFU) administered
subcutaneously, either in a single dose or divided among multiple doses (15, 16, 18, 20).
Other groups aim to maximize the likelihood of maternal-fetal transmission and fetal injury,
using multiple inoculations delivering a combined dose of over 107 PFU (5, 19). Still others
have utilized intravenous and intra-amniotic inoculation to ensure systemic maternal
infection and/or direct fetal exposure by bypassing the maternal-fetal interface respectively
(22). Each of these modes of inoculation has consistently yielded productive infections of
macaque dams, congenital transmission, and virologic or histopathologic evidence of ZIKV
infection at the maternal-fetal interface and/or the fetus (5, 15, 19, 20).

Subcutaneous ZIKV inoculation of rhesus macaques during the first or late second/early
third trimester of pregnancy with 10% PFU of Zika virus/H.sapiens-tc/FRA/2013/
FrenchPolynesia-01_vl1cl apparently led to vertical transmission in all cases, with VRNA
detected in the maternal-fetal interface tissues, as well as in fetal and maternal lymph nodes,
fetal ocular tissues, and other sites (20). In addition, a reduced velocity of head growth
relative to femur length was observed for those fetuses late in gestation; however, none of
the fetuses met the clinical definition for microcephaly (head circumference 2—3 standard
deviations below the mean for gestational age) at delivery, nor were other physiologic
anomalies consistent with CZS observed (20). In another study, subcutaneous inoculation
with Zika virus PRVABC59 (Human/2015/Puerto Rico) infection in the first trimester led to
fetal demise at 49 days post-infection with ocular anomalies including a choroidal
coloboma, an abnormality consistent with ZIKV pregnhancy outcomes described in humans
(15, 27, 28). Conversely, in experimental infection of a pigtailed macaque with a high dose
of Cambodian Zika virus/H.sapiens-tc/KHM/2010/FSS13025 (5 x 107 PFU), fetal brain
lesions, brain volume loss, and neuronal progenitor cell loss were observed, as well as a lag
in the growth of biparietal diameter that fell 3 standard deviations below the published mean
(5). These results are especially striking given the late gestational timing of infection (119
days gestation for the animal with the reduced biparietal diameter), as human case reports
have suggested that ZIKV infection during the first trimester represents the greatest risk for
fetal injury (5, 29, 30).

Intra-amniotic and intravenous inoculation of rhesus macaque dams with ZIKV PRVABC59
was also associated with fetal brain calcifications, loss of neural progenitor cells, and fetal
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demise (22). In this study it was impossible to determine the extent to which direct intra-
amniotic inoculation, bypassing the maternal-fetal interface, contributed to the observed
outcomes. Nonetheless, the fetal brain injuries described in these studies are consistent with
those described for CZS in humans (5, 13, 19, 22). In particular, the presence of
calcifications, loss of neural progenitor cells, and increased fluid spaces in the brain have
been noted in both macaques and humans (5, 13, 19, 22). Only one study using
subcutaneous inoculation of rhesus macaques with a biologically relevant dose of a Brazilian
ZIKV strain (10° PFU) has described extensive fetal brain pathology including smaller brain
size, microcalcifications, and hemorrhage (18). The relatively infrequent detection of fetal
brain injury with lower ZIKV challenge doses in macaques is consistent with relatively low
incidence of overt brain malformations in human congenital infection and suggests that
consistent induction of frank fetal neurologic disease in macaques may require artificially
high doses of ZIKV or intra-amniotic inoculation (5, 19, 22). How this relates to the dose
exposure of human fetuses remains to be determined.

Pregnancy loss and stillbirth is another aspect of congenital ZIKV infection that has been
noted in both macaque studies and, less frequently, in humans (15, 17, 21, 31, 32). A meta-
analysis showed that ZIKV infection of pregnant rhesus macaques before 55 days of
gestation resulted in an almost four-fold increase in the likelihood of pregnancy loss or
stillbirth (21). In an examination of human pregnancy outcomes in the French Territories, 11
miscarriages (defined as in utero death before 20 weeks gestation) and 6 stillbirths were
reported out of 546 pregnancies with known outcomes for symptomatic ZIKV infections
(33). Clinical case reports have also identified fetal loss in ZIKV infection, including one
stillbirth during the 32nd week of pregnancy concurrent with severe microcephaly (34-36).
However, a 2018 study of surveillance data encompassing all Brazilian states noted that a
decrease in births in 2016 was not associated with an increase in miscarriage, stillbirths or
abortions, but rather a decrease in the number of pregnancies (37).

Would a normal rate of pregnancies in Brazil during 2016 have led to an observable increase
in the number of miscarriages and stillbirths? Likewise, in places where reporting of
miscarriage and stillbirth is inconsistent, would an increase in stillbirths or miscarriages even
be identified, let alone attributed to infection with ZIKV during pregnancy? 75% of
stillbirths globally occur in south Asia and sub-Saharan Africa, with rates in sub-Saharan
Africa approximately 10 times higher than in developed countries (38). One study recently
estimated that stillbirth rates in south Asia may be 2 times higher than in sub-Saharan Africa
(39). In addition to myriad healthcare challenges in resource-constrained African and Asian
countries (e.g., limited healthcare access), malaria, syphilis, and HIV infection are also
associated with stillbirth, so ZIKV may not necessarily be considered as the cause of a
maternal infection leading to stillbirth or miscarriage even in cases when infections are
thought to contribute to pregnancy loss (40). Pregnancy outcome data from pregnant
macaques infected with ZIKV strains from different parts of the world (e.g., sub-Saharan
Africa, south Asia) could serve as sentinel indicators to understand the dimensions of this
risk before lengthy and expensive human studies are complete.
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2. What is the mechanism of CZS pathogenesis?

Perhaps the most significant outstanding question that can be addressed in macaques is how
and under what circumstances ZIKV infection causes CZS. The earliest reports of the
impact of maternal ZIKV infection in human pregnancy included information about
presence of ZIKV not only in the fetus, but also in the placenta (31, 41-45) These reports
also noted ultrasound evidence of increased placental calcifications (43, 46) and substantial
histopathology. Subsequently, extensive histopathological analyses of ZIKV-infected
humans and nonhuman primates (15, 16, 20, 22), and /n-vitro studies have confirmed that
the placenta (47, 48) and other components of the maternal-fetal interface (MFI; consisting
of the decidua, the uterine endometrium of pregnancy (16, 49-51), and the fetal membranes
(49)) are permissive for ZIKV infection. A key unresolved question is whether adverse
pregnancy outcomes require direct infection of the fetus itself (i.e., vertical transmission), or
whether pathophysiology at the maternal-fetal interface (MFI) without vertical transmission
is sufficient to cause adverse outcomes.

Data from mouse studies suggest that pregnancy loss is not solely driven in this model by
fetal infection, but rather by immune responses and pathology in the placenta (52, 53). There
is precedent for such a mechanism: placental insufficiency in human maternal-fetal medicine
is a recognized contributor to intrauterine growth restriction, birth defects, preterm birth, and
stillbirth (54-57). Placental insufficiency is a general term for situations in which the
placenta cannot meet the needs of the fetus; if the insufficiency is severe this results in fetal
loss. Unfortunately, mice do not recapitulate human placentation or gestation so addressing
these same questions in macaques will provide insight into the role of placental pathology in
human CZS. As in mice, investigators studying pregnant macaques know with certainty the
moment of inoculation, the infectious dose, and have the ability to obtain frequent samples
to monitor maternal viremia and serially sample the amniotic fluid (22) for ascertaining if/
when vertical transmission has occurred. Moreover, advanced imaging techniques to monitor
placental function serially and with sufficient frequency to define changes in placental
function can be used in macaques (16, 58-60). In particular, MRI for assessing
uteroplacental flow and perfusion and oxygenation of the placental cotyledons, the
functional units of maternal-fetal oxygen and nutrient exchange, is valuable for assessing
MFI competence.

With these tools, there is evidence for significant pathology at the MFI in pregnant macaques
infected with ZIKV. In all published studies in pregnant macaques, there has been moderate
to severe placental pathology (15, 16, 20-22). The significant histopathological lesions
observed in the macaque MFI are remarkably consistent: vasculitis, placental lesions
indicating chronic inflammation, including placental villous necrosis, thrombotic lesions and
villous infarcts (15, 16, 20-22). Consistent with this, ZIKV RNA has been frequently
detected in decidua and placenta (15, 16, 20-22, 61). Overall, macaques infected with ZIKV
in the first trimester of pregnancy show a significantly increased risk of adverse pregnancy
outcomes across a range of experimental designs, doses, and viral isolates used in macaque
studies (21).

Placental insufficiency in human pregnancy is diagnosed by altered umbilical cord blood
flow and fetal growth restriction. In the single macaque study in which careful assessment of
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the placenta was made (16), altered oxygen transport was associated with uteroplacental
vasculitis and inflammatory responses. Most studies of ZIKV in pregnant macaques have not
revealed a dramatic impact on overall fetal growth, although several studies have noted an
apparently selective reduction in the trajectory of fetal head circumference in the final weeks
of gestation (15, 20). Longitudinal assessment of placental perfusion monitored by MRI
promises to provide greater insight into the ontogeny of placental impact of ZIKV at the
MFI and the subsequent fetal outcomes.

3. Could therapeutic interventions fully protect fetuses from CZS?

Interventions that completely protect women from ZIKV infection during pregnancy would
be ideal and sufficient for protecting fetuses from CZS. It is encouraging that a relatively
low neutralizing antibody titer appears sufficient to confer protection (defined as a lack of
plasma viremia) against ZIKV infection (62), as is true for other flaviviruses (63-65). In
macaques, primary infection with ZIKV elicits antibodies that are protective against both
homologous and heterologous ZIKV rechallenge for at least two years ((8, 66) and
unpublished data).

The demonstration that natural infection elicits substantial protective immunity has
galvanized efforts to develop ZIKV vaccines, with several promising candidates already in
clinical trials (9, 9, 62, 67-71). Yet it is important to note that achieving “real-world”
vaccine-mediated protection is not as straightforward as having a product that elicits ZIKV-
specific antibodies. There may be challenges associated with deploying ZIKV vaccines in
areas of DENV endemicity. Moreover, a vaccine might be optimally effective if used prior to
reproductive maturity, but there may be a reluctance to vaccinate children due to lack of
education about new vaccines by both healthcare providers and parents, perceived risks
associated with vaccines, and health system issues including cost and access (72-74). Since
ZIKV is a mild illness rarely associated with prolonged morbidity or mortality in non-
pregnant adults, a lack of perceived risk associated with ZIKV could perpetuate vaccine
hesitancy prior to pregnancy. Public confidence in vaccines against mosquito-borne viruses
has also been shaken by the discovery that the risk of severe disease was paradoxically
increased among dengue-naive children receiving a dengue virus (DENV) vaccine (75).
Targeting a vaccine program to pregnant women would be difficult given that many
pregnancies are unplanned and unrecognized throughout the first trimester, when the risk of
CZS is thought to be highest. Given these potential challenges with ZIKV vaccines,
alternative prophylaxis and treatment options are also necessary.

One such complementary approach is passive antibody infusion. Theoretically, antibodies
could be administered to at-risk women during pregnancy to prevent or treat ZIKV infection
when their motivation for preventing CZS would be highest. Would such antibody infusions
need to completely prevent maternal ZIKV infection in order to have an impact on CZS?
Studies in mice and nonhuman primates show monoclonal antibodies inconsistently prevent
ZIKV infection when administered immediately prior to infection (73, 76, 77). In one case, a
single monoclonal antibody directed against the envelope domain 111 (EDIII) of ZIKV
selected for escape variant viruses in treated macaques; resistance could be mitigated by co-
delivering a second monoclonal antibody targeting a different EDIII epitope (77). In another
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study, the monoclonal antibody B10, which targets the highly conserved envelope dimer
epitope (EDE) region, also failed to eliminate ZIKV from immune privileged sites when
used as treatment two days post-infection (73). In a third study (17), a cocktail of
monoclonal antibodies recognizing EDII and EDIII given 3 days after infection reduced
viral loads but did not prevent vertical transmission, though this same cocktail protected
macaques from ZIKV infection when given prophylactically (78). Taken together, these
results suggest that additional development of combination mAb therapies is warranted, but
that these therapies will require significant optimization and validation in a pregnancy model
before being ready for clinical use to prevent CZS after ZIKV infection. Currently there is
one phase | clinical trial testing the monoclonal antibody Tyzivumab (79). Monoclonal
antibodies can be combined to provide responses against a breadth of epitopes, reducing the
risk of selecting escape variants. Another notable advantage to monoclonal antibodies is that
they can be altered to abolish interactions with the Fc-y receptor (FcR; for example, by using
so-called LALA mutations) (78, 80). This may minimize the risk of enhancing the severity
of infection with related flaviviruses; such antibody-dependent enhancement is well
described for DENV and is thought to require Fc-FcR interactions on target cells (81).

An alternative polyclonal antibody-based approach is to administer intravenous
immunoglobulin (IVIG, purified from ZIKV-infected humans (ZIKV-IVIG), to pregnant
women. IVIG is approved for treatment of other viruses such as varicella zoster virus (VZV)
during pregnancy to reduce the risk of congenital defects associated with primary VZV
infection (82). IVIG also reduces mortality associated with CMV infection during pregnancy
in macaques (83). Therefore, there is precedent for IVIG treatment specifically in pregnancy,
where many other modalities are frequently not tested given the challenges of ensuring
safety to both the mother and the fetus. Since IVIG contains a heterogeneous mix of
antibodies, the barrier to the development of resistance should be higher than when using a
single monoclonal antibody. Moreover, IVIG contains the complex mix of neutralizing and
binding antibodies that are elicited by natural infection. ZIKV-IVIG is currently in phase |
clinical trials (84).

A possible complication of antibody-based therapies is that these would likely not cross the
placenta into the fetus until late in pregnancy. If it is necessary to restrict fetal ZIKV
replication, antiviral drugs that are delivered transplacentally to the fetus might be required
to effectively eliminate or reduce CZS (85). Special consideration is also required for
treatments used during pregnancy. Nonetheless, screens of known and/or FDA approved
compounds have found many drugs with activity against Zika virus in tissue culture and/or
mouse studies (reviewed in (85)). Multiple modes of action targeting either the virus
replication cycle or host cells have been identified (86, 87). Drug screens have found
compounds with anti-ZIKV activity for specific classes of nucleoside analogues/derivatives,
the nucleotide analogue Sofosubuvir (FDA approved to treat the flavivirus hepatitis C virus),
pyrimidine synthesis inhibitors, anti-cancer drugs, virucidal compounds, methyltransferase
inhibitors, and protease inhibitors (88—-99). Compounds that target host proteins include
antimalarial drugs, drugs that interfere with the endocytic pathway, compounds that inhibit
nucleoside or lipid biosynthesis, and kinase inhibitors (86, 100-103). Only two of these
drugs have been tested in nonhuman primate models (25-Hydroxycholesterol and favipiravir,
an RNA-dependent RNA polymerase inhibitor) but neither drug dramatically reduced peak
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viremia nor has any work been done in pregnant macaques (104, 105). While many of these
drugs with anti-ZIKV activity are FDA approved to treat other viruses, none of them have
entered clinical trials as treatments for Zika virus. Overall, we still do not understand what a
therapeutic intervention would need to accomplish in order to prevent CZS. The pregnant
macaque model will play a critical role in resolving the many remaining unanswered
questions in this area.

impacts limited to infections with Asian/American lineage viruses?

Because ZIKV-associated birth defects were first observed in the Americas, it is reasonable
to hypothesize that viruses circulating in this region acquired one or more mutations
conferring the ability to cause fetal harm. In accord with this hypothesis, one group found
evidence that a single mutation causing a serine-to-asparagine substitution at position 139 of
the viral polyprotein (S139N, in the prM protein) arose around the time ZIKV appeared in
French Polynesia and persisted in lineages circulating in the Americas (106). ZIKV variants
encoding S139N showed enhanced virulence in mouse and human neural progenitor cells
and in an exvivo mouse brain model (106). It is tempting to infer from these results that
S139N is associated with microcephaly. Indeed, the absence of this mutation in viruses from
a recent ZIKV outbreak in India led health officials to downplay the risk of CZS (107).

We argue it is premature to conclude that S139N is unambiguously associated with CZS
pathogenesis in humans, or to discount the risk of African and ancestral Asian ZIKV strains
causing CZS (108). An Asian ZIKV lacking S139N was associated with a case of
microcephaly in a Thai infant (109); ZIKV-associated microcephaly has also been reported
in a Vietnamese infant, though no sequence information is available for that case (110).
Consistent with these findings, a 2010 ZIKV isolate from Cambodia encoding serine at
polyprotein position 139 caused brain lesions in the fetus of a macaque infected during
pregnancy (5). There is also evidence that African ZIKV strains have at least a theoretical
capacity to cause fetal harm; African-lineage ZIKV was found to be highly cytopathic to
human neural progenitor cells, resulting in more extensive cell death than Asian-lineage
ZIKV (111). This provides an additional rationale for challenging pregnant macaques with
diverse global ZIKV strains under controlled laboratory conditions.

5. Do antigenic interactions between Zika and dengue viruses modulate the risk of CZS?

We have focused so far on potential mechanisms of CZS pathogenesis, but it is important to
recall that a substantial proportion of women infected with ZIKV during pregnancy give
birth to babies without apparent defects. Is this simply stochastic, or could there be other
factors that influence ZIKV pathogenicity? One provocative hypothesis is that interactions
between dengue virus (DENV) and ZIKV may increase the risk of severe birth defects. It
has long been recognized that pre-existing immunity to DENV can be agathokakological,
i.e., potentially helpful or harmful (112). For example, primary infection with one of the four
DENV serotypes confers apparently lifelong protection against reinfection with the same
serotype, but can predispose individuals to enhanced disease when they are infected with a
heterologous serotype (113-115). This phenomenon, called antibody-dependent
enhancement, occurs when cross-reactive anti-DENV antibodies facilitate entry of DENV
into target cells bearing the Fcy receptor (116, 117). Antibody-dependent enhancement
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increases the number of infected cells and may contribute to the higher viremia associated
with severe disease (117-119).

It has been proposed that ZIKV could be essentially a “fifth serotype” of DENV (120), since
it is transmitted by the same mosquito vectors, is found in overlapping geographic areas, has
serological cross-reactivity, and is genetically similar. All global ZIKV isolates sequenced to
date appear to circulate as a single serotype (121). ZIKV and DENV share ~30-50% amino
acid identity within the three envelope (E) protein domains (122), which mediate fusion and
are the main target of neutralizing antibodies (nAb). There are several lines of laboratory
evidence supporting the possibility that DENV antibodies can enhance ZIKV replication
(123, 123-129) and vice versa (130). However, the majority of these findings are from in
vitro assays, mice, or other model systems; few were conducted in the specific
pathophysiologic context of pregnancy. Large, case-control studies of pregnant women (e.g.,
(131)) may prove to be extremely useful for determining whether past DENV infection
affects the pathogenesis of ZIKV infection during pregnancy (120). Such studies, however,
are observational and are complicated by participant heterogeneity, including history of
infection with other flaviviruses, and the precise time, dose, and genetic makeup of the
infecting virus. They also may be further complicated by the challenge of finding and
enrolling eligible participants, especially as ZIKV incidence wanes. For example,
microcephaly was not detected during the French Polynesia outbreak, in which
approximately 30,000 people were thought to be infected (132), though suspected cases of
microcephaly were identified retrospectively (41). Therefore, it may be difficult to achieve
experimental stringency necessary to show that pre-existing immunity to DENV or ZIKV is
a risk factor for more severe infection with the other virus during pregnancy unless or until
there is another large-scale outbreak of ZIKV.

In the interim, macaque models are well suited to address questions about DENVZIKV
immune interactions. Rhesus macaques are susceptible to infection with all four DENV
serotypes as well as ZIKV, and infection with both viruses induces a robust nAb response
and cellular immune responses that parallel the human immune response (reviewed in
(133)). Antibody-dependent enhancement of DENV infection also has been observed in
macaques, with higher viremia during secondary infection (134) or when animals are pre-
sensitized with an intravenous dose of DENV-immune human cord blood (135). To date,
studies in rhesus macaques have demonstrated that DENV-specific antibodies can enhance
ZIKV replication in vitro, but there is little evidence that DENV antibodies enhanced ZIKV
viremia in vivo in macaques (136, 137), however, this was in nonpregnant animals. Notably,
there are no data so far regarding the impact of pre-existing DENV immunity on ZIKV
infection during pregnancy. We cannot simply extrapolate results from non-pregnant
individuals—pregnancy is associated with major changes to the immune response that are
likely related to the maintenance of an allogeneic fetus, including changes in the systemic
cytokine milieu, immunoglobulin levels, impaired B cell lymphopoiesis, and high numbers
of tolerogenic and regulatory T and B cells (138-140).
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6. Can long-term monitoring of macaques exposed to ZIKV in utero anticipate
developmental concerns throughout the healthspan?

The oldest children born to mothers infected with ZIKV in 2015 are only three to four years
old as of this writing. What will the impacts of congenital ZIKV be as these children reach
adolescence and adulthood? The accelerated postnatal development of macaques relative to
humans may be useful for anticipating the impacts of congenital ZIKV years before today’s
children reach the same developmental milestones (Figure 2). Macaques have been used for
decades to model postnatal neurobehavioral development. They provide a translational
platform in which the complexity of human brain development can be modeled in another
species with similar neurobiology, complex social groups, and the kinds of sophisticated
social and communication systems that are lacking in murine models (141, 142). As
reviewed elsewhere (141), early social development in infant macaques mirrors human
infants in many ways, with the caveat that the macaque infant matures at a rate four times
faster than the human infant. However, this caveat may allow us to predict long-term
outcomes of CZS much faster using the macaque model. Key parameters of human
development that have established macaque model systems include: teratogenesis, autism
spectrum disorder, and the development of age-related diseases in the elderly.

Macaque models have been at the forefront of research studies evaluating the connections
between teratogens and long-term neurodevelopment (teratogenesis). The link between
ZIKV and congenital malformations lead the CDC to declare ZIKV a teratogen (143),
therefore much could be learned from the more mature macaque teratology field. One such
example is the mechanisms of pathogenesis of fetal alcohol exposure and its effect on
neurodevelopmental outcomes. Maternal alcohol consumption during pregnancy by pregnant
macaques results in attention and neuromotor functioning deficits in macaque infants,
similar to what is seen in human infants (144). Because macaques models are able to
integrate behavioral and repeated advanced neuroimaging which is not possible in humans
of the same age given the risks of repeated sedation, the neuropathogenesis of alcohol
exposure is being defined at a level not possible in human research. Recent advanced
imaging studies in macaque infants with fetal alcohol exposure have identified long-term
increases in a prefrontal dopamine receptor that are more prevalent in males, which could
explain gender differences in the prevalence of neurodevelopmental disorders consequent to
prenatal alcohol exposure (145). Determining the mechanism of sex differences in
neurodevelopmental outcomes, like gross motor skills, are important in to study children
affected by congenital ZIKV infection into the future because there is already a sex
difference in the attainment of gross motor skills in early cohort studies in children with
congenital ZIKV infection (146).

Another advantage of the macaque model is the capacity to evaluate pharmacologic
interventions not possible in humans during childhood. The field of autism spectrum
disorder has shown significant advancement by using its complementary NHP model.
Autism spectrum disorder (ASD) is a collection of neurodevelopmental disorders
characterized by early onset deficits in social behavior and communication caused by a
complex interplay of genetic and environmental factors (141). Oxytocin is a possible
pharmacologic intervention for autism spectrum disorder that showed enhanced social
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attachment in rodent models (141). However, given the significant differences between
social communication between rodents and humans, it was unclear how this would work in
humans (141). Initial studies in macaques have helped to bridge this gap, finding that
oxytocin administration to adults amplifies social motivation and attenuates social vigilance.
In addition, oxytocin administration increased the number of facial gestures given by the
infant macaques to their human caregivers when administered to infants (141). As we begin
to understand the pathogenesis of congenital ZIKV infection and its impact on in utero and
neonatal brain development, the macaque model will be instrumental in evaluating
pharmacologic interventions.

Macaque models are also critical to understand the aging process and identifying
interventions that decrease incidence of diseases of the elderly; for example, they are being
used to evaluate therapeutic interventions, such as caloric restriction, that increase life
expectancy and decrease the incidence of age-related diseases (cancer, cardiovascular
disease and diabetes) (147). The application of a macaque model of aging may seem like a
stretch when considering the long term outcomes of congenital ZIKV infection. However,
research studies in geriatrics are beginning to study the effects of viral infections on
morbidity and mortality in the elderly, and are finding that seropositivity with viruses such
as cytomegalovirus (CMV) increases the risk of frailty, disability and mortality (148).
Subclinical lifelong infection with CMV results in long-lasting pro-inflammatory
modulation and an increased risk for type 2 diabetes, atherosclerotic cardiovascular
complications, autoimmune diseases and frailty (148). CMV causes a congenital viral
infection that can lead to a similar profile of birth defects and adverse neurodevelopmental
outcomes as congenital ZIKV infection. Similar research in the area of congenital ZIKV
infection should begin evaluating the chronicity of in utero ZIKV infection in
immunoprivileged sites to better understand whether a chronic infection occurs and begin
understanding whether congenital ZIKV exposure impacts the immune system in a way that
results in long-lasting pro-inflammatory modulation and an increased risk for diseases of the
elderly.

The lifetime cost of care for a baby born with ZIKV-associated birth defects is expected to
exceed $3m USD (Scott Grosse, personal communication). Similarly, long-term macaque
experiments are extremely challenging. Neither individual investigator grants nor primate
centers are resourced to provide care that is this expensive. Indeed, simply providing routine
care and medical management of otherwise healthy macaques for years can be prohibitively
expensive, leading most investigators to design studies that can be completed in weeks to
months. Nonetheless, the unique opportunities afforded by studying the impact of ZIKV
throughout the lifespan might merit this investment. In the event that development is largely
uneventful, this would be useful for determining what sort of resourcing and support would
be necessary for ZIKV-affected children. If, however, some impacts of ZIKV are not evident
until later in life, it would be invaluable to understand this before children reach the same
milestones as it would provide an opportunity for clinicians and caregivers to design
interventions that could mitigate the severity of these impacts.
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7. What lessons can be learned from studying CZS in macaques during the 2016

outbreak?

Studies of pregnant macaques and their offspring are extremely expensive. Consequently,
most studies are constrained to using only a small number of animals. This makes federation
of data across multiple studies vitally important. This was vividly demonstrated by the
aggregation of data from multiple investigators to demonstrate that pregnancy loss is
common following infection with ZIKV in the first trimester of pregnancy (21). Such
aggregation, however, requires close coordination between investigators. At least some of
the challenges in coordinating studies between centers are due to insufficient
communication; until recently, data sharing between investigators was slow and
cumbersome. Fortuitously, the internet now makes such data sharing easy and
straightforward.

Our experience demonstrates the value of real-time data sharing from macaque studies. We
posted protocols and data from our study, as it was acquired, to a website, http://
zika.labkey.com. Almost immediately, other investigators planning or starting their own
macaque studies contacted us for follow-up and additional details. Indeed, some other
investigators similarly shared their macaque data in real time. The benefits of data sharing
were tangible. Information about the susceptibility of macaques to Asian-lineage and
African-lineage ZIKV infections, the biological fluids in which vVRNA could be detected,
and in-vivo virus replication dynamics were available by the end of March, 2016. The first
manuscript describing these results was not published until June, three months later (8). In
the setting of a rapidly developing unexpected disease outbreak, these three months were
critical as the scientific response to the virus accelerated.

Why is such data sharing not typical in macaque studies? As noted above, macaque
experiments are expensive and time-consuming, so there is a fear that making information
available to others raises the specter of being “scooped.” Recognizing this concern, we
suggest a different perspective. The primary reason to do macaque research urgently during
an outbreak is to generate data that can be used to inform the response to the epidemic.
Given this, there is a scientific imperative to make data available to the greatest number of
people who could use it, as quickly as possible. Secondarily, the close genetic and
physiological relationship between nonhuman primates and people is a reason why they are
excellent models for human viral diseases, including ZIKV, but it also carries an obligation
to learn as much as possible from as few animals as possible. This is codified in the 3Rs
(reduce, replace, refine)(149) that are promulgated by the American Academy for the
Advancement of Laboratory Animal Science (AAALAS). During future unexpected disease
outbreaks, we propose that making datasets from nonhuman primate studies available online
in real time should be a precondition for receiving federal funds for research. Finally, there
is a concern that sharing research data freely would present those who lobby against
macaque research with information that could be weaponized. While this is a legitimate
concern, we believe that the most important obligation of researchers is to do the best
science possible using the fewest number of macaques, and this necessitates transparency.
Siloing research findings to protect them from those who are against macaque research has
the unequivocal side-effect of making this same research invisible to researchers whose
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studies could benefit from it until it is published or presented publicly. It is therefore our
strongly held belief that concerns about misappropriation of publicly available data should
not be used as a pretext to avoid data sharing.

Conclusion

Even though the immediate risk of ZIKV has receded in the Americas, we believe that large
populations of women throughout the world who are immunologically naive remain at
significant risk of acquiring ZIKV during pregnancy and having infants with CZS, both in
the event of future outbreaks, and in regions where ZIKV may be endemic and CZS is not
(yet) ascertained. Pregnant macaques infected with ZIKV provide a translational model
system that complements mouse and human studies and will help answer critical questions
about CZS risk and pathogenesis.
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Terms and Definitions

CzZs Congenital Zika Syndrome. The CDC defines this by the presence of
five features: “Severe microcephaly in which the skull has partially
collapsed; Decreased brain tissue with a specific pattern of brain
damage, including subcortical calcifications; Damage to the back of
the eye, including macular scarring and focal pigmentary retinal
mottling; Congenital contractures, such as clubfoot or arthrogryposis;
Hypertonia restricting body movement soon after birth” (150).
Throughout this review we use a more expansive definition of CZS
that also includes pregnancy loss.

MFI Maternal-fetal interface
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Figure 1.
Depiction of stages of prenatal development that have been shown to be impacted by

maternal infection with ZIKV, comparing the timeline of rhesus macaque and human fetal
development. Developmental milestones include embryo implantation and placenta
formation (e.g., placental insufficiency), development of the eye (e.g., choroidal coloboma),
cerebellum (e.g., vermis agenesis), cerebral cortex (cortical simplification), and development
of the immune system. The macaque and human immune systems are well-developed at
birth and are able to mount immune responses to pathogens.
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Stages of postnatal development that have been shown to be impacted by maternal infection
with ZIKV, or may be identified as affected by congenital ZIKV exposure in long term
clinical studies. Postnatal milestones include birth (e.g., higher miscarriage and stillbirth
rates in ZIKV-exposed pregnancies), neurological milestones such as caregiver interactions,
vision, and gross motor function (e.g. abnormal neurological or neuromuscular development
in CZS), and life stage milestones including puberty and aging (these life stages have not
been studied in ZIKV congenitally-exposed humans yet). Some children with severe CZS
have decreased life expectancy compared with their unaffected human counterparts and it is
remains unclear whether less affected infants with CZS will have altered life expectancies

compared with their unaffected human counterparts.
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