International Journal of /
* Environmental Research m\DP|
and Public Health Z

Review

Zika Virus Infection and Microcephaly: Evidence for
a Causal Link

Jin-Na Wang and Feng Ling *

Zhejiang Provincial Center for Disease Control and Prevention, 3399 Binsheng Road, Hangzhou 310051, China;
jnwang@cdc.zj.cn
* Correspondence: fengl@cdc.zj.cn; Tel.: +86-571-8711-5176

Academic Editor: Paul B. Tchounwou
Received: 8 September 2016; Accepted: 18 October 2016; Published: 20 October 2016

Abstract: Zika virus (ZIKV) is a flavivirus related to the Dengue, yellow fever and West Nile viruses.
Since the explosive outbreaks of ZIKV in Latin America in 2015, a sudden increase in the number of
microcephaly cases has been observed in infants of women who were pregnant when they contracted
the virus. The severity of this condition raises grave concerns, and extensive studies on the possible
link between ZIKV infection and microcephaly have been conducted. There is substantial evidence
suggesting that there is a causal link between ZIKV and microcephaly, however, future studies are
warranted to solidify this association. To summarize the most recent evidence on this issue and
provide perspectives for future studies, we reviewed the literature to identify existing evidence of
the causal link between ZIKV infection and microcephaly within research related to the epidemics,
laboratory diagnosis, and possible mechanisms.
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1. Introduction

Zika virus (ZIKV), a mosquito-borne virus in the family Flaviviridae and genus Flavivirus [1],
is mainly transmitted by many Aedes mosquitoes [2]. Besides, ZIKV can also be transmitted by placenta,
transfusion, transplantation, sexual activity, etc. [3]. It was first isolated from a rhesus monkey in 1947,
and it was not until 1952 that was first identified in humans [4]. In recent decades, outbreaks of ZIKV
have occurred in areas ranging from Yap Island, Micronesia, in 2007 to French Polynesia in 2013 [5,6]
and South America in 2015 [7]. As of 13 October 2016, 73 countries and territories have reported
evidence of mosquito-borne ZIKV transmission since 2007, mainly distributed in Africa, America, Asia
and the Pacific regions [8]. Furthermore, there were some countries had reported travel-associated
transmission ZIKV cases, which gained increasing international attention.

ZIKV infection often causes mild symptoms, such as fever, skin rashes, headache, conjunctivitis,
and muscle and joint pain, which usually last for two to seven days [9]. Interestingly, increasing
evidence has indicated a possible causal link between ZIKV infection and adverse pregnancy outcomes,
especially microcephaly. Microcephaly is a neonatal malformation defined as a head size much smaller
compared with the normal size for the infant’s age and sex [10]. The etiology of microcephaly is
complex and appears to be affected by multiple factors, including both genetic and environmental
contributions, such as exposure to toxic chemicals, radiation, genetic abnormalities, severe malnutrition
during fetal life, certain metabolic disorders, or infection in the womb such as toxoplasmosis, rubella,
herpes, syphilis, cytomegalovirus and HIV, etc. [11,12]. However, West Nile virus is the only flavivirus
previously reported to be associated with encephalitis resulting in fetal brain damage [13]. This review
aims to summarize possible evidence of the causal link between ZIKV infection and microcephaly.
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2. Possible Evidence of the Causal Link between ZIKV Infection and Microcephaly

2.1. ZIKV Outbreak and the Subsequent Increase in Microcephaly Cases

In April 2015, a ZIKV outbreak began in Brazil [7]. The subsequent September, dramatic increases
in the number of microcephaly cases were identified in Pernambuco State [14]. Then, the Brazil
Ministry of Health released a report declaring an unusual increase in cases of microcephaly in
Pernambuco [15] and suggesting an association with ZIKV infection [16]. On 30 November 2015,
a microcephaly incidence 20 times greater than that observed in previous years was reported in
Brazil [16]. On 1 February 2016, the Emergency Committee of the WHO declared that the recent
cluster of microcephaly cases and other neurological disorders constituted a Public Health Emergency
of International Concern (PHEIC) [17]. As of 22 June 2016, 12 countries and territories have reported
cases of microcephaly and other central nervous system malformations potentially associated with
ZIKV infection [8].

2.2. ZIKV Infection and Severe Birth Defects

Standard fetal ultrasound scans can detect microcephaly at early stages of development [18].
Symptoms of congenital ZIKV syndrome detectable by ultrasonography include brain atrophy;,
intracranial calcifications, dysgenesis of the corpus callosum, enlarged cisterna magna, and
asymmetrical cerebral hemispheres [3]. One cohort study enrolled a total of 88 pregnant women,
72 of whom were positive for ZIKV infection. All enrolled women were healthy and without other
risk factors for birth defects. Fetal ultrasonography was performed on 42 of the ZIKV-positive
women and all of the 16 ZIKV-negative women. Following ultrasonography, fetal abnormalities,
including intrauterine growth restriction, microcephaly, central nervous system (CNS) findings and
fetal death, were detected in 29% of the 42 ZIKV-positive women but in none of the ZIKV-negative
women [19], indicating ZIKV infection during pregnancy might cause adverse pregnancy outcomes.
Computed tomography (CT) or magnetic resonance imaging (MRI) scans can also be used to identify
symptoms of congenital ZIKV syndrome, including calcifications in the junction between cortical
and subcortical white matter, malformations of cortical development, decreased brain volume, and
ventriculomegaly [20]. Reverse transcription polymerase chain reaction (RT-PCR) has been identified
as an effective method for ZIKV detection during the early stages of infection [21]. In December 2015,
tissues samples from two newborns with microcephaly, who died within 20 h of birth, and products
of conception from the miscarriages of two mothers who had clinical signs of ZIKV infection during
pregnancy were tested. Among the samples from the newborns, only brain tissue tested ZIKV
positive in the RT-PCR assay, while viral antigens were noted within the chorionic villi obtained
from the products of conception [22]. Similar results were noted in two other case reports from
February 2016 involving pregnant women with suspected ZIKV infection probably occurring at
approximately 13 weeks of gestation. Small fetal heads and brain calcifications were identified in
these two cases. After the autopsies, one infant had a large amount of viral genomic RNA present
only in brain tissue, and the virus sequence isolated in this case was similar to that of other recently
isolated ZIKV sequences [23]. In another case, the placenta, brain, lungs, heart, skin, spleen, thymus,
liver, kidneys, and cerebral cortex of the fetus were tested for ZIKV RNA; however, only the brain
sample was positive for ZIKV [24]. It should be mentioned that the findings of these case reports
did not provide proof that ZIKV caused microcephaly or brain damage; however, to some extent,
they strengthen the evidence of this link. Because ZIKV RNA had been identified in the brain tissue
of infants and the placental tissue of miscarried fetuses whose mothers were infected with ZIKV
during pregnancy, brain and early gestational placental tissue might be the preferred tissues for the
viral attack. The successful isolation of ZIKV virus from fetal brain tissue fulfilled one of the Koch’s
postulates and provided stronger evidence of this link. One cohort study enrolled 35 infants with
microcephaly whose mothers reported residence in or travel during pregnancy to areas where ZIKV
was circulating. Overall, 11 infants had redundant and excessive scalp skin. This study indicated that
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acute intrauterine brain injury affected cerebral growth but did not affect the growth of scalp skin [25],
which also indicated a strong neurotropism of ZIKV. Driggers et al. described a case of a pregnant
woman infected with ZIKV during the 11th gestational week. After serial fetal ultrasonography, they
found that the fetal head circumference had decreased from the 47th percentile at 16 weeks of gestation
to the 24th percentile at 20 weeks of gestation. In addition, they successfully isolated infectious ZIKV
RNA from fetal brain tissue [26]. In this case, serial ultrasonography images showed a decrease in fetal
head circumference, indicating that the rate of brain growth decreased after ZIKV infection. Successful
isolation of ZIKV RNA from fetal brain tissue provided further evidence of this association. In addition
to microcephaly, other congenital defects caused by ZIKV, such as placental damage and fetal demise,
were also found, which suggested that microcephaly might be part of an overall syndrome of restricted
fetal growth induced by maternal ZIKV infection. The strong neurotropism of ZIKV may not only
lead to microcephaly of the fetus, but also Guillain-Barré syndrome (GBS) of the adults. ZIKV could
be isolated from the cerebrospinal fluid of the GBS patients or indicated by immunologic findings,
meaning that ZIKV might cause neurological complications [27]. Finally, on the basis of a review of the
available evidence, and given Shepard’s and other criteria as a framework, Rasmussen et al. suggested
a causal relationship existed between prenatal ZIKV infection and microcephaly [28]. This was the
first establishment of a definite conclusion regarding the causal link between ZIKV and microcephaly.
Given this recognition of a causal relationship, forthcoming research should demonstrate an increased
effort to prevent and control ZIKV-related adverse outcomes.

2.3. Vertical Transmission

The earliest cases of perinatal ZIKV transmission were reported in December 2013 and February
2014 [29]; in these cases, transmission occurred around the time of delivery and caused mild disease in
two newborns, indicating perinatal transmission of ZIKV might occur during delivery, breastfeeding,
or exchange of saliva or other bodily fluids. Oliveira Melo et al. examined two pregnant women who
were diagnosed with fetal microcephaly and suffered from symptoms related to ZIKV infection.
Although both women’s blood samples were negative for ZIKV, amniocentesis and subsequent
quantitative RT-PCR results were positive [13]. This might have been the first evidence of intrauterine
transmission of ZIKV. There are several potential explanations for the negative maternal blood tests
but positive fetal results. No gold standard has been indicated for the diagnosis of ZIKV, and the
viremic period of ZIKV is believed to be short [30]. Although detection of viral RNA by RT-PCR has
proven to be effective, it is thought to only be positive in serum four to seven days after symptom
onset [21]. After that period, only negative results might be obtained. Similarly, RT-PCR tests may
not be sensitive enough to detect ZIKV infection in a newborn who was infected in utero if the period
of viremia had passed [31]. Additionally, a large proportion of patients with ZIKV infection have
been asymptomatic [5], and these pregnant women did not appear to be severely affected by ZIKV
infection [18]; therefore, a lack of symptoms does not negate a possibility of infection. These are all
diagnostic problems that need to be solved in future studies. Adibi et al. proposed two hypotheses
for why the virus can pass through the placenta and lead to teratogenic effects. The first was that
the placenta directly conveys ZIKV to the embryo or fetus, and the second was that the effects were
a result of the response of the placenta to virus exposure [32]. Noronha et al. found that Zika virus
could damage the human placental barrier by inducing chronic placentitis, finding that viral proteins
were detected in Hofbauer cells and some histiocytes in the intervillous spaces [33]. Bayer et al. found
that the type III interferon (IFN), IFNA1, produced by primary human trophoblasts could protect
trophoblast and non-trophoblast cells from ZIKV infection [34]; this finding could be used for designing
therapeutic strategies.

2.4. The Mechanism of ZIKV-Mediated Brain Damage

Animal models have been used to investigate the link between ZIKV and brain damage.
ZIKV infection has been found to cause placental damage and fetal demise in mice [35]. Cui et al. [36]
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used a mouse model and contemporary ZIKV strain to investigate the relationship between ZIKV
infection and microcephaly. They found that ZIKV could replicate efficiently in embryonic mouse brain
and cause cell-cycle arrest, apoptosis, and inhibition of neural precursor cell differentiation, leading
to cortical thinning and microcephaly. Candidate flavirus entry receptor upregulation and genes
associated with immune response, apoptosis, and microcephaly dysregulation were also found in the
infected brains. Their model mimicked more closely the clinical findings in the human fetus including
brains of smaller sizes, enlarged lateral ventricle, a thinner cortical plate and ventricular/subventricular
zones in the infected mouse brains, providing evidence for a direct link between ZIKV infection and
microcephaly. Rossi et al. used mice lacking interferon (IFN) alpha receptors to model ZIKV infection
and found that ZIKV could be detected in the brain as soon as three days post-infection, with neurologic
disease, such as tremors, detected six days post-infection [37]; these results indicated the neurotropic
nature of the virus. Inoculation of pregnant mice with ZIKV was found to result in infected radial
glia cells of the dorsal ventricular zone in the fetuses; because these cells are the primary neural
progenitors responsible for cortex development, ZIKV infection resulted in reductions in the cavity
of the lateral ventricles and cortex surface areas in fetal mice [38]. Although the mice were not an
ideal model for describing the pathogenesis of ZIKV infection in humans, they provided an initial
platform for the recognition of brain damage caused by ZIKV and evaluation of potential ZIKV
antivirals and vaccines. Of course, further studies employing other animal models, such as nonhuman
primates, are needed to confirm these findings. For the mechanism of human brain injury, some
authors believe that ZIKV might reduce brain matter formation by affecting centrosome segregation,
chromosomal stability, and autophagy [39]. Impairment of proper mitotic apparatus function is
a possible mechanism by which ZIKV can exert teratogenic effects [40]. Using human-induced
pluripotent stem cells, Garcez et al. explored the consequences of ZIKV infection in the first trimester
of brain development with 3D culture models; these models demonstrated that ZIKV could lead
to cell death in human neural stem cells, influence the formation of neurospheres and affect the
growth of organoids [41]. In addition to the direct neurotrophic effects of ZIKYV, its immunologic and
autoimmune effects might be another important mechanism of brain damage. Anaya et al. [42] believed
that gangliosides might play a role in the neurological complications associated with ZIKV infection.
Gangliosides are abundant in the grey matter of the brain, and ganglioside expression influences
neurogenesis, synaptogenesis, synaptic transmission, and cell proliferation. It is possible that during
virus replication, ZIKV could induce an autoimmune response against gangliosides, resulting in an
increased incidence of neurological complications and affecting fetal brain development. Dang et al.
used human embryonic stem cell-derived cerebral organoids to investigate the relationship between
ZIKV and microcephaly. They found that ZIKV could perturb cell fate and attenuate organoid growth
by increasing activation of the innate immune receptor, Toll-like-Receptor 3 (TLR3), which could
affect the apoptosis and neurogenesis pathways and play a key role in causing microcephaly [43].
Discernment of the immunologic mechanism of ZIKV is highly important because it can be used for
vaccine development. Larocca et al. used susceptible mice to study a vaccine against a ZIKV outbreak
strain from northeast Brazil and found that plasmid DNA and purified inactivated virus vaccines
could afford complete protection against ZIKV [44]. Although itis difficult to extrapolate the protective
effects of this vaccine directly from mice to humans, this study generated substantial optimism for the
development of a safe and effective ZIKV vaccine for humans, and especially for pregnant women.
Barba-Spaeth et al. found a subset of antibodies targeting a conformational epitope separated from
patients of dengue fever also potently neutralize ZIKV. The crystal structure of these antibodies in
complex with the envelope protein of ZIKV revealed the details of a conserved epitope, and the
epitope might be related with virus maturation. This study provided the possibility of developing
a universal vaccine protecting against both ZIKV and dengue virus infections [45]. In addition to
the vaccine development, the research of antiviral drugs has achieved new progress. Xu et al. [46]
screened over 6000 approved drugs and drug candidate compounds, by using ultra-high-throughput
assays and human neural cells, to identify compounds that either protect against cell death in different
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neural cells or suppress ZIKV replication. Finally, a pan-caspase inhibitor, emricasan, 10 structurally
unrelated inhibitors of cyclin-dependent kinases and a category B anthelmintic drug, Niclosamide,
were proved to be effective. Their findings could have great implications for further ZIKV research
and the development of anti- ZIKV therapeutics.

2.5. ZIKV Infection in the First Trimester of Pregnancy May Increase Susceptibility to Microcephaly

The relationship between viral infections during pregnancy and birth defects has long been
recognized, and infection in the first trimester of pregnancy should be taken as a cause for increased
concern [47]. Although it is possible that ZIKV could infect the fetus during any trimester of
pregnancy [13], more and more authors believe that the greatest risk of microcephaly in newborns
is associated with ZIKV infection occurring during the first trimester [25,48]. One study found
that the number of microcephaly cases peaked after a lag of 30-33 weeks from the peak in acute
exanthematous illness attributed to ZIKV, and they believed that this lag corresponded to the
timing of infection in pregnant mothers during the first trimester [49]. Another study found
that ZIKV incidence was most highly correlated with suspected microcephaly around week 17 of
pregnancy and suspected severe microcephaly cases around week 14 of pregnancy in Brazil [50].
Using simple models, Cauchemez et al. retrospectively analyzed ZIKV and microcephaly data from
French Polynesia between September 2013 and July 2015 to assess the periods of risk in pregnancy.
According to that model, the baseline prevalence of microcephaly was two cases (95% CI: 0-8)
per 10,000 neonates; however, the prevalence of microcephaly associated with ZIKV infection in
the first trimester was 95 cases (95% CI: 34-191) per 10,000 neonates [51], which indicated that
ZIKV infection during the first trimester of pregnancy might be associated with increased risk of
microcephaly. These studies provided evidence of a temporal relationship between ZIKV infection
in pregnant women during the first trimester and microcephaly. Fetuses infected during the first
trimester might undergo pathologic changes during embryogenesis; however, infection during other
trimesters might be associated with central nervous system abnormalities [19]. While pregnant women
should avoid ZIKV infection during all trimesters, avoidance during the first trimester of pregnancy
should be strongly emphasized.

3. Management, Prevention and Suggestions

No specific antiviral treatment or vaccine is currently available for ZIKV infections [3]; therefore,
ZIKV infection treatment generally consists of supportive care, including rest, fluids, and use of
analgesics and antipyretics [18]. For pregnant women, the most important way to avoid congenital
ZIKV infection is to prevent maternal infection; this can be accomplished by either avoiding areas
where ZIKV transmission is ongoing or avoiding mosquito bites [9,52]. The Centers for Disease
Control and Prevention (CDC) recommends all pregnant women consider postponing travel to areas
of ongoing ZIKV transmission if possible [53] and avoid unprotected sex with a partner who has
recently traveled to a ZIKV endemic area [54]. Serial ultrasounds should be considered to monitor
fetal anatomy and growth every three to four weeks in pregnant woman with laboratory evidence
of ZIKV [14]. Serological tests and RT-PCR assays are recommended in infants whose mothers have
had a risk of ZIKV exposure during pregnancy [55]. Further scientific studies are necessary for the
prevention and control of ZIKV-related adverse outcomes. The development of vaccines and antiviral
pharmaceuticals that are suitable for use in pregnant women and fetuses should be taken in the first
place on the basis of existing research [44—46]. The development of rapid, scalable diagnostic tests is
also needed because the current RT-PCR assay detects viral RNA and is therefore only effective for
detection during the period of viremia, which may be relatively short. In addition, current serologic
assays have considerable cross-reactivity with other pathogens such as Dengue virus which might
be endemic in the same areas and cause symptoms similar to those of the ZIKV [23]. Besides, more
evidence between ZIKV infection and microcephaly should be provided by case-control studies, animal
model development, and other relative studies.
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4. Conclusions

In conclusion, there is increasing evidence suggesting that there is a causal link between ZIKV
and microcephaly, especially ZIKV infection occurred in the first trimester of pregnancy. However, the
mechanism by which ZIKV infection cause microcephaly needs more deep-in research.
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