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HISTORY

Zika virus, a largely mosquito-borne flavivirus, was first 
identified in the Zika Forest of Uganda in 1947  [1]. To 
examine how yellow fever virus was transmitted in the wild, 
researchers placed “sentinel” rhesus monkeys on platforms 
throughout the Zika forest (Figure 1). Rhesus monkey “766” 
became febrile in April 1947, but instead of yellow fever virus 
being isolated from its serum (using neutralizing antibody 

testing), a novel virus was isolated and named “Zika virus” 
after the forest (Figure 2).

From 1947 to 2006, only 14 human cases of Zika virus 
disease were documented  [2–6]. One was a Zika Forest 
worker in 1964, five were children in Nigeria from 1968 to 
1975, one was a laboratory accident involving a researcher 
in 1973, and seven were inpatients hospitalized in Indonesia 
during 1977–1978. All had an acute febrile illness that was 

Figure 1 Photo of a platform in the Zika Forest. (Source: 
Avindra Nath, National Institutes of Health.)

Figure 2 Photo of the entrance to the Zika Forest. Note 
that “Zika” is sometimes spelled with two “I’s.” (Source: 
Avindra Nath, National Institutes of Health.)
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self-limited. These were likely not the only cases of human 
Zika virus disease during this time, but only the ones that 
were proven and documented.

In 2007, clinicians on Yap Island in the Federated States 
of Micronesia noted an outbreak of an acute febrile ill-
ness with rash, conjunctivitis, and arthralgia  [7]. Several 
patient serum samples were positive for Zika virus nucleic 
acid. Over the coming weeks, 185 residents were suspected 
of having Zika virus disease, 49 of which, were confirmed 
by testing. No patients were hospitalized and there were 
no deaths. Interestingly, there were no increased reports 
of Guillain–Barré syndrome or congenital birth defects/
microcephaly (currently known conditions associated with 
Zika virus infection). A  household sero-survey estimated 
that approximately 73% of residents on Yap Island were 
infected with Zika virus by the end of the outbreak, but only 
approximately 18% were symptomatic [7].

From 2008 to 2012, Zika virus was largely quiescent across 
the globe. In  2013, a large outbreak of Zika virus disease 
occurred in French Polynesia with thousands of suspected 
cases [8,9]. During this outbreak, an increased incidence of 
Guillain–Barré syndrome was also noted [9]. Over the next 
year, Zika virus spread to other Pacific Islands including 
New Caledonia, Cook Islands, and Easter Island [9].

In  May  2015, the World Health Organization (WHO)/
Pan American Health Organization (PAHO) reported the 
first known autochthonous transmission of Zika virus in 
the Americas in northeastern Brazil, thought to be imported 
from an infected traveler(s)  [10–12]. Over the next few 
months, tens to hundreds of thousands of suspected Zika 
virus disease cases were reported in the region. Additionally, 
an increased incidence of both microcephaly and Guillain–
Barré syndrome were noted in the same areas, suggesting 
an epidemiologic association that was later verified [12–14].

Throughout 2016, Zika virus rapidly spread throughout 
parts of South America, Central America, the Caribbean, 
Mexico, and the continental United States, including 
southern Texas and southern Florida [10,12,14]. After that 
epidemic surge, newly reported Zika virus disease cases 
dropped off significantly in 2017, with only sporadic cases or 
small localized outbreaks reported thereafter (Figure 1) [12]. 
As of early 2018, except for a cluster of cases in India, no fur-
ther large-scale outbreaks have been reported globally.

EPIDEMIOLOGY AND TRANSMISSION

As of 2018, Zika virus was circulating throughout parts of 
Africa, Asia, the Pacific, South America, Central America, 
Mexico, and the Caribbean (Figure  2)  [14]. Since the out-
break in the Americas first began, over 800,000 suspected 
or confirmed locally-transmitted Zika virus cases have been 
reported in the Western Hemisphere  [12]. Most reported 
cases in the Americas have been from Brazil, followed by 
Colombia, Venezuela, and the U.S. territory of Puerto Rico, 
with most occurring in 2016. Given variation in surveil-
lance and diagnostic capabilities, the true numbers of cases 
across the region is not known.

Within the continental United States in 2016, there 
was transient local mosquito transmission of Zika virus 
around Brownsville, Texas and Miami, Florida, resulting 
in more than 200 reported cases  [14,15]. There  have been 
over 5000 travel-imported Zika virus disease cases into the 
United States since 2015, now impacting all 50 states [14,16]. 
Most of these travel-associated cases were reported in 2016, 
but dropped off significantly throughout 2017 and 2018 [14].

Zika virus is largely transmitted by mosquitoes, specifically 
Aedes aegypti and Aedes albopictus (Figure 3a and b) [14]. These 
mosquitoes live in tropical, subtropical, and some temperate 
areas of the world. During outbreak situations, mosquitoes 
both transmit and acquire Zika virus by biting humans. Given 
such mosquito–human–mosquito transmission, the rapid 
spread of Zika virus is possible, particularly in urban areas. 
Mosquito bite prevention techniques, such as applying insect 
repellent, wearing long sleeved shirts and pants when feasible, 
and using air conditioning or window screens when indoors, 
are paramount in controlling outbreaks [17] (Figures 4 and 5).

Zika virus can also be transmitted by non-mosquito 
means  [14,18–20]. While unusual for an arbovirus, sexual 
transmission of Zika virus infection has been documented 
with unprotected vaginal, anal, and possibly oral sexual 

Figure 3 Photos of (a) Aedes aegypti and (b) Aedes 
albopictus mosquitoes. (Source: U.S. Centers for Disease 
Control and Prevention. Zika virus. Vol. June 10, 2018, 
www.cdc.gov/zika/index.html.)
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intercourse [14,18,19]. In fact, Zika virus or its nucleic acid is 
thought to persist in semen for weeks to months after infec-
tion  [14,18–20]. Other methods of transmission include 
maternal–fetal transmission (either during pregnancy or 
during birth), breast-feeding, blood transfusion, or labora-
tory exposures [14,19].

Zika virus infection is largely asymptomatic, estimated to 
cause symptoms (i.e., Zika virus disease) in approximately 
18% of those infected  [7,14]. Zika virus disease appears 
to affect all age groups, both sexes, and multiple races/ 
ethnicities with no clear predilection beyond exposure to the 
above methods of transmission. Full clinical details will be 

Figure 4 Number of suspected and confirmed Zika cases by epidemic week in the Americas, 2015–2017. (Source: Data pro-
vided by countries and territories of the Americas and reproduced by PAHO/WHO. Zika virus infection. Vol. June 10, 2018, 
www.paho.org/en/topics/zika.)

Figure 5 Areas at risk for local mosquito-borne transmission of Zika virus as of early 2018. (Source: U.S. Centers for 
Disease Control and Prevention. Zika virus. Vol. June 10, 2018, www.cdc.gov/zika/index.html.)
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described in a subsequent section, but when symptomatic, 
Zika virus infection largely causes a self-limited febrile ill-
ness with maculopapular rash, headache, myalgia, arthralgia, 
and/or conjunctivitis [7,14]. During the outbreaks in French 
Polynesia and the Americas, Zika virus infection was also 
epidemiologically linked to both congenital birth defects/
microcephaly and Guillain–Barré syndrome  [13,14,21–27]. 
Both conditions are thought to be rare complications; how-
ever, given the potential severe consequences of congenital 
birth defects/microcephaly, pregnant women are advised 
not  to travel to areas where Zika virus is endemic unless 
absolutely necessary. Additionally, couples who are pregnant 
or planning to become pregnant should consult the latest 
sexual transmission prevention guidelines [14,18].

Within the United States, Zika virus disease is 
 nationally-notifiable  [14]. Clinicians with suspected cases 
of Zika virus disease (or its potential associated conditions) 
should notify their local state or territorial health depart-
ment, who can often facilitate testing and provide any nec-
essary public health response. The U.S. Centers for Disease 
Control and Prevention is also available for assistance [14].

CLINICAL SYNDROMES

The majority of those infected with Zika virus are asymp-
tomatic, as only 20% are estimated to develop symptoms. 
Symptomatic Zika virus infection is characterized as a viral 
illness consisting of fevers, arthralgias (involving small 
joints of the hands and feet), a maculopapular, pruritic rash, 
and  [non-purulent] conjunctivitis; some may also experi-
ence myalgias, malaise, retro-orbital pain and headaches. 
The  illness is typically mild and self-limited, lasting three 
to seven days in duration, though arthralgias may persist 
for weeks thereafter  [28]. Zika virus has the potential for 
neuroinvasive disease. Following observations of increased 
prevalence of Zika virus, increased cases of Guillain–Barré 
syndrome [24] and of children born with microcephaly [29] 
were reported in Northeast Brazil in July 2015 and in 
October 2015, respectively.

Guillain–Barré syndrome and microcephaly/congenital 
infection remain the most frequently reported complications 
of Zika-related neuroinvasive disease. Other neurological 
syndromes include meningoencephalitis, myelitis, and intra-
cranial hemorrhage/stroke  [30]. Children with postnatally 
acquired infection generally tend to have a mild infection, 
with severe and/or neuroinvasive disease being exceedingly 
uncommon. Rare pediatric cases of meningoencephali-
tis  [31] and Guillain–Barré syndrome have been reported 
in Brazil. Goodman et  al. reviewed 158  travel-associated 
cases of children (under age 18) with postnatally acquired 
Zika virus in the United States; no cases of Guillain–Barré 
syndrome, encephalitis, or meningitis were reported during 
the period of January 2015–July 2016 and only two required 
hospitalization. Of note, while the age range was 1 month to 
17 years, the median age was 14, presumed to be attributable 
to travel likelihood and a lack of specific symptoms, many of 
which overlap with other childhood illnesses [32].

Guillain–Barré syndrome and other 
peripheral neuropathies

Guillain–Barré syndrome refers to an autoimmune- mediated 
acute inflammatory poly[radiculo]neuropathy, in which 
an immune system attack is targeted at the myelin sheath 
or axons within the peripheral nervous system. Clinically, 
this is characterized as a symmetric ascending weakness 
with associated sensory disturbances and diminished/
absent deep tendon reflexes. In  the first case-control study 
in French Polynesia, which included 42  cases of suspected 
Zika-related Guillain–Barré syndrome, a median of six days 
(IQR 4-10) was noted as the time interval between flu-like 
illness and onset of neurological symptoms  [24]. Also 88% 
of Zika-associated Guillain–Barré syndrome cases reported 
antecedent rash and conjunctivitis typical for Zika infection. 
Only 48% of patients had diminished/absent reflexes at nadir 
of illness. Approximately, one third required ventilatory 
assistance due to respiratory involvement. All patients were 
treated with IV immunoglobulins and one with plasmapher-
esis. Electrodiagnostic studies were interpreted as compatible 
with the acute motor axonal neuropathy (AMAN) subtype, 
though there were some distinguishing clinical features atyp-
ical for the AMAN variant, including decreased severity and 
faster recovery (more than 50% fully recovered at 3 months) 
and high frequency of facial palsy (79%) [24,33]. Furthermore, 
typical AMAN-associated anti-ganglioside antibodies were 
not  present, though other autoantibodies have been impli-
cated in cross-reactivity. Of note, there is high overlap in 
peptides of Zika virus polyprotein and human proteins 
related to myelin and axonal neuropathy [34]. A case series 
of Zika-associated Guillain–Barré syndrome from Columbia 
reported that all 14 of the 18 patients who underwent elec-
trodiagnostic testing were most compatible with AMAN 
subtype of Guillain–Barré syndrome; 8 of 10 who underwent 
lumbar puncture had albuminocytologic dissociation. Only 
one of the 16 had acute Zika virus infection confirmed with 
positive PCR test [35]. A prospective study of 34 cases of sus-
pected Zika-related Guillain–Barré syndrome was reported 
in Puerto Rico; in contrast to prior studies, electrodiagnos-
tic studies were interpreted to be most compatible with the 
acute inflammatory demyelinating polyneuropathy (AIDP) 
variant [26]. It was suggested that the earlier electrodiagnos-
tic studies interpreted as AMAN may have been incomplete 
and not actually have met criteria for this diagnosis by the 
American Academy of Neurology guidelines [30,36]. In the 
reported Guillain–Barré syndrome cases, only one death 
was attributed to septic shock [26]. The Miller-Fisher variant 
of Guillain–Barré syndrome was also associated with Zika 
virus [37]. Several cases of pure sensory peripheral neuropa-
thy have also been observed [38,39].

Meningitis/meningoencephalitis

Meningitis/meningoencephalitis associated with Zika 
virus has been described. Carteaux et  al. reported a case 
of Zika virus-associated meningoencephalitis in which an 
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81-year-old man was presented with fever and coma for 10 
days after returning from New Caledonia [40]. Focal find-
ings included left hemiparesis and right upper extremity 
paresis; he was reported as hallucinating post-extubation 
at day two. MRI brain was notable for numerous FLAIR 
(fluid-attenuated inversion recovery) signal hyperintensities 
involving the subcortical white matter in an asymmetric 
pattern. Cerebrospinal fluid (CSF) studies were notable for 
a neutrophil predominant pleocytosis (41 white blood cells, 
98% polymorphonuclear cells), with Zika virus identified 
by both viral culture and RT-PCR. He had fully recovered 
at day 38  [40]. A  second case of meningoencephalitis was 
reported in a woman in Brazil who presented with leg weak-
ness, dysarthria, and confusion that rapidly progressed to 
coma. CSF demonstrated a lymphocytic predominant pleo-
cytosis (10 white blood cells, 80% lymphocytosis) with Zika 
virus IgM positive in serum and CSF (PCR in CSF negative). 
Four days prior to onset of neurological symptoms, she had 
experienced arthralgias and a pruritic rash. CT head dem-
onstrated massive cerebral edema leading to death  [41]. 
At  least two more cases of Zika-associated meningoen-
cephalitis have been reported; one was treated with IV 
immunoglobulins and had complete symptom resolution at 
two-month follow-up [30,42].

Encephalopathy/seizures

Neurological complications of Zika infection include enceph-
alopathy and seizures. Rozé et al. described a young man in 
Martinique who presented with fevers, athralgias and head-
ache, and thereafter developed encephalopathy and new onset 
seizures, the latter of which resolved with clonazepam [43]. 
MRI brain and EEG were normal. CSF cell count was nor-
mal, though RT-PCR for Zika virus was positive in the CSF, 
as well as serum and urine. While headaches and arthralgias 
lingered for 45 days, he made a complete recovery [43]. A sec-
ond case of confusion was reported in an elderly gentleman, 
in association with transient right face palsy and aphasia. 
MRI brain showed nonspecific white matter disease, pre-
sumed microvascular disease. EEG demonstrated left fronto- 
temporal slow waves which had resolved one week later. 
While CSF cell count was normal, RT-PCR for Zika virus was 
positive in CSF, serum, and urine specimens [43].

Myelitis

A  15-year-old girl from Guadalupe was the first reported 
case of myelitis; approximately seven days after the develop-
ment of viral infection, she was presented with left hemipa-
resis, paresthesia, and urinary retention. MR imaging of the 
spinal cord demonstrated lesions with surrounding edema 
in the cervical and thoracic spinal cord. She was treated with 
intravenous steroids with subsequent improvement  [44]. 
Several additional cases of myelitis in association with Zika 
virus were also reported in Puerto Rico  [26]. The  lesions 
are predominantly in the anterior part of the spinal cord 
involving the anterior horn. In some cases, it can present as 

a longitudinally extensive transverse myelitis involving the 
entire cord. A case of meningoencephalitis with suspected 
probable myelitis provided evidence of phenotypic over-
lap of Zika-associated neurological complications, akin to 
other flaviviruses such as West Nile virus [45].

Ophthalmologic disease

Cases of transient maculopathy, uveitis, and post-infectious 
papilledema have been reported in association with Zika 
virus infection. Treatment with topical steroids and hyper-
tensive eye drops have been used in adults with acute uveitis, 
with complete functional visual recovery noted thereafter. 
This  is in contrast with the numerous ocular manifesta-
tions of Zika virus that have been described in congenital 
infection, with the most characteristic abnormalities con-
sisting of macular pigmentary changes and chorioretinal 
scarring [46].

Intracranial hemorrhage and ischemic 
stroke

Fatal cases of severe thrombocytopenia have been reported. 
A  30-year-old woman developed intracranial hemorrhage 
and subarachnoid hemorrhage and a 72-year-old man 
who sustained a fall in the setting of platelet count less 
than 1000, demonstrated subgaleal hemorrhage, subdural 
hematoma, and subarachnoid hemorrhage on subsequent 
head CT [47,48]. One 54-year-old woman developed severe 
thrombocytopenia 2+  weeks after infection. Treatment of 
the suspected immune-mediated process with IV immu-
noglobulins resulted in platelet recovery  [49]. Zika virus 
has been implicated as causal in multiple cases of suspected 
acute immune mediated thrombocytopenia (ITP); patients 
were treated with varying combinations of steroids and IV 
immunoglobulins, as well as platelet transfusion in some 
cases  [50]. Ischemic arterial stroke was reported in the 
case of a 10-month-old, six days following initial infectious 
symptoms; serum Zika virus RT-PCR was positive [51].

Acute disseminated encephalomyelitis

A  case of acute disseminated encephalomyelitis (AEDM), 
a post-infectious autoimmune mediated phenomenon, was 
described in a 19-year-old who had developed Zika infec-
tion three weeks antecedent to the onset of neurological 
syndrome [52].

Congenital Zika syndrome

Five features distinguish congenital Zika syndrome from 
other congenital infections and they are (1) severe micro-
cephaly with a partially collapsed skull, (2) thin cerebral 
cortices with subcortical calcifications, (3) macular scar-
ring and focal pigmentary retinal mottling, (4) congeni-
tal contractures, and (5) marked early hypertonia and 
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symptoms of extrapyramidal involvement [53]. Although, 
congenital Zika syndrome has a variable presentation, 
severity and prognosis, the most frequent clinical mani-
festation associated with congenital Zika infection is that 
of microcephaly. Microcephaly is defined by the WHO as 
head circumference less than 31.7 cm for boys and less than 
31.5 cm for girls. Many infants have severe microcephaly, 
with head circumference less than 3  standard deviations 
below the mean. Other phenotypic features compatible 
with the fetal brain disruption sequence (FBDS) include 
redundant scalp skin, skull collapse, prominent occipi-
tal bone, and depressed areas of skull (frontal and pari-
etal bones) with overlapping cranial sutures  [53,54]. 
Ventriculomegaly/ex-vacuo hydrocephalus and extra-
axial fluid accumulation including findings of enlarged 
cisterna magna have been observed  [55]. Abnormalities 
noted on neuroimaging include intracranial calcifications, 
abnormal gyral patterns (i.e., polymicrogyria), cortical 
atrophy, delayed myelination, hypoplasia/agenesis of the 
corpus callosum, and hypoplasia of the cerebellum  [53]. 
Abnormalities in eye development include chorioreti-
nal atrophy or scarring, focal pigment retinal mottling, 
abnormal retinal vasculature, hemorrhagic retinopathy, 
lens subluxations, and colobomas. Optic nerve abnormali-
ties observed include hypoplasia of the optic nerve, optic 
disc pallor, and increased optic disc cupping [33]. Physical 
findings may include congenital contractures, including 
arthrogyroposis and club foot, as well as congenital hip 
and knee dislocations. Neurological abnormalities most 
commonly consist of hypertonia with spasticity and hyper-
reflexia; hypotonia is less common. Extrapyramidal signs 
have also been described [56]. Clinically, infants may have 
severe irritability and/or seizures, dysphagia, and signifi-
cant developmental delay [53].

While the most severely affected infants died in utero 
or within the first year of life (latter typically from respi-
ratory complications), the majority are expected to sur-
vive with prognosis influenced by the degree of damage 
to the central nervous system; earlier onset of rash dur-
ing gestation has been associated with smaller birth head 
circumference  [57]. Even in infants with normal head 
circumference, neuroimaging abnormalities have been 
noted; this group may also suffer from potential devel-
opmental delays. Significant neurological disabilities, 
including severe intellectual, social, behavioral, language, 
sensory, and motor dysfunction, are expected with respect 
to long-term outcomes [58].

PATHOPHYSIOLOGY

Zika virus nucleic acid may be detected in blood, cerebro-
spinal fluid, urine, semen, saliva, amniotic fluid, and breast 
milk; to date, routes of infection have primarily been vec-
tor borne (mosquito bite), maternal-fetal transmission, and 
sexual transmission [59].

Zika virus is a single-stranded positive-sense RNA virus 
belonging to the Flaviviridae family. Its genome is comprised 

of a single polyprotein precursor that is translated to three 
structural proteins: capsid,  [pre]membrane, and envelope, 
the latter of which serves as the primary target of the host 
neutralizing antibody, and seven nonstructural proteins 
that function in genome replication and inhibition of 
innate cellular immune responses [60,61]. The neurotropic 
potential of Zika virus was recognized as early as 1952 
when Dick et al. noted limb weakness and paralysis in mice 
inoculated intracerebrally with Zika virus [62]. In newborn 
mice, there was enlargement of astroglial cells and necro-
sis of the pyriform cells of Ammon’s horn, whereas at five 
weeks of age, astroglial changes were noted throughout 
the cortex. Zika virus was additionally found to replicate 
within neurons [62,63]. Putative mechanisms of pathology 
include viral cytopathology therein resulting in apoptosis, 
and/or by immunopathology in which the disease state is 
driven primarily by cytokine and chemokine mediated 
inflammation [40,64].

Zika neuroinvasive disease as an 
autoimmune phenomenon in Guillain–Barré 
syndrome

The precise mechanism for Zika-associated Guillain–Barré 
syndrome is not clearly known, though an autoimmune pro-
cess involving protein cross-reactivity is suspected. During 
the 2013–2014 Zika virus outbreak in French Polynesia, 
Cao-Lormeau et al. documented 42 cases of Guillain–Barré 
syndrome. Zika virus neutralizing antibodies were present 
in 100% of patients with Guillain–Barré syndrome, but were 
only present in 56% of controls [24]. Lucchese et al. reported 
216 peptide sequences (207 pentapeptides, 8 hexapeptides, 
and 1 heptapeptide) with 247 exact matches to human pro-
teins that are associated with demyelinating and axonal 
neuropathies [34]. The authors concluded that the substan-
tial overlap between the Zika virus polyprotein and sev-
eral human proteins serve as the basis for cross- reactivity 
with peripheral nerves, and that the ensuing cell mediated 
immunity response is the driver of autoimmunity [34].

Zika-mediated neuropathogenesis 
as a parainfectious process

Siu et al. reported onset of neurological symptoms of weak-
ness, numbness, gait unsteadiness, and dyspnea within days 
of confirmed Zika infection. CSF demonstrated evidence 
of cytoalbuminologic dissociation, MRI of the neuroaxis 
was unremarkable, and electrodiagnostics were consistent 
with a demyelinating, predominantly motor, polyneuropa-
thy compatible with Guillain–Barré syndrome. The tempo-
ral relationship of this neurologic syndrome concomitant 
with acute viremia suggests pathology was driven by direct 
neuronal invasion/injury or a rapid cell-mediated immune 
response triggered by cross-reactivity. In  contrast, an 
immunoglobulin-mediated pathology would characteristi-
cally be delayed in onset [65].
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Zika as a neurotropic virus

As suspected of other flaviviruses, some observed Zika 
related neurological complications may be mediated by 
direct neuronal infection. Zika virus attachment in the 
peripheral nervous system at sensory nerve endings sug-
gests that the virus may be spread by anterograde and 
retrograde axonal transport mechanisms. This  may be of 
particular relevance in cases of sensory polyneuropathy 
including: (1) a 62-year-old who developed hypoalgesia and 
allodynia in a non-length dependent pattern that was rep-
resentative of a predominantly small fiber sensory neurop-
athy, and (2) a 13-year-old girl with similar symptoms and 
“inconclusive” nerve conduction studies. In  these cases, 
given the onset of symptomatology during the acute infec-
tion stage, direct infection of peripheral neurons with sec-
ondary apoptosis and inflammation was suspected as the 
putative mechanism [38,39]. Direct viral infection of endo-
thelial cells has also been suggested as a potential mecha-
nism for childhood arterial ischemic stroke [51].

Zika virus infects cells of both the peripheral and cen-
tral nervous systems  [66]. Following intraperitoneal or 
fetal mouse brain injections of Zika virus, Oh et al. dem-
onstrated infection (and consequent transcriptional dys-
regulation and cell death) of peripheral nervous system 
(PNS) cells, including Schwann cells, neural crest cells, and 
peripheral neurons. Zika infection was not detected in skel-
etal muscle cells, however, suggesting some tissues are more 
vulnerable to Zika directed pathology [67]. Following intra-
ventricular inoculation of mice with Zika virus, the virus 
was detected in the dorsal root ganglion, small intestine, 
and spinal cord. A human stem cell-based model was then 
used to investigate the influence of Zika virus infection on 
human neural crest cells; upregulation of genes involved 
in apoptosis was observed. When compared with infected 
human neural progenitor cells of the central nervous system 
(CNS), infected neural crest cells of the PNS also displayed 
dysregulation of cell cycle genes; however, only cells of the 
PNS showed upregulation of genes involved in “transla-
tional elongation” and downregulation of genes involved in 
“nucleosome organization.” Increased activation of CASP3 
(an executioner caspase), expression and phosphorylation 
of c-Jun, and expression and acetylation of histone H3 are 
suspected of playing a role in apoptosis and cell death [67].

Meningoencephalitis and viremia

Other hypotheses for mechanisms of infection have been 
extrapolated from the study of other flaviviruses. In the set-
ting of viremia, the blood–brain barrier is crossed, particu-
larly in patients with higher levels of virus and prolonged 
duration of viremia. Infection may be spread by passive 
transport via endothelial cells or choroid plexus epithelial 
cells, axonal transport by infected neurons of the PNS, olfac-
tory neurons to the olfactory bulb, or transported within 
infected immune cells to the CNS (“Trojan horse” phenom-
ena). Mouse studies demonstrated that following Zika virus 

infection of astrocytes, there is blood–brain barrier break-
down and a significant influx of CD8+ effector T-cells [68]. 
Antiviral T-cell activity limits neuronal infection; however, 
this activity can also induce Zika-associated paralysis.

Congenital Zika infection

Zika virus crosses the placenta and targets cortical neu-
ral progenitor cells, resulting in further release of infec-
tious particles. Cell cycle dysregulation and apoptosis lead 
to impaired neural progenitor cell growth and defective 
nervous system development  [66]. Many of the congeni-
tal abnormalities have been attributed to the ability of the 
virus to infect neural stem cells. The degree of congenital 
abnormalities is related to the stage of pregnancy at which 
the infection occurs. Mature neurons may also be infected, 
albeit to a lesser degree. Apoptosis may be initiated by 
inflammatory cytokine production resulting from infec-
tion of cranial neural crest cells [69,70]. Using post-mortem 
fetus cortical tissue and cultured human neural stem cells, 
Gladwyn-Ng et  al. identified endoplasmic reticulum (ER) 
stress as integral to Zika virus-induced microcephaly in 
congenital infection [71]. The endoplasmic reticulum (ER) 
is integral to the viral life cycle of other flaviviruses, such 
as West Nile virus, dengue virus, and Japanese encephalitis 
virus. Activation of the unfolded protein response (UPR), 
in response to ER stress, influences translational termina-
tion, protein folding and degradation, and cellular apopto-
sis [72–75]. Murine models were used to demonstrate that 
induction of ER stress leads to UPR in cortical neurogenic 
apical progenitor cells, it shifts direct neurogenesis at the 
expense of indirect neurogenesis, and results in the gen-
eration of fewer projection neurons during cerebral corti-
cal development  [71,72]. Immunohistochemical studies 
of Zika-infected fetal tissue have revealed damage to the 
endoplasmic reticulum and cell death. In addition, T lym-
phocytic and histiocytic meningitis in association with 
cerebral astroglial and macrophage activation was observed. 
Conversely, minimal placental changes were noted, therein 
illustrating the neurotropic character of Zika virus  [55]. 
Stefanik et al. have demonstrated that astrocyte response to 
Zika virus infection and subsequent activation of cytokines 
and chemokines, particularly of CXCL-10 (IP-10), IL-6, 
IL-8, IL-12, and CCL5 (RANTES), are also important in 
CNS neuropathogenesis [76].

Considerable research is ongoing; undoubtedly, further 
understanding of Zika-related neuropathogenesis, includ-
ing host and virus specific interactions, remains instrumen-
tal in potential preventative strategies, particularly with 
respect to vaccine development.

EMERGING THERAPEUTICS

The 2016 Zika virus outbreak prompted researchers across 
the world to investigate potential therapeutic agents  [77]. 
Although significant progress has been made in identi-
fying drug candidates, as of the fall of 2018, there are no 
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FDA-approved prophylactics or treatments for Zika virus 
infection. Furthermore, no traditional antiviral small mol-
ecules have advanced to clinical trials. The only candidates 
in the clinic are two biologics in Phase 1a trials, which 
are being evaluated for safety in healthy volunteers (Zika 
Virus Immune Globulin  [ZIKV-IG] in NCT03624946 and 
Tyzivumab in NCT03443830). Here, the most promising 
drug candidates to emerge over the past three years will be 
discussed.

Precedent for the treatment of viral infections and 
knowledge of the flavivirus life-cycle  [78] indicates 
that the virus-encoded NS5  RNA  polymerase and the 
NS2B-NS3 protease are valid targets for inhibition [79,80]. 
Many polymerase inhibitors designed to treat  hepatitis C 
infection failed late in clinical development due to a lack 
of efficacy and toxic side effects  [81]. The  first to over-
come these issues was Sofosbuvir, a phosphoramidate 
nucleotide prodrug  [82,83]. Sofosbuvir’s activity against 
Zika virus was documented by several research groups. 
Viral inhibition was reported in Huh-7  cells, neural 
progenitor cells, brain organoids  [84], neuroepithelial 
stem cells  [85], human placental carcinoma cells, and 
C57BL/6 mice [86]. Sofosbuvir has a favorable safety pro-
file and is a class B FDA-approved drug (no demonstrated 
risk to fetal development when taken during pregnancy, 
but lack controlled human trials); however, its high cost 
could prohibit its large-scale distribution [87]. Sofosbuvir 
also has limited ability to cross the blood–brain barrier. 
The  NS2B-NS3  flavivirus protease is a notoriously diffi-
cult target owing to its shallow and highly charged active 
site  [88]. Many inhibitors have been identified, but are 
limited by a presumed lack of bioavailability  [89]. Two 
compounds that may overcome this limitation are bro-
mocriptine  [90] and novobiocin  [91]. Bromocriptine is a 
class B FDA-approved dopamine receptor agonist with 
several indications, including the treatment of type-2 dia-
betes, hyperprolactinaemia-associated dysfunctions, and 
Parkinson disease  [92,93]. Bromocriptine has moderate 
inhibitory effect against the Zika virus in Vero cells [90], 
but confirmation studies in more relevant cell types and 
animal models are needed. Novobiocin is a class C FDA-
approved (considered for use in pregnant patients if ben-
efits outweigh potential side-effects) antibiotic that is no 
longer on the market in the United States due to lack of 
efficacy. Novobiocin was identified as a Zika virus pro-
tease inhibitor capable of suppressing the virus in Vero 
and Huh-7  cells and in immunosuppressed mice  [91]. 
Further investigation of these agents in combination may 
be warranted.

Alternative mechanisms of viral inhibition that show 
potential are entry inhibitors, helicase inhibitors, and com-
pounds capable of directly degrading the viral particle. 
The  entry inhibitor, 25-Hydroxycholesterol inhibits Zika 
virus uptake in Vero cells and human cortical organoids [94]. 
Intraperitoneal administration of 25-Hydroxycholesterol 
caused a reduction in viremia and Zika virus-induced symp-
toms in immunocompetent mice and rhesus monkeys [94]. 

There is no human data on 25-Hydroxycholesterol, so clini-
cal trials would need to begin in healthy patients to establish 
a safety profile. Furthermore, the need for intraperitoneal 
injection may limit its widespread use. Ivermectin is an 
antiparasitic agent, which was reported to be a flavivirus 
helicase inhibitor [95]. Zika virus infection was inhibited by 
Ivermectin in human neural stem cells and primary amnion 
epithelial cells, though its ability to inhibit the Zika virus 
helicase were not tested [96]. Based on possible teratogenic 
effects in animals, Ivermectin is a class C FDA-approved 
drug; however, its use in pregnant women with helminth 
infections is not  correlated with adverse outcomes  [97,98]. 
A  peptide inhibitor derived from the Zika virus envelope 
protein, Z2, is capable of disrupting the viral membrane and 
inactivating viral particles in Vero and BHK21  cells  [99]. 
Intraperitoneal injection protected interferon-deficient mice 
from a lethal dose of infectious Zika virus. In addition to the 
limitations imposed by intraperitoneal administration and 
the lack of available clinical data, Z2 is also limited by its 
short half-life of 2.8 hours [99].

To improve the rate at which identified agents are able to 
move into the desired patient populations, FDA-approved 
compounds are frequently tested in phenotypic screens. 
While this approach identifies drugs with known human 
safety profiles, the mechanism of action is frequently 
unknown. Many groups have identified a slate of potential 
compounds and a few have demonstrated particular prom-
ise. Niclosamide is FDA-approved and the recommended 
treatment for pregnant women with intestinal tapeworm 
infections  [100]. Niclosamide was identified by its ability 
to inhibit Zika virus-induced caspase activation in human 
glioblastoma cells and its activity was confirmed in human 
neural progenitor cells and astrocytes  [101]. A  similar 
drug, nitazoxanide, also displayed potent inhibitory effects 
against the Zika virus  [102]. Nitazoxanide is approved for 
the treatment of Giardia lamblia and Cryptosporidium and 
is in various clinical trials for its broad-spectrum antivi-
ral activity  [103]. Nitazoxanide inhibited Zika virus when 
added to Vero or A549  cells up to 24  hours post infec-
tion [102]. Screening compounds for their ability to restore 
Zika infected-Vero cell viability, Azithromycin was identi-
fied  [104]. Activity was confirmed in U87  cells and astro-
cytes. After oral administration in humans, Azithromycin 
is capable of reaching high concentrations in the placenta 
without causing teratogenic effects  [105,106], suggest-
ing it could be a viable drug to alleviate fetal infections. 
Additionally, it appears to cross the blood–brain bar-
rier [107]. Further investigation of Azithromycin’s anti-Zika 
activity in vivo appears warranted.
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