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ABSTRACT 

Zika virus induced neuro-ocular pathology correlates with autoreactive  

anti-ganglioside antibodies and can be ameliorated with cutaneous vaccination 

By Jacob T. Beaver 

Zika virus (ZIKV) garnered international attention between 2015-2017, initially infecting 

pregnant women in Brazil and later attacking indiscriminately residents of the Americas. Infection 

of pregnant population resulted in a newly identified fetal-maternal pathology including severe 

neurological impairments such as microcephaly, which is now part of the congenital ZIKV 

syndrome (CZS). Among adults, ZIKV caused moderate to severe neuro-ocular sequelae, with 

symptoms ranging from conjunctivitis to Guillain-Barré Syndrome (GBS). The lack of case reports 

of ZIKV since 2017 may be directly attributed to increased herd immunity and better arbovirus 

vector control. However, children born from mothers infected with ZIKV continue to demonstrate 

the long-term impacts of fetal-maternal ZIKV infection, as reports of CSZ-related brain and eye 

developmental abnormalities continue to emerge among children born without microcephaly.   

In this dissertation, we used immunocompetent BALB/c mice, which generate robust humoral 

immune responses, to investigate long-term impacts of ZIKV infection. Using a high infectious 

dose to overcome natural interferon barriers that may hinder murine infections, we found that 

immunocompetent mice exhibited motor impairment such as arthralgia, as well as ocular 

inflammation resulting in retinal vascular damage, and corneal edema. This pathology persisted 

100 days after infection with evidence of chronic inflammation in immune-privileged 

compartments, demyelination in the hippocampus and motor cortex regions of the brain, and 

retinal/corneal hyperplasia. Pathology in immunocompetent animals coincided with weakly 

neutralizing antibodies and increased ADE among ZIKV strains (PRVABC59, FLR, and MR766) 

and all Dengue virus (DENV) serotypes. These antibodies were autoreactive to GBS-associated 

gangliosides. This study highlights the importance of longevity studies in ZIKV infection and 

confirms the role of anti-ganglioside antibodies in ZIKV-induced neuro-ocular disease. 
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CHAPTER I: INTRODUCTION 

 

ABSTRACT 

 

Zika virus (ZIKV) became a public health emergency of global concern in 2015 due to its rapid 

expansion from French Polynesia to Brazil, spreading quickly throughout the Americas. Its 

unexpected correlation to neurological impairments and defects, now known as congenital Zika 

syndrome, brought urgency to characterize the pathology and develop safe, effective vaccines. 

ZIKV genetic analyses have identified two major lineages, Asian and African, which have 

undergone divergent mutations during the past 50 years. Although ZIKV has been circulating 

throughout Africa and Asia for the later part of the 20th century, the symptoms were mild and not 

associated with serious pathology until now. ZIKV evolution also lead to form of novel modes of 

transmission, including maternal-fetal transmission, sexual transmission, and transmission through 

the eye. The African and Asian lineages have demonstrated differential pathogenesis and 

molecular responses in vitro and in vivo. The limited number of human infections prior to the 21st 

century restricted ZIKV research to in vitro studies, but current animal studies utilize mice 

deficient in type I interferon (IFN) signaling in order to invoke enhanced viral pathogenesis. 

Indeed, there are several instances where virus evolution has guided host pathogenesis such as 

innate immune responses and tissue tropism. Here, we examine the molecular and pathogenic 

evolution of ZIKV and the impact these have had on potential vaccine candidates.  
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INTRODUCTION 

 

Zika virus (ZIKV) has garnered international attention due to its rapid worldwide expansion since 

2015 when an epidemic struck Brazil, resulting in a newly correlated pathology including severe 

neurological impairments such as microcephaly, which is now part of the congenital ZIKV 

syndrome, as well as Guillain-Barré syndrome afflicting adults (1). The World Health 

Organization declared ZIKV a Public Health Emergency of International Concern in February 

2016, during which time ZIKV was spreading rapidly across South America, the Caribbean, and 

into the United States (1). This outbreak in Brazil spread rampant across the western continents 

raising critical questions pertaining to the evolution of this virus. Prior to 2015, ZIKV infections 

were limited geographically to Africa and Asia and were reported to be asymptomatic and 

approximately 20% mildly symptomatic presenting as a self-limiting febrile illness with most 

common symptoms including maculopapular rash, conjunctivitis, and joint pain (2). The mounting 

evidence that ZIKV is now causing neuropathology and fetal brain developmental disruption, as 

well as rising concerns over novel modes of ZIKV transmission suggests an evolutionary change 

in the molecular structure of ZIKV strains that has contributed to its rapid expansion, aggravated 

pathogenicity, and multiple routes of infections. These increasingly adverse effects depict why an 

analysis of the phenotypic differences between the African and Asian lineages, as well as between 

the many strains which have evolved under each clade, is a vital component of our ongoing effort 

to develop vaccines or therapeutics and fill major gaps of knowledge regarding ZIKV 

pathogenesis. 
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SECTION I.I - HISTORY OF VIRUS EMERGENCE 

 

ZIKV was discovered in the Zika Forest of Uganda in 1947 by Alexander Haddow and George 

Dick during surveillance of yellow fever in rhesus macaques in Uganda (3). The virus was later 

isolated from Aedes africanus mosquitoes collected at the same site (4). The first documented 

human case occurred in Nigeria in 1954. It was not until 1966 that ZIKV was first detected in Asia 

alongside the first evidence of transmission by an urban vector, A. aegypti mosquitoes from 

Malaysia (5, 6). We know that two major lineages of ZIKV were diverged at this time, African 

and Asian, which is confirmed by current genetic and phylogenetic analyses (2). Zika virus silently 

migrated east across the Asian continent until an outbreak in 2007 on Yap Island, Micronesia, 

rendering 73% of residents infected (7). Despite the presence of DENV IgM in affected 

individuals, the unique symptomatic presentation, namely Guillain-Barré Syndrome, was 

definitively identified as ZIKV-induced. The next outbreak was six years later in French Polynesia, 

spreading to several other islands in Oceania (8). The most commonly reported symptoms in the 

Yap Island and French Polynesian outbreaks included rash, fever, arthralgia, and non-

purulent conjunctivitis (9, 10). The first case with Guillain-Barré syndrome (GBS) as a 

complication of ZIKV infection was reported in the 2013 outbreak in French Polynesia (10). It 

was also in 2013 when it was discovered that ZIKV transmission could occur through blood or 

other bodily fluids, and not just through mosquito bites. 

Brazil was the next location to experience an outbreak early in 2015. Phylogenetic and 

molecular clock analyses revealed that there was a single introduction of ZIKV to the country, 

which is estimated to have occurred between May and December 2013, or 12 months prior to its 

detection (11). The virus was likely brought to Brazil by a traveler from French Polynesia after a 

https://www.omicsonline.org/scholarly/neonatal-conjunctivitis-journals-articles-ppts-list.php
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stop at Easter Island (12-14). A retrospective blood bank analysis on 210 samples collected from 

patients during a 2013 DENV-4 outbreak (15), showed 10% had single positive qRT-PCR results 

for ZIKV, and only 2% positive results across triplicate samples. These data provide potential 

insight that ZIKV may have been present in South American countries as early as April of 2013. 

From the confirmed 2015 cases, it took less than one year for the virus to spread throughout Brazil 

into neighboring South American countries and into Central and North America. An increase in 

GBS cases was reported in Brazil, Colombia, Suriname and Venezuela and microcephaly cases in 

NE Brazil, which included neurological disorders and neonatal malformations (12, 16-25). 

Sequence homology studies revealed that of the two ZIKV lineages, the strains responsible for the 

human outbreaks throughout the Americas was phylogenetically closest to the Asian lineage (26). 

To better understand how ZIKV might be evolving, it is important to understand its genomic 

structure. 

 

SECTION I.II - MOLECULAR BIOLOGY OF ZIKV 

 

ZIKV genome organization 

The genome organization and major protein functions of ZIKV are highly similar to all other 

members in the Flavivirus genus (26-28). ZIKV is a positive single-stranded RNA virus that 

belongs in the Flaviviridae family. This family includes the human pathogenic viruses, Japanese 

encephalitis virus (JEV), dengue virus type 1-4 (DENV), yellow fever virus (YFV), West Nile 

virus (WNV) and tick-borne encephalitis virus (TBEV). The genome is a 10.8 kb single-strand, 

positive-sense RNA molecule that consists of a 5’ untranslated region (UTR) (~107 nt), one open 

reading frame (ORF) (~10.2kb), and a 3’ UTR (~420 nt). The ORF encodes a polyprotein precursor 
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that is processed into 3 structural proteins; capsid (C), pre-membrane/membrane (prM), and 

envelope protein (E) as well as seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, 

NS4B and NS5). The viral polyprotein is co-translationally or post-translationally cleaved by viral 

NS2/NS3 protease, host signal peptidase (C/prM, prM/E, E/NS1, 2K/NS4B) and a host protease 

(NS1/NS2A). The pr- fragment of the prM protein is cleaved by furin in the trans-Golgi apparatus 

to generate mature virions. The major surface glycoprotein involved in host cell binding and 

membrane fusion is the E protein (29). Viral genome replication is accomplished through the 

nonstructural proteins (NS1-NS5) which serve as self-cleaving peptidases, along with the viral 

RNA-dependent RNA-polymerase.  

 As RNA genome viruses are strategically organized to contain the minimal number of genes 

required for sufficient replication and host immune evasion, many RNA viruses have evolved 

innovative methods for manipulating subverting molecules within their host cells (30). Among 

these are non-coding, subgenomic RNAs. These subgenomic flavivirus RNA components 

(sfRNA) have been implicated in both the reduction of type I IFN transcription, and in mediating 

resistance to cellular exonucleases that would degrade genomic transcripts, such as Xrn1 (31, 32). 

While the complete functional role of sfRNAs remains unknown, few key pieces of information 

have already emerged regarding ZIKV. Of these, work by Donald et al. suggests that sfRNA of 

ZIKV can not only inhibit the type I IFN response by means of a pseudo-knot tertiary structure, 

but may do so in a manner that is more broad than those of other flaviviruses, such as DENV (33). 

Additionally, the difference in ZIKV lineage does not impact the generation of these sfRNAs, and 

is unlikely to impact the predicted tertiary structure.  

 

Genetic evolution of the virus 
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The MR766 (HQ234498) strain of ZIKV from Uganda is considered the classical strain and is 

used consistently in both in vitro and in vivo research studies to model ZIKV infections. While this 

strain has been passaged 147 times in insect cell cultures and suckling-mouse brain tissues, very 

few mutations have been detected in its genome. When genomic sequences are compared between 

MR766 to two other variations, AY632535 and DQ859059, which were both isolated from Uganda 

in 1947 from sentinel Rhesus macaques, all three variants were determined to differ in only 0.6% 

of nucleotide and 0.4% of amino acid sequences (34). While the correlation between low mutation 

rates and low human transmission may be inferred, there is no evidence of mutation rates driving 

transmissibility for ZIKV. Phylogenetic analysis of ZIKV genomes was analyzed using the Virus 

Variation software from NCBI. Using only full-length nucleotide sequences, viral strains were 

sorted, organized, and color coded by the source of virus isolation or by continent of origin (Figure 

1 and 2, respectively). Sorting viral genomes by source reveals that 86.5% of isolates were derived 

from humans, 11% from mosquitoes and 2% were isolated from NHPs. Based on this sorting 

approach we can see that African lineage strains are limited to mosquitoes and NHPs, while Asian 

lineage strains are isolated from both humans and mosquitoes (Figure 1).  
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FIGURE 1. Phylogenetic analysis of ZIKV genomes by host. (A) Phylogenetic analysis of 296 

available ZIKV genomes was organized according to the host species of isolation using Virus 

Variation analysis system available through NCBI. Only complete nucleotide genomes were 

screened and duplicate strains were removed to produce 296 unique strains. Strains isolated from 

humans, mosquitos, NHPs, and cell cultures are labeled with red (humans), blue (mosquitos), 

green (NHP), and aqua (cell cultures). (B) The total number of strains isolated per host species 

was used to derive the percentage of each host within the grand total. 
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 Phylogenetic trees of ZIKV have also been used to study the movement of ZIKV strains across 

the globe to identify potentially serious mutations that could alter molecular mechanisms, and 

potentially lead to enhanced pathology (35). Phylogenetic analysis of available ZIKV genomes 

reveals approximately 97% of genomes published are from the Asian lineage, and 7% are of 

African lineage. Among these Asian lineages, 66.9% of all isolates were collected from North, 

South, and Central America. Of these, 38.8% of isolates were from North and Central America, 

and 28.1% were from South America. The remaining 26.1% of Asian lineage isolates were 

collected from the Asian and Oceania continents. Only 7% of all analyzed strains were from Africa 

(Figure 2).   
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FIGURE 2. Phylogenetic analysis of ZIKV genomes by region.  

(A) Phylogenetic analysis of available ZIKV genomes was organized according to lineage, 

followed by continent of isolation using Virus Variation analysis system available through 

NCBI. Only complete nucleotide genomes were screened, and duplicate strains were removed 

to produce 296 unique strains. Strains were clustered from Africa (red), from the Americas 

(Asian lineage) (blue); and from Asia and Oceania (Asian lineage) (green). (B) The total number 

of strains isolated per continent was used to derive the percentage of each host within the grand 

total. 

  

 A phylogenetic analysis juxtaposing MR766 strain to Asian lineage strains, particularly from 

Suriname and French Polynesia, revealed 50 amino acid lineage specific differences (2, 36-39). 

Of these, all variations occur in either the NS1 or NS5 proteins (38, 39). Yet, when Wang et al 

compared human to mosquito strains from the French Micronesia (FSM) outbreak in 2007 and the 

French Polynesia outbreak in 2013 (H/PF/2013), they identified 435 and 446 nucleotide changes 

in FSM and H/PF/2013 respectively (2, 27). All contemporary human strains within the Americas 

share higher sequence homology with the Asian lineage P6-740 (Malaysia/1966) which was the 

sole mosquito isolate (A. aegypti) than IbH-30656 (Nigeria/1968) (40). These isolates are most 

closely related to the H/PF/2013 strain (French Polynesia/2013) than the FSM strain 

(Micronesia/2007), suggesting that although the two Asian variants evolved from a common 

ancestor, they further diversified and the genetic distance between the 2007 and 2013 variants 

increased (2). A third major lineage from Africa is thought to exist based on analysis of only the 
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E and NS5 gene sequences (38, 41). This lineage is designated Africa II, but it is neglected due to 

incomplete sequencing of the whole genome.  

 Multiple sequence alignments using 58 complete genome and five envelope sequences of 

ZIKV as of April 2016, revealed conserved amino acid variations. Nineteen variations were found 

in the sequence of structural proteins and 47 variations in the nonstructural proteins, with the most 

variations in NS5 although the RNA dependent polymerase domain had no variations at conserved 

motifs (27, 42). Eight variation sites were located in E protein; two sites were in the stem region 

and one site in the transmembrane region of the E protein. Substitutions in stem and 

transmembrane regions affect virion assembly and membrane fusion, whereas substitutions in 

Domain III of E protein may affect receptor binding (29, 43).  

 Smith et al. (2018) found the difference between African and Asian isolates used in their 

analysis, to be approximately 75-100 aa residues, while the strains within each Asian and 

American lineage differed by approximately 10-30 aa residues, suggesting even minimal 

mutations could have phenotypic impact. A separate analysis by Wang et al on nucleotide 

sequences compared 8 African strains (7 from mosquitos, 1 from monkey) with 25 Asian strains 

(all human) and found 59 amino acid variations that differed between the two major lineages, but 

were shared within the various strains of either African or Asian ancestry (2). The highest 

variability (10%) between Asian human and African mosquito strain was in the pr- region of prM 

protein, though the effect of this structural change on viral function is unclear. Yuan et al. 

demonstrated differences in neurovirulence among Asian lineage strains from Cambodia and 

Venezuela resulted from a single amino acid substitution S139N in the pr region of prM (44). The 

authors hypothesized that this substitution may contribute to a neurovirulent phenotype but did not 

propose a mechanism. These data are important because they demonstrate not only variances 
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among strains of the same lineage, but also shed critical insight on intra-lineage strain-specific 

evolutionary differences. Comparison of protein sequences using P6-740 as the Asian reference 

and FSM showed over 400 variations at the nucleotide level and 26 unique substitutions at the 

protein level. Comparison of FSM, H/PF/2013 and the Brazilian strains from 2015-16 showed that 

all these strains acquired changes at an additional 8 positions for a total of 34 amino acid changes 

compared to P6-740. All isolates showed identical amino acids at these positions except for 

T2634M/V in the NS5 protein.  

 Of note, no known ZIKV mosquito strain has the same nucleotide sequence as the human 

strains, though this could be due to sampling bias or ZIKV transmission through alternative routes 

(2). Nonetheless, nucleotide sequence changes can have an impact on viral pathology, replication, 

transmissibility, and fitness. One such example is the impact on post-translational modification of 

the E protein. Faye O.  et al in 2014 reported a N154-glycosylation site deletion event of E protein 

in African isolates that did not exist in Asian lineage strains (42). Neurovirulence may depend on 

glycosylation of the Env protein (Asn 154) (45, 46). Naik and Wu reported that a mutation of 

putative N-glycosylation sites on DENV NS4B decreased RNA replication suggesting that 

glycosylation may play important roles in infectivity, maturation and virulence of flaviviruses (47).  

 Similar to DENV, ZIKV evolution depends on worldwide spread of the mosquito vector, 

growing human population size, and increased foreign travel and commerce (37). Sequence 

analyses demonstrate that the virus originated in Africa within two distinct groups; Uganda and 

Nigeria, mostly isolated from non-human vectors, and share a common ancestor in the MR-766 

strain. The Asian cluster was isolated in Malaysia shows evolutionary descent from a prototype 

strain, P6-740, which includes strains from other Southeast Asian countries, such as Cambodia 

and French Polynesia. The American clade, which includes strains from Brazil and other American 
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or Caribbean strains, evolved from this Asian cluster and expanded rapidly among naïve 

populations (37). As ZIKV evolves, it diversifies and creates new interactions with vectors and 

hosts that impact pathology, which exhibit unique lineage and strain specific pathological profiles. 

To this date 416 fully sequenced African and Asian isolates have been characterized have been 

deposited in GenBank. 

 

SECTION I.III - ZIKV TRANSMISSION AND TISSUE TROPISM 

 

Vector influence on viral evolution.  

While the African lineage contained eight mosquito isolates, the P6-740 (Malaysia/1966) was the 

sole mosquito isolate in the Asian lineage. In 2007, human sera from patients with painful febrile 

disease and A. albopictus mosquitos were sampled from West Africa and tested positive for ZIKV 

(48). At the same time, the Micronesia outbreak identified A. (stregomyia) hensilli as the likely 

principal vector (7). In 2013, ZIKV reached French Polynesia, with subsequent spread to Oceanian 

islands (New Caledonia, Cook islands and Easter island) which contained A. aegypti and A. 

Albopictus throughout most of this region (8). Eleven percent of the population was infected 

causing symptoms such as low-grade fever, rash, conjunctivitis and arthralgia, as well as GBS 

(49).  Aedes aegypti has not only expanded to Central-South America, but is also regarded as the 

most common vector for DENV (50). The New World strains of A. aegypti and A. albopictus 

which are the most common in USA are poor transmitters of ZIKV (51) suggesting that divergence 

of the Asian lineage can impact human to human transmission without impacting how the virus 

behaves in a vector. Indeed, while Aedes is widely accepted as the vector for ZIKV (52-54), work 

by Guedes et al. has demonstrated that ZIKV can infect and replicate in the midgut, salivary glands, 

and can be detected in saliva of Culex spp (55). This work suggests, while still a contentious topic 
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requiring further investigation, the transmission vector range for ZIKV may be greater than 

anticipated.   

Non-Vector transmission. ZIKV and other Flaviviruses (with the exception of Hepatitis C) are 

transmitted by mosquito bite, but ZIKV has clearly diverged from other flaviviruses. Since the 

2015 epidemic, the mirth of published data has made it apparent that ZIKV can be transmitted 

from human to human through sexual transmission, blood transfusion, ocular transmission, or 

vertical transmission from mother to fetus (20, 23, 56). While the African strains are better 

transmitted through mosquitos, the American strains with Asian ancestry may have obtained 

enhanced transmission capabilities through sexual intercourse. This is supported by the numerous 

clinical cases of sexual transmission from male to female partners, and the limited data regarding 

female to male transmission (57-68). Of these clinical cases, originally infected individuals are 

reported to have traveled to South American countries or Pacific island nations, where they are 

believed to have contracted ZIKV (69). Recent findings from Mead et al. reveal that while ZIKV 

can be detected in semen from infected men for up to 9 months after infection, sexual transmission 

of ZIKV typically occurs within 20 days of infection, and the amount of infectious ZIKV in semen 

decreases rapidly within the first 3 months of infection. In a recent study aiming to standardize in 

vitro techniques for detection of Asian lineage strains of ZIKV, Barreto-Vieira et al. demonstrated 

that monkey epithelial cells are more susceptible to ZIKV infection than insect cells (70).  

 

Human infection studies  

 

Fetal-placental infections. The new routes of transmission demonstrate a novel tissue tropism for 

the virus. As such, tropism for the human placenta allowing infection of the fetus is unique for 
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ZIKV, even though it should be noted that other flaviviruses that are not human pathogens do 

infect placental tissue in their respective hosts. Asian strains of ZIKV attracted global attention for 

their impact on maternal and fetal health (71, 72). Infectivity studies have shown South American 

strains of Asian lineage are capable of infecting human decidua and umbilical cord tissues, and are 

responsible for apoptosis of chorionic villi, which function in fetal/maternal blood/nutrient 

exchange (73, 74). In Brazil, mothers giving birth to newborns with microcephaly reported fever, 

rash and conjunctivitis during pregnancy, the most commons signs and symptoms of ZIKV 

infection (75). However, diagnosis beyond the earliest stage of acute disease is nearly impossible 

in the dengue-endemic regions and since the majority of exposures to ZIKV may cause 

asymptomatic infections, large numbers of infected pregnant women may have gone undiagnosed 

or misdiagnosed (23). Importantly, the severity of these responses varies greatly between patients, 

indicating that while studies on human immune responses to ZIKV infection are important, there 

is a large knowledge gap yet to be filled regarding the diversity of ZIKV infections among human 

demographics. An excellent example of how ZIKV pathogenic severity is dependent on individual 

genetic backgrounds is the study published by Caires-Junior et al., which compared twins where 

one was diagnosed with congenital Zika virus syndrome (CZS) (76). This study demonstrated that 

upon infection of neural tissues with ZIKV, stem-cells from the CZS twins grew slower and 

exhibited increased viral replication. Importantly, the transcriptome results of the study revealed a 

significant difference in the level of an mTOR inhibitor protein, DDIT4L, between CZS and 

unaffected twins. This finding is significant because it indicates an individual genetic disposition 

for increased mTOR signaling. Also, mTOR signaling pathways are critical for autophagy-

mediated viral clearance (77), suggesting a reason why ZIKV infections are intensified in 

individuals with mTOR mutations.  
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Fetal brain infections. ZIKV’s proclivity for neural cells is not a novel finding among flaviviruses, 

as members of this viral family are known for their neurovirulent qualities (78). Several studies 

have sought to investigate the neuro-invasiveness and pathogenesis of ZIKV within both human-

specific cell cultures and in neonatal mice. One example is the work done by van den Pol et al., 

which investigated ZIKV cellular targeting within the brain (79). Here, in vivo mouse studies on 

neonatal brains revealed ZIKV infection of specific regions of the brain as early as 4 days post 

infection, and can be resolved by in-situ hybridization by 7 days post infection. Additionally, 

human cell culture work by van den Pol et al. revealed a 24-hour virus incubation period in human 

astrocytes before shedding active virus into culture media. Importantly, a study by Lin et al. using 

cultured human fetal brain tissues suggests that ZIKV enters the brain via the subventricular zone 

and actively infects and replicates in committed neural cells, and thus as cells propagate to develop 

the brain, they result in an increase of viral presence (80). The authors speculated that the immune 

response to this neural infection may drive microcephaly.  

 

Urogenital tract infections. Viral RNA can persist at high levels for months in the sperm of 

infected men even after resolution of symptoms and persists in the vaginal secretions of infected 

females for weeks after symptoms resolve (5, 62). This type of persistence in the reproductive tract 

and sexual transmission is not observed with other flaviviral infections (81).  

 

Ocular infections Ocular infections are also unique to ZIKV and likely transmitted through 

conjunctival fluids, tears and lacrimal glands. Although the reported cases of African lineage 

infections were too few to identify similar symptomatology, ocular infections by the Asian lineage 
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have been documented in humans and recapitulated in animal models. Inner retinal vasculopathy 

(82) or other ocular infections have been reported linked to international travel into South 

American and Caribbean island nations (82, 83). Ocular abnormalities have been documented in 

infants with CZS. In a report by Fernandez et al., post-mortem examination of fetuses from 

terminated pregnancies revealed micro-calcifications of the retina, increased amount of autolysis 

of tissues at the front of the ocular tract, detachment of retinal and retinal epithelial layers, and a 

distinct lack of neural differentiation of retinal neurons (84). This study by Fernandez et al. 

corroborates clinical cases where 34.5% of all ZIKV microcephalic infants reported in the first 

two months of 2016 had ocular abnormalities, such as retinal mottling, optic nerve degeneration, 

and a lack of differentiation of retinal neurons (85-93).  

 

Animal infection studies  

 

Ocular infections. Small animals have been used to investigate the pathogenic variability of ZIKV 

lineages during active infections. Noteworthy among these are murine models, which have been 

well characterized for use studying other flaviviruses (94). A129 and AG129 mice that are 

deficient in interferon (IFN) receptor signaling when infected with ZIKV, showed specific cellular 

tropism of ZIKV in retinal cell layers of the eye (95). A129 mice are deficient in IFN alpha/beta 

receptors, while AG129 mice are deficient in IFN alpha/beta and gamma receptors. Muller cells 

and retinal astrocytes infected with the virus resulted in a sustained proinflammatory 

microenvironment within the ocular tract that contributed to conjunctivitis and uveitis in these 

mice (96). In a NHP model for ocular and uteroplacental pathogenesis, Mohr et al. demonstrated 

lack of retinal neuron maturation, anterior segment dysgenesis, and notable chorioretinal lesions 
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in fetal macaques (97). Different ZIKV strains display divergent tropism within host tissues. Miner 

et al. showed that ZIKV infections induced purulent viral panuveitis in AG129 mice and that Asian 

lineage ZIKV from South America had higher viral burden than those from Oceania in ocular 

tissues (98). 

Previous studies investigating the molecular mechanisms by which ZIKV gains access to the 

eye and causes inflammation, have revealed a role of retinal epithelial infection and cell death in 

allowing for ZIKV to cross the blood barriers of immune-privileged tissues (95, 99). These 

investigations are often limited to in vitro studies of human primary cells or juxtapose cell culture 

studies with ZIKV infection in wild-type (WT) C57BL/6 and immune-compromised animals. 

Singh et al. provides a thorough analysis of transcriptional responses after intravitreal inoculation 

of ZIKV into either WT or ISG15 deficient animals and shows a rapid induction of inflammatory 

responses during ZIKV infection (95). These findings coincide with retinal lesions and 

chorioretinitis that present within 24 hours of infection and last up to 96 hours after infection. 

While this insight into ZIKV pathogenesis of immune-privileged tissues is beneficial, the 

mechanism behind systemic ZIKV entry into the eye and ZIKV infection synergy between eye 

and brain remain to be determined.     

 

Brain, spleen and testicular infections. Regarding tissue tropism by the Asian and African strains 

in animal models, the reports are conflicting. Dowall et al. demonstrated that viral RNA and ZIKV-

induced histopathology with both MP1751 (African lineage) and PRVABC59 (Asian lineage) 

were highest in brain, spleen and testis of A129, although the histological changes were more 

prominent in animals infected with the African lineage. The histopathology was minimal in heart, 

liver, kidney and lung, although the Asian lineage caused no measurable clinical features (100). 
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The natal RGN strain from northeastern Brazil was isolated from the brain of a fetus with 

microcephaly and contained half of all mutations in the NS1 gene, suggesting tissue-specific 

evolution of ZIKV has contributed to the emergence of CZS (2). 

 

Lineage-Dependent Differences in Animal and Cell Culture Models.  

There are limited studies characterizing ZIKV strains and the majority utilize one strain 

exclusively. Phenotypic differences among African and Asian isolates have been reported in both 

in vitro and in vivo models, demonstrating the importance of considering ZIKV isolate, passage 

history, cell type, or mouse model when interpreting results (1, 101). Asian strains of ZIKV have 

been analyzed for differential infectivity in many human and non-human cell lines (28, 102). These 

include cells from ovary, kidney, liver, brain, lung, and keratinocytes. Keratinocyte involvement 

is important to explore as the skin is the first barrier encountered during mosquito bites, and the 

first line of defense against ZIKV entry (28, 102). Analyses from these in vitro studies demonstrate 

that infection after 48 hours produced differences between cell lines in the amount of intracellular 

NS1, as well as amount of virus release,  and the extent of infection did not directly correlate to 

IFN response (103).  

 Substantial differences are also found between African and Asian strains in vitro among 

mammalian and insect cell lines (28). A low-passage African isolate from mosquito reached higher 

titers than two low-passage Asian strains at all observed time points (0-36 dpi) in cell lines from 

four diverse vertebrate hosts and five insect cell lines (28). Vielle et al reported strain specific 

infection profiles in Vero cells, Aedes cells and human monocytic DCs (MoDCs) (102). The 

authors used five African and Asian lineage strains isolated from various hosts; MR766 (U-1947) 

from monkey, MP1751 (U-1962) from a pool of A. africanus mosquito, PF13/25013-18: FP-2013 
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(French Polynesia) from human serum, PR-2015 (Puerto Rico) from human serum and G-2016 

(Guadaloupe) from human semen. The low passage U-1962 and U-1947 are very distant 

phylogenetically. The African lineage U-1962 and the Asian lineage PR-2015 showed highest rates 

of infection in Vero cells compared to the other strains (101). Similar findings for the U-1962 were 

observed in the mosquito cell line. In contrast, in vitro studies of human MoDCs showed similar 

susceptibility to infection, activation/maturation, expression of type I and III IFNs or cell death 

between lineages (101). The authors reported that NS5 of U-1962 showed polymorphism 

compared to the other strains of the study, but none of the residues were putative STAT2 binding 

residues, suggesting that the levels of expression of mutations were independent of mutations in 

the NS5 sequence of the U-1962 strain (102). 

 Additionally, infectivity studies comparing the two lineages revealed that African strains of 

ZIKV can infect human neural progenitor cells and produce both higher titers of progeny virus, 

and also induce higher levels of cellular apoptosis (39, 101, 104). A study by Hamel et al., 

demonstrated similar findings using human astrocyte cell cultures, where they found African ZIKV 

strain HD78788 can reach higher infectious titers 24 hours post infection of human astrocytes, and 

also induces less innate antiviral gene transcription than Asian strain H/PF/2013 (105). This trend 

was further confirmed in human dendritic cells, which are one of the primary cell types naturally 

infected by ZIKV (102).   

 While mice may not naturally become infected by ZIKV, they can be used as models for 

pathogenesis, and similar reports of differential lineage-specific infection characteristics have been 

published regarding in vivo mouse experiments. Zhang et al. conducted a study juxtaposing an 

older Asian lineage strain from Cambodia, with a more contemporary American strain from 

Venezuela to investigate potential differences in neuro-virulence between the two (106). They 
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found that compared to the Cambodia strain, neonatal mice infected with Venezuelan strain of 

ZIKV demonstrated more neuronal cell death, obliteration of oligodendrocyte development, and 

an increase in the amount of CD68 and Iba1 positive microglia/macrophages in brain tissues. On 

the other hand, Qian et al. reported that African and Asian lineages showed similar levels of brain-

development disruption in an organoid development model, thus prompting further questions 

regarding further analyses within the Asian lineages (107). This change between Asian and 

American, or alternatively between pre-epidemic and epidemic stains of ZIKV, may be attributed 

to new mutations between the two (108). Indeed, sequencing data comparing over 20 strains of 

ZIKV reveals at least 15 amino acid changes between epidemic and pre-epidemic strains, as well 

as the generation of a 9 amino acid bulge, rather than an external loop structure at the 3-prime 

UTR region of the NS5 sequence.  

 Mouse background strain and treatment play a major role in pathogenesis, as infections using 

the same dose and strain of ZIKV from either lineage. The animal model chosen for a study is a 

potential complication of comparing the phenotypes of ZIKV isolates, as is the  in vitro and/or in 

vivo passage history of isolates. There is a tradeoff between passage number and viral fitness in 

either vertebrate or insect hosts. A study by Haddow et al. suggests that high passage number of 

traditional African strains, such as MR766, in both Vero cells and suckling mouse brains has 

resulted in a distinct loss of glycosylation sites, which may thus affected pathology in other organs 

(34). The pathology of a low-passage African isolate from mosquito and two low-passage Asian 

strains were compared in vivo using two mouse models, the A129 mouse (deficient in type-I 

interferon receptor, Ifnar1-/-) and the IFN-I antibody blockade mouse.  The A129 mouse is 

commonly used to study ZIKV because the virus infects cells by targeting human STAT2 to 

suppress IFN signaling and it has been proposed that lack of  murine STAT2 binding impairs 
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infection unless the type I IFN receptor is knocked out or blocked (1). Of additional note, the 

majority of investigations that utilize ZIKV grow their viral stocks in Vero cells, which do not 

produce IFN type I in response to a viral infection, and thus makes them permissive to ZIKV 

infections (109, 110).  

 According to Smith et al, the African isolate caused more severe clinical pathology and 

lethality in both mouse models, suggesting enhanced virulence of the African strain compared to 

both Asian strains. Significant phenotypic differences were also observed between the two Asian 

strains (CPC-0740 and SV0127-14) used in the study; SV0127-14 produced 10-100 fold lower 

titers in all cell types compared to CPC-0740, and it produced only mild clinical symptoms and 

10% mortality in Ifnar1-/-  mice versus 90% mortality with the more virulent CPC-0740 (28). The 

IFN-I antibody mouse model was far less susceptible than the Ifnar1-/- model, producing zero 

mortality and no clinical symptoms with CPC-0740. The same result was found using a more 

recent Asian isolate from Puerto Rico, PRVABC59 in the IFN-I antibody blockade mouse (28).  

 Similar to previous studies comparing African and Asian strains, Dowall et al. reported that 

A129 mice tolerated infections with an Asian strain well, while an African strain was lethal, with 

morbidity and mortality worsening in a dose-dependent manner. Interestingly, although the Asian 

strain produced no clinical symptoms, viral RNA levels were detected in various tissues, including 

brain, spleen, lungs, and kidneys and viral burden was detected in secretions, albeit the magnitude 

and time course of the Asian and African strain differed, with detection levels produced earlier 

using African infections. Moreover, seroreactivity revealed detectable antibody responses in the 

Asian infected A129 mice despite no clinical signs of illness (1). 
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Correlates of Inflammation during ZIKV infection in Eyes and Brain.  

GBS has been correlated with antibody cross-reactivity to host gangliosides in other flaviviruses 

(111), and correlate with motor-neural pathology (112). Gangliosides are vital to synaptic 

transmissions, intercellular adhesion and communication, equilibrium, immune signaling, and 

nervous system and motor/neural network maintenance (113). Anti-ganglioside antibodies have 

been previously shown to lead to the absence or fragmentation of MBP, myelin PLP, and vimentin 

all contributing to persistent neuroinflammation within the brain by acting as damage associated 

molecular patterns (DAMPs). Myelin or myelin debris signal in macrophages via 

complement/opsonization or phagocytosis and facilitate M1 (macrophage type-1) polarization and 

proinflammatory secretion (114). Protracted neuroinflammation by M1 microglia is mediated by 

locally secreted inflammatory factors, such as TNF-α (114). Thus, using transcriptional 

quantification of neural cells can be used to evaluate chronic inflammation. 

The persistent neuroinflammation and severe pathology has been shown in published data, 

which report that chronic neuroinflammation potentiates severe motor/cognitive diseases among 

flavivirus infections as seen in GBS cases (115). COX2 stimulates glial cell IL-1β and TNF-α 

secretion resulting in a paracrine and autocrine signaling cascade (116). This cycle of persistent 

inflammation and pain-sensitivity is established through a COX2 and IL-1β positive feedback 

loop, via NF-κB signaling (117) (118).  

MMPs are endopeptidases with vital functions such as neural network remodeling, tissue 

formation, and blood-brain barrier (BBB) integrity regulation. M2 microglia (type 2 

macrophages), which function in tissue remodeling and anti-inflammatory responses, secrete 

MMP2 to permeabilize the BBB (114) and allow macrophages infiltrate the brain, phagocytose, 

and clear dead cells (119, 120). Increased permeability of the BBB via elevated transcription of 
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MMP2 and MMP9 corresponds with increased inflammatory leukocyte trafficking into the brain 

(121, 122). Wang et al., where MMP2 and MMP9 were upregulated in brain tissues following 

West Nile virus (WNV) infection, thus mediating infiltrating leukocyte trafficking into the brain 

(116). 

Collectively, proinflammatory markers and anti-inflammatory markers can be monitored to 

discern responses to ZIKV in immune privileged compartments by showing M1 or M2 skew. 

Additionally, COX2, MMP2, and MMP9 can be used to correlate with systemic infiltration in the 

brain and also as a measure of BBB integrity. When supplemented with data of auto-ganglioside 

antibodies, these parameters can be used to evaluate the severity of ZIKV pathology.  

 

SECTION I.IV - CURRENT UNDERSTANDING OF ZIKV AND THE HOST IMMUNE 

RESPONSE 

 

Cases of ZIKV infections are believed to have either been subclinical or misdiagnosed as a 

different flavivirus infection, such as DENV (34). As ZIKV spread from Africa across Asia and 

into the Polynesian and Micronesian islands, ZIKV shifted from a mild pathogenesis and largely 

subclinical symptomatology to the neuro-virulent Asian lineage with a higher incidence of 

congenital abnormalities. The specific pathways activated by viral infection inevitably steer the 

innate immune response towards differential patterns and intensities of cellular and humoral 

responses. Zika virus is a member of the flavivirus family, and thus shares similar cell signaling 

pathways with other viruses within this group, which directly antagonize the interferon (IFN) 

response system of the host innate immune response, but through a species-specific mechanism 

(Figure 3). Thus, to fully comprehend the challenges that ZIKV poses to human immunity and to 
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recognize fully efficacious vaccine candidates, a detailed understanding of how ZIKV directly 

evades and antagonizes host innate and adaptive responses is vital.  

 

FIGURE 3. ZIKV activates signaling pathways that promote transcription of IFN genes 

differentially.  

(A) The NS5 protein from African lineage binds and prevents NF-kB function. Asian lineage 

nonstructural proteins NS5, NS4, and NS1 act to inhibit IRF3 and IRF7 functionality, thus 

inhibiting IFN production.   (B) IFN Type I phosphorylates STAT1 and STAT2 and NS5 targets 

STAT2 for degradation.  (C) Activation of Type II IFN signaling upon receptor binding 

phosphorylates STAT1 heterodimers and thus increases chemoattractant ISG’s.  (D) STAT2 is 

targeted for proteasomal degradation by NS5 resulting in an increased rate of STAT homo-

dimerization, and upregulation of anti-inflammatory cytokines. 

 

Type I interferon responses  

Type I IFN refers to the classic IFN / signaling pathway, whereby viral antigen, or a pathogen 

associated molecular patterns (PAMP), are recognized by pathogen recognition receptors (PRR) 

initiating an intracellular protein cascade that culminates in protein translocation into the nucleus 
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and subsequent  transcriptional activation of  DNA  for IFN- and IFN- (123). When nearby cells 

have IFN / bind to their surface receptor, IFN alpha receptor (IFNAR), a series of 

phosphorylation events, involving Janus kinase 1 (JAK1), tyrosine kinase 2 (TYK2), and the many 

signal transducer and activator of transcription (STAT) proteins ultimately result in the 

transcription of IFN stimulated genes (ISG’s) which have antiviral properties through a broad 

variety of mechanisms.  

 

Lineage similarities. Many flaviviruses directly antagonize different stages of the type I IFN 

pathway via species independent and diverse mechanisms that all centrally rely on genomic non-

structural protein 5 (NS5). Of the seven genomic NS proteins and sub-proteins, the NS5 protein 

functions as the viral polymerase enzyme, and in RNA capping (124-126). Dengue virus NS5 

protein has been shown to inhibit human STAT2 function by means of an E3 ubiquitin ligase, 

called UBR4 that targets STAT2 for proteasomal degradation. Dengue virus NS5 protein has been 

shown to inhibit human STAT2 function by means of an E3 ubiquitin ligase, called UBR4 that 

targets STAT2 for proteasomal degradation. ZIKV similarly inhibits human STAT protein, but 

can do so independently of UBR4 (127, 128). ZIKV inhibition of STAT2 has been demonstrated 

in several studies where primary human dendritic or endothelial cell infections resulting in lower 

expression of pro-inflammatory cytokines, such as interleukin 6 (IL-6), IFN /, and chemokine 

C-C ligand 5 (CCL5) (129, 130). Additionally, NS1 and NS4b have both demonstrated the ability 

to inhibit the production of IFN / after direct stimulation with polyI:C (synthetic double stranded 

RNA) by blocking the formation of the TBK1 (TANK binding kinase 1) complex, which allows 

for oligomerization of interferon regulator factors (IRF’s) (77, 125, 131).  



   
 

34 
 

Primary human skin fibroblasts infected with the French Polynesia isolate H/PF/2013 

mounted innate immune responses by increasing the expression of RIG-I, MDA5, TLR3 leading 

to upregulation of Type I IFNs and ISGs as well as CXCL10 and CCL5 (132). The same strain led 

to IFN-β production and induced apoptosis of infected lung epithelial cells A549 (133). Overall 

both lineages have demonstrated similar mechanisms of Type I IFN activation and upregulation, 

and similar pathways of STAT2 inhibition and targeting for degradation. 

Importantly, Zika virus inhibits human STAT2 function via a mechanism similar to DENV, 

but does not similarly inhibit murine STAT2. These two proteins share 64% sequence homology, 

which may account for the dissimilar protein interactions. This single protein non-homology 

between human and mouse STAT2 has led to a domination of immune deficient murine models as 

the primary model for pathogenic and vaccine studies (134, 135). These models are primarily A129 

and AG129 systems, which lack the IFNAR protein, required for the production of ISG’s. Despite 

many investigators’ claims that immune competent models for ZIKV will lack symptomatic 

expression, replication, and similarity to human infections, several recent publications have 

demonstrated that ZIKV can be modeled in immune competent mice using either a C57BL/6 or 

BALB/c background (136). The success of immune competent systems may be directly attributed 

to ZIKV inhibitory effects on STAT3, 4, 5, or 6, although this knowledge, however, still requires 

investigation and remains a knowledge gap in the field.   

 

Lineage differences.  

Bowen et al. found that dendritic cells from donors are productively infected in vitro by both 

lineages, but with different kinetics (129). The African lineage had faster replication and infection 

magnitude, and unlike the Asian linage, caused cell death. All strains antagonized STAT1 and 



   
 

35 
 

STAT2. Asian strains used included PRVABC59 and P6-740, while African strains included the 

Ugandan prototype strain (MR766) and a low-passage Senegalese strain (DakAr41524). They 

found that the viral kinetics varied with the source of the monocyte isolate, but that related strains 

varied similarly. All strains induced IFNB gene transcription, and a decrease in STAT2 

phosphorylation was seen in both, but more pronounced in the African lineage (129). 

In a study by Simonin et al who infected human primary neural cells with African and Asian 

lineage strains, the African strain induced upregulation of at least 19 genes including RIG-I, MDA-

5 and TLR-3 and induction of type 1 and 2 interferon (IFN) was higher, associated with enhanced 

levels of inflammatory cytokines such as IL-6 or tumor necrosis factor (TNF). The only 

downregulated gene was CXCL8, a mediator of inflammatory responses. The Asian strain did not 

show any significant upregulation of genes; instead, four genes (CXCL8, CXCL10, CASP1, and 

CTSS) were downregulated. Even at higher MOIs, the cytokine response to Asian strain was weak. 

In addition, neural cell infection by both strains showed similar differences in viral infectivity and 

cytokine production (104). In contrast, when McGrath et al. infected human neural stem cells from 

two individual patients with Asian and African lineages of ZIKV and conducted a transcriptomics 

analysis they found increased expression of IFN-α, IL-2, TNF-α, IFN- genes as well as genes 

involved in complement, apoptosis and STAT5 signaling pathways in cells infected with the Asian 

isolate (137). Patients displaying neurological symptoms during the ZIKV epidemic in Brazil 

demonstrated higher blood concentrations of pro-inflammatory cytokines, such as IL-6, IL-7, and 

IL-8, as well as higher levels of chemotactic molecules, such as IP-10 and MCP-1 (138). These 

findings were recapitulated in a non-human primate model (139) and in mouse studies modeling 

ZIKV infections using homologous strains.  
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Ultimately, this inhibition of type I IFN production and signaling results in an attenuated 

innate response to infection, and may alter T cell specific responses (140, 141). A handful of 

reports have examined the host-induced immune responses to genetically evolved ZIKV. Tripathi 

et al. examined strain specific differences using Ifnar1-/- and Stat2-/- C57BL/6 mice. They looked 

at 3 viruses from the Asian lineage (P6-740, FSS13025, and PRVABC59) and 2 from the African 

lineage (MR766; DakAr41519). They found that the African strains induced faster onset of disease 

and higher mortality and in both mouse models. Infection with the African strains was marked by 

more severe neurological symptoms, while neurological symptoms in Asian infections were more 

prolonged. While both strains induced host inflammatory responses, the African isolates elicited 

higher levels of several cytokines and markers of T cell infiltration (IL-6, CXCL10, TNF-a, IFN-

γ, CCL3, CCL4, CCL5, CXCL9, GZMB, CCL2, CCL7, CXCL1, CXCL2, IL-1b, IL-15, CD4, 

CD8, CCR5, CXCR3, CCR2, CCR5) (142). 

Foo et al. infected human blood monocytes with the Uganda strain MR766 or the French 

Polynesia strain H/PF/2013 (74). They found that both strains productively infected CD14 

monocytes, but that infection with Asian viruses led to the expansion of non-classical monocytes, 

resulting in a M2-skewed immunosuppressive phenotype, marked by IL-10 production. African 

lineages on the other hand, induced pro-inflammatory M1-skewed responses, inducing CXCL10. 

They also found that blood from pregnant women was more susceptible to infection. Infection with 

virus from the African lineage led to higher viral burdens, and increased levels of IFN-β, STAT, 

OAS, IRF, and NF-kB. The Asian lineage had higher expansion of CD14loCD16+ non-classical 

monocytes, despite having a lower viral load. In general, the African strain promoted cytokines 

and immunomodulatory genes involved with inflammation (CXCL10, IL-23A, CD64, CD80, IL-

18, IDO, SOCS1, CCR7), while the Asian strain was associated with the activation of 
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immunosuppressive genes (IL-10, Arg1, CD200R, CD163, CD23, CCL22, VEGFa). These results 

were confirmed using a second strain of Zika virus from each lineage (IbH30656 for African and 

PRVABC59 for Asian). Pregnancy enhanced infection of both lineages in CD14 monocytes, and 

they found a similar pattern with the African lineage having a higher viral load. Blood from women 

in first and second semester of pregnancy demonstrated considerably higher CD14loCD16+ non-

classical monocyte number upon infection with the Asian strain, but blood from third trimester of 

gestation had similar numbers to non-pregnant blood. The African strain however, produced a 

slight increase in non-classical monocytes during all 3 trimesters. Unlike monocytes from non-

pregnant women, monocytes from pregnant women were more reactive to the Asian lineage than 

the African one. The Asian strain additionally induced genes associated with adverse pregnancy 

outcomes in the first two trimesters of pregnancy (ADAMTS9 and fibronectin 1) (74). 

While both Asian and African lineages have demonstrated similar agonism and antagonism 

in Type I IFN signaling, Asian lineage strains have additionally shown a secondary method of IFN 

antagonism. Asian strains isolated from South American countries appear to directly activate IRF3, 

IRF7, and IRF9 through NS1, NS4, and NS5 viral proteins (130). African lineages have not 

demonstrated this ability as of yet, which implicates the differential amino acid residues as key 

binding factors for innate immune mediators. 

 

Type II Interferon Responses  

Unlike the type I IFN response which inhibits ZIKV infection, Chaudhary et al. demonstrated that 

IFN- (a type II IFN) does not only decrease ZIKV infectivity in mammalian cell culture but can 

also upregulate transcription of innate inflammatory and chemo-attractant cytokines, such as IRF1 

and CXCL10, respectively. This suppression of type I responses, but activation of type II responses 
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is also demonstrated by the NS2A and NS4B proteins. This phenomenon of variable activation of 

type I and type II IFN responses has also been documented in human clinical cases of ZIKV 

infections (143). A study performed by Kam et al., sought to fully characterize immune biomarkers 

that were associated with ZIKV infections in 95 human clinical cases from Brazil. The authors 

demonstrated an increase of IFN- among human febrile cases of ZIKV and differential cytokine 

expression between febrile patients and those with neurological complications. Between these two 

groups, patients with neurological complications showed similar levels of IFN-, and decreased 

levels of anti-inflammatory cytokines, such as IL-10 and IP-10 (138).  Zika virus NS5 was shown 

to generate the differential type I and type II responses during infection, by specifically inhibiting 

IFN- signaling, and simultaneously functioning as a prominent activator of IFN-γ signaling.  

 Interferon- plays a critical role in host antiviral responses and increased levels of IFN- can 

be associated with host natural killer (NK) cell response, as they secrete high levels of this cytokine 

during infection (143). A study by V. Costa et al. proposed that DENV infection is controlled by 

NK cells specifically through the production of IFN-, and that these NK cells are activated by 

DENV-infected dendritic cells (DC’s) (144). While this specific mechanism of IFN- inhibition 

has not been demonstrated yet for ZIKV, it has been shown that ZIKV does infect antigen-

presenting cells (APCs) upon infection via mosquito bite. Cimini et al. found that the amount of 

IFN- secreted by CD4+ T-cells is reduced (145). Given that CD4+ and CD8+ T-cells have proven 

to be the dominant drivers in ZIKV clearance during human infection (146), this alteration in cell 

cytokine secretion raises several questions regarding the mechanisms that ZIKV uses to subvert 

the host immune response and facilitate its replication.   

Ngono et al. compared CD8 T cell responses to two Zika strains from the African (MR766) 

and Asian (FSS13025) lineages in wild-type C57BL/6 mice treated with an IFNAR blocking 
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antibody, and in LysMCre+IFNARfl/fl C57BL/6 (H-2b) mice (lacking IFNAR in certain myeloid 

cells) (141). They found that the viral load of the African lineage strain decreased 3 days post 

infection, but that the Asian lineage strain did not. Both strains elicited similar levels of granzyme 

B+ CD8+ T cells in both mouse models. They additionally identified epitopes recognized by IFN-

γ secreting CD8+ T cells and found that in both strains the major epitope was E protein derived. In 

LysMCre+IFNARfl/fl mice, they identified 14 peptides specific to the African lineage, 3 specific to 

the Asian, and 12 shared by both, with all proteins being targeted, except for NS1 and NS2b in the 

Asian lineage. The Asian and African strains both resulted in a 6 and 5-fold increase in 

CD44+CD62L-CD8+ T cells respectively, indicating a strong CD8 response. Both strains showed 

similar CD8+T cell kinetics, with the percentage of IFN-γ+ CD8+ T cells being highest at day 7 

post-infection. It is important to note that the MR766 isolate was serially passaged in mouse brains, 

possibly affecting its behavior (141). 

Collectively, the majority of the investigations regarding ZIKV and the Type II IFN response 

have been done using Asian lineage viruses. Thus, there is an immense knowledge gap concerning 

African lineage ZIKV strains and how they may directly affect the Type II IFN response. While it 

can be inferred that both African and Asian lineages benefit from the increase in STAT1, being 

freely able to generate homodimers and thus promote ISG’s, African lineage ZIKV strains have 

not specifically demonstrated this ability, and thus it remains to be investigated.  

 

Type III Interferon Responses  

Discovered in the early 2000’s, type III IFNs comprises four variants of IFN- (numbered 1-4). 

The receptor for this type of IFN is unique because, rather than being ubiquitously expressed on 

nucleated cells like IFNARs, it is selectively expressed on epithelial cell surfaces. Thus, IFN- 
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plays a distinct role in the protection of epithelial barriers. Additionally, while expressed on 

epithelia surfaces, other cell types can respond to type III IFN signaling, such as those in the central 

nervous system (147, 148). While the role of IFN- has been studied during WNV and YFV 

infections, there is limited information regarding IFN- and ZIKV infections. During DENV and 

YFV infection, the depletion of type III interferons results in impaired CD4+ and CD8+ T-cell 

activation, and thus also negatively impacts viral clearance. Additionally, in mouse models 

deficient for type III IFN signaling infected with YFV, type III IFN signaling resulted in reduced 

blood/brain barrier intactness, thus allowing for viral neuro-invasion (149).  Of the studies for 

ZIKV infections investigating type III IFN responses to infection, many focus on maternal and 

fetal infections with emphasis on the fetal/maternal blood barrier (75, 150-153).  

 The placenta is the organ that separates the fetal and maternal blood supply, primarily through 

the chorionic villi, where fetal and maternal blood are spatially separated by 3-4 cell layers. After 

blastocyst implantation in the uterine wall, trophoblast cells multiply and differentiate into variable 

cell types. One such cell type, the syncytiotrophoblast, forms the outer epithelial layer of the 

chorionic villi where the majority of fetal/maternal blood exchange occurs (154). The 

syncytiotrophoblast layer is the primary epithelial defense in the fetal/maternal blood barrier and 

the first cells ZIKV encounters during fetal infection. Indeed, the type III interferons produced by 

syncytiotrophoblasts allow for autocrine protection, and subsequently prevent ZIKV from 

infecting the fetus (155).  

Provided that the cells of the fetal/maternal blood interface are resistant to ZIKV infections 

based on their ability to secrete IFN-, several studies have focused on uncovering the 

mechanism(s) by which ZIKV gains entry into the amniotic space and thus can infect the fetus 

(156). These studies focused on a specific type of fetal macrophage cells called Hofbauer cells 
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(HBC) that derive from the fetus; are of monocytic origin and are commonly found through the 

chorionic villi. (157). These cells first appear early during human pregnancy (within the first 3 

weeks), and then diminish in numbers between the 4th and 5th month of gestation. Among mothers 

and fetuses infected with ZIKV however, HBCs have been seen to linger longer into the 3rd 

trimester of pregnancy at a density higher than normally observed (158). Not only do HBCs persist 

at increased density, they are also capable of direct infection by ZIKV. It is speculated that they 

can move freely between the chorionic tissues where blood exchange occurs in the placenta (159-

161). Thus, by traversing from the chorionic fetal/maternal blood interface to the amniotic sac and 

fetus, HBCs can act as a shuttle for ZIKV to bypass the fetal/maternal blood barrier and infect the 

fetus.  

 Asian lineage strains have shown the ability to upregulate Type III IFN production and mRNA 

translation in both cell culture and in primary human clinical cases. African lineage strains have 

only demonstrated this ability to a lesser extent only in cell cultures. In vitro studies with ZIKV 

AF (MR-766) and AS 9 (FSS13025) infected human choriocarcinoma JEG-3 cells showed 

induction of anti-viral type III IFN responses and the ISG 2’-5’ oligoadenylate synthetase 

suggesting that IFN type III responses produced by human placental trophoblasts confer protection 

against ZIKV infection (159). Interestingly, while both lineages have demonstrated an increase in 

both translation and transcription, there is not an increase of the amount of active Type III IFN 

proteins produced and detected in culture medium. 

 

ZIKV Vaccine development  

Since the outbreaks that garnered international attention for ZIKV in 2015, the race for a vaccine 

to combat ZIKV has yielded several candidates, currently at various stages of development. A 
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successful ZIKV vaccine must confer strong protection in healthy and pregnant populations, while 

also proving safe and efficacious regarding fetal/neonatal health. Important features to consider 

for a vaccine should include both enhanced magnitude and quality of neutralizing antibodies and 

minimal cross-reactivity to DENV to prevent antibody dependent enhancement (ADE) (162-165). 

Antibody dependent enhancement is perhaps the most critical of these features, as flaviviruses are 

antigenically and structurally similar, and non-neutralizing antibodies generated by one flavivirus 

can result in fatal outcomes upon secondary infection with a different flavivirus.  

Recombinant envelope (E) protein subunit vaccines have been tested as either whole protein 

or single domain subunit candidates. Many of the published E protein subunit vaccines have 

required multiple booster administrations to achieve high antibody titers and rely on the use of 

adjuvants to augment the humoral response (166, 167). The use of domain III alone of the E protein 

has proven sufficient to neutralize ZIKV in cell culture systems and in multiple mouse models 

when proteins are generated using the French Polynesian strain of ZIKV, Asian lineage, as a 

template (168). Combining the knowledge of how T-cells mediate viral clearance of ZIKV 

infections with epitope predictions, Pradhan et al., demonstrated that subunit vaccines using the 

NS2B, NS3, and NS4A proteins have potential as neutralizing vaccines that mediate a strong CD4+ 

T-cell response through in silica analyses (169). 

Another candidate ZIKV vaccine is lipid encapsulated mRNA. While multiple publications 

have demonstrated that lipid enclosed mRNA vaccines are capable of antibody-based 

neutralization, only the work of Richner et al. addressed the issue of cross-reactive antibodies by 

specifically deleting the domain II of the fusion loop on the ZIKV E protein (170). Removal of 

this fusion loop domain resulted in minimal cross-reactivity between ZIKV and DENV, serotype 

1. DNA vaccines have also been evaluated for ZIKV candidates, and one has progressed to clinical 
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trials. DNA vaccines provide an economic advantage with their ease of production, and Larocca 

et al. has demonstrated a ZIKV DNA vaccine using the E and matrix (M) proteins can induce 

strong T-cell responses (171). An additional study by Muthumanni et al. evaluated the efficacy of 

a DNA vaccine in both immunocompromised mice and non-human primates and demonstrated the 

successful generation of neutralizing antibodies and high antibody titers (172).  Of DNA vaccine 

candidates, all rely on host synthesis of viral conserved proteins among MR766 and Brazilian 

strains, in an attempt to generate the largest cross-protective response. Despite this effort, data 

regarding non-homologous challenges and evaluations against different strains and lineages 

remains scarce. This is true for the majority of vaccine candidate studies published to date.  

Live attenuated vaccines and chimeric vector vaccines offer alternative candidate vaccines 

against ZIKV, as they provide a strong cellular immune response due to their active infections, 

and a humoral response that more closely recapitulates natural infection. Live attenuated vaccines 

also have the benefit of generating a natural cellular response without the risk of a generating 

disease. Shan et al. has demonstrated that deletions within the 3’-UTR of the RNA genome can 

generate an attenuated ZIKV clone that fails to replicate, and that this vaccine can induce sufficient 

protection to prevent ZIKV from causing disease (173, 174). Whole inactivated virus vaccines are 

the front-runner candidates for future ZIKV vaccines, based on the clinical trials occurring within 

the United States, 75% of which are whole inactivated particles from the PRVABC59 strain of 

ZIKV, which poses the largest threat to the US (175). 

 

Knowledge gaps and future studies 

Despite the major concern that ADE and ZIKV antibody cross-reactivity among flavivirus plays 

in the development of vaccines, few studies have successfully demonstrated that the neutralizing 
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antibodies produced by a particular vaccine candidate are not cross-reactive to other flaviviruses. 

Thus, while the quest for neutralization is important, the future risk of ZIKV mediated DENV 

ADE should not be overlooked. A third consideration is that few, publications directly investigate 

the binding avidity of these antibodies, but instead focus on neutralization capacity, although the 

data strongly suggest low avidity and affinity antibodies have a higher chance of generating ADE 

for other flaviviruses, presenting another potential complication (168, 176, 177). 

 Additionally, despite the known disparities between different lineages of ZIKV, a lack of 

clarity remains regarding the mechanism behind neutralizing antibodies produced by a candidate 

vaccine or the protection conveyed against non-homologous vaccine strains. Neutralization assays 

should ideally include multiple strains from each of the three lineages: African, Asian, and 

American. This information is highly significant, because representative viruses from these 

lineages demonstrate differential neuroinvasive and inflammatory capabilities, as well as different 

infection profiles. 

Few studies exist that focus on the impacts of ZIKV vaccination during pregnancy and even 

less address the issue of ZIKV sexual transmission. This is particularly important for areas with 

high prevalence of DENV where ZIKV cases can often be misdiagnosed and untreated for the 

infection. It is therefore of paramount importance to design effective vaccines conferring strong 

mucosal immunity in these high-risk groups.  

 

CONCLUSIONS 

 

Zika virus continues to pose an international threat as a neuroinvasive virus with potentially lethal 

consequences especially to pregnant mothers and their fetus. While ZIKV has demonstrated a 

continual geographic and phylogenetic expansion, the levels of genetic mutations between ZIKV 
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strains is surprisingly limited between lineages. African lineages have shown to be more infectious 

and elicit stronger inflammatory responses in a number of in vitro and in vivo experiments. It is 

unclear why neurological complications and fetal disruption in the Americas is produced by strains 

with Asian ancestry. It is also puzzling why African strains are not found in recently reported 

human cases. One possibility is that surveillance of infected humans in Africa is insufficient to 

detect severe cases of infection with the African strain.  

Moreover, African lineages exhibit an inhibitory mechanism on IFN production and signaling, 

which has been well documented in other flaviviruses (102, 129). The Asian and American 

lineages, however, have developed a secondary mechanism to prevent IFN transcription by IRF3 

and IRF7 binding and preventing their translocation into the nucleus.  Hence, while the African 

lineage has been shown to be more infectious than the Asian, it often presents as a self-limiting 

febrile disease, whereas the Asian and American lineages have exhibited persistent infections, with 

some human cases shedding active virus for upwards of 6 months (178).  

 Vaccine candidate research for ZIKV continues to be limited, providing little insight into 

potential differences in vaccination responses between circulating lineages. Additionally, these 

investigations have not prioritized the critical relationship between ZIKV and other flaviviruses, 

such as DENV, as the antibodies proven protective against ZIKV may promote more severe 

infections for DENV, rather than provide cross-protective benefits. While our understanding of 

ZIKV has increased profoundly, extensive investigations are still required for a better 

understanding of lineage-specific dynamics and the host immune response in terms of their 

evolutionary trajectory as they continue to expand geographically. Improved understanding of 

these topics, which currently present knowledge gaps in the field of ZIKV research, will serve as 



   
 

46 
 

the cornerstones for designing future vaccines and antivirals that not only efficacious for ZIKV, 

but also safe against other flaviruses.  

 

SECTION I.V - Introduction to Dissertation Research 

 

In this dissertation, I investigated differential viral pathogenesis among immunocompetent and 

immunocompromised mice and then evaluated immune correlates of protection generated via 

systemic or cutaneous vaccination routes. In Chapter II, I characterized the development and 

convalescence of neuro-ocular pathology following ZIKV infection among immunocompetent 

mice at both early and late timepoints. As infections among mice treated with a functional IFNAR 

blockade were 90% lethal, we focused our evaluation on immunocompetent mice, which have 

well-characterized innate and adaptive immune responses to viruses. In Chapter III, I characterized 

cellular and humoral immune responses following prime and booster vaccination prior to 

infectious challenge and I evaluated the protective efficacy of systemic and cutaneous vaccination 

to prevent non-resolving ocular pathology and chronic brain inflammation. I also studied antibody-

based breadth of immunity to Asian and African lineage ZIKV strains and cross-reactivity to 

Dengue virus strains (DENV).  
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ABSTRACT 

A severe consequence of adult Zika virus (ZIKV) infection is Guillain-Barré Syndrome (GBS), 

where autoreactive antibodies attack peripheral and central nervous systems (CNS) resulting in 

neuro-ocular pathology and fatal complications. During virally induced GBS, autoimmune brain 

demyelination and macular degeneration correlate with low virus neutralization and elevated 

antibody-mediated infection among Fcγ-R bearing cells. The use of interferon-deficient mice for 

ZIKV studies limits elucidation of antibody-dependent enhancement (ADE) and long-term 

pathology (≥120 days), due to high lethality post-infection. Here we used immunocompetent 

BALB/c mice, which generate robust humoral immune responses, to investigate long-term impacts 

of ZIKV infection. A high infectious dose (1x106 FFU per mouse) of ZIKV was administered 

intravenously. Control animals received a single dose of anti-IFNAR blocking monoclonal 

antibody and succumbed to lethal neurological pathology within 13 days. Immunocompetent mice 

exhibited motor impairment such as arthralgia, as well as ocular inflammation resulting in retinal 

vascular damage, and corneal edema. This pathology persisted 100 days after infection with 

evidence of chronic inflammation in immune-privileged tissues, demyelination in the 

hippocampus and motor cortex regions of the brain, and retinal/corneal hyperplasia. Anti-

inflammatory transcriptional responses were tissue-specific, likely contributing to differential 

pathology in these organs. Pathology in immunocompetent animals coincided with weakly 

neutralizing antibodies and increased ADE among ZIKV strains (PRVABC59, FLR, and MR766) 

and all Dengue virus (DENV) serotypes. These antibodies were autoreactive to GBS-associated 

gangliosides. This study highlights the importance of longevity studies in ZIKV infection and 

confirms the role of anti-ganglioside antibodies in ZIKV-induced neuro-ocular disease.  
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INTRODUCTION   

Zika virus (ZIKV) is a mosquito-borne flavivirus discovered in 1947 in a rhesus macaque within 

the Zika Forest of Uganda. Outbreaks of human ZIKV were occasional until an epidemic in 2015 

with more than 37,000 cases in the US and US territories, and more than 1 million in Latin 

America(179).  

ZIKV can spread via multiple modes of transmission: transplacentally to developing fetuses, 

via breastfeeding to infants, to adults through sexual intercourse, or cutaneously via mosquito bite. 

Congenital Zika syndrome (CZS), associated with microcephaly and birth defects, has been 

demonstrated in infants of infected pregnant women (16, 180, 181), and more recent reports point 

to impaired visual and neurological development among infants born with CZS independent of 

microcephaly (182-184). Flaviviruses persist up to 6 months in immune-privileged compartments 

such as brain, eyes, and genitals after the virus has been systemically cleared (63, 185, 186). 

While infected adults can end up with permanent ocular damage, such as macular 

degeneration and retinal edema, the most severe consequence of adult infections is Guillain-Barré 

Syndrome (GBS), a disease attacking the nervous system. GBS initially manifests gastrointestinal 

and respiratory symptoms (187), and as autoantibodies develop, symptoms shift to the notable 

motor/neural impairment hallmarks. Diagnostic criteria for GBS include progressive symmetric 

weakness of one or more limbs, hyporeflexia or areflexia, and a full progression within 4 weeks 

(188).  Recent studies suggest that ZIKV-induced GBS develops during the course of infection, 

and not post-infection, as commonly seen with other GBS-inducing pathogens, such as 

Campylobacter jejuni (189-191). While the role of T cells in GBS-associated demyelination and 

neuroinflammation has been well studied (192, 193), there is limited information on the putative 
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role of ZIKV-specific antibodies in initiating or sustaining these symptoms. These facets of GBS 

necessitate the use of animal models enabling the long-term study of ZIKV-induced pathology.  

Commonly used murine models for ZIKV infection are deficient in type-I interferon (IFN) 

receptors (IFNAR-/- such as A129/AG129 strains), as flavivirus infections are intricately linked 

to the host IFN response. These murine models are either deficient in IFN receptors (194), or IFN 

signaling is inhibited by blocking receptors with antibodies to facilitate susceptibility to infection  

and enable extreme viremia(96, 100, 195). Consistent with human infections, ZIKV-infected 

IFNAR-/- mice develop purulent ocular discharge with detectable viral RNA (vRNA) in lacrimal 

glands and tears, and active ZIKV virions in Müller glial cells and optic tract tissues (195), with 

symptoms persisting after viral clearance (96). However, these animals do not survive beyond 10 

days post-infection, which limits studies of long-term infectious impacts. 

Previous studies investigating the molecular mechanisms by which ZIKV gain access to the 

eye and causes inflammation have revealed the role of retinal epithelial infections and cell death 

in allowing for ZIKV to cross the blood-barriers of immune-privileged tissues (95, 99). These 

investigations are often limited to in vitro studies of human primary cells, or juxtapose cell culture 

studies with ZIKV infection in wild-type (WT) C57BL/6 and immune-compromised animals. 

Singh et al. provides a thorough analysis of transcriptional responses after intravitreal inoculation 

of ZIKV into either WT or ISG15 deficient animals and shows a rapid induction of inflammatory 

responses during ZIKV infection (95). These findings coincide with retinal lesions and 

chorioretinitis that present within 24 hours of infection and last up to 96 hours after infection. 

While this insight into ZIKV pathogenesis of immune-privileged tissues is beneficial, the 

mechanism behind systemic ZIKV entry into the eye and ZIKV infection synergy between eye 

and brain remain to be determined.     
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In this study, immunocompetent BALB/c mice were intravenously infected (195) with a high 

dose of ZIKV-PRVABC59 suitable for this model (196). BALB/c mice were selected over 

C57BL/6 mice for their ability to generate robust humoral responses and their use in vaccination 

studies. Similar studies in C57BL/6 mice require intracranial or intravitreal injection in order to 

achieve similar ZIKV neuro-ocular pathology (95, 197). This study seeks to build on previous 

studies by examining the development and convalescence of neuro-ocular pathology over 120 days 

using a less traumatic form of inoculation. To assess infection-induced pathology, we adapted two 

ocular reflex assessments, and two motor/neural and joint tests. We evaluated the magnitude and 

quality of immune responses after infection. 

 

METHODS AND MATERIALS 

Cells and virus stocks 

Vero cells (ATCC, CCL-81) for virus propagation and titration were maintained in DMEM 

(Mediatech, 10-013-CV) containing 10% fetal bovine serum (FBS; Hyclone, Thermo Scientific, 

SH3007103), 5% HEPES (Corning, H3537) and 1% Penicillin/Streptomycin (Corning, 30-002-

CI). ZIKV stocks were generated from the African lineage Uganda strain (MR766, B.E.I. 

resources, NR-50085) and the Asian lineage, Caribbean isolate from Puerto Rico (PRVABC59, 

generously provided by Dr. Scott Michael and Dr. Sharon Isern at Florida Gulf Coast University). 

The FLR strain from Colombia was obtained from B.E.I resources (NR-50183). Dengue virus 

strains (DENV1/Hawaii/1944, DENV2/16681/Thailand/1964, DENV3/H87/Philippines/1956, 

and DENV4/UNC4019/ Colombia/2006) were generously provided by Dr. Joshy Jacob of Emory 

University. All viruses were propagated in Vero cells for 7 days at 37°C. After the tenth passage, 

culture supernatants were collected and cell debris was cleared by centrifugation at 3,000xg for 10 
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minutes at 4°C. Viral harvest was then filtered using 0.22-micron filters (Sigma, Z741966). Culture 

supernatants were concentrated using Amicon centrifugal concentration filters (EMD Millipore, 

C7715) by centrifugation at 4,000xg for 30 minutes. As the ZIKV virion is approximately 50 nm 

in diameter, we used the 100 NMWL variant filters to maximize the recovery. Finally, viral 

supernatants were purified by discontinuous 20-60% sucrose gradient, where they were diluted 1:5 

with FBS before final storage at -80°C (198).  

 

Virus titration 

Viral stocks were titrated by plaque assay performed in Vero cells as previously described (199). 

Focus-forming assays were performed as previously described (200). Blue foci were counted, and 

titers were calculated by foci numbers in infectious volume (# of foci x infectious volume x 

conversion factor to ml x dilution factor). FFU and PFU are equivalent in that both are 

quantification methods. In this study, PFU assays and FFU assays resulted in similar titers. 

Trans-well Focus-Forming Assay: To evaluate if live virus can be isolated from systemic and 

privileged tissues and bodily fluids, we adapted a trans-well infectious system similar to a 

monocyte chemotaxis assay used for Japanese Encephalitis Virus (201). Tissue homogenates and 

cell suspensions were then added onto 0.4µm trans-well insert systems (Corning, CLS3396) 

overtop sterile Vero cells. Live virus released from cells in contact with the insert filtered through 

the membrane to infect permissive Vero cells growing as a monolayer in the lower well. This 

provided a measure of tissue-specific live viral load as opposed to quantifying the amount of vRNA 

present in tissues.   
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Animal strains and housing 

Female BALB/c mice (Charles River Laboratories) were housed in a biosafety level 1 facility at 

Emory University’s Division of Animal Resources and viral infection experiments were performed 

on animals housed in a Biosafety Level 3 facility at Emory University’s Division of Animal 

Resources. All experiments were conducted in accordance with protocols approved by Emory 

University’s Institutional Animal Care and Use Committee (IACUC) in accordance with 

guidelines with the United States Federal Animal Welfare Act (PL 89-544) and subsequent 

amendments.  

 

Animal infection, tissue and biological fluid sampling 

Mice were infected with 1x106 FFU of ZIKV-PR virus intravenously (IV) (202). Serum or platelet-

poor plasma (PPP) was collected 0, 3, 6, 10, 30, 40, 60, 80, 100, and 120 days post-infection; 

plasma was collected in citrate buffer and stored at -20oC until use. Small groups of mice were 

euthanized at the same time points and tissues were collected and processed for histology or, 

homogenized in protease inhibitors and RNase inhibitors (ThermoFisher Scientific, Waltham, 

MA) for infectivity and qRT-PCR studies. In the remaining mice, tears were collected via PBS 

gavage 100 DPI and after euthanasia. Tissues (brain, eyes, genital organs, liver and spleen) were 

collected and processed for infectivity experiments, histology, and inflammatory markers. Ocular 

tissues were not perfused prior to harvest to avoid structural and cellular changes induced by the 

perfusion process (203), as functional morphology of the retina correlates directly with fluid 

pressure in the choroid.  For both FFA and qRT-PCR quantification methods, tissues were 

homogenized after mincing and passaged through 40µm cell strainers (Fisher Scientific, 08-771-

1). They were further digested with 1 mg/ml of Collagenase IV (Worthington, LS004189) for 30 
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minutes at 37°C, and the purified through 40µm cell strainers. Homogenates were separated using 

a Percoll (Millipore Sigma, P1644) density gradient (204, 205), and cell suspensions were isolated 

for qRT-PCR and FFA trans-well studies. One eye from each animal was used for FFA and qRT-

PCR experiments, and the other was used for tissue sectioning for microscopy studies.  

Anti-IFNAR administration: Immunocompetent mouse infections were compared to a second 

cohort of animals that which received a one-time administration of anti-mouse IFNAR-1 

functionally blocking monoclonal antibody (mAB) (MAR1-5A3, Leinco Technologies, #I-401). 

Each mouse received 1 mg of anti-IFNAR mAB via intraperitoneal injection 24 hours prior to 

infection (206). The projected half-life of this dosage is 2.6 days.  

 

RNA isolation and qRT-PCR 

Total RNA was extracted from tissues using Trizol (Ambion, 15596018). Tissues were 

homogenized into Trizol reagent using the FastPrep-24 5G homogenizer (MP Biomedicals). Total 

RNA was isolated using the PureLink RNA mini-kit (Ambion, 12183025). Purified RNA was 

quantified, checked for quality assurance, and then reverse transcribed with the qScript Reverse 

Transcription kit (QuantaBio, 95047). For quantification of vRNA, a standard curve was generated 

using 10-fold serial dilutions of ZIKV RNA standard. qRT-PCR for ZIKV prM-E was performed 

with TaqMan Gene Expression Master Mix, ZIKV Primers, and probe as previously described 

(207). The standard curve had an R value greater than 0.99. vRNA copies were interpolated from 

the standard curve using the average Ct value obtained from samples run in triplicate. qRT-PCR 

for GAPDH, IL-1β, TNF-α, IL-10, SOCS3, MMP2, MMP9, and COX2 were performed with 

PerfeCTa SYBR Green SuperMix Low Rox (Quantabio, #95056-500). Primers for GAPDH, IL-

1β, TNF-α, IL-10, SOCS3, and COX2 were as previously described (208). MMP2 primers were as 
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follows; forward 5’-AACGGTCGGGAATACAGCAG-3’; reverse 5’-

GTAAACAAGGCTTCATGGGGG-3’. MMP9 primers were as follows; forward 5’-

AACCTCCAACCTCACGGACA-3’; reverse 5’- AGGTTTGGAATCGACCCACG-3’. Data was 

analyzed using the ∆∆Ct method to determine normalized relative expression.  

 

Ocular and Brain Symptomatology 

At the same time points of blood collection post-infection, animals were assessed for ocular and 

motor/neural symptomatology. Behavioral tests to characterize pathogenesis in our mouse model 

were adapted from the Department of Molecular & Comparative Pathobiology’s 2015 Lab Manual 

from Johns Hopkins University School of Medicine (209). These assessments were identified and 

further researched with the explicit aim to evaluate visual and motor function following ZIKV 

infection.  

Visual Placement Reflex: A reaching reflex test, or visual placement assessment, measures optic 

function and can also potentially indicate inflammation in parietal and occipital lobes of the brain 

(210, 211). It is performed by holding the mouse gently by the tail suspended approximately 1-2 

feet above a solid cage grate surface (209). The mouse is then vertically lowered slowly toward 

the grate, taking note not to allow whiskers to contact the surface. A mouse with normal, average 

visual capabilities will attempt to reach toward the surface. A mouse that is blind, with impaired 

vision, or spatio-temporal problems will not attempt to reach until the whiskers contact the surface. 

Alternatively, the impaired mouse may also try to bend backwards on itself, in attempt to right 

itself using its awareness of gravity.  

Palpebral Reflex: Alternatively called the corneal reflex, it measures optic function and indicates 

potential inflammation in central nervous tissue connected to the optic tract, such as the trigeminal 
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nerve, occipital lobe, and parietal lobes of the brain (212, 213). It is performed by using a teased-

out cotton tipped applicator. The mouse is held steady, and the cotton is gently touched against the 

cornea (209). The blinking response is assessed on a scale of 0 to 3. On this scale, 3 represents a 

hyper-repetitive blinking in response to corneal stimulation; 2 equivocates to a normal, quick blink 

response; 1 corresponds to a slow blink or a closure response to stimuli; and a score of 0 indicates 

there was no response to corneal stimuli. Impaired or absent reflex responses suggests deteriorated 

motor/neural capabilities, eye function, and potential neurological inflammation.   

Rear Limb Withdrawal: The limbic withdrawal test measures motor neuron responses in mice, and 

can indicate arthralgia in limb joints, and/or inflammation of motor neurons (214, 215).  The mouse 

is allowed to grip onto a surface and steadied by the tail (209). One of the hind limbs is gently 

picked up and pulled taut at a 45˚ angle. The limb is then released, and the withdrawal of the limb 

is scored on a scale 0 to 3. On this scale, 3 represents a hyper-active response; 2 equivocates to a 

normal quick withdrawal of the limb back to normal position; 1 corresponds to a slow response to 

stimulus; and a score of 0 indicates no response, with the leg dropping to the ground and not 

returning to normal position.  

Grip Time Assessment: The grip time assessment quantitatively evaluates mouse muscular 

capabilities and indicates potential arthralgia and muscular coordination issues (216, 217). The test 

was performed by placing a mouse on a grated cage lid, and the grate was suspended 1-2 feet above 

the bench-top or cage (209). The mouse and grate were gently shaken for 1 minute, and then 

rapidly inverted to bring the mouse into an upside-down position. The time the mouse could 

successfully hold on without falling off the grate was recorded. Healthy mice are expected to be 

able to hold onto the grate for a minimum of 1 minute. Any recordings less than 60 seconds was 

considered abnormal. 
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Histopathology and immunofluorescence of eyes and brain 

To evaluate tissue infectivity, viral burden, and infection-induced histopathology; eyes and brains 

were harvested from 5 out of 20 total mice per group at 10 DPI and the remaining15 mice at 100 

DPI. The tissues were fixed in 10% formalin solution, followed by paraffin embedding for 8 µm 

sectioning. Sectioning of brain tissues was performed at the Neuropathology/Histochemistry core 

of the Emory NINDS Neurosciences Core Facility (P30 NS055077), sectioning and H&E staining 

of eye tissues was performed by the L.F. Montgomery Ophthalmology Pathology core.  

Immunofluorescent staining: Slides were de-waxed and rehydrated using sequential washes of 

xylene, ethanol, and distilled water. Antigens were unmasked and retrieved by submersion in 

sodium citrate buffer (10mM, pH 6.0) for 10 minutes at 56°C. Aldehyde auto-fluorescence was 

quenched in a humidified chamber using 3M glycine solution, and lipofuscin auto-fluorescence 

was quenched using Sudan-Black B. Slides were then blocked in bovine serum albumin (2% 

BSA)-TBS. Primary antibody diluted in 1% BSA in PBS buffer was added directly on top of each 

section, and slides were incubated overnight at 4°C. The 4G2 antibody (Millipore, MAB10216) 

was used for viral infectivity analysis. Myelination studies utilized anti-MBP-Alexa Fluor488 

(SantaCruz, sc-271524), anti-Vimentin (Rabbit anti-Mouse, Abcam, ab92547), and anti-Myelin 

PLP (Rabbit anti-Mouse, Abcam, 28486) antibodies. Secondary antibodies were fluorescently 

conjugated (Anti-Mouse Alexa594, Biolegend #405326; Anti-rabbit Alexa547, Abcam, 

ab150167; Anti-mouse Alexa488, Invitrogen, A10667), diluted in 1%BSA in PBS solution and 

incubated for 2 hours at room temperature. Prolong Gold Antifade mounting medium with DAPI 

(Thermo-Fisher, P36931) was applied, and slides were covered with a coverslip. Images were 
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taken on Zeiss AxioScope microscopes via SPOT-advanced imaging software. Images were 

processed in Fiji/ImageJ.   

TUNEL staining: TUNEL stain was selected because it identifies infection-induced cell death via 

DNA fragmentation irrespective of specific cell death pathways i.e. apoptosis, necroptosis, or 

pyroptosis (218-220). Terminal deoxynucleotidyl transferase dUTP nick end labeling, or TUNEL, 

staining was performed according to manufacturer protocol (Abcam, ab66110). Slides were de-

waxed and rehydrated using sequential washes of xylene, ethanol, and distilled water. Antigens 

were unmasked and retrieved by submersion in sodium citrate buffer (10mM, pH 6.0) for 10 

minutes at 56°C. Aldehyde auto-fluorescence was quenched in a humidified chamber using 3M 

glycine solution, and lipofuscin auto-fluorescence was quenched using Sudan-Black B. Slides 

were then blocked in bovine serum albumin (2% BSA)-TBS. Slides were then washed in PBS and 

blocked using a proteinase K solution for 5 minutes at room temperature. Wash slides with PBS 

and then label fragmented DNA using TdT enzyme, enzyme buffer, and Br-dUTP (Abcam, 

ab66110).  Prolong Gold Antifade mounting medium with DAPI (Thermo-Fisher, P36931) was 

applied, and slides were covered with a coverslip. Images were taken on Zeiss AxioScope 

microscopes via SPOT-advanced imaging software. Images were processed in Fiji/ImageJ.   

Quantification of MBP, Myelin PLP, and 4G2 positive cells: Corrected total cellular fluorescence 

(CTCF, also called normalized MFI) was determined as described by Lourenço et al. for both 

MBP, myelin PLP, and vimentin stains (221). Similarly, to determine the percentage of 4G2 

positive cells, DAPI foci and 4G2 cells were enumerated both manually and automatically, using 

the “Threshold” and “Analyze particles” functions in FIJI/ImageJ. The percent of infected cells 

was then calculated as the number of 4G2 positive cells was divided by the number of DAPI 

positive foci.  
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Antibody Titration and Characterization 

ELISAs: Anti-ZIKV specific antibodies were determined by coating flat bottom, 96-well Nunc 

MaxiSorp plates (Thermo-Fisher, 44-2404-21) with 4µg/ml of inactivated virus stocks, diluted in 

sodium bicarbonate buffer. Plates were incubated overnight at 4°C, washed with PBS-Tween 

0.5%and blocked with 2% BSA in PBS for 1 hour. Individual PPP samples were run in duplicate 

and incubated for 2 hours at 37°C. The standard curves were generated with appropriate purified 

mouse immunoglobulins and isotype-specific HRP-labeled detection antibodies (Southern 

Biotech, Birmingham, AL). Sample IgG concentrations were determined by interpolation from 

standard curves. Anti-ganglioside specific antibody concentrations were determined similarly. Flat 

bottom, 96-well Nunc MaxiSorp plates were coated with 2µg/ml of either GD1a, GD1b, or GT1a 

ganglioside (SantaCruz, sc-202621, sc-202622, sc-202629, respectively). Standard wells were 

coated as described above. PPP samples were diluted. Standard curve antibodies and development 

of plates was performed as described previously (222).  

Focus-forming Reduction by Neutralization Assay (FFRNT): Heat-inactivated PPP samples were 

diluted serially and combined with 100 FFU live virus. Antibody dilutions and virus were co-

incubated for 1 hour at 37˚C, and then added over Vero cells for 24 hours. The focus-forming 

assay was performed as described (200). 

Antibody-Dependent Enhancement Assay: ADE assay protocol was performed as described using 

U937 cells (200). The cells were maintained in suspension in complete RPMI medium. Cells were 

stained with 4G2 antibody (EMD Millipore). Samples were run on a CytoFLEX LX system at 

Pediatrics/Winship Flow Cytometry Core of Winship Cancer Institute of Emory University, 

Children's Healthcare of Atlanta and NIH/NCI, which is supported under the award number 

P30CA138292. 
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Statistical Analysis 

Correlation analysis was performed on vRNA titers determined by qRT-PCR for brain and eyes to 

determine a relationship with raw reflex scores. Pearson’s correlation coefficient with a two-tailed 

p-value were calculated for each of the four reflexes. For ELISA assays, linear regression tests to 

interpolate OD values into concentrations. For co-culture assays and qRT-PCR, two-way ANOVA 

was used to analyze differences between infected and uninfected infections were followed by 

Sidak’s Post Hoc test for multiple comparisons. Two-way ANOVA with Sidak’s post-hoc was 

also used to determine differences between uninfected and infected groups. For 

immunofluorescence assays, two-way ANOVA was used to compare differences in hippocampal 

and cortical regions, as well as between early and late time points. Non-linear regression analysis 

was performed to determine the IC50 (95% confidence interval) for avidity and neutralization 

assays. A p-value less than 0.05 was considered significant. 



   
 

61 
 

RESULTS 

 

ZIKV-PRVABC59 infection in immunocompetent mice results in distinct neurological and 

ocular pathology.  

Current mouse models for ZIKV are insufficient for long-term studies because they utilize low 

infectious dosages (less than 1x103 FFU) to generate acute pathology and mortality within 1 week 

of infection. When immunocompetent animals were infected with 1x106 FFU of virus, symptoms 

and pathology typical of ZIKV infections presented within 3 days post infection (DPI). While the 

moribund weight loss of 25% or greater seen in IFNAR-/- models was not observed, infected 

BALB/c mice lost 10% of their starting weight by 6 DPI, and never recovered to match uninfected 

animals (Fig 1A). To evaluate how immunocompetent BALB/c mice compare to similar immune 

compromised models, we administered 1 mg of anti-IFNAR mAB by intraperitoneal injection 24-

hours prior to infection. These animals lost approximately 20% of their initial body weight, and 

were euthanized due to seizures at 3, 4, 5, 10, 11, and 12 DPI (Fig 1B). Only 1 animal the received 

anti-IFNAR block survived beyond 12 DPI.  

ZIKV has demonstrated persistence in human organs and fluids for ≥200 days(223). Thus, we 

quantified viral burden in tissues and secretions with a focus-forming assay (FFA) co-culture, 

where homogenized tissues were used in a trans-well system over permissive Vero cells 4. 

Homogenized tissues would then shed live virus through the membrane pores, infect permissive 

sterile cells below, and where the readout of this assay is FFU/ml.  Homogenates were not added 

directly to monolayers because it does not discriminate if the cells are permissive to infection or a 

productive infection. Previous concerns were raised that ZIKV would not propagate in WT 

BALB/c tissues due to STAT non-homology. Thus, they were evaluated here to specifically 
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identify if live virus was being shed from the tissues. Among immunocompetent mice, the 

maximum viral load in systemic organs was similar, between 1.4x104 and 1.3x104 FFU/ml in liver 

and spleen. Mice which received anti-IFNAR treatment showed a maximum of 2.2x104 and 

1.9x104 FFU/ml in these same tissues (Fig 1C). Viral burden in their immunoprivileged tissues, 

eye and brain, were 1.3x104 FFU/ml and 9.3x103 FFU/ml, respectively. In contrast, anti-IFNAR 

recipients showed a maximum of 1.8x104 and 1.7x104 FFU/ml in identical tissues. Viral load in 

immunocompetent animals was 1.7-fold greater in plasma vs tears. Among anti-IFNAR mice, tears 

exhibited an average of 1.7x104 FFU/ml and plasma a maximum of 2.9x104 FFU/ml (Fig 1C). To 

correlate live virus isolations to the amount of vRNA present within immune-privileged tissues, 

qRT-PCR was performed at 10 and 100 DPI in brain, eyes, and plasma in both immunocompetent 

and immunocompromised mice and showed that anti-IFNAR administration resulted in elevated 

viral load in all tissues (Fig 1D). Animals that received anti-IFNAR injection demonstrated a 

maximum vRNA concentration of 1x104, 7.1x103, and 1.7x104 ng/ml in brain, eyes, and plasma 

respectively. Immunocompetent animals demonstrated maximum infectivity levels of 5.8x103, 

4.2x103, and 1x104 ng/ml of vRNA in the same tissues, respectively.  

Our model demonstrated vision and motor-function abnormalities following ZIKV infection 

similar to those observed in humans infections and in other published IFNAR-/- murine models 

(224). We standardized palpebral and visual placement reflex tests to evaluate ocular pathology 

and intracranial inflammation, and rear-limb withdrawal and grip tests to evaluate motor/neural 

pathology. Palpebral reflex deficits can indicate inflammation in facial, ocular, and cranial nerves 

(225, 226). Among infected immunocompetent mice, 55% lost normal palpebral reflex responses 

3 DPI. Symptoms reached their nadir 6 DPI, where 75% of mice exhibited aberrant or loss of 

normal reflexes (p<0.0001 for all time-points) (Fig 2A). Palpebral reflexes appeared to recover in 
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60% of the animals in the remainder of the time-course, whereas 40% of mice demonstrated a 

persistent loss of normal reflexes until the end of monitoring period (120 DPI). Among anti-

IFNAR mice, palpebral reflexes declined within 3 DPI, reaching a nadir where all animals had lost 

palpebral/corneal reflexes 30 DPI. This loss persisted up to 120 DPI (Fig 2A).  

Visual placement reflex deficiencies can suggest abnormalities in optic and cranial nerve 

function. For this assessment, hyporeflexia indicates an animal’s reflexes are reduced or slowed to 

a debilitating degree.  Similar to palpebral reflex kinetics, hyporeflexia in immunocompetent mice 

was observed as early as 3 DPI, and appeared to reach a nadir between 6 and 10 DPI where 50% 

of all animals demonstrated loss of visual placement reflexes (p<0.0001 for all time-points) (Fig 

2B). Thirty percent of mice demonstrated persistent hyporeflexia 120 DPI, indicating non-

resolving neurological/ocular infectious sequelae. Among anti-IFNAR mice, the remaining 

animals demonstrated hyporeflexia at 30 DPI which persisted until 120 DPI.  

Rear-limb withdrawal reflexes assess joint pain, inflammation, and motor/neural pathology. 

Among immunocompetent infected mice, 70% lost normal withdrawal reflex 3 DPI. Symptoms 

reached their nadir 6 DPI, where 80% of mice exhibited aberrant or loss of withdrawal reflex 

(p<0.0001 for all time-points) (Fig 2C). Reflexes among this cohort appeared to recover across the 

remainder of the time-course with a notable relapse 60 DPI. At 120 DPI, 30% of mice 

demonstrated a persistent loss of withdrawal reflexes. Anti-IFNAR animals exhibited a constant 

and steady decline of withdrawal reflexes until the remaining animal because unresponsive at 30 

DPI (Fig 2C). 

 Similar to rear limb withdrawal assessments, immunocompetent mice evaluated via grip time 

demonstrated motor/neural impairment as early as 3 DPI, evident by the 2.7-fold reduction in 

average grip time of infected animals. Hyporeflexia reached the nadir 6 DPI, with a 5.8-fold 
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reduction in average grip time (p<0.0001 for all time-points) (Fig 2D). While symptoms appeared 

to convalesce, a secondary drop in grip time occurred between 60 and 80 DPI, potentially 

indicating a periodicity of symptoms or recurrence of infection. The average grip time among 

infected mice remained 35% lower than uninfected animals 120 DPI. Anti-IFNAR treated animal 

showed an immediate decline in grip abilities that persisted and did not recover through 120 DPI.  

 Correlation analyses were performed to determine the relationship between viral burden and 

reflex clinical assessment scores 100 DPI in immunocompetent mice (Fig 2E). Palpebral and visual 

placement clinical assessments primarily evaluate ocular functionality, pain, and inflammation. 

Scores from these tests were plotted against the concentration of ZIKV RNA per gram of eye tissue 

as determined by qRT-PCR. Both palpebral and visual placement scores demonstrated a strong 

negative correlation (palpebral r = -0.7505 and p<0.0001; visual placement r = -0.6199 and 

p<0.0001) between increasing viral load and ocular reflex scores (Fig 2E-i and ii). Rear limb 

withdrawal and grip time tests were used to evaluate motor/neural inflammation, function, and 

pain. Scores from these two clinical assessments were plotted against the concentration of ZIKV 

RNA per gram of brain tissue as determined by qRT-PCR. Rear limb withdrawal and grip time 

evaluations both exhibited a strong negative correlation between increasing viral load and 

decreasing motor/neural responses (withdrawal r = -0.7078 and p<0.0001; grip times r = -0.7972 

and p<0.0001) (Fig 2E-iii and iv). Collectively, these data demonstrated that immunocompetent 

mice infected with high doses of ZIKV, suffered from mild weight loss and reduced recovery 

resulting in distinct neurological and ocular pathology that significantly correlated with viral 

burden.  
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ZIKV infection-induced antibodies have limited cross-protection and enhance infection 

among ZIKV and DENV strains.  

To characterize and evaluate kinetics of ZIKV-specific IgG antibody subtype production and 

evaluate antibody maturation progression, we collected PPP up to 120 DPI from 

immunocompetent mice. ZIKV-specific IgG total concentrations were low within the first 40 DPI, 

never exceeding 77 ng/ml. After 40 DPI, IgG total concentrations increased until 80 DPI, where 

they plateaued at 647.5 ng/ml and reached a maximum of 714.1 ng/ml (Fig 3A). ZIKV-specific 

IgG1 concentrations never exceeded 116.8 ng/ml during the length of the study (Fig 3B), and 

IgG2a concentrations demonstrated increasing titers until 60 DPI, with a maximum of 110.3 ng/ml 

followed by a sharp spike in concentrations reaching a maximum of 332.2 ng/ml (Fig 3C).  This 

data demonstrates that there was a sharp increase in antibody titers around 60 DPI, and that the 

majority of these antibodies were IgG2a.  

As antibody cross-reactivity has been well documented between ZIKV and DENV, we next 

aimed to characterize antibody quality, based on the ability to neutralize ZIKV strains and DENV 

serotypes, and to potentiate infection of non-permissive cell types 100 DPI. Neutralizing virus titer 

was determined using a contemporary South American ZIKV strain from Colombia, FLR; and an 

ancestral African lineage strain from Uganda, MR766 (Fig 3D). Of ZIKV strains, PRVABC59 

demonstrated 50% neutralization at a titer of 628, while neither FLR nor MR766 demonstrated 

neutralization beyond a titer of 16. Four DENV strain serotypes were selected for neutralization 

analysis (Fig 3E). Of these four serotypes, only DENV-1 and DENV-2 exhibited antibody-

mediated neutralization with titers of 61 and 33, respectively. This data demonstrates that 

antibodies generated by ZIKV infection were specific to the strain of infection, and had little to no 

neutralization capacity to other strains of ZIKV or to DENV serotypes. 



   
 

66 
 

 Flavivirus antibody cross-reactivity is a double-edged sword; often antibodies can neutralize 

different viruses at high concentrations but also enhance infection via incomplete neutralization at 

lower concentrations. Antibody-dependent enhancement (ADE) is a well-studied phenomenon 

where poorly neutralizing antibodies against one flavivirus or virus strain can increase infectivity 

of another virus or strain (227). Here, we evaluated the ability of antibodies generated against 

PRVABC59 to enhance infectivity of homologous and non-homologous ZIKV strains and DENV 

using non-permissive U937 cells that will only be infected by through ADE. Antibodies generated 

by ZIKV infection demonstrated some autologous neutralization capabilities at high antibody 

concentrations and became enhancing at a titer of 320. Among ZIKV strains, both FLR and MR766 

demonstrated an endpoint titer of 40, which resulted in 92% and 86% of cells becoming infected, 

respectively (Fig 3F). Despite the lineage differences, FLR and MR766 infection is a direct product 

of antibody concentration as evinced by infectivity and antibody concentration decreasing 

simultaneously. This also points to potential differences among E-protein sequences where FLR 

and MR766 have a common sequence distinct from PRVABC59. Among DENV serotypes, 

DENV-2 and DENV-4 demonstrated similar peaks of infectivity at titers of 160 and 80, 

respectively, with a maximum of 85% of all cells infected for both viruses. DENV-1 infected 71% 

of all cells at an endpoint titer of 20, and DENV-3 exhibited 74% of cells infected at a titer of 320 

(Fig 3G). The trend observed for DENV-1 ADE in (Figure 2G) demonstrates that virus 

neutralization is a product of antibody concentration and not epitope specificity, as ADE decreases 

as antibody concentration decreases.  Collectively, these data demonstrate that antibodies 

generated by ZIKV infection were both poorly neutralizing and highly enhancing to non-

homologous viruses and strains.  
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Corneal and retinal hyperplasia among infected mice coincides with elevated cell death and 

persistent inflammation in the eye.   

Conjunctivitis and uveitis are common symptoms among humans infected with ZIKV, and ocular 

pathology comparable to them has been observed in IFNAR-/- mouse models of ZIKV 

pathogenesis (96, 98). We documented macroscopic conjunctivitis by facial imaging of the same 

immunocompetent mouse across infectious time-points in effort to detail animal pain according to 

the mouse grimace scale (228, 229) (Fig 4A, top-row). Unilateral swelling and orbital tightening 

was evident 3 DPI and progressed to bilateral swelling with purulent discharge 10 DPI. Both eyes 

showed intense purulent discharge at 30 DPI, and swelling was persistent up to 100 DPI (Fig 4A, 

top row). Fundoscopy was performed simultaneously and showed intense vascular inflammation 

3 DPI. Retinal edema and vascular inflammation developed 10 DPI, persisted up to 30 DPI, and 

was not fully resolved by 100 DPI (Fig 4A, bottom-row).  

Eye tissues were sampled 10 and 100 DPI to determine infection-induced morphological 

changes during early and late stages (Fig 4B-C). Within 10 DPI, infected =mice demonstrated 

chemotic conjunctiva, minor edema of corneal epithelia, and increased leukocyte infiltration 

within corneal stroma (Fig 4B, left side). ZIKV infections also presented edematous retinal 

pigmented epithelial (RPE) layers which contributed to further retinal degeneration, and notable 

immune infiltration of sclera and ganglionic layers (evident by increased nuclei present in these 

layers) (Fig.4B, right-column). Through 100 DPI, animals showed non-resolving warping of 

corneal epithelia, and hyperplasia within the cuboidal and squamous layers (Fig.4C, left column), 

with persistent leukocytes within the stroma. Retinal layers of infected animals showed bifurcation 

of the ganglionic layer and distinct edema of RPE (Fig.4C, right-column). 
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Active virus and vRNA could be isolated from eyes of infected animals 100 DPI. Thus, we 

aimed to identify cell tropism within the eye, possible changes in tropism as infection progresses, 

and whether morphologically affected tissues demonstrated increased infection or infection-

induced cell-death. Viral proteins were detected as early as 10 DPI in lacrimal glands and cornea 

of infected mice and persisted 100 DPI (Fig 4D; S2A-B). The number of infected cells increased 

1.2-fold between 10 and 100 DPI (p=0.006) (Fig 4E).  To quantify infection-induced cell death, 

we fluorescently labeled apoptotic and necrotic cells using terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL); we and observed increased levels of cell death in cornea and 

lacrimal glands (Fig 4F; S2C-D). When compared to uninfected animals, ZIKV-infected eyes 

exhibited 5-times higher cell death after 10 DPI, and 12.6-times greater levels of cell death after 

100 DPI. Between 10 and 100 DPI, cell death within infected eyes increased 1.3-fold (p=0.004), 

which correlated with the fluorescent infectivity data (Fig 4G). 

 IL-1β and TNF-α transcription were 1611-fold and 964-fold greater in ZIKV-infected eyes 

compared to uninfected eyes (Fig 4H). COX2 expression among infected eyes was 111-times 

greater than in uninfected eyes. MMP transcription was also elevated, with MMP2 showing 1,861-

fold higher expression and MMP9 exhibiting 1,313-fold increased transcription. Transcription of 

the anti-inflammatory cytokines IL-10 and SOCS3 was increased 1,007- and 108-fold respectively. 

Collectively, these data demonstrate that ZIKV infection-induced ocular hypo- and areflexia may 

be the manifestation of direct infection and cell death of eye tissues, which subsequently mediate 

leukocyte infiltration, tissue morphology changes, and pan-uveitis inflammation.  
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ZIKV infection reduces myelin expression and results in prolonged inflammation in the 

brain. 

 We observed decreased neurological and motor reflexes and elevated concentrations of anti-

ganglioside autoantibodies after infection of immunocompetent mice with PRVABC59. The 

severity of pathology correlated strongly with viral load in brain tissues, and the antibodies 

generated by infection were characterized as poorly neutralizing, broadly cross-reactive, and able 

to robustly induce infection in non-permissive Fcγ-R bearing leukocytes. These data in conjunction 

with established literature linking anti-ganglioside antibodies with aberrant myelin expression 

among GBS patients (230) led us to investigate ZIKV-induced myelin expression alterations in 

the brain. Murine tissues were harvested from immunocompetent 100 DPI and processed for 

immunofluorescent histochemistry using dual stains for pan-flavivirus group antigen and myelin 

glycoproteins common on myelin-bearing cells, such as oligodendrocytes and Schwann cells.  

 ZIKV infectivity immunofluorescence was performed to determine if viral antigen was 

isolated to specific regions of the brain; the total amount of infected foci were normalized against 

the total number of cells present in the optic field. Both the hippocampus and cortex showed 35-

40% infectivity (Fig 5A). Myelin basic protein (MBP) and myelin proteolipid protein (mPLP) are 

the most abundant proteins in the CNS which contribute to the myelin sheath (231). Thus, we 

stained brain sections for MBP in cortex sections, which revealed that infected mice had 2.5 times 

lower MBP expression than uninfected animals (p<0.0001) (Fig 5B and C; S1A). Hippocampus 

and cortex regions stained for mPLP showed a 2.3- and 1.9-fold lower expression, respectively, 

compared to uninfected mice (p=0.0001, p=0.001) (Fig 5D-F; S1B and C). GBS patients have not 

only demonstrated antibody-mediated reduction in MBP and mPLP, but also a reduction in 

intermediate neuro-filament and glial cell body proteins, such as vimentin (Vim) (230). 
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Hippocampus and cortex regions from infected animals demonstrated 2.1- and 2.0-fold less Vim 

expression compared to uninfected animals (both p<0.0001) (Fig 5G-I; S1D and E).  

 Chronic inflammation plays a critical role in mediating the long-term consequences of GBS 

(230), thus we characterized transcription of immune proteins 100 DPI from brains of 

immunocompetent mice. ZIKV infection increased IL-1β and TNF-α levels by 500 and 660-fold, 

respectively (Fig 3J). IL-1β expression can be regulated by cyclooxygenase 2 (COX2),  a pain 

mediator, via a positive feedback loop (118). We quantified transcription of COX2 via qRT-PCR 

and observed 75-fold greater levels within infected brains. Matrix metalloproteinases (MMPs) are 

capable of mediating blood-brain barrier (BBB) permeability, and thus we evaluated transcription 

levels of MMP2 and MMP9. MMP2 expression increased 466-fold after infection, while MMP9 

increased 290-fold. Finally, we sought to quantify transcription of the anti-inflammatory proteins 

IL-10 and SOCS3, as these play prominent roles in controlling neuroinflammation and in 

regulating anti-inflammatory phenotypes of resident microglia. We observed that these proteins 

had 15 and 12-fold greater expression after infection. The elevated anti-inflammatory expression 

is expected at late time points, as these correlate with wound healing. Our transcriptional data 

suggests that ZIKV infection results in persistent neuroinflammation with high levels of MMPs, 

which may result in systemic leukocyte infiltration and contribute to both neurological symptoms 

and observed demyelination (120).  

 

Antibodies generated during ZIKV infection are auto-reactive to GBS-associated neural 

markers.  

Current researching regarding GBS and ZIKV-induced GBS points to auto-antibodies generated 

against glycosylated pathogen proteins that which mimic ganglioside residues on neurons. As our 



   
 

71 
 

observed neuro-ocular pathology resembles GBS, we next wanted to characterize the ganglioside 

reactivity of the antibodies generated during ZIKV-infection of immunocompetent mice. Thus, we 

quantified the total amount of IgG that bound to GD1a, GD1b, and or GT1a gangliosides (Fig 6Ai-

iii). Each of these gangliosides correlates with a specific variety of GBS. GD1a reactive IgG 

correlates with acute motor axonal neuropathy; GD1b corresponds to a sensory ataxic variant; 

GT1a is connected to Miller-Fisher Syndrome, a variant of GBS affecting the eyes (232). To 

understand what quantity of these antibodies are auto-reactive, we took the percentage of each 

ganglioside concentration as a proportion to the total ZIKV-specific IgG (Fig 6Bi-iii). As early as 

3 DPI, 30-46% of all ZIKV-induced IgG showed reactivity to one of the three gangliosides. Both 

GD1a and GD1b demonstrated similar peaks at 60 DPI with a maximum of 72% of all ZIKV-IgG 

being autoreactive. GT1a reached a peak of 56% 100 DPI. Our data demonstrate that highly 

autoreactive antibodies generated in immunocompetent mice are primarily against GD1a and 

GD1b gangliosides. 

 

DISCUSSION 

In this study, we successfully recapitulated ocular and neurological symptomatology and 

pathology observed in human ZIKV infections (16) and in A129/AG129 murine models using 

fully immunocompetent BALB/c mice (98, 100). Importantly, we established precise clinical 

scoring methods to detail symptom kinetics, severity, and convalescence. We demonstrated that 

infection-induced sequelae persist among immune privileged tissues up to 100 DPI, and that the 

demyelination generated following by ZIKV infection correlates strongly with viral burden and 

persistence, decreased ocular and motor/neural clinical scores, and non-resolving inflammation. 

These findings were associated with virus-specific antibodies that, despite being long-lived, were 
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weakly neutralizing and highly enhanced infection, while also perpetuating tissue pathology 

during ZIKV infection due to autoreactivity. These antibodies were able to neutralize homologous 

virus but no other ZIKV strains of Asian and African lineages, or DENV serotypes. Notably, they 

mediated robust infection among non-permissive cells by means of ADE.  

 Importantly, our study utilized BALB/c mice rather than C57BL/6. Immunocompetent 

BALB/c mice were preferable for this study because they generate robust humoral responses, and 

thus are more suitable for investigations about antibody-mediated pathology. While BALB/c have 

shown retinal degeneration due to normal husbandry lighting, a study by Bell et al. found that 

standard lighting in animal facilities ranges between 130 and 325 lumens, and induced retinal 

lesions only in animals ≥20 weeks old (233). Our results are similar to those reported in C57BL/6 

mice that developed retinal and corneal pathology, such as retinal edema and hyperplasia, 

following ZIKV infection (98, 234).  Manangeeswaran et al. found that retinal lesions and ocular 

pathology persists in C57BL/6 up to 90 days and correlates with elevated cytokine levels, but was 

performed in suckling neonatal mice (235). Our data in the BALB/c model agree with the findings 

in C57BL/6 mice, and expand in the field of ZIKV neuro-ocular pathology and the underlying 

mechanisms, providing further insight into current knowledge gaps. 

Our study is the first to report on ZIKV-induced autoreactive antibodies to GD1a, GD1b, and 

GT1a gangliosides that contribute to myelin degradation in immunocompetent BALB/c mice 

following infection (111). GBS has been correlated with antibody cross-reactivity to host 

gangliosides in other flaviviruses. We observed that 25-75% of all antibodies generated by and 

specific to PRVABC59 were also reactive to GD1a and GD1b gangliosides, which may correlate 

to our observed motor-neural pathology (112). Gangliosides are vital to synaptic transmissions, 

intercellular adhesion and communication, equilibrium, immune signaling, and nervous system 
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and motor/neural network maintenance (113). Anti-ganglioside antibodies have been previously 

shown to lead to the absence or fragmentation of MBP, myelin PLP, and vimentin all contributing 

to persistent neuroinflammation within the brain by acting as damage associated molecular 

patterns (DAMPs). Myelin or myelin debris signal in macrophages via complement/opsonization 

or phagocytosis and facilitate M1 (macrophage type-1) polarization and proinflammatory secretion 

(114). Protracted neuroinflammation by M1 microglia is mediated by locally secreted 

inflammatory factors, such as TNF-α, which is consistent with our transcriptional data (114).  

The persistent neuroinflammation and severe pathology we observed is consistent with 

published data reporting that chronic neuroinflammation potentiates severe motor/cognitive 

diseases among flavivirus infections as seen in GBS cases (115). COX2 stimulates glial cell IL-1β 

and TNF-α secretion resulting in a paracrine and autocrine signaling cascade (116). This cycle of 

persistent inflammation and pain-sensitivity is established through a COX2 and IL-1β positive 

feedback loop, via NF-κB signaling (117) (118). Our data confirmed this in ZIKV-infected mice, 

showing elevated transcription of COX2, IL-1β, and TNF-α up to 100 days after infection while 

simultaneously exhibiting persistently hypo- and areflexia.  

MMPs are endopeptidases with vital functions such as neural network remodeling, tissue 

formation, and BBB integrity regulation. M2 microglia (type 2 macrophages), which function in 

tissue remodeling and anti-inflammatory responses, secrete MMP2 to permeabilize the BBB (114) 

and allow for infiltrating macrophages to enter the brain, phagocytose, and clear dead cells (119, 

120). Increased permeability of the BBB via elevated transcription of MMP2 and MMP9 

corresponds with increased inflammatory leukocyte trafficking into the brain (121, 122). Our 

findings on MMP2 and MMP9 elevation following ZIKV infection are similar to those of Wang 



   
 

74 
 

et al., where MMP2 and MMP9 were upregulated in brain tissues following West Nile virus 

(WNV) infection, thus mediating infiltrating leukocyte trafficking into the brain (116).  

TNF-α and IL-6 production by local resident and infiltrating immune cells in the CNS induces 

IL-10 production, which has an anti-inflammatory function via SOCS3 signaling pathways (236). 

Importantly, IL-10 has demonstrated the ability to protect astrocytes from excessive inflammation 

and in regulating adult neurogenesis after brain injury, being implicated as an important mediator 

of intracellular cross talk between microglia, astrocytes, neurons, and oligodendrocytes (237, 238).  

In eyes, COX2, IL-1β, TNF-α, MMP2, and MMP9 transcription profiles among infected 

animals were elevated through 100 DPI. Interestingly, IL-10 and SOCS3 expression were also 

elevated in this cohort, suggesting an alternative route of ocular pathogenesis in addition to the 

primary route resulting from infection and inflammation. High intraocular concentrations of IL-10 

and SOCS3 have resulted in pathological angiogenesis via Müller-cell mediated 

neovascularization (239). Additionally, SOCS3 works by blocking intracellular signaling of IL-6 

and IL-23, namely preventing STAT3 phosphorylation and directly influencing ocular T cell 

repertoires (240). This constraint on TH1 and TH17 differentiation during infection and 

inflammation also provides insight into a novel pathway for ZIKV pathogenesis in the eye.  

Our study addresses a current gap in the field regarding antibody-specific mechanisms that 

underlie the initiation of ocular and neurological pathology persistence and damage, and point to 

the need for a more comprehensive, systems biology approach to understand how antibodies 

influence long-term neurological pathogenesis of flaviviruses. Collectively, our data suggests that 

autoreactivity of ZIKV antibodies may initiate a demyelination cascade that ultimately results in 

chronic neuroinflammation and persistent neuro-ocular impairments. Importantly, we demonstrate 

immunocompetent animals can serve as models for pathogenesis and long-term infection studies. 
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These findings underscore the need of exploring alternative vaccination platforms and imposing 

stringent qualifications for ZIKV vaccine candidates that would confer breadth and longevity of 

protection while minimizing the risk of autoimmunity or ADE.  Future studies should include 

investigation of demyelination sequelae after passive transfer of ZIKV-induced antibodies, and the 

putative role of maternal antibodies on vertically transmission. Additionally, future studies 

duplicating this work in C57BL/6 mice will determine if similar pathology can be observed in a 

Th1-skewed background.  
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FIGURE 1 
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Figure 1. PRVABC59 can infect systemic and privileged organs in immunocompetent mice.  

(A) Body weight changes were monitored for 120 DPI. (N=10). PRVABC59 infected mice were 

immunocompetent, while mice denoted as αIFNAR (anti-IFNAR) received a single administration 

of monoclonal antibody that functionally blocks IFNAR signaling 24 hours prior to infection. The 

N for αIFNAR mice decreased from 10 to 5 between 3 and 6 DPI, and further decreased from 5 to 

1 between 10 and 30 DPI. These loses are denoted by vertical lines. The horizontal dotted line 

represents lethal weight loss endpoint. (B) Survival of mice infected with ZIKV with and without 

prior administration of αIFNAR mAB. (C-D) Active viral replication was determined by infectious 

co-culture (C) at 0, 10, and 100 DPI. Total ZIKV genomic RNA was quantified by qRT-PCR (D; 

N=5) at 0, 10, and 100 DPI. For panels C and D, N=3 at 0 and 3 DPI, and for PRVABC59 group 

at 100 DPI. N=1 for αIFNAR at 100 DPI. All error bars in all panels reflect Standard Deviation. 

Data was analyzed by Two-way ANOVA using Sidak post-hoc correction. For all panels, * is 

p<0.05, ** is p<0.01, *** is p<0.001, and **** is p<0.0001. 
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FIGURE 2 
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Figure 2. Competent mice infected with ZIKV-PRVABC59 demonstrate distinct ocular and 

motor/neural symptomatology that correlate with viral load.  

Ocular clinical scores were determined via palpebral (A) and visual placement (B) reflexes. (Two-

way ANOVA with Bonferroni’s post-hoc correction; N=10). Motor/neural clinical scores were 

evaluated by rear-limb withdrawal reflex tests (C) and by grip time tests (D). The dotted line 

among grip time tests indicates the standard time a healthy animal should endure test conditions. 

(Two-way ANOVA with Bonferroni’s post-hoc correction; N=10). (E) Symptom severity and viral 

load at 100 DPI in the affected tissue were analyzed by Pearson’s test to determine potential 

correlations for palpebral (i), visual placement (ii), and rear limb withdrawal reflexes (iii) and for 

grip time tests (iv). Dashed lines represent 95% confidence interval bands; Pearson’s correlation 

coefficient and p-values are listed for each graph. All correlation analyses used infectious and 

symptom data (N=25). For all panels, * is p<0.05, ** is p<0.01, *** is p<0.001, and **** is 

p<0.0001. All error bars in all panels reflect standard deviation. 
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FIGURE 3 
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Figure 3. PRVABC59-induced antibodies are weakly neutralizing and enhance non-

homologous infection.  

Antibody kinetics for IgG total (A), IgG1 (B), and IgG2a (C) that are specific to PRVABC59 were 

determined up to 120 DPI via ELISA using whole, inactivated virus particles. (N=5). (D-E) 

Antibody neutralization was evaluated by determining the endpoint antibody titer necessary to 

neutralize 50% of live virus (IC50) among homologous and non-homologous ZIKV strains (D; 

N=5) and a representative strain from all four DENV serotypes (E; N=5). The horizontal line 

indicates when 50% of live virus has been neutralized. (F-G) Antibody-mediated infection was 

evaluated among homologous and non-homologous ZIKV strains (F) and a representative strain 

from all four DENV serotypes (G; N=5). Background fluorescence, denoted by the horizontal 

dotted line, was determined by combining virus, no antibody sample, and cells. All error bars in 

all panels reflect standard deviation. 
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FIGURE 4 
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Figure 4. Tenacious corneal and retinal hyperplasia coincides with persistent ocular 

infection, increasing levels of cell death, and chronic inflammation.  

(A) Macroscopic (top) and fundus (bottom) imaging was done at 0, 3, 10, 30, and 100 DPI to 

visualize ocular pathology. (B-C) Eyes from infected and uninfected mice were harvested 10 (B) 

and 100 (C) DPI for H&E and immunofluorescent staining. H&E images of corneal and retinal 

layers were taken at 20x to assess pathology. (D-E) ZIKV infectivity was determined by 

immunofluorescent staining for flavivirus antigens (Two-way ANOVA with Bonferroni’s post-hoc; 

N=10). (F-G) Similarly, TUNEL staining for cell death was performed at 10 and 100 DPI (Two-

way ANOVA with Bonferroni’s post-hoc; N=10). (G) qRT-PCR on pro-inflammatory proteins, 

pain mediators, MMPs, and anti-inflammatory proteins among infected brains were normalized to 

GAPDH and then to expression levels of uninfected controls using the ΔΔCt method (N=5). For 

all panels, * is p<0.05, ** is p<0.01, *** is p<0.001, and **** is p<0.0001. All error bars in all 

panels reflect standard deviation. 
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FIGURE 5 
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Figure 5. PRVABC59 infection in the hippocampus and cortex corresponds to decreased 

levels of myelin and persistent inflammation. 

 (A) Brains were sectioned and stained for ZIKV antigen 100 DPI. Foci were counted in 

hippocampal (HC) and cortical regions (N=15). (B-C) MBP expression was determined by 

immunofluorescent staining in mid-brain cortex regions of mice (B), expression was normalized 

to background using the CTCF calculation and is presented as normalized MFI (C; student’s t-

test; N=10). (D-F) mPLP expression among mid-brain sections was normalized to background 

using the CTCF calculation and is presented as normalized MFI  in both hippocampus and cortex 

regions (Two-way ANOVA with Bonferroni’s post-hoc analysis; N=10). (G-I) Vim expression 

was similarly quantified among hippocampus and cortex regions from infected mice. (Two-way 

ANOVA with Bonferroni’s post-hoc analysis; N=10). (J) qRT-PCR on pro-inflammatory 

proteins, pain mediators, MMPs, and anti-inflammatory proteins among infected brains were 

normalized to GAPDH and then to expression levels of uninfected controls using the ΔΔCt 

method (N=5). For all panels, * is p<0.05, ** is p<0.01, *** is p<0.001, and **** is p<0.0001. 

All error bars in all panels reflect standard deviation. 
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FIGURE 6 
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Figure 6. IgG produced during ZIKV infection are cross-reactive to host gangliosides.  

Antibodies generated during ZIKV infection were also evaluated for their reactivity to GD1a, 

GD1a, and GT1a gangliosides (Ai, ii, and iii, respectively) via ELISA. The proportion of 

ganglioside-reactive antibodies to ZIKV-specific IgG was then determined for 0, 3, 10, 60, 

80, and 100 DPI. (N=5). All error bars in all panels reflect standard deviation. 
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SUPPLEMENTARY FIGURE 1 

 



   
 

90 
 

Supplementary Fig 1. ZIKV-PRVABC59 demyelinates cortex and hippocampus.  

(A) Individual fluorescent panels show MBP expression in cortex regions of infected animals 

100 DPI. Images were taken at 20x magnification with a scale-bar of 100 μm (bottom right 

corner). (B-C) Individual fluorescent panels show myelin PLP expression in cortex (B) and 

hippocampus (C) regions of infected animals 100 DPI. Images were taken at 20x magnification 

with a scale-bar of 100 μm (bottom right corner). (D-E) Individual fluorescent panels show 

vimentin expression in cortex (D) and hippocampus (E) regions of infected animals 100 DPI.  

All images were stained with DAPI (blue); MBP, myelin PLP, or vimentin (green); and the ZIKV 

E-protein via 4G2 (red). Images were taken at 20x magnification with a scale-bar of 100 μm 

(bottom right corner). 
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SUPPLEMENTARY FIGURE 2 

 

 

Supplementary Fig 2. Intraocular infection increases apoptosis and necroptosis. 

(A-B) Infectivity among eye tissues was determined via 4G2 immunofluorescent labeling of ZIKV 

E-protein in cells at 10 (A) and 100 (B) DPI. Individual panels show 4G2 ZIKV-antigen in red, 
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DAPI in blue, and a final merge. (C-D) Immunofluorescent cell death was determined via TUNEL 

stain for fragmented DNA at 10 (C) and 100 (D) DPI. Individual panels show TUNEL-positive 

cells in red, DAPI in blue, and a final merge. Images were taken at 20x magnification with a scale-

bar of 100 μm (bottom right corner). 
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ABSTRACT 

Zika virus (ZIKV) causes moderate to severe neuro-ocular sequelae, with symptoms ranging from 

conjunctivitis to Guillain-Barré Syndrome (GBS). Despite the international threat ZIKV poses, no 

licensed vaccine exists. As ZIKV and DENV are closely related, antibodies against one virus have 

demonstrated the ability to enhance the other. To examine if vaccination can confer robust, long-

term protection against ZIKV, preventing neuro-ocular pathology and long-term inflammation in 

immune-privileged compartments, BALB/c mice received two doses of unadjuvanted inactivated 

whole ZIKV vaccine (ZVIP) intramuscularly (IM) or cutaneously with dissolving microneedle 

patches (MNP). MNP immunization induced significantly higher B and T cell responses compared 

to IM vaccination, resulting in increased antibody titers with greater avidity for ZPIV as well as 

increased numbers of IFN-γ, TNF-α, IL-2 and IL-4 secreting T cells. When compared to IM 

vaccination, antibodies generated by cutaneous vaccination demonstrated greater neutralization 

activity, increased cross-reactivity with Asian and African lineage ZIKV strains (PRVABC59, 

FLR, and MR766) and Dengue virus (DENV) serotypes, limited ADE, and lower reactivity to 

GBS-associated gangliosides. MNP vaccination effectively controlled viremia and inflammation, 

preventing neuro-ocular pathology. Conversely, IM vaccination exacerbated ocular pathology, 

resulting in uncontrolled, long-term inflammation. Importantly, neuro-ocular pathology correlated 

with anti-ganglioside antibodies implicated in demyelination and GBS. This study highlights the 

importance of longevity studies in ZIKV immunization, and the need of exploring alternative 

vaccination platforms to improve the quality of vaccine-induced immune responses.  
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INTRODUCTION   

The most severe consequence of adult Zika virus (ZIKV) infection is Guillain-Barré syndrome 

(GBS), a disease attacking peripheral nerves that can result in permanent neuro-ocular damage, 

such as macular degeneration (20, 56, 181). As ZIKV and other flaviviruses persist up to 6 months 

in immune-privileged tissues such as brain, eyes, and genitals, these organs present a crucial focus 

for ZIKV vaccination research (63, 185, 186). Indeed, ZIKV infections are spread via multiple 

modes of transmission; transplacentally to developing fetuses, via breastfeeding to infants, and 

through sex, or mosquito bite. Infants that acquire ZIKV often present congenital Zika syndrome 

(CZS), with impaired visual and neurological development. Most notable among these is 

microcephaly; however, recent reports note instances of neuro-ocular pathology among infants 

independent of microcephaly (182, 183). The multi-modal transmission of ZIKV, coupled with its 

long-term persistence and impact on brain and eyes, underlies the importance of developing an 

effective vaccine with potential for worldwide distribution. 

The production of autoantibodies in GBS leads to enhanced tissue pathology and clinical 

symptomatology. As such, progressive paralysis of one or more limbs culminating in hyporeflexia 

or areflexia are diagnostic hallmarks of GBS, and can be fully manifested within 4 weeks (188).  

While other pathogens implicated in GBS, such as Campylobacter jejuni, develop pathology after 

pathogen clearance, ZIKV-induced GBS is initiated during infection (189-191). Long-term 

demyelination of CNS tissues and chronic neuroinflammation is common among GBS patients, 

and have been linked to T cell infiltration into these tissues (192, 193). However, there is limited 

knowledge on the putative role of ZIKV-specific antibodies in initiating or sustaining neuro-ocular 

symptoms and the role that vaccination may play in their development.  
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Several publications have demonstrated the specific role of T cells in mediating brain 

pathology, such as synaptic degradation (192), and detailed the role of retinal epithelial cells in 

maintaining ocular immune-privilege via blood-barrier integrity (95, 99). These studies often rely 

on a combination of human primary cell cultures and different mouse models. As flavivirus 

pathology is intricately linked to the host type I and type III interferon (IFN) response, many 

studies rely on short term observations in wild-type (WT) animals or utilize immunocompromised 

animals to generate extreme pathology. For example, Singh et al. provided a thorough 

transcriptional analysis of cellular responses after intra-ocular injection of ZIKV into either WT 

or ISG15 deficient C57BL/6 mice and demonstrated the rapid induction of inflammation in retinal 

cells (95). This inflammation corresponded to retinal lesions within WT mice that persisted up to 

96 hours after infection. Despite evidence that ZIKV-induced neuro-ocular pathology develops in 

a variety of murine models, few studies seek to evaluate the synergy between this pathology and 

humoral immune responses following vaccination.  

 There are at least 29 ZIKV vaccine candidates in various stages of clinical trials, with 45% of 

US-based candidates utilizing Zika virus inactivated particles (ZVIP) (173, 241-244) in 

conjunction with adjuvants, administered subcutaneously (SC) or intramuscularly (IM)(179, 245). 

These candidates are often are co-administered with an alum adjuvant (242-244). In this study, we 

generated a Zika virus inactivated particle (ZVIP) vaccine using the Asian lineage PRVABC59 

strain and implemented investigated two routes of delivery,:  IM and or cutaneous with dissolving 

polymer microneedle patches (MNP) encapsulating the vaccine  (246-248). By targeting the 

cutaneous vaccine to epidermal keratinocytes, Langerhans cells, and dermal dendritic cells, we 

aimed to mobilize unique immunological mechanisms and signaling pathways from the 

vaccination site to draining lymph nodes, enhancing ZIKV-specific B and T cell responses (249, 
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250).  We have previously demonstrated that MNP immunization confers superior immune 

responses compared to conventional IM vaccination in adult BALB/c mice (251, 252), and in high-

risk populations (253). Hence, we considered the MNP approach as more effective for a mosquito-

borne infection because epithelial cells are early ZIKV infection targets (254) and protection can 

be conferred using skin-resident memory T cells (255).  

MNP immunization with ZVIP was juxtaposed to IM immunization to test our hypothesis 

whether vaccine delivery via the skin can induce potent, long-lasting, and broadly protective 

immune responses using an immunocompetent BALB/c mouse model. This strain was selected 

over C57BL/6 mice for its ability to generate robust humoral responses in vaccination studies and 

for the less invasive approach to generate neuro-ocular symptoms; while BALB/c mice can present 

pathology of these compartments following intravenous infection with ZIKV, C57BL/6 mice 

require intracranial injection in order to achieve similar ZIKV neuro-ocular pathology(197).  Here, 

we seek to build on existing vaccine candidates by using a prime-boost administration approach 

to investigate kinetics, magnitude, and quality of immune responses, evaluate if vaccination 

confers robust protection against infectious challenge, and to correlate reductions in auto-reactive 

antibodies and neuro-ocular pathology with vaccination routes.  

 

METHODS AND MATERIALS 

Cells and virus stocks 

Vero cells (ATCC, CCL-81) for virus propagation and titration were maintained in DMEM 

(Mediatech, 10-013-CV) containing 10% fetal bovine serum (FBS; Hyclone, Thermo Scientific, 

SH3007103), HEPES (Corning, H3537) and 1% Penicillin/Streptomycin (Corning, 30-002-CI). 

ZIKV stocks were generated from the African lineage Uganda strain (MR766, B.E.I. resources, 
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NR-50085) and the Asian lineage, Caribbean isolate from Puerto Rico (PRVABC59, generously 

provided by Dr. Scott Michael and Dr. Sharon Isern at Florida Gulf Coast University). The FLR 

strain from Colombia was obtained from B.E.I (B.E.I. resources, NR-50183). Resources. Dengue 

virus strains (DENV1/Hawaii/1944, DENV2/16681/Thailand/1964, 

DENV3/H87/Philippines/1956, and DENV4/UNC4019/ Colombia/2006) were generously 

provided by Dr. Joshy Jacob of Emory University. All viruses were propagated in Vero cells for 7 

days at 37°C. After the tenth passage, culture supernatants were collected and cell debris was 

cleared by centrifugation at 3,000xg for 10 minutes at 4°C. Viral harvest was then filtered using 

0.22-micron filters (Sigma, Z741966). Culture supernatants were concentrated using Amicon 

centrifugal concentration filters (EMD Millipore, C7715) by centrifugation at 4,000xg for 30 

minutes. As the ZIKV virion is approximately 50 nm in diameter, we used the 100 NMWL variant 

filters to maximize the recovery. Finally, viral supernatants were purified by discontinuous 20-

60% sucrose gradient, where they were diluted 1:5 with FBS before final storage at -80°C (198).  

 

Virus titration 

Viral stocks were titrated by plaque assay performed in Vero cells as previously described (199). 

Focus-forming assays were performed as previously described (200). Blue foci were counted, and 

titers were calculated by foci numbers in infectious volume (# of foci x infectious volume x 

conversion factor to ml x dilution factor). FFU and PFU are equivalent in that both are 

quantification methods. In this study, PFU assays and FFU assays resulted in similar titers. 

Trans-well Focus-Forming Assay: To evaluate if live virus can be isolated from systemic and 

privileged tissues and bodily fluids, we adapted a trans-well infectious system similar to a 

monocyte chemotaxis assay used for Japanese Encephalitis Virus (201). Tissue homogenates and 
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cell suspensions were then added onto 0.4µm trans-well insert systems (Corning, CLS3396) 

overtop sterile Vero cells. Live virus released from cells in contact with the insert filtered through 

the membrane to infect permissive Vero cells below to provide a measure of tissue-specific live 

viral load as opposed to quantifying the amount of vRNA present in tissues.   

 

Vaccine preparation 

 ZIKV-PRVABC59 stocks were prepared as detailed above and were titrated with plaque assay 

and FFA (199). Viral stocks were inactivated with 0.04% formalin for 7 days at 22oC and subjected 

to membrane dialysis (164) to remove formalin (175). Stocks were then tested for successful 

inactivation by plaque assay and FFA in Vero cells.  

 

ZIKV incorporation into MNP  

MNPs were fabricated and underwent quality control testing as previously described (256). 

Briefly, MNPs containing the vaccine were dissolved in PBS, ran on a 10% SDS-PAGE gel and 

immune-stained with anti-ZIKV E-protein antibody (EMD Millipore, MAB10216) in order to 

visualize protein bands and to determine successful incorporation of the inactivated virus. MNPs 

were fabricated in a two-step process with polydimethylsiloxane (PDMS) molds as previously 

described (257). MNPs were prepared by sequentially casting the first-cast solution to fill the mold 

cavities and the second-cast solution to cover the mold surface (corresponding to the MNP patch 

backing). The MN patches were removed from the molds and attached to adhesive paper discs. 

Patches were inspected via light microscopy for integrity and uniformity 
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Animal strains and housing 

Female BALB/c mice (Charles River Laboratories) were housed in a biosafety level 1 facility at 

Emory University’s Division of Animal Resources and viral infection experiments were performed 

on animals housed in a Biosafety Level 3 facility at Emory University’s Division of Animal 

Resources. All experiments were conducted in accordance with protocols (DAR2002950-

122617BN) approved by Emory University’s Institutional Animal Care and Use Committee 

(IACUC) and in accordance with guidelines with the United States Federal Animal Welfare Act 

(PL 89-544) and subsequent amendments. At the time of vaccination, mice were 5-6 weeks old.  

 

Vaccination protocol 

BALB/c mice were vaccinated with 4µg of whole, inactivated ZIKV. Vaccine was administered 

via MNP (258) or IM injections using a prime-boost vaccination schedule. Mice were anesthetized 

using a ketamine/xylazine cocktail, and MNP patches were administered to the caudal side of the 

dorsum using direct pressure for 1 minute, and then left for 20 minutes (249). Thirty days after 

prime vaccination, mice received an identical booster immunization, and were then infected 30 

days later. Antibody kinetics were performed on days 7 and 30 post-prime vaccination, and again 

on days 7, 14 and 30 post-booster vaccination.  

 

Animal infection, tissue and biological fluid sampling 

Mice were infected with 1x106 FFU of ZIKV-PR virus intravenously (IV) (202). Serum or platelet-

poor plasma (PPP) was collected 0, 3, 6, 10, 30, 40, 60, 80, 100, and 120 days post-challenge; 

plasma was collected in citrate buffer and stored at -20oC until use. Small groups of mice were 

euthanized at 10 and 100 DPI. Tissues were collected and processed for histology, homogenized 
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in protease inhibitors and RNase inhibitors (ThermoFisher Scientific, Waltham, MA) for 

infectivity and qRT-PCR studies. In the remaining mice, tears were collected via PBS gavage 100 

DPI and after euthanasia. Tissues (brain, eyes, genital organs, liver and spleen) were collected and 

processed for infectivity experiments, histology, and inflammatory markers. Ocular tissues were 

not perfused prior to harvest to avoid structural and cellular changes induced by the perfusion 

process (203), as functional morphology of the retina correlates directly with fluid pressure in the 

choroid.  For both FFA and qRT-PCR quantification methods, tissues were homogenized after 

mincing and passaged through 40µm cell strainers (Fisher Scientific, 08-771-1). They were further 

digested with 1 mg/ml of Collagenase IV (Worthington, LS004189) for 30 minutes at 37°C, and 

the purified through 40µm cell strainers. Homogenates were separated using a Percoll (Millipore 

Sigma, P1644) density gradient (204, 205), and cell suspensions were isolated for qRT-PCR and 

FFA trans-well studies. One eye from each animal was used for FFA and qRT-PCR experiments, 

and the other was used for tissue sectioning for microscopy studies.  

 

RNA isolation and qRT-PCR 

Total RNA was extracted from tissues using Trizol (Ambion, 15596018). Tissues were 

homogenized into Trizol reagent using the FastPrep-24 5G homogenizer (MP Biomedicals). Total 

RNA was isolated using the PureLink RNA mini-kit (Ambion, 12183025). Purified RNA was 

quantified, checked for quality assurance via NanoDrop Spectrometry (ThermoFisher, ND200), 

and then reverse transcribed with the qScript Reverse Transcription kit (QuantaBio, 95047). For 

quantification of vRNA, a standard curve was generated using 10-fold serial dilutions of ZIKV 

RNA standard. qRT-PCR for ZIKV prM-E was performed with TaqMan Gene Expression Master 

Mix, ZIKV Primers, and probe as previously described (207). The standard curve had an R2 value 
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greater than 0.99. vRNA copies were interpolated from the standard curve using the average Ct 

value obtained from samples run in triplicate. qRT-PCR for GAPDH, IL-1β, TNF-α, IL-10, 

SOCS3, MMP2, MMP9, and COX2 were performed with PerfeCTa SYBR Green SuperMix Low 

Rox (Quantabio, #95056-500). Primers for GAPDH, IL-1 β, TNF- α, IL-10, SOCS3, and COX2 

were as previously described (208). MMP2 primers were as follows; forward 5’-

AACGGTCGGGAATACAGCAG-3’; reverse 5’-GTAAACAAGGCTTCATGGGGG-3’. MMP9 

primers were as follows; forward 5’-AACCTCCAACCTCACGGACA-3’; reverse 5’- 

AGGTTTGGAATCGACCCACG-3’. Data was analyzed using the ∆∆Ct method to determine 

normalized relative expression.  

 

Ocular and Brain Symptomatology 

At the same time points of blood collection post-infection, animals were assessed for ocular and 

motor/neural symptomatology. Behavioral tests to characterize pathogenesis in our mouse model 

were adapted from the Department of Molecular & Comparative Pathobiology’s 2015 Lab Manual 

from Johns Hopkins University School of Medicine (209). These assessments were identified and 

further researched with the explicit aim to evaluate visual and motor function following ZIKV 

infection.  

Visual Placement Reflex: A reaching reflex test, or visual placement assessment measures optic 

function and can also potentially indicate inflammation in parietal and occipital lobes of the brain 

(210, 211). It is performed by holding the mouse gently by the tail suspended approximately 1-2 

feet above a solid cage grate surface (209). The mouse is then vertically lowered slowly toward 

the grate, taking note not to allow whiskers to contact the surface. A mouse with normal, average 

visual capabilities will attempt to reach toward the surface. A mouse that is blind, with impaired 
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vision, or spatio-temporal problems will not attempt to reach until the whiskers contact the surface. 

Alternatively, the impaired mouse may also try to bend backwards on itself, in attempt to right 

itself using its awareness of gravity.  

Palpebral Reflex: Alternatively called the corneal reflex, it measures optic function and indicates 

potential inflammation in central nervous tissue connected to the optic tract, such as the trigeminal 

nerve, occipital lobe, and parietal lobes of the brain (212, 213). It is performed by using a teased-

out cotton tipped applicator. The mouse is held steady, and the cotton is gently touched against the 

cornea (209). The blinking response is assessed on a scale of 0 to 3. On this scale, 3 represents a 

hyper-repetitive blinking in response to corneal stimulation; 2 equivocates to a normal, quick blink 

response; 1 corresponds to a slow blink or a closure response to stimuli; and a score of 0 indicates 

there was no response to corneal stimuli. Impaired or absent reflex responses suggests deteriorated 

motor/neural capabilities, eye function, and potential neurological inflammation.   

Rear Limb Withdrawal: The limbic withdrawal test measures motor neuron responses in mice, and 

can indicate arthralgia in limb joints, and/or inflammation of motor neurons (214, 215).  The mouse 

is allowed to grip onto a surface and steadied by the tail (209). One of the hind limbs is gently 

picked up and pulled taut at a 45˚ angle. The limb is then released, and the withdrawal of the limb 

is scored on a scale 0 to 3. On this scale, 3 represents a hyper-active response; 2 equivocates to a 

normal quick withdrawal of the limb back to normal position; 1 corresponds to a slow response to 

stimulus; and a score of 0 indicates there was no response, and leg drops to the ground and does 

not return to normal position.  

Grip Time Assessment: The grip time assessment quantitatively evaluates mouse muscular 

capabilities and indicates potential arthralgia and muscular coordination issues (216, 217). The test 

was performed by placing a mouse on a grated cage lid, and the grate was suspended 1-2 feet above 
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the bench-top or cage (209). The mouse and grate were gently shaken for 1 minute, and then 

rapidly inverted to bring the mouse into an upside-down position. The time the mouse could 

successfully hold on without falling off the grate was recorded. Healthy mice are expected to be 

able to hold onto the grate for a minimum of 1 minute. Any recordings less than 60 seconds were 

considered abnormal. 

 

Histopathology and immunofluorescence of eyes and brain 

To evaluate tissue infectivity, viral burden, and infection-induced histopathology, eyes and brains 

were harvested from 5 out of 20 total mice per group at 10 and the remaining at 100 DPI. The 

tissues were fixed in 10% formalin solution, followed by paraffin embedding for 8 µm sectioning. 

Sectioning of brain tissues was performed at the Neuropathology/Histochemistry core of the 

Emory NINDS Neurosciences Core Facility (P30 NS055077), sectioning and H&E staining of eye 

tissues was performed by the L.F. Montgomery Ophthalmology Pathology core.  

Immunofluorescent staining: Slides were de-waxed and rehydrated using sequential washes of 

xylene, ethanol, and distilled water. Antigens were unmasked and retrieved by submersion in 

sodium citrate buffer (10mM, pH 6.0) for 10 minutes at 56°C. Aldehyde auto-fluorescence was 

quenched in a humidified chamber using 3M glycine solution, and lipofuscin auto-fluorescence 

was quenched using Sudan-Black B. Slides were then blocked in bovine serum albumin (2% 

BSA)-TBS. Primary antibody diluted in 1% BSA in PBS buffer was added directly on top of each 

section, and slides were incubated overnight at 4°C. The 4G2 antibody (Millipore, MAB10216) 

was used for viral infectivity analysis. Myelination studies utilized anti-MBP-Alexa Fluor488 

(SantaCruz, sc-271524), anti-Vimentin (Abcam, ab92547), and anti-Myelin PLP (Abcam, 28486) 

antibodies. Secondary antibodies were fluorescently conjugated (Anti-Mouse Alexa594, 
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Biolegend #405326; Anti-rabbit Alexa547, Abcam, ab150167; Anti-mouse Alexa488, Invitrogen, 

A10667), diluted in 1%BSA in PBS solution and incubated for 2 hours at room temperature. 

Prolong Gold Antifade mounting medium with DAPI (Thermo-Fisher, P36931) was applied, and 

slides were covered with a coverslip. Images were taken on Zeiss AxioScope microscopes via 

SPOT-advanced imaging software. Images were processed in Fiji/ImageJ.   

TUNEL staining: TUNEL stain was selected because for the broad range of cell death pathways it 

stains for, i.e. apoptosis, necrosis, and pyroptosis (218-220). While there is no definitive way to 

discern between these pathways via TUNEL stain, DNA fragmentation does occurs in all of these 

cell death pathways, making it preferable in this study where we seek to identify cell death induced 

by infection rather than specific pathways. Terminal deoxynucleotidyl transferase dUTP nick end 

labeling, or TUNEL, staining was performed according to manufacturer protocol (Abcam, 

ab66110). Slides were de-waxed and rehydrated using sequential washes of xylene, ethanol, and 

distilled water. Antigens were unmasked and retrieved by submersion in sodium citrate buffer 

(10mM, pH 6.0) for 10 minutes at 56°C. Aldehyde auto-fluorescence was quenched in a 

humidified chamber using 3M glycine solution, and lipofuscin auto-fluorescence was quenched 

using Sudan-Black B. Slides were then blocked in bovine serum albumin (2% BSA)-TBS. Slides 

were then washed in PBS and blocked using a proteinase K solution for 5 minutes at room 

temperature. Wash slides with PBS and then label fragmented DNA using TdT enzyme, enzyme 

buffer, and Br-dUTP (Abcam, ab66110).  Prolong Gold Antifade mounting medium with DAPI 

(Thermo-Fisher, P36931) was applied, and slides were covered with a coverslip. Images were 

taken on Zeiss AxioScope microscopes via SPOT-advanced imaging software. Images were 

processed in Fiji/ImageJ.   
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Quantification of MBP, Myelin PLP, and 4G2 positive cells: Corrected total cellular fluorescence 

(CTCF, also called normalized MFI) was determined as described by Lourenço et al. for both 

MBP, myelin PLP, and vimentin stains (221). Similarly, to determine the percentage of 4G2 

positive cells, DAPI foci and 4G2 cells were enumerated both manually and automatically, using 

the “Threshold” and “Analyze particles” functions in FIJI/ImageJ. The percent of infected cells 

was then calculated as the number of 4G2 positive cells was divided by the number of DAPI 

positive foci.  

 

Antibody Titration and Characterization 

ELISAs: Anti-ZIKV specific antibodies were determined by coating flat bottom, 96-well Nunc 

MaxiSorp plates (Thermo-Fisher, 44-2404-21) with 4µg/ml of inactivated virus stocks, diluted in 

sodium bicarbonate buffer. Plates were incubated overnight at 4°C, washed with PBS-Tween 

0.5%and blocked with 2% BSA in PBS for 1 hour. Individual PPP samples were run in duplicate 

and incubated for 2 hours at 37°C. The standard curves were generated with appropriate purified 

mouse immunoglobulins and isotype-specific HRP-labeled detection antibodies (Southern 

Biotech, Birmingham, AL). Sample IgG concentrations were determined by interpolation from 

standard curves. Anti-ganglioside specific antibody concentrations were determined similarly. Flat 

bottom, 96-well Nunc MaxiSorp plates were coated with 2µg/ml of either GD1a, GD1b, or GT1a 

ganglioside (SantaCruz, sc-202621, sc-202622, sc-202629, respectively). Standard wells were 

coated as described above. PPP samples were diluted. Standard curve antibodies and development 

of plates was performed as described previously (222). The avidity index was determined using 

Prism 7.03 Software (GraphPad, La Jolla, CA) by calculating the molar concentration of the 
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chaotropic agent required to reduce the initial optical density by 50% as previously described 

(222). 

Focus-forming Reduction by Neutralization Assay (FFRNT): Heat-inactivated PPP samples were 

diluted serially and combined with 100 FFU live virus. Antibody dilutions and virus were co-

incubated for 1 hour at 37˚C, and then added over Vero cells for 24 hours. The focus-forming 

assay was performed as described (200). 

Avidity: Competitive ELISA with chaotropic inhibition was performed as described previously 

(222). 

Flow Cytometry identification of activated cellular subsets. Skin draining (inguinal) lymph nodes 

were collected at 7 and 14 DPV to evaluate the presence of activated TFH cells, CD8+ follicular 

cells, and GC B-cells. Spleens were also collected at 7 and 14 DPV (-53 and -46 DPI) to evaluate 

the presence of recently activated T-cell populations, as well as for differentiated B-cell subsets 

(256). Samples were acquired on an LSR II flow cytometer (BD Biosciences) and data were 

analyzed with FlowJo (FlowJo LLC, BD, v9.9) (Gating strategies available in SFig 2A, B, and C). 

ELISpot: ELISpot assays were performed and quantified as described previously (222). 

Antibody-Dependent Enhancement Assay: ADE assay protocol was performed as described using 

U937 cells (200). The cells were maintained in suspension in complete RPMI medium. Cells were 

stained with 4G2 antibody (EMD Millipore). Samples were run on a CytoFLEX LX system at 

Pediatrics/Winship Flow Cytometry Core of Winship Cancer Institute of Emory University, 

Children's Healthcare of Atlanta and NIH/NCI, which is supported under the award number 

P30CA138292. 
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Statistical Analysis 

Correlation analysis was performed on vRNA titers determined by qRT-PCR for brain and eyes to 

determine a relationship with raw reflex scores. Pearson’s correlation coefficient with a two-tailed 

p-value were calculated for each of the four reflexes. For ELISA assays, linear regression tests to 

interpolate OD values into concentrations. For ELISPOT, flow cytometry, co-culture assays, and 

qRT-PCR, two-way ANOVA followed by Bonferroni’s Post Hoc test for multiple comparisons 

was used to analyze differences between vaccination groups, as well as between vaccinated and 

unvaccinated groups following infection. Two-way ANOVA with Bonferroni’s post-hoc was also 

used to determine differences between uninfected and infected groups, as well as between 

vaccination groups for all reflex assessments performed. For immunofluorescence assays, two-

way ANOVA was used to compare difference hippocampal and cortical regions, as well as 

between early and late timepoints. Non-linear regression analysis was performed to determine the 

IC50 (95% confidence interval) for avidity and neutralization assays. A p-value less than 0.05 was 

considered significant. 
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RESULTS 

MNP vaccination induced a greater concentration of vaccine-specific antibodies with 

higher avidity.  

The role of autoreactive CD8+ T cells has been well documented in regard to ZIKV neurological 

pathology, but the putative interplay of autoantibodies has been neglected despite the obvious 

connection between self-reactive antibodies and GBS (192). Here, we utilized two vaccination 

strategies to investigate their effect on antibody magnitude, quality, and protective immunity 

against viral infection. Two cohorts of mice were vaccinated as per the schematic in 

Supplementary Fig 1A using either intramuscular injection (IM), cutaneously delivery using 

dissolving polymer microneedle patches (MNP), or an empty MNP as a mock vaccination control. 

All animals received a primary vaccination of 4µg of ZVIP injected either by IM or MNP, and 

were then monitored for 30 days. After 30 days, animals received a booster vaccination that was 

identical to the prime in both dose and administration route, and subsequently monitored for an 

additional 30 days.  

Prior to all vaccination experiments, ZVIP incorporation into the MNPs was confirmed 

qualitatively by microscopy to visualize ZVIP vaccine combined with sulforhodamine dye and by 

Western blot (Fig S1B). Patches with –vaccine mixed with vital dye (sulforhodamine) are pictured 

after patch casting and after needle dissolution in porcine cadaver skin (Fig SB-i and ii, 

respectively) Vaccine delivery into porcine cadaver skin was verified by the presence of dye 

deposition (Fig S1B-iii). Vaccine concentration in the new patches and used patches was 

quantitatively estimated with sandwich ELISA. The difference in concentration between new and 

used patches allowed us to calculate the percentage of vaccine delivery in the skin and thus adjust 

the dose to match those delivered with needle and syringe. MNPs are simple-to-administer skin 
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patches that contain water-soluble, solid, conical needles of microns dimensions that encapsulate 

vaccine (246-248). Upon painless application to skin, the microneedles dissolve and release the 

vaccine within minutes, after which the used patch can be discarded as non-sharps waste. To ensure 

the ZVIP vaccine was successfully incorporated in patches, we ran a western blot to confirm the 

presence of ZVIP in cast patches (SFig1-Biv). 

Antibody kinetics of ZVIP-specific IgG, IgG1, and IgG2a were evaluated by ELISA (Fig 1). 

MNP vaccination generated at least 10-fold greater total IgG as early as 7 days after vaccination 

(-53 DPI) compared to IM vaccination (Fig 1A). MNP-induced total IgG concentrations remained 

10-fold greater for all time-points prior to infectious challenge. IgG1 induced by MNP showed an 

immediate spike of antibodies, followed by a plateau of concentration for the remaining time-

points. IM-induced IgG1 showed a gradual increase in titer concentration that increased further 

after the booster vaccination (Fig 1B). MNP and IM vaccinations demonstrated similar kinetic 

trends for IgG2a concentrations, but MNP vaccine recipients had consistently 4.4- to 50-fold 

greater concentrations of IgG2a than IM vaccinated mice (Fig 1C). Prior to infectious challenge, 

30 days after booster vaccination (0 DPI), we measured antibody avidity as an index of antibody 

maturation and quality (Fig 1D). MNP generated antibodies demonstrated IC50 of 1.365 M, and 

IM antibodies had an IC50 of 0.683 M, a 2.2-fold difference (p=0.023). This data demonstrates that 

MNP patches induce greater concentrations of vaccine-specific antibodies, and that after a prime 

and booster vaccination animals that received MNPs have antibodies with greater avidity for 

vaccine-antigen. 
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MNP vaccinations induced sustained B and T cell responses while IM vaccination induced 

ephemeral T cell secretory responses. 

 ZVIP-specific CD8+ and CD4+ T cells impact viral pathogenesis and have established roles in 

autoreactive demyelination and chronic neuroinflammation; as such, cellular responses after a 

single vaccination were also evaluated. The frequency of germinal center (GC) B cells, follicular 

helper T cells (TFH), follicular CD8+ T cells, and CD4+ and CD8+ cells in inguinal lymph nodes 

(ILN) and spleen suspensions were quantitated (gating strategies in Fig S2). CD19+CD3ε-

GL7+FAS+ ILN GC B cell levels were 10-fold higher in ZVIP-MNP than IM groups as early as 7 

days post-vaccination (DPV; -53 DPI) (Fig 2A-i) and 20-fold higher by 14 DPV (-46 DPI) 

(p<0.0001, p=0.02 respectively). The frequencies of TCRβ-/B220+/CD138+ splenic plasmablasts 

were 2-fold 7 DPV (-53 DPI) and 3-fold 14 DPV (-46 DPI) higher in the MNP group compared to 

IM (p<0.0001) (Fig 2A-iv and v). TCRβ-/B220-/CD138+ splenic plasma cells were 3-fold 7 DPV 

(-53 DPI) and 2-fold 14 DPV (-46 DPI) in the MNP group compared to the IM group (p<0.0001).  

IM immunization elicited an early, significant spike of CD19-/CD3ε+/CD4+/CXCR5+/PD-

1+CD4+ and CD19-/CD3ε+/CD8+/CXCR5+/PD-1+CD8+
 follicular T cell frequencies. At 14 DPV (-

46 DPI), follicular T cell subsets contracted 10-fold in IM vaccinees from 10% to <1% but 

remained constant at 3% in MNP vaccinees (7 DPV p<0.0001; 14 DPV p=0.0019; -53 DPI 

p=0.0001) (Fig 2A-ii and iii).  IFN- γ, IL-2, IL-4, or TNF-α secretion among CD4+ T cells was 3-

fold greater in IM than MNP groups 7 DPV (-53 DPI; p<0.0001, p=0.0013) (Fig 2B). By 14 DPV 

(-46 DPI), MNP immunization increased the frequency of CD4+ T cells secreting IFN-γ by 87.1-

fold, TNF-α 21.7-fold, IL-2 53.4-fold, and IL-4 26.1-fold (all p<0.0001) (Fig 2C), suggesting 

delayed activation of CD4+ T cells due to an antigen-depot effect (249). MNP-induced CD8+ T 

cell secretion was low 7 DPV (-53 DPI) but was still 7- to 10-fold higher than IM (IFN-  
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p=0.0026; TNF-α p<0.0001; IL-2 p<0.0001; IL-4 p=0.0018) (Fig 2B).  Importantly, IM 

vaccination-induced CD8+ T cells were indistinguishable from blank vaccinated controls, while 

MNP vaccination-induced CD8+ secreting cells were 16-25% greater than IM groups (all 

p<0.0001) (Fig 2B).  

Overall, our data suggests that MNP vaccination induces greater cellular responses in addition 

to ZVIP-specific antibodies of superior immunological quality. Systemic vaccination appears to 

offer an ephemeral CD4+ T cell response that does not persist beyond 7 DPV (-53 DPI), whereas 

MNP vaccination not only induces elevated and persistent CD4+ and CD8+ T cells in LN and 

spleen, but that these populations expand continually after vaccination.  

 

Unadjuvanted IM vaccination offered little protection against infectious challenge.  

Animals were challenged with live virus that was homologous to the vaccine strain 30 days after 

receiving a booster vaccination. To evaluate vaccine protective efficacy, weight changes were 

monitored post-challenge up to 120 DPI; both MNP and IM vaccination protected against weight 

loss (Fig 3A). MNP vaccinees did not lose weight after infection and IM vaccinees lost a maximum 

of 5% of their starting weight 6 DPI. Blank controls showed 10% weight loss 6 DPI, followed by 

a slow recovery of weight (Fig 3A).  

As ZIKV has demonstrated persistence in human organs and fluids for ≥200 days(223), we 

evaluated viral burden in brain, eyes, and plasma 10 and 100 DPI. Thus, we quantified viral burden 

in tissues and secretions with a focus-forming assay (FFA) co-culture, where homogenized tissues 

were used in a trans-well system over permissive Vero cells (201). Homogenized tissues shed live 

virus through the membrane pores, infected permissive sterile cells below, and provided FFU/ml 

for each tissue.  Homogenates were not added directly to monolayers because this does not 
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discriminate if the cells are permissive to infection and a productive infection. Previous concerns 

were raised that ZIKV would not propagate in WT BALB/c tissues due to STAT non-homology. 

Thus, they were evaluated here to specifically identify if live virus was being shed from the tissues. 

Compared to IM vaccinations, MNP-vaccinees co-cultures exhibited 10- and 15-fold lower viral 

load for brains and eyes, 24- and 13-fold less for spleen and liver, and 11-fold less for tears and 

plasma at 100 DPI (all p<0.0001) (Fig 3B). qRT-PCR quantification of vRNA mirrored FFA co-

culture findings, where MNP vaccinations showed 6.4-, 3.6-, and 4.1- fold less vRNA in brain, 

eyes, and plasma, respectively at 100 DPI (p≤0.0001 for all groups) (Fig 3C). 

The development and severity of neurological and ocular pathology was assessed by clinical 

reflexes up to 120 days after infectious challenge. For palpebral reflexes, MNP recipients exhibited 

a nadir at 10 DPI, with approximately 60% of animals showing loss of palpebral reflex (p=0.0013 

for 6 DPI, p<0.0001 for all other time-points), while blank controls show a nadir at 6 DPI (Fig 

3D). After this sharp decline, symptoms waned and animals recovered, with only 10% of animals 

demonstrating hyporeflexia at 120 DPI. IM recipients showed an immediate impairment in 

reflexes, with 45% of animals showing areflexia as early as 3 DPI, with the lowest score at 10 DPI, 

and long-term persistence up to 120 DPI. MNP vaccinees showed minimal loss of visual placement 

reflex, with only 15% of animals showing areflexia in a cyclical pattern, potentially indicating host 

inability to control viremia long-term and a periodic re-emergence of virus from privileged 

compartments. In contrast, IM vaccination resulted in a 50% impairment of visual placement reflex 

within 6 DPI, with 70% of animals showing areflexia at 30 DPI, and persistent loss of visual 

placement abilities up to 120 DPI (all p<0.0001) (Fig 3E).  

Rear limb withdrawal kinetics showed a trend similar as that observed with palpebral reflex, 

where MNP vaccinated animals demonstrated the maximum loss of reflex ability 10 to 30 DPI 
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with approximately 40% showing hyporeflexia (Fig 3F). Of these, 30% exhibited a partial recovery 

and ultimately only 10% had persistent hyporeflexia 120 DPI. In contrast, IM vaccinated mice 

showed two negative peaks at 10 and 40 DPI, with 65% of animals suffering from hyporeflexia (6 

DPI p=0.01; 10 DPI p=0.0014; 40 DPI p=0.0004; 80, 100 and 120 DPI p<0.0001). These animals 

underwent a periodic cycle of convalescence and re-emergence of symptoms, and 60% of them 

showed persistent loss of withdrawal reflexes (Fig 3F). Finally, IM and MNP recipients 

demonstrated 2.8- and 2.1-fold lower grip times 6 DPI, respectively, with MNP vaccine recipients 

showing a gradual recovery across the time-course and reaching normal scores by 60 DPI. IM 

vaccinated animals, on the other hand, maintained reduced grip times significantly lower than 

uninfected/blank vaccinated control group until 100 DPI (40 DPI p=0.0002; 60, 80, and 100 DPI 

p<0.0001) (Fig 3G).  

 

IM vaccination exacerbated intraocular pathology without protecting against infection or 

cell death. 

Ocular pathology was evaluated 10 and 100 DPI in IM, MNP, and uninfected/blank vaccinated 

animals. After 10 days, IM and blank recipient mice demonstrated stromal inflammation, corneal 

destruction, complete loss of corneal cellular organization, and a distinct abundance of infiltrating 

leukocytes in the apical lumen. MNP mice showed mild hyperplasia of corneal epithelia and 

infiltrating leukocytes in the stroma while controls lacked these pathological features (Fig 4A, left 

column). Within the retinas, IM and blank vaccination mice had scleral hyperplasia, edema and 

subsequent degeneration of the inner and outer nuclear layers, as denoted by increases in total 

neural nuclei present. Additionally, ganglionic cell layers among IM recipients showed a distinct 

bifurcation with intense hyperplasia, potentially indicating vascular angiogenesis. In contrast, 
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MNP retinal layers appeared normal with mild edema of RPE and limited scleral inflammation 

(Fig 4A, right-column).  

At 100 DPI, the pathology observed in IM and blank vaccination mice was similar to 10 DPI 

with increased numbers of leukocytes in the stroma, loss of cellular organization among cuboidal 

epithelia, and warping of Descemet’s and Bowman’s layers. MNP corneas demonstrated edema 

and hyperplasia of cuboidal epithelia (Fig 4B, left column). Retinal layers of IM recipients had 

visible hyperplasia within the ganglionic layers, and hydropic degeneration of RPE, choroid, and 

sclera layers, and leukocytes in the tissue posterior to the sclera which were absent in uninfected 

controls. In contrast, MNP ganglionic, nuclear, and plexiform layers appeared normal, while RPE 

and sclera exhibited mild edema and inflammation (Fig 4B, right-column). 

To assess ZIKV tropism within various tissues of the eye, we performed 4G2 

immunohistochemistry on whole eyes. 4G2-positive foci detected in cornea, RPE, and lacrimal 

glands were enumerated 10 and 100 DPI. MNP recipients demonstrated low levels of infectivity 

at both time points, with a decrease from 6.5% to 2.8% between 10 and 100 DPI (Fig 4C, SFIG3 

A and B). IM vaccinated mice demonstrated 4.6-times higher viral infectivity 10 DPI, and 8.8-

times greater infectivity at 100 DPI compared to MNP groups, with an upward trend between early 

and late time-points (all p<0.0001) (Fig 4C-D).  TUNEL staining was performed in the optic tract 

to assess cell death 10 and 100 DPI (SFIG 3C and D). Cornea and retina were TUNEL-positive, 

with corneal epithelium demonstrating abundant foci in all groups. Cell death was evident at early 

and late time-points among all groups. MNP vaccination showed no changes in cell death at both 

time-points, with 2.6 to 2.1-fold higher cell death at 10 and 100 DPI, respectively, when compared 

to uninfected animals. IM recipients demonstrated 4.6- and 8.8-fold greater cell death compared 

to uninfected and blank vaccinated mice at the same time-points, doubling the rate of cell death. 
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Importantly, IM vaccinees showed 1.7-fold greater cell death levels at 10 DPI, and 4.2- fold more 

100 DPI compared to MNP (all p<0.0001) (Fig 4 E-F).  

Transcriptional analysis revealed that MNP vaccination limited expression of 

proinflammatory cytokines after infection, with 22-times greater transcription of IL-1β compared 

to uninfected animals, whereas IM vaccination resulted in 123-times higher expression (p=0.0004) 

(Fig 7G). Similarly, TNF-α transcription was increased 32.5-fold in MNP and 293 -fold in IM 

vaccinated mice (p<0.0001). COX2 expression was 7.3-fold lower in the eyes of the infected MNP 

indicating lower inflammation; IM vaccination did not alter COX2 expression compared to MNP 

(p<0.001) (Fig 4G). MMPs displayed a similar trend, where in the MNP group MMP2 expression 

was 35.7-fold greater than uninfected/blank vaccinated controls, and in the IM group expression 

was 1,138.4-fold greater than in uninfected mice. Additionally, there was a 31.9-fold difference 

between IM and MNP immunized groups (p=0.006) (Fig 4G). Finally, the MNP vaccine recipients 

showed an increase of 40.2- and 6.5-fold in transcription of anti-inflammatory cytokine, IL-10 and 

SOCS3, respectively, compared to uninfected/blank vaccinated animals, while IM vaccine 

recipients demonstrated an increase of 442- and 17-fold compared to uninfected mice. 

Comparatively, MNP animals exhibited 11-fold less transcription of IL-10 compared to IM groups, 

and 2.6-fold less transcription of SOCS3 (p=0.0001) (Fig 4G). Lower expression of anti-

inflammatory proteins may point to resolution of ocular infection within MNP groups, while 

elevated transcription of IL-10 and SOCS3 correlates with H&E findings of pathogenic 

neovascularization. Taken together, our immunofluorescence, H&E, and transcriptional data 

demonstrate that weakly neutralizing antibodies correlated with intraocular pathology and fail to 

protect animals from ocular infectivity, persistent ocular inflammation and pronounced cell death. 

 



   
 

117 
 

MNP vaccination protected against ZIKV-induced demyelination and chronic 

neuroinflammation. 

Immunocompetent mice infected with PRVABC59 demonstrated neurological and ocular 

symptomatology that correlated strongly with viral burden. Viral burden was reduced by MNP 

vaccination, reducing severity of symptoms and improving overall convalescence and recovery. 

To further evaluate the impact of vaccine-induced antibodies on neuro-ocular pathology, we 

quantified hippocampal and cortical myelin levels using fluorescent microscopy, and determined 

neuro-inflammatory transcriptional responses using qRT-PCR. 

 Myelination of neural axons allows for electrical conduction and intracellular signaling. 

Within the CNS, the two most common forms of myelin are Myelin-basic protein and myelin 

proteolipid protein, and both are regulated by vimentin (259). One hundred days after infection, 

both hippocampal and cortical regions of the MNP group’s brains demonstrated that only 1.5% of 

cells were infected (Fig 5A). In comparison, the IM group showed identical infection levels in both 

regions of the brain, although they were 16-fold greater compared to MNP recipients (both 

p<0.0001) (Fig 5A; SFIG4). MBP expression after MNP vaccination in both hippocampus and 

cortex appeared to be unaffected by infection, as fluorescence was indistinguishable from 

uninfected animals. IM recipients, however, exhibited 3- and 2.1-fold less MBP expression in 

hippocampus and cortex, respectively, when compared to both uninfected and MNP vaccinated 

animals (both p<0.0001) (Fig 5B-C; SFIG4A). Both mPLP and Vim expression showed similar 

patterns, where MNP recipients demonstrated levels similar to uninfected and blank vaccinated 

animals. mPLP expression was 3.2- and 2.7-fold lower in the hippocampus and cortex, 

respectively, of the IM group, when compared to uninfected animals; and 4.1- and 2.2-fold lower 

when compared to MNP recipients (mPLP p<0.0001 and p=0.0006; Vim both p<0.0001) (Fig 5D-
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E). Vim expression was 1.7- and 2.3-fold lower in the hippocampus and cortex of IM vaccinated 

mice when compared to uninfected animals; and 1.6- and 1.7-fold lower when compared to MNP 

recipients (Fig 5F-G; SFIG4). 

 Transcriptional analysis of the inflammatory mediators in the brain revealed no change of 

proinflammatory IL-1β or TNF-α expression post-infection in the MNP group, comparable to 

uninfected controls. Infected IM vaccinees however, showed 166- and 281-fold greater 

transcription, respectively, compared to uninfected animals (p=0.0462 and p=0.0012) (Fig 5H). 

Pain mediator and proinflammatory stimulant, COX2, showed 1.8-fold greater expression among 

MNP mice and 678-fold higher expression in IM vaccine recipients (p<0.0001) (Fig 5H). Matrix 

metalloproteinases (MMPs) demonstrated a trend similar to the proinflammatory cytokines, where 

MNP immunized animals showed transcription levels comparable to uninfected animals, while the 

IM immunized group demonstrated 477- and 133-fold greater transcription relative to blank 

vaccinated and uninfected mice for MMP2 and MMP9 respectively (p<0.0001 and p=0.0005) (Fig 

5H). Finally, the levels of anti-inflammatory cytokines IL-10 and SOCS3 were significantly 

upregulated among MNP brains, with 838- and 714-fold greater levels than uninfected animals. 

IM immunized mice also showed elevated anti-inflammatory transcription, with 53- and 112-fold 

greater expression of IL-10 and SOCS3 compared to uninfected animals, but these levels were 

significantly less than MNP mice (p<0.001  and p=0.002) (Fig 5H). Collectively, these data 

demonstrate that highly specific antibodies abrogated demyelination observed during ZIKV 

infection and limit the chronic neuro-inflammatory response.   
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MNP antibodies demonstrate greater breadth of neutralization, less ADE, and are less 

auto-reactive.  

As GBS is primarily mediated by auto-reactive antibodies, we next determined if the observed 

reduction in neuro-ocular pathology following MNP vaccination correlated with antibody 

neutralization, ADE, and auto-reactivity to ganglioside residues. After infectious challenge, 

vaccination groups demonstrated a plateau of antibody concentrations, regardless of IgG subtypes, 

that endured up to 120 DPI (Fig 6A, B, and C). 

Antibodies from both vaccination groups, sampled 100 DPI, were evaluated for their ability 

to neutralize 3 strains of ZIKV and each of 4 DENV serotypes (Fig 7). Neutralization of the 

homologous strain showed a titer of 11,815 for the MNP group, and a titer of 3,265 for the IM 

group, a 3.6-fold difference (Fig 7A). For ZIKV-FLR, MNP-induced antibodies had a titer of 1,915 

and IM-induced antibodies had a titer of 81, a 23.6-fold difference (Fig 7Bi and ii). Neutralization 

of MR766 showed titers of 26,887 and 3,313 for the MNP and IM vaccinated mice respectively, 

an 8.1-fold difference (Fig 7Bii). Among DENV strains, MNP-raised antibodies reached 21,818, 

1,702, 9,219, and 30 VN titers for DENV-1 through -4 respectively. IM-induced antibodies had 

neutralizing titers of 208, 397, 185, and 2 for the same strains. Thus, MNP antibody neutralization 

titers were 104.9-, 4.3-, 50.2-, and 15-fold greater than IM titers for DENV-1, DENV-2, DENV-

3, and DENV-4, respectively (SFIG 5Aiii-vi) (all neutralization titers are listed in Sup Fig 5A).  

The capability of vaccination-induced antibodies to enhance homologous and heterologous 

flavivirus infection were also quantified for both maximum infectivity and the associated endpoint 

titers (Sup Fig 5B). Ideal vaccine candidates would minimize ZIKV infection by ADE, regardless 

of strain, and demonstrate limited DENV reactivity. Co-incubation of ZIKV or DENV strains and 

U937 cells resulted in no detected infection. MNP-induced antibodies limited ADE infection of 
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the permissive U937 cells. Following antibody co-incubation with PRVABC59, a maximum of 

5% of the 10,000 cells assayed were positive for ZIKV infection (Fig 7A). The same antibodies 

generated a maximum of 10% and 18% of all infected cells when the FLR or MR766 strains were 

used (Fig 8B- i and ii). Among DENV serotypes, MNP-induced antibodies resulted in a maximum 

of 22% of all cells labeled positive for DENV-1 infection, 36% of cells were positive for DENV-

2, 24% were positive for DENV-3, and 19% were positive for DENV-4 (SFIG 6Aiii-vi). When 

infectious virus was co-incubated with antibodies generated by IM vaccination, the frequency of 

cells positive for infection increased dramatically. The IM group showed a maximum of 84.6% of 

all cells infected with PRVABC59 (Fig 8A), while FLR and MR766 demonstrated a maximum of 

70% and 90% cell infectivity, respectively (Fig8 Bi and ii). IM-vaccination antibodies resulted in 

72% of cells infected with DENV-1, 54% infected with DENV-2, 41% infected with DENV-3, 

and 86% infected with DENV-4 (Fig 8Biii –vi).  

Collectively, these data demonstrate that antibodies generated via MNP vaccination were of 

greater immunological quality than those generated by IM, as evidenced by the reduced viral 

burden and limitation of clinical symptoms and tissue pathology after infection.  

 To correlate observed neuro-ocular pathology with GBS-like autoantibodies, we determined 

the relative concentrations of anti-ganglioside autoantibodies generated by MNP and IM 

vaccinations. Thus, we quantified the total amount of IgG that bound to GD1a, GD1b, and GT1a 

gangliosides (Fig 9A, B, and C). Each of these correlates with a specific variety of GBS. GD1a 

reactive IgG correlates with acute motor axonal neuropathy; GD1b corresponds to a sensory ataxic 

variant; GT1a is connected to Miller-Fisher Syndrome, a variant of GBS affecting the eyes (232). 

To understand what quantity of these antibodies are auto-reactive, we took the percentage of each 

ganglioside concentration as a proportion to the total ZIKV-specific IgG.  In the MNP vaccinated 
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group, 12% of all antibodies were GD1a reactive prior to infectious challenge and never exceeded 

15% after challenge. Prior to challenge, 16% of IM induced antibodies were GD1a-reactive, and 

after challenge, a maximum of 25.1% of all antibodies showed autoreactivity 60 DPI (Fig 9A). For 

all time-points observed, MNP antibodies were significantly less reactive to GD1a than those 

induced by IM vaccination (p=0.008 at 0 DPI, all other p<0.0001). Thirteen percent of MNP 

antibodies prior to vaccination were reactive to GD1b and reached a maximum of 19% 10 DPI 

(Fig 9B). Twenty-two percent of IM vaccination-induced antibodies were reactive to GD1b prior 

to challenge, and reached a maximum of 25% after challenge 10 DPI. Again, for all time-points 

observed, MNP antibodies were significantly less reactive to GD1b than those induced by IM 

vaccination (p=0.001 at 10 DPI, all other p<0.0001). Twelve percent of MNP antibodies prior to 

vaccination were reactive to GT1a and reached a maximum of 38% 60 DPI (Fig9C). Sixteen 

percent of IM vaccination-induced antibodies were reactive to GT1a prior to challenge and reached 

a maximum of 25% after challenge 10 DPI. Similarly, MNP antibodies were significantly less 

reactive to GD1b than those induced by IM vaccination throughout the observation period 

(p=0.001 at 10 DPI, all other p<0.0001).  

 

DISCUSSION 

ZIKV has remained as an international health concern since its re-appearance in 2015. It is 

increasingly apparent that the impact of ZIKV extends beyond microcephaly, as children born to 

infected mothers continually present new neurological and ocular clinical manifestations (93, 260). 

As a result, there has been substantial interest in understanding the mechanisms behind ZIKV 

invasion and persistence in immune-privileged tissues, as well as a sustained interest in viable 

vaccine candidates. Ocular and neurological pathology observed in humans has successfully been 
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recapitulated in both WT and immunocompromised murine models, but has not been utilized to 

evaluate vaccine efficacy despite the potential correlation between GBS and ZIKV-induced long- 

term pathology. Here, we demonstrated that immunocompetent BALB/c mice developed unique 

ocular and neuro-motor pathology as a result of ZIKV infection, and that this pathology can be 

abrogated with cutaneous immunization using MNPs encapsulating unadjuvanted whole, particle 

vaccine. 

 Importantly, we demonstrate that this route of vaccination can generate broadly neutralizing 

antibodies against multiple strains of ZIKV and DENV, while limiting antibody-mediated 

infection among non-permissive Fcγ-R bearing macrophages. We also show that the same 

unadjuvanted vaccine delivered intramuscularly induces weak and short-lived cellular responses, 

which ultimately result in broadly cross-reactive antibodies with limited neutralizing activity and 

elevated ADE capabilities compared to MNP vaccination. IM vaccination induced antibodies that 

enhanced ADE -similarly to infected controls that received blank vaccinations; further supporting 

the hypothesis that antibodies generated by an IM delivered unadjuvanted ZIKV were of low 

immunological quality. This hypothesis was validated by our avidity analysis showing that 

antibodies in the IM vaccinated cohort had lower avidity than the MNP cohort. Collectively, this 

data indicates the necessity of adjuvants in conventional vaccination routes to stimulate more 

robust cellular and humoral responses. Indeed, recent studies point to the importance of a strong 

CD4+ and CD8+ T cell responses, where CD4+ T cells are critical in systemic clearance of ZIKV 

and prevent ZIKV neuro-invasion(202), while CD8+ T cells and T cell-derived IFN-γ are essential 

to protecting microglia during ZIKV infection(192).  

The observed neuroinflammation and neuro-ocular pathology was consistent with published 

data showing how flavivirus infections culminate in chronic neurological inflammation that 
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directly contributes to lethal motor/cognitive diseases, such as GBS (115). MNP vaccination 

conferred protection of ocular and brain micro-environments against viral infection, as shown by 

a reduction of COX2, TNF-α, and IL-1β transcription, which was consistently lower than IM 

vaccination counterparts. These three pro-inflammatory markers created a positive feedback loop 

in the context of microglial secretion, where IL-1β and TNF-α secretion by glial cells is stimulated 

by COX2 (116), and paracrine or autocrine IL-1β signaling through NF-κB signaling (117) (118). 

Similar to the reduction of pro-inflammatory transcription, MNP vaccination resulted in lower 

transcription of MMP2 and MMP9 than IM vaccination after infectious challenge. MMPs are 

endopeptidases with vital functions such as neural network remodeling, tissue destruction and 

restructure, and BBB integrity regulation (119, 120). Thus, infection that induces increased 

permeability of the BBB via elevated transcription of MMP2 and MMP9 corresponds to increased 

inflammatory leukocyte trafficking into the brain (121, 122). For both brain and eyes, the relative 

transcription levels of COX2, IL-1β, TNF-α, MMP2, and MMP9 among ZIKV-infected MNP 

vaccinated animals never exceeded a 2-fold difference and were statistically similar to blank 

vaccinated control mice, indicating a robust protection of these tissues using the MNP vaccination 

platform. Conversely, IM vaccination-induced transcription levels of these same markers were at 

least 100-fold higher than MNP vaccinations, but were not statistically different from animals that 

received blank vaccinations, indicating the cellular and humoral responses generated by IM 

immunizations were not protective in immune-privileged compartments.  

Even though the eye and brain are intricately linked immune-privileged compartments, our 

data demonstrated that vaccination differentially impacted the anti-inflammatory responses within 

these tissues. Anti-inflammatory proteins IL-10 and SOCS3 form a unique pathway, whereby 

following stimulation with TNF-α and IL-6 by local resident and infiltrating immune cells 
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producing IL-10 (236). The latter then stimulates SOCS3 production, and both work in concert to 

block intracellular signaling of IL-6 and IL-23, to prevent STAT3 phosphorylation and directly 

influence ocular T cell repertoire (240). Infected brain tissues showed that MNP elevated both IL-

10 and SOCS3 more than IM counterparts. As IL-10 has demonstrated the ability to protect 

astrocytes from excessive inflammation (237, 238), our data demonstrated that MNP vaccination 

conferred protection against long-term neuro-inflammation in a manner that IM vaccination did 

not. Within the eye, IL-10 and SOCS3 have a counter-intuitive mechanism. Previous studies have 

demonstrated that high intraocular concentrations of these anti-inflammatory cytokines could 

stimulate angiogenesis via Müller-cell mediated neovascularization (239). Of particular note, IM 

vaccination appeared to exacerbate ocular pathology 10 DPI, with intense infiltration of monocytes 

and granulocytes into both the vitreous and apical lumen. Leukocyte infiltration occurred alongside 

a bifurcation of the ganglionic cell layers of infected retinas, demonstrating ocular pathology was 

not specific to a single tissue layer of the eye.  

Our study is the first to report on MNP vaccination used against ZIKV, and that autoreactive 

antibodies to GD1a, GD1b, and GT1a gangliosides are increased following unadjuvanted IM 

vaccination, which contributed to myelin degradation in immunocompetent BALB/c mice 

following infection (111). GBS has been correlated with antibody cross-reactivity to host 

gangliosides in other flaviviruses (261, 262), but is rarely studied as a consequence of flavivirus 

vaccination. We observed that 25-75% of all PRVABC59-specfic antibodies generated by ZIKV 

infection that were specific PRVABC59 were autoreactive, and that MNP vaccination lower this 

proportion to 14-19%, while IM vaccination had 25-40% of autoreactive antibodies. Gangliosides 

are vital to synaptic transmissions, intercellular adhesion and communication, equilibrium, 

immune signaling, and nervous system and motor/neural network maintenance (113). Anti-
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ganglioside antibodies have been previously shown to lead to the absence or fragmentation of 

MBP, myelin PLP, and vimentin, all contributing to persistent neuroinflammation within the brain 

by releasing damage associated molecular patterns (DAMPs) (114). Myelin or myelin-debris 

signals in macrophages via complement/opsonization or phagocytosis and facilitates M1 

(macrophage type-1) polarization and proinflammatory secretion (114). This M1 microglia 

polarization is associated with prolonged secretion of TNF-α at high levels and can lead to 

permanent neural degeneration. This observation, correlated with our transcriptional data of blank 

vaccinated and IM vaccinated animals demonstrating chronic neuro-inflammation and 

demyelination.  

  Our study points to the need for a more comprehensive, systems biology approach to 

understand how antibodies influence long-term neurological pathogenesis of flaviviruses. Our data 

suggests that low specificity of ZIKV antibodies may initiate a demyelination cascade that 

ultimately results in chronic neuroinflammation and persistent neuro/ocular impairments. This 

adverse pathology can be circumvented by novel vaccination approaches that generate highly 

specific, strongly neutralizing antibodies despite the absence of an adjuvant. These antibodies limit 

infection of Fcγ-R bearing macrophages via ADE mechanisms and demonstrated limited 

autoreactivity to GBS-associated residues. Importantly, we demonstrated here that 

immunocompetent animals can serve as models for long-term vaccination studies, and denote 

highlight that the need for adjuvants depends on the antigen administration route. Our findings 

point to the need of exploring alternative vaccination platforms and imposing stringent 

qualifications for ZIKV vaccine candidates: vaccines must that would confer breadth and longevity 

of protection while minimizing the risk of autoimmunity and ADE.  Future studies should include 

investigation of demyelination sequelae after passive transfer of ZIKV-induced antibodies, and the 
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putative role of maternal antibodies on vertical transmission. Additionally, future studies 

duplicating this work in C57BL/6 mice will determine if similar pathology can be observed in a 

Th1-skewed background and investigating antibody neutralization via passive antibody transfer. 
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FIGURE 1 
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Figure 1. Cutaneous vaccinations induced greater antibody concentrations that bind with 

higher avidity. 

Animals received a prime vaccination 60 days prior to infectious challenge (-60 DPI) by either IM 

or MNP, and were then monitored 7 and 14 days after vaccination (-53 and -46 DPI). Animals 

received a duplicate vaccination that was identical in route and dosage, termed booster, 30 days 

after vaccination (-30 DPI). After booster vaccination, animals were again monitored 7 and 14 

days (-23 and -16 DPI).  Vaccine-specific IgG total (A), IgG1 (B), and IgG2a (C). Vertical lines 

denote prime and booster vaccination administration and also identify 0 DPI as the day animals 

were challenged. (All N=10) (D) Antibody avidity was determined by chaotropic competitive 

ELISA (N=10). The dotted horizontal line denotes the IC
50

, or the concentration of thiocyanate 

needed to remove 50% of antibodies bound to vaccine-antigen. Antibody-antigen binding (Ab-Ag) 

is analyzed using a non-linear analysis (Log (inhibitor) vs response with a variable slope) to 

determine the logIC
50

. Error bars represent standard deviation for all panels. 
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FIGURE 2 
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Figure 2. Cutaneous vaccination generated greater B and T cell responses within 2 weeks 

after of vaccination. 

(A) Kinetics of cellular responses to a single vaccination were evaluated in immune competent 

female BALB/c mice 7 and 14 DPV (-53 and -46 DPI). Germinal center B cell (i), T
FH

 cell (ii), 

and follicular CD8+ cell (iii) kinetics were evaluated in inguinal lymph nodes, ILN, (N=10 for -

53 DPI; 5 for -46 DPI). Splenic plasmablasts (iv) plasma cell frequencies (v) were also evaluated 

for systemic humoral responses (N=5 for -53 and -46 DPI). Two-way ANOVA test was used to 

compare vaccine administration routes between vaccination groups and corrected using Sidak 

post-host analysis. CD4+ and CD8+ T cell subsets at 7 (B) and 14 (C) days post prime vaccination 

(-53 and -46 DPI) were analyzed for secretion of IFNγ (i), TNFα (ii), IL-2 (iii), and IL-4 (iv) 

(N=5). Two-Way ANOVA test was used to compare vaccine administration routes and corrected 

using Sidak post-host analysis. For all panels, * is p<0.05, ** is p<0.01, *** is p<0.001, and 

**** is p<0.0001. Error bars represent standard deviation for all panels. 
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FIGURE 3  
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Figure 3. Cutaneous vaccination reduced viral burden and protected against pathogenic 

weight loss and neuro-ocular symptoms.  

(A) Body weight changes were monitored for 120 DPI (N=10 for all timepoints). (B) Replication 

competent viral load among systemic organs, immune privileged tissues, and bodily fluids was 

determined by infectious co-culture (C) at 0, 10, and 100 DPI. (C) Total ZIKV genomic RNA 

was quantified by qRT-PCR at 0, 10, and 100 DPI (D) (Two-way ANOVA with Sidak’s post-

hoc; N=5). Ocular clinical scores were determined via palpebral (D) and visual placement (E) 

reflex tests. (Two-way ANOVA with Sidak’s post-hoc; N=10). Motor/neural clinical scores were 

evaluated by rear-limb withdrawal reflex tests (F) and by grip time tests (G). The horizontal line 

in panel G denotes the average time a normal mouse should be able to endure test conditions. 

(Two-way ANOVA with Sidak’s post-hoc; N=10). For all panels, * is p<0.05, ** is p<0.01, *** 

is p<0.001, and **** is p<0.0001. P values represent the comparative differences between IM 

and MNP groups. Error bars represent standard deviation for all panels. 
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FIGURE 4 
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Figure 4. Low-quality antibodies triggered acute ocular pathology, increased ocular 

infectivity, and elevated cell death persisting up to 100 DPI.  

(A-B) Eyes from infected and uninfected mice were harvested 10 (A) and 100 (B) DPI for H&E 

and immunofluorescent staining. H&E images of corneal and retinal layers were taken at 20x to 

assess pathology. (C-D) ZIKV infectivity was determined by immunofluorescent staining for 

flavivirus antigens. The number antigen foci relative to the number of total cells in the field was 

calculated for both time points (Two-way ANOVA with Sidak’s post-hoc; N=10). (E-F) 

Similarly, TUNEL staining for cell death was performed at 10 and 100 DPI. Foci were quantified 

to assess infection-induced cell death (Two-way ANOVA with Sidak’s post-hoc; N=10). (G) 

qRT-PCR on pro-inflammatory proteins, pain mediators, MMPs, and anti-inflammatory proteins 

among infected brains were normalized to GAPDH and then to expression levels of uninfected 

controls using the ΔΔCt method. (Two-way ANOVA with Sidak’s post-hoc; N=5) Red dashed 

lines indicate relative expression levels detected in infected mice that received blank 

vaccinations. For all panels, * is p<0.05, ** is p<0.01, *** is p<0.001, and **** is p<0.0001. 

Error bars in all panels denote standard deviation. 
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FIGURE 5 
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Figure 5. Low-quality antibodies elevated infection, lower myelin expression, and 

chronically stimulate pro-inflammatory cytokine expression.  

(A) Infectivity was determined by analyzing the number of 4G2 positive cells relative to the 

number of total cells in the field (Two-way ANOVA with Sidak’s post-hoc; N=14). (B-C) MBP 

expression was quantified in mid-brain cortex and hippocampus regions of infected mice (B), 

and was normalized to background using the CTCF method and was enumerated as normalized 

MFI (C; One-way ANOVA with Sidak’s post-hoc analysis; N=8). (D-E) mPLP expression was 

similarly quantified in mid-brain cortex (D) and hippocampus (E) regions of infected mice and 

was normalized to background (Two-way ANOVA with Sidak’s post-hoc analysis; N=10). (F-

G) Vim expression was quantified in mid-brain cortex and hippocampus regions of infected mice 

using the CTCF method (F) and was normalized to background (G; Two-way ANOVA with 

Sidak’s post-hoc analysis; N=12). (H) qRT-PCR on pro-inflammatory proteins, pain mediators, 

MMPs, and anti-inflammatory proteins among infected brains were normalized to GAPDH and 

then to expression levels of uninfected controls using the ΔΔCt method. (Two-way ANOVA with 

Sidak’s post-hoc; N=5). Red dashed lines indicate relative expression levels detected among 

infected mice that received blank vaccination controls. For all panels, * is p<0.05, ** is p<0.01, 

*** is p<0.001, and **** is p<0.0001. Error bars in all panels denote standard deviation.  
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FIGURE 6 
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Figure 6. Antibodies generated by MNP vaccination remain elevated after infection 

challenge.  

ZIKV-specific antibody kinetics were quantified up to 120 DPI for IgG total (A), IgG1 (B), and 

IgG2a (C). Time-points were analyzed using Two-way ANOVA with Sidak’s post-hoc correction 

(N=10). For all panels, * is p<0.05, ** is p<0.01, *** is p<0.001, and **** is p<0.0001. Error bars 

in all panels denote standard deviation.  
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FIGURE 7 

 

 

Figure 7. IM-induced antibodies demonstrated lower neutralizing activity than those 

generated by MNP.  

(A) Endpoint IC
50

 antibody dilutions were determined for MNP and IM vaccinated animals 100 

DPI using the PRVABC59 strain of ZIKV. (B) Neutralization was also determined using the (i) 

FLR, and (ii) MR766 strains of ZIKV in addition to (iii) DENV1/Hawaii/1944, (iv) 

DENV2/16681/Thailand/1964, (v) DENV3/H87/Philippines/1956, and (vi) 

DENV4/UNC4019/Colombia/2006. The dotted line denotes 50% neutralization. Error bars 

represent standard deviation for all panels. 
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FIGURE 8  

 

 

Figure 8. IM-induced antibodies enhanced infection among non-permissive FcγR-bearing 

cells, whereas MNP antibodies limit ADE. (A) ADE capacity was measured for MNP and IM 

vaccinated antibodies 100 DPI for the PRVABC59 strain of ZIVK. (B) ADE was also determined 

using the (i) FLR, and (ii) MR766 strains of ZIKV in addition to (iii) DENV1/Hawaii/1944, (iv) 

DENV2/16681/Thailand/1964, (v) DENV3/H87/Philippines/1956, and (vi) 

DENV4/UNC4019/Colombia/2006. The dotted line denotes background fluorescence determined 

by cells combined with virus but no antibodies. Error bars represent standard deviation for all 

panels.  
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FIGURE 9 

 

Figure 9. Antibodies generated by MNP vaccination were less auto-reactive to gangliosides.  

ZIKV-specific antibodies were evaluated for autoreactivity to host gangliosides GD1a (A), GD1b 

(B), and GT1a (C). (Two-way ANOVA with Sidak’s post-hoc; N=5). For all panels, * is p<0.05, 

** is p<0.01, *** is p<0.001, and **** is p<0.0001. Error bars in all panels denote standard 

deviation.  

 



   
 

144 
 

SUPPLEMENTARY FIGURE 1 

 

Supplementary Fig 1. ZVIP incorporation into MNP for cutaneous vaccination 

maintained antigen functionality. 

(A) A schematic representation of the prime and booster vaccination schedule used for all 

vaccinated mice. Animals were given a prime vaccination of 4µg of ZIKV-PRVABC59 

inactivated particles by either IM or MNP administration, or a blank MNP as a control (on -60 

DPI). Thirty days after prime administration 30 DPV (-30 DPI), all animals received a booster 

vaccination, identical to their first. Animals were challenged with live virus homologous to the 

vaccine 30 days after booster vaccination (0 DPI). (B) ZVIP was successfully integrated into 

polymer patches (i) and did not interfere with patch dissolution (ii). Vaccine-loaded patches 

demonstrated rigidity by successful insertion in porcine cadaver skin as evidenced by the tissue-

marking dye after patch removal (iii). Western blot analysis demonstrated successful 

incorporation and isolation of ZVIP in MNP after staining for ZIKV E-protein (iv). 
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SUPPLEMENTARY FIGURE 2 
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Supplementary Fig 2. Gating strategies utilized for flow cytometry experiments.  

(A) Singlets were isolated, and then lymphocytes were selected. Splenic plasma cells and 

plasmablasts were identified as TCRβ-/B220-/CD138+ plasma cells and TCRβ-/B220+/CD138+ 

plasmablasts. (B) Singlets were isolated, and then lymphocytes were selected. CD4+ T cells 

(CD3ε+/CD4+), and CD8+ T cells (CD3ε+/CD8+). were gated as CD69+/IFNγ+, CD69+/TNF-

α+, CD69+/IL-2+, and CD69+/IL-4+secreting CD4+ and CD8+ T cells. (C) Singlets were isolated, 

and then lymphocytes were gated as either CD19+ or CD3ε+ cells. CD3ε+ cells were gated for 

CD4+ or CD8+ T cells populations and further gated for follicular cells (PD-1+/CXCR5+). CD19+ 

cells were then gated as GL7+/FAS+ germinal center (GC). 
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SUPPLEMENTARY FIGURE 3 
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Supplementary Fig 3. MNP conferred protection against intraocular apoptosis and 

necroptosis induced by ZIKV infection. 

(A-B) Infectivity among eye tissues was determined via 4G2 immunofluorescent labeling of ZIKV 

E-protein in cells at 10 (A) and 100 (B) DPI. Individual panels show 4G2 ZIKV-antigen in red, 

DAPI in blue, and a final merge. (C-D) Immunofluorescent cell death was determined via TUNEL 

stain for fragmented DNA at 10 (C) and 100 (D) DPI. Individual panels show TUNEL-positive 

cells in red, DAPI in blue, and a final merge. Images were taken at 20x magnification with a scale-

bar of 100 μm (bottom right corner). 
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SUPPLEMENTARY FIGURE 4
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Supplementary Fig 4. MNP protected against ZIKV-induced demyelination.  

(A) Individual fluorescent panels show MBP expression in cortex regions of infected animals 100 

DPI. Images were taken at 20x magnification with a scale-bar of 100 μm (bottom right corner). 

(B-C) Individual fluorescent panels show myelin PLP expression in cortex (B) and hippocampus 

(C) regions of infected animals 100 DPI. Images were taken at 20x magnification with a scale-bar 

of 100 μm (bottom right corner). (D-E) Individual fluorescent panels show vimentin expression in 

cortex (D) and hippocampus (E) regions of infected animals 100 DPI.  All images were stained 

with DAPI (blue); MBP, myelin PLP, or vimentin (green); and the ZIKV E-protein via 4G2 (red). 

Images were taken at 20x magnification with a scale-bar of 100 μm (bottom right corner). 
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Supplementary Tables summarizing the neutralization and ADE qualities of vaccination 

induced antibodies. 

(A) Table of IC
50

 antibody titers for MNP and IM vaccinations, and for PRVABC59 infection 

following blank vaccination. (B) Table detailing the maximum infectivity observed for MNP, 

IM, and infection only groups for each virus used. Antibody titers for each corresponding 

infectivity are also provided.  
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CHAPTER IV: CONCLUSIONS 

ZIKV garnered international attention because of its rapid international expansion since 2015 

when an epidemic struck Brazil, resulting in a newly identified pathology including severe 

neurological impairments such as microcephaly, which is now part of the congenital ZIKV 

syndrome, as well as Guillain-Barré syndrome afflicting adult population (1). The World Health 

Organization declared ZIKV a Public Health Emergency of International Concern in February 

2016, during which time ZIKV was spreading rapidly across South America, the Caribbean, and 

into the United States (1). This precarious outbreak in Brazil spread across the western continents 

raising critical questions regarding virus evolution. Prior to 2015, ZIKV infections were limited 

geographically to Africa and Asia and were reported to be asymptomatic, and approximately 20% 

mildly symptomatic represented as a self-limiting febrile illness with most common symptoms 

maculopapular rash, conjunctivitis, and joint pain (2). In 2020, ZIKV has receded into the 

background amid the global coronavirus pandemic, with minimal cases reported from major 

endemic countries (263). While the number of reported cases may be directly attributed to herd 

immunity against ZIKV and better regional control of arbovirus vectors, the impact of ZIKV still 

echoes today as infants born from ZIKV-infected mothers provide a unique window into fetal-

maternal transmission, immunity, and into the long-term impacts of viral infection among neonates 

and infants as they develop into toddlers and small children. 

This dissertation focused on the long-term impacts of ZIKV infection, as the most severe 

symptoms and consequences of ZIKV often only manifest at late timepoints following infection. 

In short, this dissertation focused on defining a long-term mouse model for ZIKV pathogenesis 

and then utilizing it to evaluate efficacy of differential vaccine delivery platforms. 
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 In Chapter II, I found treating mice with a monoclonal antibody that functionally blocked 

IFNAR signaling, resulting in a dramatic skewing of survival and pathology data. Indeed, animals 

that received the α-IFNAR antibody reached moribund endpoints that required euthanasia within 

14 days of infection, while animals that were immune competent demonstrated these same 

endpoints at frequencies similar to human infections (264). My research revealed neuro-ocular 

pathology manifested within 3 days after infection among competent mice and persisted with 

variable severity up to 120 days after infection. The ocular sequelae observed in this dissertation 

were comparable to other studies investigating ZIKV infections in eye tissues in suckling mice 

(98), and to studies investigating mechanisms of ocular infiltration by ZIKV via infection of the 

blood-retinal barrier and the trabecular meshwork (95, 234).  

While most research on ZIKV-induced neuro-ocular pathology focuses on quantifying 

specific phenomena, such as single limb paralysis (142), only at one timepoint, to demonstrate the 

presence of ZIKV-CNS pathology, I wanted to develop a more comprehensive diagnostic method 

to evaluate inflammatory damage and functional aberrations that result ZIKV in the neuro-ocular 

compartment. The optimization of these clinical tests revealed that inflammation in immune-

privileged compartments lasted up to 120 days. Even at late timepoints, neuro-ocular clinical 

scoring abnormalities correlated with strong pro-inflammatory transcription and intracranial 

demyelination. Demyelination and intracranial inflammation correlate strongly with work 

published by Garber et al., which suggests that flavivirus infection-induced neuronal damage is 

mediated by T cells infiltrating the brain and responding to virally-infected neurons (192).  

In this dissertation, I did not investigate T cell specific responses in immune privileged 

compartments at early or late stages of infection; my research mainly focused on evaluating known 

biomarkers of GBS among infected mice, namely autoreactive anti-ganglioside antibodies. 
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Gangliosides are a class of sphingoceramides, or heavily glycosylated lipids, that are present on 

CNS cell surfaces and play critical roles in myelin sheath function, regulating axon growth and 

regeneration, and the function of neural networks (265, 266). During GBS, naturally occurring 

glycosylation moieties on the pathogen’s surface resemble ganglioside residues, and thus early 

response antibodies may be directed against these mimetic surface patterns (267). While several 

variant forms of GBS exist, in this dissertation I chose to investigate 3 specific gangliosides, GD1a, 

GD1b, and GT1awhich are linked to acute motor axonal neuropathy, sensory ataxia, and an ocular 

form of GBS called Miller-Fisher syndrome, respectively (232). The work in this dissertation is 

the first to evaluate the autoreactivity of host antibodies following ZIKV infection, as a correlate 

of host immunity, following infection or vaccination. While elevated levels of host antibodies were 

found in unvaccinated infected mice to be reactive to gangliosides, it is important to emphasize 

that they are a subset of antibodies generated by ZIKV, therefore we presented ganglioside 

antibodies as a proportion of total anti-ZIKV antibodies.  

In synopsis, my dissertation bridges knowledge gaps in both ZIKV pathogenesis and host 

immune responses, by highlighting adverse, antibody mediated pathology during ZIKV infection 

in long-term studies and amelioration of side effects following skin vaccination. I demonstrate that 

competent mice can be used to investigate neuro-ocular, GBS-like pathology and that the same 

model can be utilized for prophylactic vaccination studies. I show that IM vaccinations without an 

adjuvant provide a transient germinal center response, with B and T cells that do not endure beyond 

7 days after vaccination. Antibodies generated by 2 sequential IM vaccinations demonstrated 

elevated breadth of immunity among non-homologous ZIKV and DENV viruses, albeit with little 

functional protection against non-resolving intracranial demyelination and ocular hydropic retinal 

degeneration. The same IM-induced antibodies appeared to offer no protection against viral 
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tropism in cells that are usually non-permissive to infection but can be infected by ADE 

mechanisms. Cutaneous vaccination using dissolving MNPs demonstrated germinal center B cell 

and T cell populations continuous expansion 14 days after infection. Skin vaccination 

demonstrated superior results in effector vaccine-specific CD4 and CD8 populations compared to 

their IM counterparts. Antibodies generated by MNP vaccination showed elevated antibody-

antigen avidity and higher total vaccine-specific titers at all timepoints before and after infectious 

challenge. These antibodies also showed greater breadth of immunity among ZIKV and DENV 

viruses and limited ADE infection among non-permissive Fcγ-R.   
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