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Infection with Zika virus (ZIKV), a member of the Flavivirus genus of the Flaviviridae family, typically results in mild self-
limited illness, but severe neurological disease occurs in a limited subset of patients.
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| 1. Introduction

Zika virus (ZIKV) is named after the Zika forest in Uganda, where it was first isolated from a sentinel monkey in 1947 [,
and shortly after from mosquitoes in the same area 4. Follow-up serological studies revealed Zika to be widespread in
Africa and Asia WEIEl The first reported natural ZIKV infection in humans was reported in 1964, when a scientist was
infected while isolating virus from mosquitos in Uganda 4=, The first known incidence of Zika outside Africa and Asia was
in 2007 in Yap State, Micronesia 8, in what became the first large outbreak recorded [Z. A total of 73% of residents of Yap
Island 3 years old or older were infected [8l. In 2013, cases of Zika began being reported in French Polynesia. A total of
8746 cases were estimated to have occurred during this outbreak [&. Other ZIKV outbreaks included New Caledonia,
Cook Islands and Easter Island 19,

Beginning in early 2015, cases of ZIKV infection were reported in Bahia, Brazil 2. A second introduction of Zika into
Brazil occurred at about the same time, in Natal 2. Estimates were from 440,000 to 1.3 million cases 13 with an
eventual estimate of over 500,000 cases of Zika 14 and 73% of the population exposed in some areas 2. Other
countries in the Americas also reported Zika cases during this time. Colombia reported over 100,000 suspected cases 28],
with a total of 27 countries in the Americas reporting cases, including Mexico, Guatemala, the Dominican Republic and
Panama 2. Eventually, Zika cases were reported in the continental United States, with multiple introductions of ZIKV into
Florida 8] as well as Texas. These cases in Texas and Florida were locally acquired, indicating at least some level of
circulation in local mosquito populations 9. Afterward, ZIKV made its way to Cape Verde, Samoa, the Solomon Islands
and the surrounding region B9, |n all, 87 countries were affected by the pandemic, with cases continuing after the large
outbreak, including 30,000 cases in 2018 14, ZIKV has established itself as endemic to many more regions than it was
prior to the outbreak and may continue to infect humans routinely into the future.

ZIKV infection usually results in a self-limited illness 2. In symptomatic cases the most common symptom is a
maculopapular rash, occurring in over 80% of cases 22, often on the face, torso and upper arms 23124 Another common
symptom is arthralgia in about 62% of cases, mainly involving small joints (2211231 and occasionally larger joints as well (24
(28] Conjunctivitis is seen in roughly half of patients, with both eyes commonly being affected 2227 Other symptoms may
be seen, such as myalgia, headache, nausea, vomiting, sore throat and cough [28. If present, symptoms resolve within a
week and are generally not fatal 22, provided there is not a comorbidity, such as sickle cell anemia B, Before 2013, no
significant complications were reported from infections with ZIKV &l However, it was later determined that ZIKV is capable
of establishing persistent infections, crossing placental and neuronal barriers, and damaging neurons B1. During the
French Polynesia outbreak, multiple cases of Guillain-Barré Syndrome (GBS) were reported BIB2B3 GBS is a
neurological disorder presenting as a rapid ascending paralysis that results in respiratory failure B4, Another complication
seen from ZIKV infections, microcephaly, occurs in a developing fetus in infected pregnant women. Defined as a
neurological malformation resulting in decreased head circumference due to death of neural progenitor cells,
microcephaly has been implicated as a result of ZIKV infections in eight individuals during the French Polynesia outbreak
B8] The outbreak in Brazil resulted in many more reports of congenital microcephaly, prompting the World Health
Organization to declare a Public Health Emergency of International Concern on 1 February 2016 8. Other complications
include conditions such as optic neuropathy, uveitis and congenital glaucoma resulting in loss of vision EZ28],

Antigen-capture diagnostic assays targeting NS1 have been utilized in the past for dengue virus (DENV) infection, with
NS1 being established as an early biomarker for flavivirus infection B4A4L42] The flavivirus non-structural protein 1
(NS1) functions in genome replication as an intracellular dimer and in immune system evasion as a secreted hexamer.



Assays are often in Enzyme Linked Immunosorbent Assay (ELISA) format using monoclonal antibodies (mAbs) to
overcome the genetic similarity among flaviviruses [431124145]146147] Qne of the assays commonly employed for the early
diagnosis of dengue is the InBios DENV Detect NS1 ELISA Kit. It has a reported sensitivity of 86.8% and specificity of
97.8% (28], One potential issue may be the lack of sensitivity in secondary dengue cases, with one study indicating 100%
sensitivity in primary infections, and 10% sensitivity in secondary infections B4, This is likely due to circulating anti-NS1
antibodies present during secondary infections 42, This demonstrated success with NS1-based detection of DENV
infection offers an attractive option for detection of infection with other flaviviruses.

| 2. Computational Analysis of Flavivirus NS1

Crystal structures for full-length, glycosylated NS1 from WNV and DENV have been reported (PDB: 5GS6, 5IY3). These
structures define protein domains and potential immunoreactive sites (Figure 1). NS1 is a dimer with three major domains
in each monomer (Figure 1A). Due to the sequence similarity between NS1 proteins of flaviviruses, the ZIKV NS1 is
expected to be structurally similar to the NS1 proteins of WNV, DENV and other members of the flavivirus genus of the
Flaviviridae. A small “B-roll” dimerization domain (amino acids 1-29, red) links the two monomers of the NS1 dimer. The
wing domain (amino acids 30-180, yellow) of each monomer extends from the central B-roll. A discontinuous connector
subdomain (amino acids 30-37 and 152-180, orange) is also linked to the dimerization domain. A major feature of NS1 is
the third domain (amino acids 181-352, blue), with a ladder-like feature extending along the length of the dimer and
comprised of 18 B-strands. Most of the inter-strand loops are short with the notable exception of a long “loop” (green)
between amino acids 219-272 that lacks secondary structure but has extensive hydrogen bonding.

Figure 1. Comparison of non-structural protein 1 sequences among closely related flaviviruses. (A): Ribbon model
highlighting regions of the NS1 protein containing segments exposed at the outer surface to the host environment. (B):
Sequence comparison showing regions with high sequence disparity. Amino acids depicted in red differ from the
corresponding ZIKV NS1 amino acids. A represents positions with two sequences with amino acids identical to ZIKV NS1.
The boxes highlight highly conserved sequences, amino acids 117-119 and 227-229, that were mutated to alanine in
immunodominant regions 2 and 3.

Previous studies have identified several immunodominent regions of the protein (Figure 1A,B). Immunodominent region 1
maps to the B-roll, immunodominant region 2 to a disordered sequence at the tip of the wing domain, immunodominent
region 3 to the loop and immunodominant region 4 to the ends of the -sheet ladder. Of these immuno-dominent regions 2
and 3 display the most sequence variability between flavivirus NS1 proteins. Site-directed mutagenesis was performed to
generate mutated rNS1. Primers were designed to mutate residues in regions of NS1 with high sequence similarity to
other members of the Flaviviridae family. Mutations were targeted toward sequences in the protein in immunodominant
regions 2 and 3 that shared sequence identity with related flaviviruses. These regions were selected because they are the
most highly conserved sequences in any of the immunodominant regions. Mutations of the sequence were introduced to
the ZIKV NS1 sequence as triple alanine repeats to minimize impacts on folding of the protein structure. Specific
mutations (117-119 and 227-229) were designed for lower reactivity of the protein to antibodies to non-ZIKV Flavivirus
NS1 proteins and increase specificity of a diagnostic toward ZIKV.

| 3. Production of Mutant Zika Virus NS1 and Dengue Virus NS1

To produce recombinant non-structural protein 1 (rNS1) for the variant NS1, as well as the related DENV, sequences were
amplified and cloned into the pET-45b(+) vector. The pET-45b(+) vector enables addition of an N-terminal Hisg tag that
was used for purification (Figure 2). After induction of protein production, multiple colonies were screened for expression
by SDS-PAGE, with expression appearing to be near peak at 4 h post induction. Upon expression, localization was



confirmed by sonication of an induced pellet followed by centrifugation to pellet insoluble mass and resuspension of that
mass. This revealed the vast majority of protein to be in the insoluble fraction (inclusion body). Solubilization of the
inclusion body was performed using urea-based buffers in order to denature the protein and pull it into solution. Following
the protein through multiple purification steps shows the protein is not soluble in either the initial Triton X-100 solubilization
buffer, or 1 M urea washes, but must be solubilized in 8 M urea. Ni-NTA purification of protein based on the added
hexabhistidine tag was performed on the 8 M urea soluble fraction with washes using 20 mM imidazole to eliminate non-
specific binding. Elution was performed with 250 mM imidazole to outcompete the binding of the protein to the resin and
allow the protein to flow through the column.
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Figure 2. Western blot of NS1 mutants. (A): The blot was probed with anti-His6é antibody targeted toward the protein N-
terminus. (B): The blot was probed with anti-ZIKV NS1 monoclonal antibody targeted toward the C-terminus.

4. Reactivity of the rNS1 to Antibodies Circulating in Patient Serum and
Immunized Goats

To compare the seroreactivity of the wild-type rNS1 to the mutant rINS1 samples from Zika patients from Columbia and the
Dominican Republic were tested (Figure 3). IgG binding ratios for the Colombia samples show no differences between
wild-type NS1 and either mutant protein. IgM binding ratios for the samples from the Columbian patients indicate
increased binding to the wild-type protein. Samples from the Dominican Republic patients showed a different trend, with
increased binding to the ZIKV NS1 117-119 and decreased binding to the ZIKV NS1 227-229. Both mutant NS1 proteins
bound serum IgM more readily in the Dominican Republic samples compared to wild-type NS1 (Figure 3). Differences in
protein—protein interactions or other structural changes in the mutant proteins could account for the differential antibody
binding compared to wild-type NS1.
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Figure 3. Ratios of mutant vs. wild-type binding of NS1 by patient samples. The blue line at 1 indicates equal binding.
Numbers over 1 indicate increased binding to the named mutant, while under 1 indicate increased wild-type binding. (A):
Ratios of mutant/wild-type binding from IgG in samples show preferential binding to 117-119 mutant NS1. (B): IgM shows
preferential binding of mutant NS1 proteins in samples from the Dominican Republic. Colombia = Colombia samples from
suspected ZIKV infection. Dom Rep = Dominican Republic samples from suspected ZIKV infection. 117-119 = ZIKV NS1
W117A, G118A, K119A. 227-229 = ZIKV NS1 H227A, T228A, L229A Comparisons were made using Kruskal-Wallis
ANOVA. Asterisks represent significant comparisons (**** p < 0.0001; ** p < 0.01).



As a large volume of goat serum would be required to produce antigen-capture ELISA in sufficient amounts for the current
and future studies sera from two goats immunized with either wild-type or mutant rNS1 were pooled. Differences in
reactivity are present significantly in the pooled serum from the immunized goats. Goats immunized with the wild-type
protein produce antibodies that bound to all three variants of ZIKV NS1, as well as DENV NS1, less strongly than
antiserum produced from either mutant ZIKV NS1 proteins (Figure 4). The reduced reactivity, along with the data
indicating high binding of the wild-type protein with antiserum from mutants, reinforces the idea that there are significant
differences in the protein—protein interactions or structural differences of the mutate rNS1 compared to the wild-type
protein. The mutant rNS1 bound each of the other proteins in amounts not significantly different, indicating that the
mutations had little effect on binding of NS1, at least in goats.
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Figure 4. Serum from goats immunized with ZIKV mutants show differential binding to NS1 proteins. Antibody-capture
ELISA was performed on a mixture of serum from two goats immunized with ZIKV NS1 protein. Binding of WT ZIKV NS1
showed lower binding to WT (A), both mutants (B,C), as well as DENV2 WT NS1 (D). Data represent samples run in
duplicate. Error bars (standard error of the mean) were smaller than the symbols as drawn. The experiment was repeated
a total of three times. The legend in panel (D) also applies to panels (A-C).
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