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The identification of specific biomarkers for Zika infection and its clinical complications is fundamental to
mitigate the infection spread, which has been associated with a broad range of neurological sequelae. We
present the characterization of antibody responses in serum samples from individuals infected with Zika,
presenting non-severe (classical) and severe (neurological disease) phenotypes, with high-density peptide
arrays comprising the Zika NS1 and NS2B proteins. The data pinpoints one strongly IgG-targeted NS2B
epitope in non-severe infections, which is absent in Zika patients, where infection progressed to the severe
phenotype. This differential IgG profile between the studied groups was confirmed by multivariate data
analysis. Molecular dynamics simulations and circular dichroism have shown that the peptide in solution
presents itself in a sub-optimal conformation for antibody recognition, which led us to computationally
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engineer an artificial protein able to stabilize the NS2B epitope structure. The engineered protein was used
to interrogate paired samples from mothers and their babies presenting Zika-associated microcephaly and
DOI: 10.1039/d1md00124h confirmed the absence of NS2B IgG response in those samples. These findings suggest that the
assessment of antibody responses to the herein identified NS2B epitope is a strong candidate biomarker

rsc.li/medchem for the diagnosis and prognosis of Zika-associated neurological disease.

Introduction

Zika virus (ZIKV) emerged in the Americas, causing an
unprecedented epidemic of microcephaly in babies born to
mothers infected during pregnancy, and neurological disease
in adults following acute infection. Some uncertainty still
remains regarding the time of introduction into the Americas;
however, the virus likely entered Brazil in 2013," with the first
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cases of microcephaly reported in 2015. The temporal
correlation between ZIKV introduction in Brazil and the
microcephaly epidemic led the Brazilian Government to
hypothesize the presence of a causal association.>® Shortly
after (1 February 2016), the World Health Organization (WHO)
declared a ‘Public Health Emergency of International Concern’
for the clusters of microcephaly and other neurological
disorders, which was only lifted in November 2016.*

t Electronic supplementary information (ESI) available: Associated content
include: Table S1. Origin and characterization of the samples used in the
peptide array. Table S2. Group stratification of the samples used in the MST
assays. Table S3. Epidemiological, serology and diagnostic information of the
severe ZIKV samples used in the peptide array. Table S4. Laboratorial
characterization of the paired serum samples from mothers who delivered
babies with microcephaly and their progeny. Fig. S1. Sample set used in the
peptide array, resulting in the identification of the NS2B peptide. Fig. S2.
Antibody binding affinity measurements to the NS2B peptide by MST. Fig. S3.
Superposition of the folded peptide to its native counterpart as in PDB ID
5H6V. Fig. S4. Chromatographic purification and SDS-PAGE of the NS2B-
grafted protein. Fig. S5. ROC curve analysis of the NS2B-grafted protein. See
DOI: 10.1039/d1md00124h
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The causal association between congenital ZIKV infection
and microcephaly (now referred to as congenital Zika
syndrome [CZS] due to its broad range of clinical
manifestations) was accepted by WHO in 2016,>° and
evidence continued to accumulate in the following years.” In
addition to that, explosive outbreaks in large populations in
Latin America revealed other severe neurological sequelae of
ZIKV infection in children and adults, including Guillain-
Barré syndrome: an immune-mediated demyelinating motor
and sensory peripheral neuropathy leading to paralysis.® The
ability of ZIKV to cause neurological disease is not unique
among flaviviruses.” Several candidate neurovirulence
mechanisms have been postulated, among them the
glycosylation of the envelope protein,’® the presence of
neuronal receptors (such as AXL) only recognized by ZIKV,
and the mutation S139N in the precursor membrane protein
of ZIKV, which enhances neurovirulence possibly by creating
a new receptor for progenitor cells.>'" To date, however, the
viral determinants of ZIKV neurovirulence and the immune
components involved have not been fully unraveled.

Prior infection with dengue virus (DENV) has been
suggested to be associated with more severe manifestations
in ZIKV infections.'? In countries like Brazil, more than 90%
of the adult population has been previously exposed to
DENV." ZIKV and DENV are both members of the
Flaviviridae family and exhibit considerable cross-reactivity in
serological tests, which proves the close phylogenetic and
antigenic relationship between these viruses."*™*® High anti-
DENV titers have been reported to be linked with protection
from Zika,"” whereas sub-neutralizing levels of anti-DENV
have been shown to enhance ZIKV infection in vitro.*>*%°

The overlapping clinical syndromes and geographical
distribution make differential diagnosis a major challenge,
especially in situations where the causative viral agent cannot
directly be detected and diagnosis is based on indirect
serological tests. Highly specific serological tests, capable of
discriminating between different flaviviruses and therefore
providing accurate prognosis of severe disease, are so far not
available. Several serological test platform candidates are
currently under development and validation;**"** however, an
accurate diagnostic and prognostic marker for ZIKV infection
and its severe neurological manifestations has yet to be
demonstrated.”

We aimed at characterizing important ZIKV-specific
epitopes by analyzing serum samples taken from patients
with different clinical outcomes after ZIKV infection in
Recife, Northeast Brazil, the epicenter of the ZIKV outbreak
in the Americas. With this objective, we explored a novel
high-density peptide array technology to search the whole
proteome of ZIKV for serological biomarkers of infection.
Several platforms based on peptide arrays have been
developed and applied for infectious disease research.>**’
While most reports qualify the arrays using the detection of
linear epitopes binding well-characterized monoclonal
antibodies, recently, we and others have used this technology
to demonstrate the readout of antibody profiles against
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malaria in different patient sera,”® as well as in Lyme disease
patients, in the identification of ZIKV epitopes® and for
general vaccine studies.”*”' Using our novel solid material-
based combinatorial synthesis method,**** the whole
peptidome of ZIKV was produced on a unique single glass
slide as overlapping 15-mer peptides.

Due to the complexity and multivariate nature of the data
obtained with this new peptide array technology, multivariate
analysis techniques rise as alternatives to explore the dataset
and to recognize consistently patterned structures that
correlate groups of individuals with different -clinical
outcomes and specific peptide sequences. In this scenario,
exploratory and classification techniques were employed to
screen our peptide array against ZIKV clinical samples and
identify one epitope sequence as a potential biomarker for
ZIKV infection and its neurological manifestation with
statistical reliability. Following peptide identification, the
peptide's structural and thermodynamic stability were
assessed by molecular dynamics simulations and confirmed
by circular dichroism analysis. To improve the performance
of the identified epitope as an immunological marker, we
computationally designed a new protein that mimics the
natural structure of the peptide. The potential use of this
protein as a prognostic marker for ZIKV infections with
neurological complications was then confirmed.

Results and discussion

Identification of an immunoreactive peptide within the ZIKV
NS2B protein by high-density peptide array and multivariate
analysis

The customized peptide array containing 1878 15-mer
peptides covering the whole proteome of the ZIKV was first
used to screen acute and convalescent ZIKV samples,
stratified by the presence or absence of DENV background
(Tables S1 and S2 and Fig. S17), to determine the overall IgG-
binding properties towards specific peptides. The samples
were categorized into eight groups consisting of i) acute Zika
patients without dengue infection history (n = 14), ii) acute
Zika patients with dengue infection history (n = 17), iii) acute
Zika patients with low antibody titers against dengue (n = 3,
this group presents negative results for Dengue PRNT and
Dengue IgG capture ELISA, and was included due to the
difficulty to define the comparison group of ‘convalescent
Zika patients without dengue infection history’ since Dengue
seroprevalence in Recife can be above 90% (ref. 13 and 34)),
iv) convalescent Zika patients without dengue infection
history (n = 14), v) convalescent Zika patients with dengue
infection history (n = 17), vi) convalescent Zika patients with
low antibody titers against dengue (n = 3), vii) Zika infections
with neurological symptoms (NeuroZIKV) without dengue
infection history (n = 11), and viii) Zika infections with
neurological symptoms (NeuroZIKV) with dengue infection
history (n = 24). Important to note that all of the NeuroZIKV
serum samples used in the study have exhibited ZIKV IgG
positive results in previous tests (IgG ELISA and PRNT).

This journal is © The Royal Society of Chemistry 2021
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Group 1 - Acute sample
ZIKV+ (without DENV
previous infection)

+ Blood sample collected during
symptomatic phase (1-3 days of
symptoms)

+ No previous DENV infection
diagnostically confirmed
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Group 2 - Acute sample
ZIKV+ (with DENV previous
infection)

+ Blood sample collected during
symptomatic phase (1-3 days of
symptoms)

+ Previous DENV infection
diagnostically confirmed

*N »

=
Group 3 - Convalescent sample
ZIKV+ (without DENV previous
infection)

+ Blood sample collected after
symptomatic phase (10-12 days
after recovery)

+ No previous DENV infection
diagnostically confirmed

+ Non-severe etiopathology

) E——
Group 8 - NeuroZIKV
ZIKV+ (with DENV previous infection)

+ Blood sample collected during or
after symptomatic phase (acute or
convalescent)

+ No previous DENV infection
diagnostically confirmed
+ Severe etiopathology (e.g., GBS)

ZIKV versus DENV

NS1 and NS2b peptide arrays

Group 4 - Convalescent sample
ZIKV+ (with DENV previous infection)

+ Blood sample collected after
symptomatic phase (10-12 days
after recovery)

+ Previous DENV infection
diagnostically confirmed

+ Non-severe etiopathology

Group 7 - NeuroZIKV
ZIKV+ (without DENV previous
infection)

+ Blood sample collected during or
after symptomatic phase (acute or
convalescent)

+ No previous DENV infection

Group 6 - Convalescent sample
ZIKV+ (with DENV previous infection
and low anti-DENV antibody titer)

+ Blood sample collected after
symptomatic phase (10-12 days
after recovery)

+ Previous DENV infection

i i firmed

Group 5 - Acute sample
ZIKV+ (with DENV previous infection
and low anti-DENV antibody titer)

+ Blood sample collected during
symptomatic phase (1-3 days of
symptoms)

+ Previous DENV infection

diagnostically confirmed
« Severe etiopathology (e.g., GBS) . N i o

Fig. 1 Sample classification used in the peptide array, resulting in the
identification of the NS2B peptide. One hundred and twenty well-
characterized serum samples collected from individuals aged 9 to 57
years old were divided into 8 groups, according to sample stratification
through molecular and serological tests. Comparison groups included:
1. ZIKV+ acute samples with and without previous DENV infection
(coloured in red); 2. ZIKV+ convalescent samples with and without
previous DENV infection (coloured in blue); 3. ZIKV+ acute and
convalescent samples with low anti-DENV antibody titers (coloured in
magenta); 4. NeuroZIKV samples with and without previous DENV
infection (coloured in green). GBS stands for Guillain-Barré syndrome.

Serum samples from individuals not exposed to ZIKV or
DENV were used as assay control group (n = 8). Sample
classification is shown in Fig. 1.

The median fluorescence intensity data obtained for each
group showed specific IgG responses from patients with
confirmed ZIKV infection in convalescent versus acute
samples towards several peptides of the NS1 and NS2B
proteins (for clarity purposes, only the data from NS1 and
NS2 proteins is shown in Fig. 2).

A second peptide array, composed of 401 15-mer peptides
only covering the amino acid sequences of NS1, NS2A and
NS2B proteins, was used to confirm these findings. The
fluorescence intensity data of both arrays is shown in Fig. 2A.
Individual analysis of the median for each NS2B peptide
revealed four strongly immunoreactive amino acid sequences,
termed P1 (GDITWEKDAEVTGNS), P2 (GDITWEKDAEITGNS),
P3 (TWEKDAEVIGNSPRL) and P4 (TWEKDAEITGNSPRL)
(Fig. 2B). The corresponding peptides are adjacent;
consequently, their sequences are overlapping. Combining
the two sequences led to the identification of a major NS2B
epitope (GDITWEKDAEV(I)TGNSPRLDVA) located at the ZIKV
poly-proteome  position (1425-1445). Fig. 2B shows
differences among the median values of different groups of
patients from a qualitative standpoint.

Our data show that strong IgG antibody response was
elicited against the identified epitope in non-severe ZIKV
cases and suggests that the antibody response against NS2B
is absent in Zika infections with neurological symptoms
(NeuroZIKV) in individuals not previously exposed to DENV.
To strengthen this observation, principal component analysis
(PCA) was initially performed to assess the IgG response in

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Peptide array screening and identification of putative ZIKV
NS2B peptides. (A) Peptide array screening showing the selection of
401 peptides covering the ZIKV NS1 and NS2B proteins. The IgM and
1gG antibody profiles were determined for a control group (n = 8) and
for a set of acute and convalescent serum samples from 103
individuals according to the following groups: i) acute Zika patients
without dengue infection history (n = 14), ii) acute Zika patients with
dengue infection history (n = 17), iii) acute Zika patients with low
antibody titers against dengue (n = 3), iv) convalescent Zika patients
without dengue infection history (n = 14), v) convalescent Zika patients
with dengue infection history (n = 17), vi) convalescent Zika patients
with low antibody titers against dengue (n = 3), vii) Zika infections with
neurological manifestations (NeuroZIKV) without dengue infection
history (n = 11), viii) NeuroZIKV infections with dengue infection history
(n = 24). The IgM and IgG antibody response profiles are combined in
the figure. (B) Identification of putative ZIKV NS2B epitopes.
Immunoreactivity of the ZIKV NS2B peptides was individually assessed
against the serum samples groups described in Fig. 2A. Bars represent
the median fluorescence intensity for individual peptides. The four
peptides showing the highest fluorescence signals in the array are
highlighted in red.

the NS2B peptide array dataset. PCA is an unsupervised
technique based on dataset's variance that can be employed
as a pattern recognition tool (for further detail on PCA theory
see associated content). The PCA analysis highlighted
similarities and differences between NeuroZIKV and non-
severe ZIKV cases, as well as identified the importance of
each peptide signal related to these differences.

The scores plot (shown in Fig. 3A) shows the relationship
among objects analyzed (patients), in such way that the

RSC Med. Chem., 2021, 12, 1525-1539 | 1527
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Fig. 3 Summary of the statistical data analysis. (A) Scores and (B)

loadings plots of 2-component PCA model including control group,
convalescent ZIKV+ (DENV-, DENV+ and DEN low) and NeuroZIKV,
DENV- patients; and PLS-DA results for the 1-latent variable global
model, including (C) ROC curve, (D) VIP scores plot for PLS-DA model
and (E) predicted values of samples.

closer two patients are, more similarities are observed in
terms of signal response against the antibody. The 2 first
principal components (PCs) obtained from a 2-component
PCA model are depicted in Fig. 3A and B. In Fig. 3A the
scores scatter plot is shown for the control group (ZIKV-
DENV-), convalescent Zika without Dengue infection history
(ZIKV+, DENV- (group IV)), convalescent Zika with dengue
infection history (ZIKV+, DENV+ (group V)), convalescent
Zika with low antibody titers against dengue (ZIKV+, DENV
low (group VI)) and Zika infection (acute and convalescent)
with neurological symptoms without dengue infection
history (NeuroZIKV, DENV- (group VII)) patients. It is
possible to observe that the majority of the samples in the
NeuroZIKV, DENV- and the control group has negative score
values for PC1, whereas non-severe ZIKV samples have
positive score values of PC1. The loadings plot, depicted in
Fig. 3B, shows how each peptide array contributes for the
differences observed in the scores plot. Positive loading
values indicates higher intensity responses for patients with
positive scores and lower intensities for patients with
negative scores. In PC1, the difference accounts for 37% of
total data variance and is mainly related to the following
sequence peptides with positive values of PC1 loading

1528 | RSC Med. Chem., 2021, 12, 1525-1539
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plot (Fig. 3B): GDITWEKDAEVTGNS, GDITWEKDAEITGNS,
TWEKDAEVTGNSPRL, TWEKDAEITGNSPRL, KDAEVIGNSPRLDVA
and KDAEITGNSPRLDVA, in which the first four are the
peptides described in Fig. 2B. All these peptides have in
common the amino acid sequence KDAEV(I)TGNS.

According to the loadings and scores plots of PCA model,
the abovementioned peptides (positive loading values in PC1,
Fig. 3B) are positively correlated to non-severe ZIKV patients
(positive scores in PC1, Fig. 3A blue symbols) and negatively
correlated to NeuroZIKV, DENV- patients (negative scores in
PC1, Fig. 3A red and grey symbols). Therefore, it is possible
to state that non-severe ZIKV samples have higher
fluorescence signal intensity for those peptides when
compared to NeuroZIKV, DENV- samples. Moreover, no
significant difference among non-severe ZIKV patients
(groups IV-VI) or between NeuroZIKV, DENV- patients and
the control group (Fig. 3A red and grey symbols) were
observed. It is important to note that there is no difference
between the NeuroZIKV, DENV- and the control group,
therefore the NeuroZIKV, DENV- signal response is only
background noise. Although PC2 accounts for 12% of total
data variance, its score scatter plot does not show distinctive
features.

Our results from the PCA model indicate that the
previously mentioned peptides are potential candidates to
discriminate NeuroZIKV patients in the clinical outcomes. To
test statistical difference among the groups in a multivariate
way, the fluorescence signals were employed as classification
inputs to build partial least squares discriminant analysis
(PLS-DA) models. In contrast with PCA, PLS-DA is a
supervised technique focused in classification and aims to
maximize the covariance between the groups of patients and
its IgG response profiles (for further detail on PLS-DA theory
see associated content). In this case, the model is built in a
way that a decision function, shown as a threshold on scores
plot of PLS-DA (red line Fig. 3E), is set to discriminate
patients belonging to different groups and which peptides
are more important in that discrimination.

Four different PLS-DA models were built: (i) a global
model to test the ability of the epitope of interest to
discriminate all NeuroZIKV patients (groups VII and VIII)
plus the control group from all non-severe ZIKV patients
(groups IV-VI); (ii) a model to discriminate NeuroZIKV, DENV
- (group VII) from non-severe ZIKV patients (groups IV-VI);
(iii) a model to discriminate NeuroZIKV (groups VII and VIII)
from non-severe ZIKV, DENV- (group IV) patients; and (iv) a
model to discriminate NeuroZIKV patients according to their
DENV background (group VII versus VIII).

The global model was built to investigate if the
differences on IgG signal response for the given epitope will
suffice to discriminate non-severe (groups IV-VI) from
NeuroZIKV patients (groups VII and VIII), regardless their
DENV background. The PLS-DA model shown in Fig. 3C
provided a value for the area under the curve (AUC) of the
receiver operating characteristic (ROC) curve equal to 0.83
with sensitivity and specificity values for NeuroZIKV class of

This journal is © The Royal Society of Chemistry 2021
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79% and 85%, respectively. The variable importance in
projection (VIP) scores plot is an important parameter to
evaluate which peptides are more important to diagnosis
prediction (Fig. 3D) and must have values above the
significance threshold. The peptides at data matrix positions
364-367 containing the sequence KDAEV(I)TGNS are the
ones above the discriminant threshold and, therefore the
most important variables to discriminate the two groups of
patients. This result corroborates that the mentioned
peptides are more likely to be an epitope from NS2B protein
that can be used as a potential biomarker for NeuroZIKV
infection.

Fig. 3E shows the predicted scores for each patient, in
which those who shows values above 0.45 (defined as the
threshold by maximizing model sensitivity and specificity)
will be classified as convalescent patients. It is worth
mentioning that thirteen (9 NeuroZIKV DENV+ and 4 non-
severe ZIKV+ DENV+) out of fifteen misclassified samples
belong to patients with previous DENV infection (Fig. 3E).
This result suggests that antibodies from DENV previous
infections may cross-react with the identified epitope.

This journal is © The Royal Society of Chemistry 2021
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To evaluate the influence of NeuroZIKV, DENV+ patients
in the classification model performance, a 1-latent variable
PLS-DA model was built to classify patients as either non-
severe or control/NeuroZIKV, DENV-, without including
NeuroZIKV, DENV+ patients. The obtained ROC curve
(Fig. 4A) provided an AUC value of approximately 0.98 at 95%
confidence level. This improved classification model showed
higher sensitivity and specificity values of 89% and 94%,
respectively, for NeuroZIKV class. Evaluating the VIP scores
plot for the classification model (Fig. 4B), it is clear that the
peptides containing the KDAEV(I)TGNS sequence appear
again as above the significance threshold. This result shows
that the identified epitope from NS2B protein can be used as
a biomarker for the identification of ZIKV patients who have
developed severe neurological symptoms.

Interestingly, Fig. 2B shows that low IgG antibody
response against the identified epitope was observed in
NeuroZIKV patients that have been previously exposed to
DENV. However, this response is apparently higher when
compared to the control and NeuroZIKV groups without
previous DENV infection. This finding suggests that DENV
infection may elicit IgG response against the NS2B epitope.
To further investigate this, an additional PLS-DA model was
built (Fig. 4C and D) including only non-severe ZIKV, DENV—
and all NeuroZIKV (groups VII and VIII) patients.

The ROC curve provided an AUC of 0.77 and model
sensitivity and specificity for NeuroZIKV class were 71% and
78%, respectively, reflecting a model conflict to find a proper
discrimination function. During model optimization step the
patients’ membership is predicted as a value that range from
0 to 1, with a threshold of 0.33 (defined by maximizing
sensitivity and specificity). This means that patients that were
predicted with a value higher than 0.33 belong to
convalescent class, while values lower than that correspond
patients not assigned to convalescent class. It is possible to
observe that NeuroZIKV DENV+ patients (grey curve) are
predicted along the whole range, while non-severe ZIKV,
DENV- patients (blue curve) are systematically above the
threshold and NeuroZIKV DENV- patients below the
threshold. The robustness of error associated to the PLS-DA
models developed are presented on ESI} Tables S5-S8. This
result shows a large overlap of the three distributions,
particularly NeuroZIKV DENV+ over the other two, which are
partially separated from each other. This means that
NeuroZIKV patients that were previously exposed to DENV
also show significant fluorescence signal and cannot be
unequivocally discriminated from non-severe ZIKV+, DENV-
patients, in the current dataset. On the other hand, a model
built considering only NeuroZIKV patients shows that
NeuroZIKV DENV+ are statistically different from NeuroZIKV
DENV- cases, and the latter has significantly lower responses
against the abovementioned NS2B epitopes (Fig. 4E and F).
Those findings suggest that neurological manifestations of
ZIKV infection are associated with reduced antibody response
towards the identified NS2B epitope, except when DENV
antibodies are present. Corroborating with this finding,
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microscale thermophoresis (MST) experiments have shown
that the serum antibody half-maximal binding parameter
(ECsp) from the NeuroZIKV samples was remarkably low
(ECso values ca. 107 Molar), which were comparable to the
background noise observed in the negative control samples
(ESIY Fig. S1A and B).

Molecular basis of the interaction between the identified
NS2B epitope and ZIKV/DENV antibodies

Sequence comparison between the identified NS2B epitope
and other flaviviruses showed that this region in the NS2B
ZIKV protein presents fundamental differences in surface
charge (Fig. 5A). ZIKV exhibits a positively charged residue
(K) in a position where all other flaviviruses exhibit a
negatively charged residue (D or E) and an N instead of A, V,
or S. In fact, differential charge distribution on the surface of
ZIKV and DENV NS1 proteins has previously been
documented and suggested as a candidate mechanism to be
explored in the query for viral discrimination.>® Experimental
measurements of biomolecular association have shown that
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Fig. 5 Sequence and structural analyses of the identified NS2B
peptide. (A) Sequence comparison of the 21-mer peptide based on the
ZIKV NS2B epitope with the most frequently occurring strains of DENV,
WNYV, and YFV (residues are color-coded to highlight identity, chemical
similarity, and differences. ‘ID’ stands for identity; a ‘+’ indicates
similarity degree). (B) Structure representation of ZIKV NS2B bound to
NS3 based on PDB ID 5H6V.3® The latter is shown as a yellow surface.
NS2B is shown as cartoon and sticks, where B-strand regions are
shown as red arrows, unstructured regions by a white tube and atoms
in sticks color-coded as cyan for carbon, red for oxygen and blue for
nitrogen. (C) Root-mean-square deviation of the NS2B-based peptide
as a function of simulation time. The same region in PDB ID 5H6V>®
was used as a reference. (D) Secondary structure content of the
peptide as a function of simulation time. (E) Representative structure
of the folded peptide in cartoon (B strands are shown in red and
unstructured regions in white). (F) Far-UV circular dichroism (CD)
spectra of the NS2B peptide in acetate buffer collected at 25 °C.
Predicted secondary structure content based on experimental data is
shown in the graph.
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hydrogen bonds involving individual charged groups can
contribute with up to 4 keal mol ™. This value is considerably
lower in uncharged interactions with around 0.5 to 1.5 keal
mol ™. Residues of opposite charge in the ZIKV and DENV
epitopes should therefore be central in the discrimination.
Interestingly, if charge was assumed to be the main driving
force behind discrimination between ZIKV and DENV
proteins and related immune response, the expected values
for energy association would translate in roughly one order
of magnitude binding constant. Microscale thermophoresis
(MST) experiments were conducted and have determined the
difference in half-maximal binding parameter (ECs,) between
IgG antibodies in human serum and the identified epitope
(ESIt Fig. S1C and D) was precisely that as determined
computationally. However, the measured affinity is more
likely to be an apparent affinity (defined here as half-
maximum binding parameter given the lack of a 1:1 ratio
IgG-peptide) as a total serum polyclonal IgG were included in
the experiment. Moreover, despite the punctual charge
difference, the overall similarity between ZIKV and DENV
NS2B epitope is ca. 62%. Since antibodies against this region
appear to be elicited in both DENV and ZIKV non-severe
infections, cross-reactivity with non-specific DENV antibodies
could be expected, as evidenced in the above PLS-DA models.
It must be kept in mind that antibody responses from a
peptide may be suboptimal, as the conformation of peptides
may not necessarily reflect of that sequence in the native
protein. Peptide flexibility is well known to compromise
binding strength and enhance cross-reactivity, which could
potentially explain the signals from NeuroZIKV patients
previously infected by DENV. In fact, using a less sensitive
technique, such as enzyme-linked immunosorbent assay
(ELISA), than the peptide array, we have attempted to screen
a larger number (N = 42) of serum samples from patients
with ZIKV-associated neurological disease using the NS2B
peptide to support the finding that IgG antibody response
towards the identified epitope is not found in those
individuals. However, despite assay optimization, the signal
responses were as low as the background noise, which
precluded further testing (data not shown for conciseness).
To understand the molecular-level features underlying the
interactions between the identified NS2B epitope and the
corresponding ZIKV antibodies, we performed sequence and
structural analyses of the peptide, the latter by means of
molecular dynamics simulations. From a structural point of
view, a partial structure of ZIKV NS2B is found in complex
with NS3 (Fig. 5A), in which the N-terminal region (residues
49-67) of NS2B forms a f-strand packed within the
N-terminal region of NS3.*>® Although the C-terminal part
of NS2B (residues 68-96) also forms a f-hairpin, NMR results
have indicated that the C-terminal region shows significant
structural diversity, being highly flexible and often
disordered.***” Mishra et al. have found that the lack of the
residues K63, D64 drastically decreases the immunogenicity
of the peptide.”® Based on the high flexibility of the
C-terminal region and on the finding of Mishra et al., the
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N-terminal portion of the peptide appears to be a promising
site for antibody recognition.

Antigenic peptides exist in solution in a variety of
conformations, and only conformations that are structurally
similar to the one in the native protein will bind to the
antibody.”® To characterize the structural dynamics and
conformational preferences of the 21-mer peptide based on
NS2B address (comprising the N-terminal residues 57-
GDITWEKDAEVTGNSPRLDVA-77 in the NS2B protein), a 1-us
molecular dynamics simulation was performed in solution.
Structural stability was assessed by the positional root-mean-
square deviation (RMSD) of all backbone atoms, as a function
of simulation time (Fig. 5B). The native crystal structure (PDB
5H6V?®) was used as a reference structure. The peptide
remains disordered and unstructured in the first half of
simulation time, as evidenced by a large variation on RMSD
values and the time-dependent profile of secondary
structures (DSSP, Fig. 5C). The RMSD converges to a value of
approx. 1.28 nm after 0.6 us, indicating that the peptide has
assumed a preferred conformation. The molecule assumes a
flexible conformation around a f-hairpin motif, where two
B-strands are separated by a short loop (Fig. 5C and D). The
antigen-antibody recognition mechanism also requires shape
complementarity;"" therefore, highly flexible peptides are
unable to efficiently bind to their respective antibodies.** A
stable, close to its native-like conformation would allow the
NS2B-based peptide to be recognized by the antibodies. The
folded structure of the 21-mer peptide in solution, as
evidenced by the simulation, shows that only parts of the
N-terminal residues of the peptide are in a similar
conformation as in its native counterpart (Fig. S2), which
can lower the ability of the peptide to bind to the antibody.

To further investigate the secondary structure content of
the peptide, we have acquired the experimental circular
dichroism (CD) spectrum (Fig. 5E). The CD graph shows a
strong negative band near 200 nm, -characteristic of
disordered polypeptides.*> Moreover, to obtain a detailed
structure information from the CD spectrum, we predicted
the secondary structure components of the peptide using two
different algorithms: BeStSel** and CAPITO.*> Both
algorithms predicted that the peptide's secondary structure is
composed by ca. 30% of B-sheet and ca. 70% of unstructured
motifs (Turn + Others) (Fig. 5E, inside table). This prediction
is in agreement to the MD data, especially regarding f-sheet
content (Fig. 5E, inside table). A peptide in solution is
characterized by an ensemble of conformers with different
contents of secondary structure and the experimental CD
spectrum represents an average of the contributions from
different conformers.*® Although the MD simulation suggests
that the peptide may adopt a preferred p-hairpin
conformation, the variation in its secondary content along
the trajectory shows a significant level of conformational
disorder. These results, along with the fact that the peptide
exhibits a CD spectrum typical of disordered proteins, would
imply that the unfolded, rather than the folded, conformers
determine the shape of the CD spectra.”® Together, the
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findings from MD and CD analyses support that the peptide
in solution adopts a non-native like conformation, leading to
a suboptimal affinity by specific ZIKV antibodies and
explaining why the signal responses were not significantly
different from background noise in the ELISA assays and the
inability of the peptide array to fully discriminate NeuroZIKV
patients with previous DENV infections from NeuroZIKV/
DENV-.

Engineering an antigen carrying the NS2B epitope and
absence of anti-NS2B IgG antibodies in mother-babies paired
samples

Aiming to overcome the lack of sensitivity and specificity of
the NS2B peptide due to its high flexibility, we have
performed the computational engineering of a synthetic,
soluble and stable protein containing the target epitope. The
new protein was designed to allow the exposure of the
epitope in its native conformation, allowing its recognition
by specific antibodies.

Based on Mishra et al.*° and our findings, we chose to use
the residues 62-EKDAEVTGNSPRL-74 of the NS2B protein as
the epitope core. The structural motif of the NS2B epitope
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Fig. 6 Structural characterization in silico of the engineered protein
carrying the identified NS2B peptide. (A) Native structure of the
scaffold protein (left) and structure of the NS2B-grafted protein after
design/molecular dynamics (right), where the epitope region is shown
in yellow and the native conformation of the epitope in NS2B is
superimposed to it and displayed in cyan. The percentage indicates the
sequence identity between the designed protein and the native
scaffold. AAG stands for the respective change of free energy of
folding after the design protocol in Rosetta units (REU). (B) RMSD
analysis for the backbone atoms for the native scaffold (black), for the
NS2B-grafted designed protein (red) and comparison of the epitope
with its native structure (blue). (C) Flexibility analysis using the RMSF
values for the backbone atoms of the native scaffold (black) and NS2B-
grafted (red). The region where the epitope was grafted is highlighted
in yellow. (D) Solvent accessibility surface (SASA) indicating the
exposure per residue of the epitope in its native structure (black) and
in the designed protein (red). (E) Time-dependent secondary structure
map indicating the maintenance of structural motifs during the MD
simulation.
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was aligned to the structure of 1250 proteins, yielding one
structure with low RMSD and high exposure of the epitope.
The scaffold used was the Mja10b protein (PDB ID: 1NH9),*”
a DNA-binding protein from the hyperthermophilic organism
Methanocaldococcus jannaschii. In order to ensure absence of
cross-reactivity in the following immunoassays, a BLASTp
alignment of the engineered protein was performed against
the entire ZIKV polyproteome showing no identity or even
similarity to other regions than the carried-out epitope (data
not shown for conciseness). The epitope was grafted onto the
3rd B-sheet (Fig. 6A, highlighted in yellow) and after the
redesign of the chimeric protein (NS2B-grafted) the identity
relative to native Mjab10 was 69%. An improvement of AAG =
-13819 REU (Rosetta energy units) in the free energy of
NS2B-grafted relative to the native one was also achieved,
suggesting that the designed protein is a thermodynamically
more stable structure. Subsequently, the structural stability
of the designed protein was evaluated by means of a 100 ns
MD simulation. The native scaffold was also evaluated for
comparison purposes. The RMSD for the backbone atoms of
both NS2B-grafted and native scaffold proteins relative to
their respective initial structures were calculated over the
entire trajectory (Fig. 5B). While the native scaffold showed
high RMSD values after 40 ns of simulation time
(Fig. 6B, black curve), the NS2B-grafted protein showed values
around 0.2 nm throughout the trajectory (Fig. 6B, red curve).
This result suggests that the NS2B-grafted is structurally
more stable, due to the favorable interactions designed
during the modeling stage. The conformational stability of
the epitope was also evaluated by comparing the epitope
backbone in the chimera (Fig. 6B, blue curve) with its native
structure (Fig. 5A). The RMSD of the epitope backbone
converges to an average value of 0.17 nm, suggesting a
native-like conformation. This similarity can be seen when
the native motif is aligned to the epitope in the NS2B-grafted
(Fig. 6A, cyan structure). The mean quadratic fluctuation
(RMSF) of the backbone atoms was also evaluated over the
entire trajectory (Fig. 6C). For NS2B-grafted protein the
RMSF values remained low (under 0.3 nm), including the
region where the epitope was allocated
(Fig. 6C, highlighted in yellow). The regions with greatest
atomic fluctuations observed correspond to regions of loops
and turns, which are expected to be intrinsically disordered.
The low average values of RMSD and RMSF are indicative
that the presence of the epitope does not destabilize the
scaffold and the designed NS2B-grafted maintains its native-
like structure. The solvent-accessible surface area (SASA) for
the epitope residues was also calculated during the
trajectory and compared with the exposure in the native
structure (Fig. 6D). Our data suggests that the epitope is
exposed, similarly to its the native structure, and available
for antibody recognition. Moreover, this finding includes
residues K63 and D64 found by Mishra et al. to be critical
for antigen-antibody binding.** In agreement with the
RMSD and RMSF data, the DSSP for the NS2B-grafted
protein indicates that all secondary structures were well
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maintained throughout the simulation (Fig. 5E), including
the epitope region (Fig. 5E, highlighted in yellow).

Following the computational engineering and in vitro
production of a protein closely mimicking the natural
structure of the NS2B epitope (ESI{ Fig. S3-S5), presence of
IgG towards the NS2B epitope was assessed in a subset of
21 paired samples from mothers who delivered babies with
ZIKV-associated microcephaly and their children through
ELISA. Sensitivity and specificity at all possible cut-off
points were determined through receiver operating
characteristics (ROC) analysis (ESIf Fig. S6) and the area
under the curve was determined (AUC = 1.0, p value =
0.0002). The robustness of error of the NS2B-grafted protein
ELISA and sample classification is shown on ESI{ Tables S9
and S10. In agreement with the computational analysis, the
NS2B-grafted protein exhibited enhanced immunoreactivity
when compared to the NS2B peptide from the peptide array
and ELISA (latter not shown for conciseness) and allowed a
clear distinction between negative and positive control
samples (Fig. 7A). Corroborating our findings, the anti-NS2B
IgG antibody profile can be used to distinguish non-severe
from severe (NeuroZIKV) infections, while the analysis of
the paired samples confirmed that this IgG response is
absent in the serum from mothers who delivered babies
with ZIKV-associated microcephaly and their progeny
(Fig. 7B). On the other hand, the role of the absence of
such antibodies in the development of neurological
outcomes is beyond the scope of this work, and therefore
remains as an open question.
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Fig. 7 Detection of total IgG antibodies against the NS2B epitope
engineered in the NS2B-grafted protein in paired samples from
mothers and babies with ZIKV-associated microcephaly through ELISA.
(A) Scatter plot representation of NS2B-specific 1gG antibodies
detection in serum samples from ZIKV naive (ZIKV-/DENV- (n = 8) and
ZIKV-/DENV+ (n = 8), negative controls) individuals, ZIKV+/DENV-
individuals (n = 7, positive controls) and mothers who delivered babies
with ZIKV-associated microcephaly and their progeny (n = 21 pairs).
The results are shown as mean values over all measurements and
corresponding standard error of the mean (S.E.M.). Dots represent
individual measurements. A dashed line indicates the median of the
positive control group for comparison purposes. The p-values of two-
tailed Mann-Whitney test are indicated above each group comparison.
(B) Comparison of the detection of anti-NS2B-1gG in mother-children
paired samples. Each sample was tested in duplicate and the mean
values are shown. A dashed line indicates the assay cut-off as
calculated from a ROC curve (Fig. S6f). Gray lines connect paired
samples. MC stands for ‘Microcephaly’.
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Experimental
Patient population

Sixty-eight (68) cryopreserved serum samples were collected
from individuals with acute febrile illness enrolled in a
prospective cohort study from May 2015 to May 2017
established in Recife, Brazil as part of the ‘International
Research Consortium on Dengue Risk Assessment,
Management, and Surveillance’ - IDAMS (ethics committee
protocol number: 15580013.5.1001.5534).**7° The age of the
individuals from whom serum samples were collected ranged
from 9 to 57 years. Sample collection was performed on the
first day of recruitment (day 1 - acute sample), corresponding
to the period within the first 72 hours of the febrile phase,
and during the convalescent phase (days 10-30 after
recruitment - convalescent sample). Furthermore, 35
NeuroZIKV patients enrolled in the prospective cohort study
‘Immunopathology of Dengue infection: viral and host
genetic determinants associated to Dengue pathology’

PRONEX (ethics committee protocol number: 0009.0.095.000-
11) were identified around day 1-14 after the onset of
neurological symptoms. Nine of the selected samples were
collected after this period, between day 60 and 180 after the
onset of neurological symptoms. All samples were classified
as convalescent samples, according to clinical and serological
data. Moreover, 23 cryopreserved serum samples were
obtained from subjects enrolled in the clinical cohort
‘Prospective study for identification of clinical signs,
virological and immunological factors that are predictive of
severe Dengue’ - severe dengue (ethics committee protocol
number:  28309414.9.3001.5201)  established in the
Department of Virology, Aggeu Magalhées Institute, Oswaldo
Cruz Foundation - FIOCRUZ, Recife, Brazil. Additionally, 21
paired samples from mothers who delivered babies with
microcephaly and their progeny were obtained from subjects
enrolled in the cohort study ‘Neurological manisfestations
associated to Zika virus’ (ethics committee protocol number:
51106115.8.0000.5190) established in the Department of
Virology, Aggeu Magalhdes Institute, Oswaldo Cruz
Foundation - FIOCRUZ, Recife, Brazil. We also included
naive serum samples collected from European donors who
had never travelled to tropical areas or who had visited Brazil
for the first time. The characteristics of the patients are
shown in ESI} Tables S1 and S2, while detailed information
for each individual NeuroZIKV sample is described on the
ESI} Table S3. Detailed description of the paired samples
from mothers who delivered babies with ZIKV-associated
microcephaly and their progeny is provided on ESIt Table S4.

Ethics statement

The human serum samples for this research were collected
within the context of the following research projects at
FIOCRUZ Recife: ‘International Research Consortium on
Dengue Risk Assessment, Management, and Surveillance’ -
IDAMS, ‘Immunopathology of Dengue infection: viral and
host genetic determinants associated to Dengue pathology’ -
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PRONEX, ‘Prospective study for identification of clinical
signs, virological and immunological factors that are
predictive  of severe Dengue’ and  ‘Neurological
manisfestations associated to Zika virus’. All experiments
were performed in accordance with the Guidelines of
Helsinki Declaration, and Experiments were approved by the
ethics committee at FIOCRUZ Recife under the protocol
numbers 15580013.5.1001.5534, 0009.0.095.000-11,
28309414.9.3001.5201, and 51106115.8.0000.5190,
respectively. Informed consents were obtained from human
participants of all the studies mentioned above.

Diagnostic testing of participants

All serum samples were tested following the procedures
described above. Samples that, according to the molecular,
serological and PRNT tests, were positive only for ZIKV were
classified as ZIKV+/DENV-, while samples negative for all
ZIKV tests and positive for at least one DENV serotype were
classified as ZIKV-/DENV+. Samples that were negative for all
tested viruses were classified as ZIKV-/DENV-. All patients
were either DENV-confirmed or ZIKV-confirmed, or both. For
molecular viral diagnosis, quantitative real-time PCR (qRT-
PCR) for DENV and ZIKV was performed following modified
previously reported protocols."®" As for serology, samples
were assayed for anti-DENV IgM and IgG (Panbio Dengue
Capture ELISA) and anti-ZIKV IgM (MAC-ELISA, Centers for
Disease Control and Prevention [CDC])** through ELISA.
Additionally, all samples were re-tested by indirect DENV
ELISA and plaque reduction neutralization test (PRNT) for
ZIKV as well as for each of the four DENV serotypes (DENV1-
4) to rule out the possibility of undetected previous DENV
exposure. Within the context of Northeast Brazil, most adults
had previously been exposed to DENV, with seroprevalence
rates ranging between 74.3% and 91.1%, also depending on
socio-economic strata.”® According to the assay results, each
sample was classified as: (1) ZIKV+/DENV- if positive for
ZIKV gRT-PCR and negative for DENV qRT-PCR in the acute
phase and/or positive for anti-ZIKV IgM with titers >2 times
those for anti-DENV IgM in the convalescent phase in the
MAC-ELISA, and negative for anti-DENV IgG in the acute
phase in the Panbio assay; (2) ZIKV-/DENV- if negative for
DENV and ZIKV gRT-PCRs in the acute phase, negative for
anti-DENV and anti-ZIKV IgM in the acute phase in MAC-
ELISA, and negative for anti-DENV IgG in both acute and
convalescent phases in the Panbio assay.’® The Panbio
Dengue IgG Indirect ELISA was only performed for the adults
and control subgroups. The assessment of virus-specific
neutralizing antibodies was performed by PRNT.” Briefly,
PRNT assays were performed in Vero cells with locally
isolated DENV1-4 and ZIKV strains. PRNT positivity was
calculated based on a 50% reduction in plaque counts
(PRNTs,). Samples were considered positive when
neutralizing antibody levels were >1:100 for ZIKV and >1:
20 against at least one DENV serotype. Specific antibody titers
for ZIKV and DENV were estimated using a four-parameter
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non-linear regression model. Acute and convalescent samples
were assessed in parallel, and a convalescent/acute titer ratio
>4 indicated acute infection. Important to note that all of
the NeuroZIKV samples used in this study has presented
anti-ZIKV IgG positive results through ZIKV IgG ELISA and
ZIKV PRNT.

Peptide array technology

Whole proteomes of 15 different ZIKV strains were retrieved
from the National Center for Biotechnology Information
(NCBI) database and translated into overlapping 15-mer
peptides (with a peptide-peptide overlap of 12 for DENV and
14 for ZIKV). The accession codes for the ZIKV proteomes
from the NCBI were: ZikaUgandaStrainMR766-NIID,
ZikaUgandaStrainMR766, ZikaChinaStrainVE_Ganxian,
ZikaPhilStrainCPC-0740, ZikaThaiStrainSv0127-14,

ZikaChinaStrainZJ03, ZikaHaitiStrain1225/2014,
ZikaBrazilStrainSPH2015, ZikaBrazilStrainNatalRGN,
ZikaDomRepStrainPD2, ZikaDomRepStrainPD1,
ZikaChinaStrainGDO1, ZikaBrazilStrainZKv2015,

ZikaBrazilStrainSSABR1, and ZikaPuertoRicoStrainPRVABC59.
The peptide sequences were aligned, duplicates deleted, and
produced as high-density peptide arrays. In addition to that,
a c-myc peptide (EQKLISEEDL) and a peptide derived from
poliovirus (KEVPALTAVETGAT, reacts with serum due to
comprehensive vaccination) were included as controls.

The arrays were generated in a laser-printer-based
approach by PEPperPRINT GmbH (Heidelberg, Germany).
Twenty different amino acid particle types were selectively
deposited as spots on a glass slide coated with a
poly(ethylene glycol) methacrylate/poly(methyl methacrylate)
graft copolymer functionalized with a BAla-Asp-BAla linker,
with each particle type embedding a different amino acid.
When a layer of all twenty different particle types was
completed, the particles were melted at 90 °C, releasing the
amino acids containing Fmoc-amino acid pentafluorophenyl
esters that coupled to reactive groups on the functionalized
glass slide. Following Merrifield's principle of orthogonal
peptide synthesis, excess material was washed away, and the
particle-deposition process was repeated.*” In the end, each
spot on the glass slide featured a different peptide with a
freely chosen sequence.

Immunostaining of peptide arrays

Peptide microarrays were placed in incubation trays
(PEPperPRINT GmbH; Heidelberg, Germany) and blocked for
30 minutes at room temperature under orbital shaking (140
rotations per minute [rpm]) with blocking buffer MB-070
(Rockland). Human sera were then diluted to 1:1000 in assay
buffer (10% Rockland blocking buffer in phosphate-buffered
saline (PBS), 0.05% Tween 20, pH 7.4) and incubated for 16
hours at 4 °C under orbital shaking (140 rpm). Peptide
microarrays were washed three times with PBS supplemented
with 0.05% Tween 20 (PBS-T), followed by incubation with
the detection antibodies, goat anti-human IgG Fc specific
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DyLight 680 conjugated and goat anti-human IgM antibody
DyLight 800 conjugated, diluted to 1:2500 and 1:5000,
respectively in assay buffer (PBS-T with 10% Rockland
blocking buffer), along with a 1:150 dilution of the control
antibody (anti-c-myc antibody, PEPperPRINT, Germany), for
one hour at room temperature under orbital shaking (140
rpm). No specific antibodies were added to interact with the
poliovirus peptide control spots, since poliovirus vaccination
in Brazil has been established across the country. The
peptide microarrays were washed three times with PBS-T and
rinsed with deionized water. After drying in a stream of air,
fluorescence images were acquired using an Odyssey Imaging
System (LICOR) at 700 and 800 nm, with a resolution of 21
pum and a scanning sensitivity of 7. Image analysis and
quantification were performed with the PepSlide Analyzer
software (Sicasys Software GmbH; Heidelberg, Germany).
Background fluorescence was determined as the fluorescence
measured when only the secondary antibodies anti-IgG
DyLight 680 (1:2500) and anti-IgM DyLight 800 (1:5000)
were added.

Statistical analysis

In the present work, multivariate analysis models were built
to verify statistical differences among fluorescence intensities
of patient groups. Before building multivariate models, pre-
processing techniques were employed to correct unwanted
variation inherent to the measurement. The data set was pre-
processed using normalization to the maximum value of each
patient for all variables (peptide fluorescence signals),
baseline correction (Automatic Whittaker Filter with
asymmetry of 0.001 and lambda of 100) and mean center.
Multivariate data analyses were carried out with the IgG ZIKV
data set in two forms. Initially, the exploratory analysis
technique principal component analysis (PCA)** was
employed to visualize data variance in a space of reduced
dimensionality. Afterwards, a classification technique based
on partial least squares discriminant analysis (PLS-DA)** was
performed and the variable importance in projection (VIP
scores) plots were employed to evaluate the most important
NS2b peptides to discriminate between patients according
their clinical outcomes. Due the small number of samples
available and to include maximum variability to the model,
leave-one-out cross-validation method was employed to
validate and determine model complexity based on the true
positive rate (or sensitivity (Sn)) and the true negative rate (or
specificity (Sp)). All statistical analyses were performed in
PLS_Toolbox 8.6 (Eigenvector Research Inc., USA) in MATLAB
environment.

Engineering an antigen containing the ns2b epitope

The native motif of the NS2B epitope was retrieved from the
crystallographic structure deposited in the Protein Data Bank
(PDB ID: 5H6V).”>> The epitope was transplanted, in silico, to
a carrier protein (scaffold), in order to maximize its exposure
on its native conformation. This procedure was performed
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using the MotifGraft tool®® present in the Rosetta v3.10
software.”®”” First, a library of scaffold proteins, composed
by 1250 crystallographic structures, was assembled according
to criteria described by Silva et al.>> Then, the NS2B motif
was structurally aligned to all proteins in the library aiming
to determine which is the best carrier and region for
transplantation. To accept an alignment, the root mean-
square deviation (RMSD) between the backbone of the
epitope and the scaffold protein should be lower or equal to
2.5 A. The epitope side-chains are transplanted to the
scaffold protein if the alignment criterion is met. After
transplantation, the carrier protein is redesigned within a 10
A radius around the epitope intending to increase favorable
interactions and ensure the folding of the new protein. In
order to allow only mutations that will result in a total
stabilizing effect, a position-specific substitution matrix
(PSSM) was used,’® according to instructions described by
Goldenzweig et al>® PSSM represents the logarithmic
probability of looking any of the 20 possible amino acids in
each position. Mutations for the most frequently observed
amino acids generally increase protein stability (the
consensus effect), whereas mutations never previously
identified in natural diversity tend to decrease stability.”*
During the redesign process, combinatorial sequence
optimization is carried out, with four iterations of sequence
design, each one followed by side-chain and backbone
minimization. At the end, the lowest energy structure is
obtained according to the REF2015 energy function of the
Rosetta.®

Computational characterization of structural and
thermodynamic properties of the identified NS2B peptide
and the designed NS2B-grafted antigen

Initial coordinates for the NS2B-based peptide were taken
from the crystal structure of the NS2B-NS3 complex (PDB ID
5H6V) and centered into a cubic box of dimensions 8.0 x 8.0
x 8.0 nm. For the modeled antigen carrying the NS2B
epitope, the coordinates were taken from the lowest energy
decoy from Rosetta design protocol and centered in a box of
dimensions 12 x 12 x 12 nm. All simulations were carried out
by explicitly solvating the biomolecules using the SPC water
model.** Periodic boundary conditions were used in the x, y
and z directions. Molecular dynamics simulation was carried
out using the NPT ensemble, and all atomistic simulations
were performed for 1 ps using the GROMOS 53A6 force
field.*® The LINCS method was used to constrain all bonds.®°
Solute and solvent temperatures were separately coupled to a
thermostat using the velocity rescaling scheme® with a
reference temperature of 310 K and a relaxation time of 0.2
ps. Pressure was kept constant at 1.013 bar by isotropic
coordinate scaling using the Berendsen barostat®® with a
relaxation time of 0.2 ps and compressibility () of 4.5 x 107
per bar. A short-range cut-off radius of 1.4 nm was used for
all non-bonded interactions. Long-range electrostatic
interactions were taken into account using the reaction field
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method® with ¢ = 66 beyond the cut-off radius of 1.4 nm.
Counter ions were added to ensure a neutral system net
charge and a salt concentration of 0.150 mM. The systems
were first energy-optimised using 5000 steps of the steepest
descent algorithm. Integration was carried out using an
integration time step of 2 fs based on the leapfrog
algorithm.”® System thermalization was carried out in NVT
ensemble for 100 ps, followed by a pressure equilibration in
an NPT ensemble for 500 ps. All equilibration steps were
performed with position constraints for all atoms. All
simulations and analyses performed using the
GROMACS 4.6.5 simulation package.” The most
representative conformer of each simulated biomolecule was
selected by structural clustering analysis. The clusters were
obtained using the GROMOS method”* implemented in the
¢_cluster GROMACS tool. A cut-off of 0.2 nm was used for
calculating the root-mean-square deviations (RMSD) of
superimposed backbone and p-carbon atoms. For the peptide
only the last 550 ns period of the trajectory was used for
clustering, whereas for the modeled antigen containing the
NS2B epitope the last 75 ns was used. Visual analyses were
carried out using the Visual Molecular Dynamics (VMD)
software version 1.8.7.”%

were

Circular dichroism

The NS2B peptide was diluted in acetate buffer (0.5 mg mL™)
to the concentration of 60 uM. Circular dichroism data were
collected on an Olis DSM17 Spectrometer. Scans were
recorded in a 0.1 cm path length. Circular dichroism scans
were carried out from 260 to 190 nm with 5 seconds
averaging times, 1 nm step size, and 2 nm bandwidth at 25
°C. Spectra were corrected for a buffer blank and baseline
molar ellipticity at 260 nm. Scan data were smoothed by the
Stavistsky-Golay method.

Detection of anti-NS2B IgG antibodies through ELISA

The DNA sequence coding for the engineered NS2B-grafted
protein was optimized for enhanced expression in
prokaryotic systems, cloned into the pET14b (Novagen)
expression vector and produced as a 6His-N-terminally tagged
protein. The recombinant protein was purified by automated
affinity chromatography followed by a size exclusion
chromatography. High binding, half area 96-well polystyrene
plates (Costar; Lowell, MA, USA) were coated overnight at 4
°C with 1 ug mL™" of the recombinant protein diluted in 0.2
M carbonate/bicarbonate buffer (Pierce, IL, USA). Plates were
blocked with skimmed milk (Bio-Rad) at 5% (w/v) in PBS-T
buffer [1x PBS with 0.05% (v/v) Tween 20] for 15 minutes at
room temperature. Serum samples were diluted (1:50) in
assay buffer [5% (w/v) skimmed milk in PBS-T| and added to
plates. All samples were incubated for 2 hours at room
temperature. Plates were washed five times with PBS-T,
followed by incubation with the horseradish peroxidase
(HRP)-linked antibody against total IgG (Jackson
ImmunoResearch, 1:30000 dilution) diluted in assay buffer
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for 1 hour at room temperature. After a second wash step,
the reaction was developed by the addition of
tetramethylbenzidine TMB-KPL substrate (Pierce, IL, USA) for
30 minutes at room temperature, followed by 1N HCI. Optical
densities at a wavelength of 450 nm (OD450nm) were read
using a microplate spectrophotometer (BioTek; Winooski, VT,
USA). A subset of ZIKV positive and Flavivirus naive sera were
used as positive and negative controls, respectively. The
controls were run in each plate and used to determine the
reproducibility of the assay.

Conclusions

We screened well-characterized serum samples from ZIKV-
infected individuals in the Northeastern region of Brazil
using high-density peptide arrays displaying the whole
proteome of ZIKV. One linear epitope (composed of four
adjacent and partially overlapping peptide sequences) from
the ZIKV NS2B protein was identified as a ZIKV-specific
sequence. We found that ZIKV infections elicited high-
affinity IgG antibody response against the identified epitope
especially in non-severe ZIKV cases, although previous DENV
infections may elicit cross-reactive IgG response against the
identified epitope, when presented as a peptide.

Furthermore, our data analysis has shown that a
decreased antibody response to this epitope was associated
with severe neurological manifestations after ZIKV infection
(NeuroZIKV) compared with uncomplicated ZIKV infections.
Interestingly, unlike what was observed in the uncomplicated
ZIKV cases, where the IgG antibody response did not show
any significant difference regardless of DENV background,
the NeuroZIKV samples from patients previously infected
with Dengue (NeuroZIKV/DENV+) showed higher IgG
antibody responses against NS2B when compared to
NeuroZIKV/DENV- samples. Nevertheless, even though our
data indicates that DENV infection also induces cross-
reactive IgG antibodies against the NS2B epitope, the global
classification model highlighted the important contribution
of peptides containing the amino acid sequence KDAEV(I)
TGNS. Therefore, the IgG antibody response towards this
sequence itself is capable to discriminate between the non-
severe ZIKV and NeuroZIKV infection, regardless of their
DENV history, with sensitivity and specificity rates of 79%
and 85%, respectively. This finding might suggest that
antibody response towards the identified epitope plays a
protective role in the development of ZIKV-associated
neurological phenotype and might indicate that future
vaccine approaches would benefit from adding this sequence
in the antigen formulation. Additional studies are also
required to assess if the absence of IgG response during
other Flavivirus infections (e.g., Dengue and West Nile
viruses) would be linked to the development of severe
phenotypes.

Our computational and CD analysis for the NS2B peptide
in solution indicate that conformational flexibility as the
limiting factor for an unambiguously discrimination of
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NeuroZIKV patients, as this leads to a lower affinity by
specific ZIKV antibodies as well as cross-reaction with non-
specific DENV antibodies. Nevertheless, based on the native
peptide motif, we designed a synthetic protein that mimics
the natural structure of the NS2B epitope. Using this new
NS2B-based antigen in an ELISA assay, we have shown that
synthetic protein containing the NS2B epitope can be used as
a molecular marker for discrimination between severe and
non-severe ZIKV clinical phenotypes.
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