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Tissue-specific expansion of Zika virus isogenic variants drive
disease pathogenesis
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Summary

Background The Asian lineage Zika virus (ZIKV) emerged as a public health emergency in 2016 causing severe
neurological pathologies with no apparent historical correlate to the mild, disease-causing innocuous member of the
mosquito-borne flavivirus genus that was discovered in Africa in 1947. Replication error rate of RNA viruses
combined with viral protein/RNA structural plasticity can lead to evolution of virus-induced pathogenicity that is
critical to identify and validate.

Methods Infection studies in cells and A129 interferon alpha/beta receptor deficient mice with ZIKV French Poly-
nesian H/PF/2013 clinical isolate, plaque-purified isogenic clone derivatives as well as infectious cDNA clone derived
wild-type and site-specific mutant viruses, were employed together with Next-Generation Sequencing (NGS) to pin-
point the contributions of specific viral variants in neurovirulence recapitulated in our ZIKV mouse model.

Findings NGS analysis of the low-passage inoculum virus as well as mouse serum, brain and testis derived virus,
revealed specific enrichment in the mouse brain that were not found in the other tissues. Specifically, non-
structural (NS) protein 2A variant at position 117 along with changes in NS1 and NS4B were uniquely associated
with the mouse brain isolate. Mutational analysis of these variants in cDNA infectious clones identified the NS2A
A117V as the lethal pathogenic determinant with potential epistatic contribution of NS1 and NS4B variants in
ZIKV brain penetrance.

Interpretation Our findings confirm that viral subpopulations drive ZIKV neuropathogenicity and identify specific
sequence variants that expand in the mouse brain that associates with this phenotype which can serve as predictors of
severe epidemics.
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Introduction

Zika virus (ZIKV), a mosquito-borne flavivirus has
emerged as a public health concern causing large epi-
demics in the Pacific Islands and the Americas.'
Following the rapid spread into the Americas,
increasing cases of severe neurological abnormalities
associated with ZIKV infection; congenital Zika syn-
drome (CZS) that results in brain malformation
(microcephaly) in neonates born to mothers infected
during early pregnancy and Guillian Barré syndrome in

adults** became the hallmark of a virus infection that
was previously thought to be self-limiting and mild.
Phylogenetic analysis indicated two major lineages of
ZIKV, the African and Asian lineages, where the latter
was found to be associated with the neurological syn-
dromes linked to ZIKV infection reported in the out-
breaks in the Americas.* The emergence of the
increased disease severity has raised global attention to
understand the driving force of ZIKV virulence and
pathogenesis.

*Corresponding author. Program in Emerging Infectious Disease, Duke-NUS Medical School, 8 College Road, 169857, Singapore.
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Research in context

Evidence before this study

The determinants of ZIKV severe congenital pathogenesis
were largely identified through comparative analysis of
consensus genomes pre- and post-epidemic. Recent study has
indicated a natural polymorphism in NS2A of ZIKV isolates
that is responsible for increased viral virulence in vivo.
However the contributions of viral subpopulations within
ZIKV isolates have not been systematically explored.

Added value of this study

This study showed the spatiotemporal landscape of ZIKV
variants following infection in mice by Next-Generation
Sequencing which revealed a tissue-specific expansion of non-
consensus viral subpopulations only in the brain but not in
other tissues (serum or testis) that correlated with the disease
morbidity. The previously reported ZIKV NS2A:V117 virulent
determinant, originally present at low frequency in the
infecting inoculum became a consensus variant in the brain of

Comparative genome analysis of the contemporary
and ancestral ZIKV strains revealed acquisition of
mutations that appear to correlate with the epidemic
potential and disease severity through enhanced virus
transmission and neurovirulence.”® An evolutionary
variant mutation A188V in NS1 was shown to increase
mosquito infectivity that could facilitate better trans-
missibility of the virus in the endemic population.” It
was further demonstrated that the same NS1 mutation
improved viral fitness through suppression of the Type
[ IFN response.® Another field-identified variant mu-
tation S139N in prM has been shown to strongly
correlate with fetal microcephaly through enhanced
infectivity of neuronal progenitor cells.” Additionally a
M protein polymorphism that arose from mammalian
cell infection was found to impair mouse fetal devel-
opment through dysregulation of metabolism.' More
recently a NS2A polymorphism was shown to con-
tribute to increased ZIKV virulence in vivo." It should
be noted that most of the studies on elucidating the
critical determinants of viral virulence have been based
on comparing consensus sequence/proteome of str-
ains (i.e. publicly deposited GenBank sequences).
However viral genome diversity have been implicated
in clinical fitness of viruses that could impact on dis-
ease manifestation.'>"” Despite the fact that several
genetic polymorphisms have been described in natural
occurring ZIKV population,”*'* the contribution of
these variants in ZIKV disease pathogenesis still re-
mains understudied.

In this work we sought to investigate the role of
genetic polymorphisms in driving ZIKV pathogenesis
using the French Polynesian strain H/PF/2013, a
lineage which showed significantly higher genetic di-
versity than the Asian lineage ZIKV Paraiba01/2015

infected mice, demonstrating its association with
neuropathogenesis. The enrichment of the other low allele
frequency variants in the brain compared to the serum of
infected mice also revealed the possible cooperative effect of
viral proteins in mediating ZIKV penetrance in the brain.

Implications of all the available evidence

This study has highlighted the importance of virus evolution
and sequence dynamics that could become selected through
host environmental conditions that favour the dominance of
specific variants in disease severity. Hence, detailed
examination of the non-consensus variants within the clinical
isolates should be considered when exploring the enhanced
disease pathogenesis of epidemic outbreak strains. This can
lead to the identification of virulence markers as predictors of
severe epidemics as well as attenuating determinants that can
be employed in vaccine development.

strain. Next-Generation Sequencing (NGS) of virus
isolated from mice that resulted in the observed
lethality of H/PF/2013 revealed much greater genetic
polymorphisms compared to the starting virus inoc-
ulum that had been passaged in C6/36 mosquito cell
line. Importantly there was a selective expansion of
variants specifically in the brain relative to the serum
that appear to correlate with the neuropathogenesis
caused by ZIKV infection. Through in vitro and in vivo
analysis of independent plaque-purified virus pop-
ulations and reverse genetics of isogenic recombinant
cDNA clone, we narrowed down to a polymorphism in
NS2A that appears to be clearly associated with the
lethal phenotype displaying high brain infectivity and
neuroinflammation in our A129 mouse infection
model.

Methods

Cell lines and virus

BHK-21 cells (baby hamster kidney fibroblast cells,
ATCC: CCL-10) were cultured in RPMI1640 medium
(Gibco) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (P/S) at 37 °C in
5% CO,. LN-229 cells (human glioblastoma cells, ATCC:
CRL-2611) were cultured in DMEM medium (Gibco)
with 5% FBS, 4.5 g/L glucose and 1% P/S at 37 °C in
5% CO,. C6/36, an Aedes albopictus cell line (ATCC:
CRL-1660), was maintained in RPMI1640 medium
(Gibco) with 10% FBS, 25 mM HEPES and 1% P/S at
28 °C in the absence of CO,. These cells lines were
tested negative for mycoplasma by PCR.

The parental ZIKV French Polynesia clinical isolate
H/PF/2013 (GenBank Accession: K]776791) was ob-
tained from the European Virus Archive (EVAg). ZIKV
Brazilian clinical isolate Paraiba01/2015 (GenBank
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Accession: KX280026) was a gift from the European
Chagas Institute. All viruses were grown in C6/36 cells,
and the supernatants were stored in —80 °C after filtra-
tion through 0.2 pm membrane. Virus titer was deter-
mined by standard BHK-21 plaque assay.

Ethics statement

Institutional approval has been granted by Duke-NUS
Medical School to perform experiments with ZIKV
strain. All animal experiments (protocol 2016/SHS/
1197 and 2021/SHS/1651) were approved by the Insti-
tutional Animal Care and Use Committee at Singapore
Health Services and conformed to the National In-
stitutes of Health (NIH) guidelines and public law.

Cloning and generation of ZIKV recombinant
viruses
Viral RNA extracted from the C6/36 expanded H/PF/
2013 virus stock was used to synthesize cDNA using
Improm II reverse transcription system (Promega).
Conventional cloning techniques of assembling the
ZIKV PCR fragments into a single fulllength cDNA
infectious clone was not successful due to the presence
of cryptic E. coli promoters (CEPs) in the structural/NS1
genes in the viral genome that induced plasmid insta-
bility. In this respect, the cDNA was used as a template
to generate fragments 2, 3 and 4 by PCR using primers
described in Table S1. A HDVR sequence was engi-
neered at the end of the viral 3 UTR in fragment 4 by
overlapping PCR for generation of authentic 3" end of
the RNA transcript. A modified plasmid pACYC177 was
used to clone the individual fragments 2, 3,4 and 2 + 3 +
4. Fragment 1 containing synonymous nucleotide
changes to silence the putative CEPs (Table S2) was
synthesized by GenScript with a T7 promoter sequence
at the 5'UTR for in vitro transcription, and was cloned
into the plasmid pACYC177 containing fragments
2 + 3 + 4 to obtain the full-length H/PF/2013 wild-type
(WT) cDNA clone. The full-length ZIKV cDNA plasmid
was further propagated in E. coli cells for five passages
and the genetic stability was assessed by Sanger
sequencing. Additionally, several variants in NS1, NS2A
and NS4B were reverse-engineered into the WT cDNA
infectious clone by site-directed mutagenesis using the
following primers:

NS1:M264V_F: 5-GAGGGCTACAGGACCCAAGT
GAAAGGGCCATGGCACAG-3'

NS1:M264V_R: 5'- CTGTGCCATGGCCCTTTCACT
TGGGTCCTGTAGCCCTC-3'

NS2A:A117V_F: 5-CGTGTCTTTTGCAAACTGTGA
TCTCCGCCTTGGAAGG-3’

NS2A:A117V_R: 5-CCTTCCAAGGCGGAGATCAC
AGTTTGCAAAAGACACG-3'

NS4B:126M_F: 5-GAGAGGAGGGGGCAACCATG
GGATTCTCAATGGACATTG-3'

NS4B:I126M_R: 5/-CAATGTCCATTGAGAATCC£AT
GGTTGCCCCCTCCTCTC-3'

www.thelancet.com Vol 91 May, 2023

The underlined nucleotide corresponds to the indi-
cated mutations.

RNA was in vitro transcribed from the full-length
cDNA clone using T7 mMESSAGE mMACHINE kit
(Ambion) and transfected into C6/36 cells as previously
described.””'® Supernatants from the transfected C6/
36 cells were collected on day 7 post-transfection (P,
virus) and passaged once in C6/36 to obtain the P; virus
stock (rZIKV-FP WT and mutant viruses) for in vitro
and/or in vivo infection studies.

Virus Next-Generation Sequencing (NGS)

Viral genomes extracted from culture supernatants or
infected mouse sera were directly used to construct NGS
libraries using the NEBNext Ultra II directional RNA Library
Prep kit for Illumina (New England Biolabs). Additional
PCR amplification of the viral genome extracted from
infected mouse brains or testis was performed prior to li-
brary construction for viral enrichment. The primers used
for amplification of the viral fragments are described pre-
viously.” The five different amplified fragments (~2kb/
fragment) spanning the whole viral genome were pooled
together in equal amounts and subjected to Covaris
Shearing to obtain fragment size of ~300bp for library
construction. The quality of the libraries were assessed by
DNA1000 Bioanalyzer chip (Agilent Technologies) prior to
paired-end sequencing on the [llumina MiSeq (2 x 250bp)
sequencing system in Duke-NUS Genome Biology Facility.
Reads were de-multiplexed and full viral genomes were
assembled as previously described.®® The typical MiSeq
coverage for each nucleotide position ranges from 6000 to
8000 reads/nucleotide and samples with an overall read
depths less than 3000 were excluded from variant call anal-
ysis. The sample replicates were pooled and aligned to the
same H/PF/2013 reference sequence (GenBank accession:
KJ776791) for variant calling rather than averaging the in-
dividual replicates as previously described.”” Variant allele
frequency was analyzed by lofreq software as previously
described.” The Simpson’s diversity index or Shannon en-
tropy are computed for all single nucleotide variants (SNVs)
with no threshold cutoff on the allele frequencies.

Virus plaque purification

Confluent monolayer of BHK-21 cells was infected with
10-fold serially diluted H/PF/2013 clinical isolate virus
inoculums for 1 h. Infected cells were then overlaid with
2% low melting agarose in growth medium and incu-
bated at 37 °C for 4 days. Single plaques were isolated
and grown in C6/36 cells for two rounds. Virus clones
obtained were subjected to Sanger sequencing to
segregate the clones based on prM and NS2A SNVs for
in vitro and in vivo infection studies.

In vitro virus replication assay

1% 10° LN-229 cells were infected with H/PF/2013 clinical
isolate, rZIKV-FP or plaque purified virus clones at MOI
1. After 1 h incubation at 37 °C, virus inoculums were
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removed and replaced with growth medium. Supernatants
were collected at the indicated timepoints for plaque and
extracellular viral RNA quantification, and cells were
washed once with PBS prior to lysing with TRizol (Invi-
trogen) for intracellular viral RNA quantification.

Immunofluorescence assay

Cells on coverslips were fixed with ice-cold methanol
at =20 °C for 15 min. Antibody against dsRNA (]2, Sci-
cons: 10010200) was used for detection of infected cells.
Digitized images were captured using Zeiss LSM710 up-
right confocal microscopy (Carl Zeiss, Germany) at
64x magnification. Image processing was done with
Image] software.”

A129 mouse infection studies

Sv/129 mice deficient of Type I IFN receptor (A129)
purchased from B&K Universal (UK), were housed in
BSL-2 animal facility in Duke-NUS, Singapore and all
animal experiments were carried out as outlined in an
approved protocol (see Ethics Statement). Male mice
were used in this study to examine the ZIKV-induced
pathology on testis. The mice were mixed and
randomly distributed into five mice per experimental
group for survival studies as previously described in' or
otherwise stated. Eight to eleven-week old male mice
were inoculated intravenously (i.v.) with the indicated
infection dose of H/PF/2013 clinical isolate, rZIKV-FP
(WT or mutants) or representative plaque-purified virus
clones and mice survival was monitored over a course of
15 days or otherwise stated. Blood samples were collected
on days 1-4, day 6 and day 8 postinfection by sub-
mandidular bleeding and serum samples were subjected
to viremia measurement by real-time RT-PCR.

To examine the pathology induced by different plaque
purified H/PF/2013 virus clones, three mice per group
(uninfected, parental H/PF/2013 isolate, #2, #12, #23, #11
and #20) were sacrificed on day 6 post-infection by CO,
inhalation and perfused with 10 ml PBS after blood
collection (~500-700 pl) from the postcaval vein. Serum
samples were subjected to measurements of viral load by
real-time RT-PCR and cytokines using Ready-SET-Go!
ELISA kits (IL6 and TNFa; eBioscience). Tissues were
collected and snap-frozen in liquid nitrogen after removal
of luminal content from the intestine. These tissues were
homogenized in PBS and the homogenates were subjected
to viral load analysis by real-time RT-PCR. The brain ho-
mogenates were subjected to transcriptional analysis of
inflammatory genes expression by NanoString®, pro-
inflammatory cytokines IL6 and TNFo ELISA and Next-
Generation Sequencing for variants analysis of the viral
proteome.

Inflammatory gene profiling using NanoString
technologies

Total RNA was isolated from the brain homoge-
nates using RNeasy Micro Kit (Qiagen) following

manufacturer’s instructions. The RNA concentration
was determined by Quant-iT RiboGreen RNA assay kit
(Life Technologies). 100 ng of total RNA was subjected
to inflammatory genes profiling using a customized
nCounter® Mouse Inflammation v2 codeset (Nano-
String Technologies) according to manufacturer’s in-
structions. The add-on genes in the nCounter® Mouse
Inflammation v2 codeset can be found in Table S3. The
gene expression profile obtained from nCounter® was
analyzed using nSolver 3.0 and presented as heatmap.

RNA extraction and real-time RT-PCR
Total RNA was isolated from cell lysates or tissue ho-
mogenates by TRizol (Invitrogen) extraction method.
Viral RNA from mouse serum was extracted using
QIAamp viral RNA Mini kit (Qiagen) according to
manufacturer’s instructions. Real-time RT-PCR was
carried out in Bio-Rad Real-time thermal cycler CFX96.
For detection of viral RNA from cellular infections,
cDNA was first generated using Improm II reverse
transcription system (Promega) according to manufac-
turer’s instructions prior to real-time RT-PCR using
SYBR green supermix (Bio-Rad). PCR products of ZIKV
E gene and housekeeping human actin were used to
generate the respective standard curves for absolute
quantification of genome copies using the Ct values
obtained. The values of intracellular viral genome are
normalized to the absolute copies of actin gene and
reported as actin-normalized viral RNA genome copies
per microgram total RNA as previously described.”
For quantification of viral load in infected mouse
serum or tissues, iTaq Universal SYBR green one-step
kit (Bio-Rad) was used. The viral load in the serum
was reported as absolute genome copies per ml of
serum computed based on the standard curve generated
from the in vitro transcribed RNA product of ZIKV E
gene. The tissue viral load was quantitated using the
comparative Ct method as described elsewhere?’ and
reported as relative viral RNA expression per microgram
total RNA. Real-time RT-PCR primers for detection of
viral genome were described elsewhere.”

Statistical analysis

Statistical analysis was performed using GraphPad
Prism v5.0 software. Comparison of mouse survival
rates was performed using the log-rank Mantel-Cox test.
Comparison of in vitro infectious virus production from
LN-229 cells infection between parental and recombi-
nant viruses was performed using non-parametric
Mann-Whitney’s test. Significant difference in the
viremia kinetics between the parental H/PF/2013 and
rZIKV-FP infection groups were compared by 2-way
ANOVA with Bonferroni’s correction. Significance in
the infectious virus production from LN-229 cells
infection, expression of immune genes measured by
real-time PCR and ELISA measurements between the
different plaque purified virus clones groups were
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determined by a non-parametric Kruskal-Wallis test.
P < 0.05 was considered significant. All data were ob-
tained from duplicates of two independent experiments
or otherwise stated.

Role of the funders

This study was supported by Duke-NUS Khoo Post-
doctoral Fellowship Award 2020 (KWKC) and National
Medical Research Council of Singapore grants MOH-
000524 (OFIRG) (SW) and MOH-OFIRG20nov-0002
(SGV). The funding authorities did not have any role
in study design, data collection, data analysis, interpre-
tation or the preparation of this manuscript.

Results

High genome diversity of ZIKV H/PF/2013
correlates with its lethal phenotype in mice

We first examined the disease phenotype of two Asian
lineage ZIKV strains- French Polynesian H/PF/2013
(GenBank accession: KJ776791%;) and Brazilian Para-
iba01/2015 (GenBank accession: KX280026;') in A129
mice by scoring for survival over 15 days and systemic
viremia (schematics of Fig. 1a). An inoculation of
10® pfu (plaque forming units) (~7 x 10’ genome
equivalent (GE)) of the viruses resulted in 100% mor-
tality of the H/PF/2013 infected mice starting from day
8 post-infection while all Paraiba01/2015 infected mice
survived (Fig. 1a). Interestingly, even a 100-fold increase
in the inoculation dose of Paraiba01/2015 to 10° pfu did
not cause lethality in mice despite a comparable day 2
peak viremia to that of the 10° pfu H/PF/2013-infected
mice (Fig. la and b). Whole genome and proteome
sequence alignment of the representative ZIKV strains
from the African (MR766; GenBank accession:
LC002520) and Asian (pre-epidemic FSS13025; Gen-
Bank accession: KU955593, epidemic strains H/PF/
2013 and Paraiba01/2015) lineages showed high
sequence identity amongst the strains (>89% and >95%
identity in genome and proteome respectively), with the
African MR766 that is distantly separated from the three
Asian strains (Figure S1a). Notably the two Asian strains
H/PF/2013 and Paraiba01/2015 which exhibited
different in vivo disease phenotype in our mouse model
(Fig. 1a) had >99% identity in both its consensus
genome and proteome sequences (Figure Sla). In
perspective, increased genetic diversity of ZIKV strains
has been proposed to be implicated in viral fitness and
virulence.”*” To this end, we next examined the genome
diversity of the two Asian ZIKV strains amplified from
C6/36 using Next-Generation Sequencing paired with
single nucleotide variant (SNV) analysis. A total of 46
SNVs with variant frequency (F,) > 1% were found in
H/PF/2013 (Table S4) compared to 11 SNVs in Para-
iba01/2015 (Table S5) (Figure S1b), which results in a
corresponding 3-fold higher Simpson’s diversity index
for the former (Fig. 1c). Together these data suggest that
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a higher genetic diversity within a viral population in
H/PF/2013 may be associated with the lethal disease

phenotype.

Variant frequency of H/PF/2013 isolate in the
serum, brain and testis of mice shows tissue-
specific enrichment of critical virulent
determinants

To explore the basis of the virulence observed for the
clinical isolate H/PF/2013 in mice, we performed Next-
Generation Sequencing on the viral genome extracted
from the infected mouse sera on day 2 post-infection
(day of peak viremia) and compared the SNV profile
with the C6/36 amplified virus infection inoculum. Of
the 46 SNVs (F, > 1%) found in the H/PF/2013 virus
used in infection, there were ten SNVs with F, > 10%
(three synonymous and seven non-synonymous
changes; Fig. 1d and inset table of Figure S1b). Inter-
estingly a ~3-fold enrichment was observed in four of
the ten SNVs present in the initial infection inoculum;
particularly two were non-synonymous changes in the
viral genes prM (F130L) and NS2A (A117V) (Table 1)
that have been implicated in ZIKV virulence and
neuropathogenesis.'**

Brain and testis are the key target organs implicated
in ZIKV pathogenesis,” we therefore interrogated the
SNV profiles of the viral RNA extracted from the
infected mouse brains and testes with the infected sera
profile with focus on the prM and NS2A variants. Of the
viral variants found in the H/PF/2013 infected sera
(n = 24, Fig. 1d), nine SNVs (three synonymous and six
non-synonymous changes) were present in the infected
brains (Fig. 1e, Table 1). Notably the NS2A V117 variant
that was expanded in the serum was found to be further
enriched by 1.4-fold (P = 0.033) in the brains of the
infected mice, with a F, > 98% (Fig. 1e and f) while the
prM:F130L variant was not further enhanced in the
brains compared to the infected sera (Fig. 1d) (sera:
F, = 57% vs brain: F, = 54%) (Fig. 1f, Table 1). In
contrast, there were 11 common SNVs between the
infected testes and sera with comparable F,, and the
prM:F130L (1.3-fold) and NS2A:A117V (1.1-fold) SNVs
were not significantly expanded in the testis compared
to the serum (Fig. 1f, Table 1), suggesting a selective
enrichment of the NS2A variant in the brain.

Apart from the NS2A:V117 variant, we also found
two other additional variants NS1:M264V and
NS4B:126M (the F, of these two variants were 5-6% in
the C6/36 amplified H/PF/2013 virus stock (Table 1))
that were significantly expanded in the brain (5.1-fold,
P = 0.046 for NS1 variant and 4.2-fold, P = 0.042 for
NS4B variant; Fig. 1f, Table 1) compared to its ~10%
prevalence level in the infected serum. Interestingly the
enrichment appears to be brain-specific since deep-
sequencing of the virus from the infected testis
showed that these changes were negatively selected
relative to the serum (Fig. 1f). Notably, the F, for these
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Fig. 1: Comparison of in vivo A129 mouse infection phenotype and viral diversity of H/PF/2013 and Paraiba01/2015 ZIKV clinical strains.
(aand b) A129 mice (n = 5/group) were i.v. inoculated with either 1000 pfu (~7 x 10’ GE) or 10° pfu of H/PF/2013 and/or Paraiba01/2015 ZIKV
clinical strains for survival and viremia kinetics analyses over a period of 15 days. The experimental timeline is shown in (a). (a) Mouse survival
(log rank Mantel-Cox test) of A129 infected with H/PF/2013 or Paraiba01/2015 over 15 days at the indicated inoculation dose. (b) Average
viremia kinetics measured by real-time RT PCR on the pooled serum collected from the infected mice. (c) Viral RNA extracted from the low
passaged C6/36 amplified virus stocks of H/PF/2013 (passage 6, Pg) and Paraiba01/2015 (passage 6, Pg) were subjected to NGS paired to SNVs
analysis. Diversity of all SNVs found in the infecting inoculum of the virus stocks as measured by Simpson’s diversity index. The mean diversity
of the two viruses is indicated and the difference was compared by Student’s t-test ****P < 0.0001. (d) Viral RNA was extracted from virus-
infected C6/36 supernatants (two different batches of H/PF/2013 clinical isolate) or day 2H/PF/2013 infected mice sera from (b) (n = 5) and
subjected to paired-end 2 x 250bp MiSeq (lllumina). SNVs analysis was performed by lofreq software to determine the variant frequency (F,).
Shown is a scatter plot of all SNVs with F, > 1% in H/PF/2013 virus from C6/36 expansion (blue-open diamond symbol) or infected A129 mice
sera (red-filled circle symbol) plotted along the viral genome. The grey dotted line represents the threshold of F, > 10%. (e and f) Brain or testis
homogenates (n = 3) of the H/PF/2013 clinical isolated infected mice from (b) were subjected to paired-end 2 x 250bp MiSeq (lllumina). The
nucleotide variants and its associated allele frequencies were analyzed using the lofreq software. (e) SNVs of the H/PF/2013 clinical isolate from
the infected mice brains (purple and black asterisk symbols) or testis (green and brown-filled triangle symbols) plotted along the viral genome.
Shown were the infected brain- or testis-associated SNVs that is also found in the H/PF/2013 clinical isolate infected sera as in (d) (red- and
grey-filled circle symbols; included in the same scatter plot for reference). (f) Heatmap showing the fold change of specific variants in the brains
or testis of H/PF/2013 infected mice relative to the infected mice sera. Data in (d) or (e and f) are presented as mean value obtained from five
independent mice sera or three independent mice brain/testis samples respectively.
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Viral protein aa variant Variant frequency (F,/%) Testis (A129)¢
Virus stock (C6/36)” Serum (A129)" Brain (A129)°
prM F130L 16.7 (1.0) 56.0 (2.5) 54.4 (19.2) 73.2 (4.5)
E L467¢ 255 (0.6) 56.8 (3.7) 46.6 (22.1) 69.8 (2.9)
NS1 M264V 6.0 (0.2) 121 (3.0) 50.8 (12.0) 6.9 (3.4)
NS2A V85! 17.5 (0.5) 52.5 (3.1) 48.8 (19.3) 68.2 (2.1)
A117V 27.0 (0.1) 702 (3.9) 98.6 (1.0) 77.1 (1.9)
NS2B M32v 19.6 (0.6) 18.2 (1.3) 1.0 (-) 18.1 (0.9)
M32! 8.1 (02) 4.9 (1.5) = 32 ()
NS48 126M 5.6 (0.3) 14.5 (1.9) 50.2 (10.4) 9.8 (4.2)
SNVs presented in this table is tabulated from Fig. 1e. The F, of these SNVs in the original C6/36 amplified virus stock is included for reference. Abbreviations: aa; amino
acid. The indicated F, in each sample condition is tabulated from variant call analysis performed on the merged replicates alignment files instead of averaging the individual
frequencies. Values in parentheses are the standard deviations computed from individual frequencies. *n = 2 independent virus stocks. ®n = 5 independent mice sera. n = 3
independent mouse brains or testis. %Synonymous change.
Table 1: Summary of variant frequencies (F,) of the various SNVs found in H/PF/2013 infected mice sera, brain and testis.

two variants were of similar levels to each other in the
infecting inoculum or the various tissues examined
(Table 1), suggesting that the NS1 and NS4B variants
may be found together in the virus sequence. Hence
these findings can be interpretated that the NS1 and
NS4B variants may act in concert to mediate ZIKV brain
penetrance/neurotropism. Together our results indicate
a tissue specific enrichment of variants that potentially
drives ZIKV pathogenesis.

Plaque-purification of virus clones from H/PF/2013
clinical isolate

Since deep-sequencing of the virus isolated from the H/
PF/2013-infected mice revealed tissue-specific enrich-
ment of viral variants (Fig. 1f), we sought to pinpoint
specific and/or epistatic SNV(s) that contribute to ZIKV
virulence in our mouse model by isolating independent
virus populations from the H/PF/2013 clinical isolate. A
total of 30 plaques were isolated, expanded in C6/36 and
Sanger-sequenced at the specific positions of the
enriched SNVs (prM, NS1, NS2A and NS4B) found in
the infected mice. No virus clones harbouring the
NS1:M264V and/or NS4B:126M variants were isolated,
likely due to its low variant frequency (5-6%) in the vi-
rus stock. On the other hand all isolated clones contain
SNVs in prM and/or NS2A genes, and these were
segregated into three groups based on the identity of the
amino acid residues at positions 130 in prM and 117 in
NS2A: prM L130 group (5 clones) carrying the prM
variant with NS2A:A117; prM/NS2A Consensus (Cons)
group (14 clones) carrying prM:F130 and NS2A:A117;
prM L130/NS2A V117 group (11 clones) carrying both
variants in prM and NS2A (Fig. 2a). We selected five
representative clones - clone #2 from prM L130 group,
clones #12 and #23 from the prM/NS2A Consensus
group, clones #11 and #20 from prM L130/NS2A V117
group- to examine the in vitro replication characteristics.
There were no observable differences in plaque size and
morphology by standard plaque assay in BHK-21 cells
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between clones from the three groups (Fig. 2b). How-
ever both the prM/NS2A Consensus and prM L130/
NS2A V117 groups exhibited a >% log;o higher intra-
cellular viral RNA replication (Fig. 2c), with a corre-
sponding 2—6 fold higher production of infectious virus
(Fig. 2d) compared to the prM L130 clone #2 in LN-
229 cells.

Gene polymorphisms in NS2A and NS2B increased
in vivo virulence of H/PF/2013 by inducing high
inflammatory response in the brain of mice

We next examined the disease pathogenesis of the in-
dependent virus populations with the selected repre-
sentative plaque-purified clones from Fig. 2b in A129
mice infections by monitoring their survival over 20
days and serum viral load (viremia) kinetics (schematic
in Fig. 3a). An inoculation dose of 10° pfu of prM L130/
NS2A V117 virus clones resulted in 100% lethality be-
tween days 8-11 post-infection and high serum viremia
kinetics (clones #11 and #20: median survival of 9.5
days), mirroring the parental H/PF/2013 clinical isolate
infection group (Fig. 3a and Figure S2a). On the con-
trary mice infected with prM L130 clone #2 virus
resulted in 100% survival with >1 log;o lower peak
viremia on day 2 post-infection compared to prM L130/
NS2A V117 virus clones or parental H/PF/2013 clinical
isolate (Fig. 3a and Figure S2a). These survival data can
be interpreted to suggest that NS2A:V117 but not
prM:L130 variant may be responsible for the lethal
phenotype of H/PF/2013 in our mouse model since the
amino acid L at position 130 of prM protein is present in
both plaque-purified groups. The lethality associated
with NS2A:V117 is also supported by deep-sequencing
data which showed a specific clonal expansion of
NS2A:V117 allele with variant frequency close to 70% in
A129 mice serum to almost consensus (>98%) in the
brain, compared to its 27% occurrence level in the
C6/36 derived inoculum (Fig. 1d and e). We further
examined the viral load in various tissues (brain, liver,
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Fig. 2: In vitro characterization of the plaque-purified H/PF/2013 clinical isolate virus clones in LN-229 cells. H/PF/2013 clinical isolate was
subjected to plaque purification on BHK-21 cells and virus plaques were recovered in C6/36 cells. 30 virus plaques were isolated and grouped
based on the amino acid residues 130 in prM and 117 in NS2A as determined by Sanger sequencing. (a) Chart distribution of the 30 plaque-
purified H/PF/2013 virus clones according to the specific prM and NS2A amino acid residues (prM L130 group-prM:L130 + NS2A:A117; prM/
NS2A Consensus (Cons) group-prM:F130 + NS2A:A117; prM L130/NS2A V117 group-priM:L130 + NS2A:V117). (b) Plaque morphologies of the
representative clones from the three virus groups in (a). One representative clone from prM L130 (#2) and two representative clones from prM/
NS2A Consensus group (#12 and #23) and prM L130/NS2A V117 group (#11 and #20). (c and d) LN-229 cells were infected with the repre-
sentative virus clones from (b) at MOI 1 for replication kinetics analyses. (c) Real-time PCR quantification of the representative virus clones
genome replication. The viral genome expression is reported as actin-normalized absolute viral RNA genome copies per microgram total RNA.
(d) Infectious virus titers of the infected supernatants measured by standard plaque assay. Data are presented as mean + SD from two in-
dependent experiments and the difference in the mean infectious virus production of all the five representative plaque-purified virus clones
were compared by Kruskal-Wallis test, **P < 0.01.

spleen, kidney, small intestine (S. intestine), iliac lymph
nodes (iLN), mesentery lymph nodes (mLN) and testis)
on day 6 post-infection (schematic in Fig. 3a). Consis-
tent with the higher serum viral load of the prM L130/
NS2A V117 virus clones compared to the non-lethal
prM L130 clone #2 (Fig. 3b), mice from the former
exhibited 1-2 log;, higher tissue viral loads in the brain
(P = 0.003), testis (P = 0.007) and kidney (P = 0.021)
(Fig. 3c).” No significant difference was noted in the
viral loads in the iLN, liver, spleen and S. intestine be-
tween the prM L130 and prM L130/NS2A V117 virus

groups (Fig. 3c and Figure S2b). It is noteworthy that the
higher viral load in specific tissues of the prM L130/
NS2A V117 virus infected mice were similar to that
observed for H/PF/2013 clinical isolate infected mice
(Fig. 3¢).

Since ZIKV-induced neuro-inflammation is correlated
with severe neurological complications of Zika disease,”
we profiled the expression of inflammatory genes in the
brain homogenates of the infected mice using the
NanoString gene counting platform.” Infection with
H/PF/2013 clinical isolate resulted in an upregulation
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Fig. 3: In vivo A129 mice infection with plaque-purified H/PF/2013 clinical isolate virus clones. A129 mouse infection with the repre-
sentative plague-purified H/PF/2013 virus clones (from Fig. 2b) using 10° pfu i.v. inoculation (n = 4-5 mice/group). Mouse survival was
monitored for 20 days and blood was sampled at indicated timepoints for serum viral load analysis. Additionally, three mice were independently
infected and sacrificed on day 6 post-infection for tissue viral load and pathological markers analysis. This experiment timeline is shown in (a).
(a) Survival plots (log rank Mantel-Cox test) of A129 mice infected with H/PF/2013 clinical isolate or the representative virus clones. (b) Serum
viral load of individual mouse from each infection group on day 6 post-infection measured by real-time PCR. (c) Viral load in mouse tissues
(brain, kidney, iliac lymph nodes (iLN) and testis) measured by real-time PCR. The viral RNA expression is presented as actin-normalized relative
expression per microgram total RNA. The overall limit of detection of the uninfected mouse tissues is 10 per microgram total RNA. The
overall difference in the mean viral load of the respective tissues amongst the three plaque-purified groups were compared by Kruskal-Wallis
test, *P < 0.05; **P < 0.01. (d) Heatmap of NF,B-mediated signaling pathway genes expression in the infected brain homogenates (average
from n = 3 infected brain homogenates per virus groups) from (c) analyzed using nCounter® Mouse Inflammation v2 panel (NanoString
Technologies). Gene counts are normalized to the panel’s internal housekeeping genes and expressed as log, (fold change) with respect to
uninfected brain samples. Gene clusters of the heatmap is based on KEGG/GO Biological Processes analysis. Data points shown as scatter plots in
(b) and (c) are presented as mean = SD from three independent mice.

(log, > 2.5) of NF,.B-associated genes (chemokines (CCLs,
CxCLs)/cytokines (IL1la, IL1B, IL6, TNF)) in the brain
compared to mock infected (Fig. 3d). Notably infected
brains from the representative prM L130/NS2A V117
clone #20 exhibited similarly enhanced expression profile
for these NFkB-associated genes to that of the parental
H/PF/2013, while the non-lethal prM L130 clone #2
showed lower level of expression of these genes (Fig. 3d).
The upregulation of these genes in the prM L130/NS2A
V117 virus group infected mice resulted in higher
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systemic- and neuro-inflammation as determined by the
secretion levels of the pro-inflammatory cytokines TNFa
and IL6, than prM L130 virus group infected mice
(Figure S2c—). Taken together these results suggest that
clonal expansion of NS2A:V117 mediates higher infec-
tivity and pronounced inflammation in the brain
compared to NS2A:A117 virus, that correlated with the
observed in vivo ZIKV virulence.

Additionally we found that mice infected with the
prM/NS2A Consensus group virus clones carrying the
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consensus amino acids (prM:F130 + NS2A:A117)
showed delayed mortality (clone #12: median survival of
13 days, 80% lethality; clone #23: 40% lethality)
compared to the parental H/PF/2013 (median survival
of 9.5 days, 100% lethality, P = 0.042 compared to #12,
P =0.007 compared to #23) (Fig. 3a). Similar to the prM
L130/NS2A V117 viruses, these prM/NS2A Consensus
group infected mice exhibited higher peak viremia
(Figure S2a), brain and testis viral load (Fig. 3c) than the
non-lethal prM L130 virus clone, coupled with enhanced
levels of proinflammatory response (Fig. 3d,
Figure S2c—f). To identify potential variants accounting
for the virulent phenotype of prM/NS2A Consensus
group viruses, we deep-sequenced both the non-lethal
virus clone prM L130 clone #2 and representative
prM/NS2A Consensus clone #12 for SNVs comparative
analysis. Interestingly a non-synonymous variant in
NS2B (G4319—A, M32I) appeared only in clone #12
(Table 2). It is noteworthy that the NS2B position 32 of
the parental H/PF/2013 isolate contains several genetic
variations (8.1% G4319—A, M32I; 19.6% A4317-G,
M32V; Table S4). Interestingly the prM/NS2A
Consensus group clone #23 examined in the infection
phenotype studies contains the other NS2B variant
M32V that is different from #12. Hence the differences
observed in the infectious virus production (Fig. 2d) and
the mice survivability (Fig. 3a) from infection of the two
representative virus clones (#12 and #23) within the
prM/NS2A Consensus group could be attributed to the
genetic variation at position 32 of NS2B. Collectively
these findings suggest that NS2B polymorphism may be
another virulent determinant within the virus
population.

NS2A:A117V mutation is critical in inducing in vive
virulence of the non-lethal recombinant isogenic
ZIKV H/PF/2013 virus in mice

So far our results infer clonal expansion of specific viral
variants in the viral population (Fig. 1) and natural
variants in NS2A or NS2B isolated from the H/PF/2013
clinical virus (Fig. 3) could contribute to its in vivo
virulence. To explore this further, a full-length ZIKV
H/PF/2013 cDNA infectious clone (rZIKV-FP) was
constructed by mutational silencing of 15 predicted

Gene Consensus nt Variant nt Amino acid Variant frequency (%)
Group 1 #2 Group 2 #12
prM T861 C F130L 99.4 =
E 2378 T L467 99.2 -
NS1 T2923 C L145P 99.8 99.4
NS2B G4319 A M321 - 99.6
NS5 A9107 G L480 = 99.4

“Consensus variants are defined as nucleotide changes with frequencies >90%.

Table 2: Consensus variants” changes present in the plaque-purified Group 1 clone #2 and Group 2

clone #12.

10

CEPs within the prM-E-NS1 gene region of the viral
genome without introducing any amino acids changes
in order to overcome stability issues of cDNA containing
plasmids in E. coli (Fig. 4a and Table S2).”>** The sta-
bility of the resultant rZIKV-FP virus obtained from
transfection of the in vitro transcribed RNA from the
cDNA clone into C6/36 cells followed by expansion was
evaluated by viral serial passaging coupled to NGS.
Deep-sequencing of the passage 1 (P;) rZIKV-FP virus
showed low genetic diversity with SNVs having F, < 5%
except for the 15 synonymous changes introduced for
silencing CEPs during cDNA clone construction (Fig. 4b
and c, see Table S6 for full account of SNVs found in the
rZIKV-FP). Serial passaging of the P; rZIKV-FP thrice
in C6/36 cells (passage 4, P,) did not further increase
the viral diversity as revealed by the similar F, (Table S6)
and Simpson’s diversity index (Fig. 4c) of all SNVs in
the P; and P, viruses, implying genetic stability of
rZIKV-FP. Despite of the silent mutations introduced
for genetic stability of the cDNA clone, the isogenic
rZIKV-FP virus replicates similarly as the parental H/
PF/2013 clinical isolate in LN-229 human glioblastoma
cells as demonstrated by similar levels of intracellular
viral RNA replication (Fig. 4d) and 40-50% cellular
infectivity at 24 h post-infection (Fig. 4e). Strikingly
mice infected with the isogenic rZIKV-FP virus survived
through the infection course that is in contrast to the
highly lethal parental clinical isolate (Fig. 4f). Notably
the difference in survival between H/PF/2013 and
isogenic rZIKV-FP infected mice was coupled with a
10-60 fold higher peak serum viral load for the former
compared to the isogenic infectious clone derived virus
(P < 0.0001; Fig. 4g). This survivability of the isogenic
rZIKV-FP infected mice is in agreement with the cor-
relation of low viral diversity with viral virulence
(Figs. la—c and 4c).

We next reverse-engineered the non-synonymous
SNVs that were enriched in the infected mice brain
(Fig. 1f and Table 1) into the non-lethal rZIKV-FP cDNA
clone to examine the impact of these mutations on
ZIKV neuropathogenesis. The NS2B variant at position
32 identified from plaque-purified virus clones
(Consensus group virus clones, Fig. 3) was not intro-
duced into the rZIKV-FP ¢cDNA since it was found to be
negatively selected (M32V: sera F, = 18% vs brain
F,=1%; M32I: sera F, = 4.6% vs brain F, = 0%, Table 1)
during in vivo infection (Fig. 1f). Analogous to the in vivo
disease phenotype of the plaque-purified virus clones
(Fig. 3), mice infected with rZIKV-FP mutant virus
containing the single NS2A:V117 mutation (SM)
demonstrated 100% lethality by day 11 post-infection
(Fig. 5a), that is accompanied by significantly higher
viremia (1 log;o; P = 0.022) and viral load in the brain (3
logyo; P=0.032) and testis (1 log;o; P = 0.021) than wild-
type (WT) non-lethal rZIKV-FP carrying NS2A:A117
(Fig. 5b and c). No difference is observed in the viral
load of the liver between WT and NS2A:A117V mutant
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Fig. 4: Genome diversity and phenotypic characterization of the ZIKV-FP infectious clone (rZIKV-FP) virus. (a) Schematic of constructing a stable ZIKV-FP (GenBank
accession: KJ776791) infectious clone. The genetic stability of the cDNA infectious clone plasmids during prokaryotic amplification is indicated. (i) The original ZIKV-FP
genome is cloned as four fragments flank with a T7 promoter and a hepatitis D virus ribozyme (HDVR) sequences at the 5" and 3" ends of the viral genome respectively
into a modified low copy plasmid vector pACYC177 to obtain the full-length ZIKV cDNA infectious clone. (ii) Stable full-length ZIKV-FP cDNA infectious clone with the
putative CEPs in the structural and NS1 genes silenced in fragment 1. (b) Allele frequency of SNVs >1% identified in passage 1 of rZIKV-FP expanded in C6/36 cells plotted
along the viral genome. Red triangles represent the nucleotide variants introduced into the rZIKV-FP viral genome to silence the putative CEPs shown in Table 54 (n = 15).
Orange triangles represent the inherent SNVs in rZIKV-FP expanded in C6/36 cells (n = 28). SNVs with F, > 1% in H/PF/2013 clinical isolate from C6/36 expansion (blue-
open diamond symbols) as in Fig. 2a were included for comparison. Grey dotted line represent the threshold of F, > 10%. (c) Diversity of SNVs excluding the introduced
variants in passage 1 and 4 of rZIKV-FP as measured by Simpson'’s diversity index. The mean diversity for the respective passages is indicated. (d-g) rZIKV-FP virus was
generated by transfecting the in vitro transcribed (IVT) infectious clone RNA into C6/36 cells for in vitro and in vivo infection studies. (d) Real-time PCR quantification of H/
PF/2013 clinical isolate and rZIKV-FP virus genome replication at MOI 1 in infected LN-229 cells. The viral genome expression is reported as actin-normalized absolute viral
RNA genome copies per microgram total RNA. Grey dotted line represents the detection level of uninfected LN-229 cells. (e) Confocal images of infected LN-229 cells as
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Fig. 5: In vivo disease phenotype of A129 mice infected with WT and mutants of rZIKV-FP viruses. A129 mice were i.v. inoculated with
1000 pfu of the WT and respective mutants (single NS2A:A117V mutant; double mutant containing NS1:M264V and NS4B:126M, DM; and
triple mutant containing DM and NS2A:A117V, TM) of the rZIKV-FP viruses (n = 10 mice/group). Mouse survival was monitored for 20 days and
blood was sampled at indicated timepoints for serum viral load analysis. Three additional mice were independently infected and sacrificed on
day 6 post-infection for tissue sampling of viral load. (a) Survival plots (log rank Mantel-Cox test) of the different mouse groups infected with
WT or different mutants of rZIKV-FP viruses. (b) Average viremia kinetics measured from pooled serum of the infected mice by real-time PCR.
The difference between the viremia kinetics of the various infection groups were determined by 2-way ANOVA with Bonferroni’s correction and
significance is indicated (****P < 0.001). (c) Viral load of mouse tissues (brain, testis and liver) measured by real-time PCR. The viral RNA
expression is presented as actin-normalized relative expression per microgram total RNA. The overall limit of detection of the uninfected mouse
tissues is 10~ per microgram total RNA. Data points shown as scatter plots are presented as mean + SD from three independent mice and the

difference between the two indicated groups were compared by non-parametric Mann-Whitney's test *P < 0.05; **P < 0.01.

virus (Fig. 5c). Interestingly rZIKV-FP double mutant
virus (DM) with both NS1:V264 and NS4B:M26 did not
cause mortality to mice (Fig. 5a). It is noteworthy that
the DM virus induced a ~6-fold higher viral load in the
brain than the WT virus (P = 0.047; Fig. 5c), suggesting
a potential epistatic role of these NS1 and NS4B variants
in ZIKV brain penetrance that is indeed supported by
the brain-specific clonal expansion of these two variants
in the parental H/PF/2013 clinical virus infection
(Fig. 1f). Nevertheless the lethality of the DM virus was
restored upon introduction of the NS2A:V117 mutation,
forming a triple mutant (TM) virus that induced
comparably high serum and brain viral load as the sin-
gle NS2A mutant virus (Fig. 5). Surprisingly the TM
virus also appears to induce a significantly increased
viral load in the liver that is not observed in DM virus
(>5-fold increase, P = 0.014; Fig. 5c), suggesting that
NS2A:V117 may act epistatically with NS1 and NS4B
mutations to drive a different pathological profile apart
from neurovirulence. Nonetheless with the NGS data of
the infected mouse brains from Fig. 1 that showed the
NS2A:V117 variant becoming the consensus residue
(F, > 98%) of the viral proteome, our data can be

interpreted that the NS2A SNV is the key determinant
for the observed severe neuropathology of the parental
H/PF/2013 clinical isolate in our mouse model.

Discussion

Quasispecies of viruses are thought to be critical in
ensuring the genetic robustness of the viral population
to establish efficient infection and transmission.”*** In
this respect, viral variants have been reported in several
naturally circulating ZIKV strains and studies have
demonstrated the role of genetic diversity in maintain-
ing the replicative fitness of the virus in different
cells™'* that could in turn impact on the disease path-
ogenesis. However as the contribution of genetic di-
versity in ZIKV pathogenesis and disease severity
remains poorly defined, we adopted a systematic
approach of combining Next-Generation Sequencing,
virus plaque purification and reverse genetics to unravel
and validate potential virulence markers within the virus
population pool of the ZIKV H/PF/2013 virus isolate in
comparison to the isogenic rZIKV-FP derived from in-
fectious cDNA clone. The synonymous nucleotide mu-
tations introduced in the cDNA clone to address

in (d) showing dsRNA staining taken at 24 h post-infection using 63x oil immersion lens. The percentage infectivity of the viruses observed at 10x magnification is
indicated. (f) A129 mice (n = 5-6/group) were i.v. inoculated with either 50 pfu (~3.5 x 10° GE) or 1000 pfu (~7 x 10° GE) of H/PF/2013 clinical isolate or rZIKV-FP virus.
Survival plots (log rank Mantel-Cox test) of A129 mice infected with H/PF/2013 clinical isolate or rZIKV-FP. (g) Average viremia kinetics measured by real-time RT-PCR in
pooled serum collected from the infected mice as in (f) and the differences between the parental H/PF/2013 and rZIKV-FP infection groups were compared by 2-way
ANOVA with Bonferroni's correction. Data are presented as mean + SD from two independent experiments and significance is indicated (*P < 0.05; ****P < 0.0001).
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instability issues in this study did not alter the translated
sequence of rZIKV-FP, which was identical to
consensus viral proteome of H/PF/2013 (K]J776791)*
deposited in the public database. From this perspec-
tive, our results demonstrate that: (1) Positive correla-
tion of tissue-specific expansion of minor variants in H/
PF/2013 clinical isolate with disease pathogenesis that
drives its lethality in mice; (2) The in vivo virulent
phenotype of H/PF/2013 correlated with the clonal
expansion of NS2A:V117 variant in mice that induced a
higher inflammation in the brain coupled with better
replication fitness which is reinforced by our data
showing the virulence of rZIKV-FP carrying the NS2A
V117 mutation; (3) The variant in NS2B residue 32
resulted in an intermediate virulent phenotype in mice
that is characterized by delayed mortality; (4) Critical
virulence determinant NS2A:V117 variant in potential
epistasis with NS1 and NS4B in the isolates from the
brain may drive the severe neuropathogenesis.

Flavivirus NS2A is a multifunctional membrane
protein that is involved in viral RNA synthesis,** virion
assembly”** and modulation of host immune
response.”* Recently specific residues of NS2A in-
volved in viral RNA synthesis and virion assembly have
been identified.*** Notably the NS2A:A117V variant
that was identified to be the key determinant in causing
the lethal in vivo disease phenotype similar to the H/PF/
2013 clinical isolate showed higher replication fitness in
LN-229 cells compared to prM L130 virus clone #2
(Fig. 2c and d), which appears to be in agreement with
the critical function of NS2A in vRNA synthesis and
virion assembly. Alanine at position 117 (within trans-
membrane domain 4) is highly conserved (97.3% of
1187 publicly available ZIKV NS2A sequences in the
Virus Pathogen Database and Analysis Resource [ViPR
database*']) and is located near the cytoplasmic loop
formed by residues 97-104 that have been implicated in
NS2A-viral RNA interaction for virion assembly
(Figure S3a).** Additionally ZIKV NS2A has been shown
to interact with adherens junctions that promote its
lysosomal degradation in the neural cells.” Taken
together it is conceivable that the substitution to valine
could alter the interaction with viral RNA* and host
proteins.* It is beyond the scope of this study to directly
verify this mechanism but is implied by our observation
of the increased replication fitness of virus clones har-
bouring NS2A:V117 (prM L130/NS2A V117 clones #11
and #20) compared with prM L130 virus clone #2 with
NS2A:A117 in LN-229 cells (Fig. 2d). Notably the repli-
cative advantage of NS2A V117 variant could explain
the positive expansion observed in the brain (Fig. 1f)
and consequently the NFkB mediated inflammation and
increased mortality of H/PF/2013 clinical isolate and
prM L130/NS2A V117 virus isolates (Fig. 3).

Apart from the NS2A:V117 variant that demon-
strated clear association with the in vivo ZIKV virulence,
the combined approach of examining independent virus

www.thelancet.com Vol 91 May, 2023

populations from plaque purification of H/PF/2013
clinical isolate and NGS analyses has revealed other
variants in the virus swarm that may contribute to ZIKV
pathogenesis. Specifically, our findings of the prM/
NS2A Consensus plaque purified clones (#12 and #23,
Figs. 2 and 3) identified variants in NS2B residue that
could also increase viral virulence due to higher genome
replication that enhanced systemic infection compared
to the non-lethal prM L130 virus clone (Fig. 3). Inter-
estingly the NS1 and NS4B variants (M264V and 126M
respectively) that were present in low frequencies in the
infecting inoculum and infected mouse sera were highly
enriched in the infected brains (Fig. 1), indicating a
possible epistasis leading to ZIKV brain penetrance/
neurotropism. Indeed a recent study demonstrated the
specific contribution of ZIKV NS1 in triggering brain
microvascular endothelial dysfunction that is reflective
of its neurotropism.* Furthermore NS1 has been shown
to interact with NS4A-2K-4B precursor that is required
for viral RNA replication.” Interestingly the variants
NS1 V264 and NS4B M26 are present in 10-12% of the
publicly available ZIKV NS1 (n = 1195) and NS4B
(n = 1182) sequence database respectively* (Figure S3b
and c). Of note these two variants were also found in the
ancestral African MR766 strain that is historically
thought to cause mild disease. However recent studies
showed that African-lineage ZIKV also caused severe
congenital Zika syndrome in experimental models.**
Notably the position 264 of NS1 is located in the “spa-
ghetti loop” region of the p-ladder domain that is held by
numerous H-bonds (Figure S3c),** which is believed to
make the region an attractive site for protein in-
teractions. Hence the NS1:M264V and NS4B:126M
variants identified in H/PF/2013 virus isolate infected
mouse brain may have an impact on the viral protein—
protein interaction and/or viral-host protein in-
teractions leading to higher neuro-infectivity. Further
investigations are warranted to fully understand the
links between NS2A, NS1 and NS4B that drives neu-
ropathogenesis following infection in the mouse model.

It is noteworthy that our study has independently
demonstrated that the non-consensus NS2A:V117
variant previously reported as a virulent determinant of
ZIKV Paraiba01/2015 strain," is also a major contrib-
utor of the disease morbidity of the H/PF/2013 clinical
isolate. This is evident in the specific expansion of the
NS2A:V117 variant from its low frequency (~27%) in
the initial inoculum to a consensus level (>98%) in the
brain, that correlated with the lethal neurological
phenotype of H/PF/2013 infection in mice (Figs. 1 and
5). In contrast to Avila-Pérez et al.,"" it is noted that our
ZIKV Paraiba01/2015 does not carry this pathogenic
NS2A variant (Table S5) which corroborated with its
non-lethal phenotype in mice (Fig. 1a). It should also be
noted that the viral diversity of the ZIKV isolates used in
this study was lower compared to reported values.***
This is likely due to the differences in the NGS and
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variant calling pipeline used, where lofreq package is
more sensitive to low frequency alleles'>” and no
threshold cutoff on the allele frequency was applied in
the computation of diversity index. One interpretative
limitation of our study is that only male mice are used in
the in vivo infection studies. Furthermore the interpre-
tation of the variant(s) enrichment in the tissues from
infected mice could potentially be confounded by the
level of serum virus from the blood in the organs
despite of PBS perfusion prior to tissue collection.

In summary, our comparative variant enrichment
analysis between the various tissues with the initial virus
inoculum have indicated that non-consensus viral sub-
populations play a critical role in driving the pathogen-
esis of ZIKV. Of note, the virulence of ZIKV appears to
correlate with the evolution of variants in NS2A and
NS2B viral membrane proteins that enabled better
replication fitness. Notably our study highlights the
importance of looking beyond the viral consensus
sequence and paying attention to low lying variants
within the virus swarm that could contribute to disease
pathogenesis. Indeed this is evident in the correlation of
ZIKV pathogenicity with the tissue-specific expansion of
low allele frequency variants (NS1 and NS4B SNVs) in
the brain that could serve as a predictive marker of
future potential ZIKV outbreaks and severity. Lastly we
posit that detailed study of isolates present in clinical
isolates could lead to developing vaccine candidates that
are less pathogenic and genotypically stable in our
in vivo models.
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