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Abstract: Zika virus (ZIKV) is a mosquito-borne Flavivirus. Previous studies have shown that
mosquito-transmitted flaviviruses, including yellow fever, Japanese encephalitis, and West Nile
viruses, could be attenuated by serial passaging in human HeLa cells. Therefore, it was hypothesized
that wild-type ZIKV would also be attenuated after HeLa cell passaging. A human isolate from the
recent ZIKV epidemic was subjected to serial HeLa cell passaging, resulting in attenuated in vitro
replication in both Vero and A549 cells. Additionally, infection of AG129 mice with 10 plaque
forming units (pfu) of wild-type ZIKV led to viremia and mortality at 12 days, whereas infection with
103 pfu of HeLa-passage 6 (P6) ZIKV led to lower viremia, significant delay in mortality (median
survival: 23 days), and increased cytokine and chemokine responses. Genomic sequencing of
HeLa-passaged virus identified two amino acid substitutions as early as HeLa-P3: pre-membrane
E87K and nonstructural protein 1 R103K. Furthermore, both substitutions were present in virus
harvested from HeLa-P6-infected animal tissue. Together, these data show that, similarly to other
mosquito-borne flaviviruses, ZIKV is attenuated following passaging in HeLa cells. This strategy can
be used to improve understanding of substitutions that contribute to attenuation of ZIKV and be
applied to vaccine development across multiple platforms.
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1. Introduction

Beginning in 2015, a Zika epidemic spread throughout the Americas, leading to congenital Zika
syndrome. Currently, there is no licensed ZIKV vaccine, and candidate vaccines are in pre-clinical and
clinical development [1,2]. ZIKV belongs to the Flaviviridae family, which includes other medically
important mosquito-transmitted viruses such as yellow fever (YFV), dengue, Japanese encephalitis (JEV),
and West Nile (WNV) viruses. Flaviviruses contain a positive-sense, single-stranded RNA genome that
encodes a single polyprotein that is processed into 10 viral proteins. Three structural proteins—capsid,
(pre)-membrane, and envelope—are present in the infectious, mature virion. Seven non-structural
(NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) have functions in viral replication
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and processing. Thus, molecular determinants present throughout the genome may affect flavivirus
replication and pathogenesis.

Previous studies have shown that mosquito-transmitted flaviviruses could be attenuated by
sequential passaging in HeLa cells. Studies in the 1960s showed that six serial passages of the virulent
wild-type isolate YFV strain Asibi resulted in the virus losing viscerotropism in non-human primates
(NHP) [3]. These studies were repeated and expanded in the 1990s by examining the YFV strain Asibi
HeLa-passage 6 (P6) virus in mice, cynomolgus monkeys, and mosquitoes [4,5]. Monkey infection
with wild-type YFV strain Asibi results in a lethal infection, whereas YFV strain Asibi HeLa-P6 virus
infection resulted in survival. Further, YFV strain Asibi HeLa-P6 virus delays neurovirulence in
suckling or weanling mice, reduces neuroinvasion in suckling mice, and leads to loss of mosquito
competence in Aedes aegypti [4,5].

Mosquito-borne encephalitic flaviviruses have also been attenuated by passaging in HeLa cells.
Specifically, WNV strain Sarawak HeLa-P6 virus was attenuated 4000-fold for mouse neuroinvasiveness
compared to parental WNV. WNV strain Sarawak HeLa-P5 was also attenuated, but to a lesser extent [6].
Lastly, JEV strains Nakayama and 826309 HeLa-P6 viruses were both attenuated (3500-fold and 100-fold,
respectively) in neuroinvasiveness and neurovirulence in adult mice. Interestingly, the JEV strain
Nakayama was attenuated after a single passage in HeLa cells and remained attenuated through P6
and additional passage in other cell types [7]. Together, these studies showed that it was possible to
attenuate mosquito-borne flaviviruses using serial passage in HeLa cells.

Therefore, we hypothesized that wild-type ZIKV human isolates would be attenuated after
passaging in HeLa cells. ZIKV strain PA259249 survived the passage series and developed an attenuated
phenotype. Additionally, the in-vitro-passaged ZIKV incorporated an amino acid substitution in both
prM and NS1 proteins.

2. Materials and Methods

2.1. Virus Passage

African green monkey kidney (Vero), human lung adenocarcinoma (A549), and human cervical
cancer (HeLa) cells were acquired from American Type Culture Collection (ATCC )and maintained in
minimum essential media (MEM) supplemented with 2 mM L-glutamine, 0.1 mM non-essential amino
acids, 100 U/ml penicillin–100 µg/ml streptomycin, and 10% fetal bovine serum (viral passage media
contained 2% FBS). Wild-type (WT) ZIKV strain FSS13025 (Cambodia, 2010) was passaged twice in
Vero cells, and WT strain PA259249 (Panama, 2015) was passaged once in Vero cells to generate working
stocks for the present study. HeLa cell monolayers were infected with ZIKVs at multiplicity of infection
(MOI) of 0.1 and incubated for 4 days. Culture supernatant was then harvested and blind passaged
onto fresh monolayers. ZIKVs underwent six passages in HeLa cells. Virus titers in the supernatants
at each passage were titrated in Vero cells using plaque or focus formation assays. Vero cells were
pre-seeded and incubated with 10-fold dilutions of virus stock for 30 minutes at room temperature
prior to overlay with 1% agar-MEM, followed by incubation at 37 ◦C for three days. A second overlay
containing 2% neutral red solution was added after three days, and plaques were visualized and
counted the next day. Focus formation assays were performed in 12 well plates, with an overlay
containing 0.8% carboxymethylcellulose (CMC) in MEM. After three days at 37 ◦C, the plates were
fixed with acetone:methanol for 30 minutes and stained with mouse hyperimmune ascitic fluid against
ZIKV (acquired from the World Reference Center for Emerging Viruses and Arboviruses, UTMB),
followed by goat-anti-mouse antibody, and neutravidin-conjugated to HRP. Foci were developed with
NovaRed substrate (Vector Labs). Only ZIKV strain PA259249 was viable after six passages, so all
subsequent experiments were performed with the stocks from this series. Both plaque and focus
formation assays resulted in the same viral titers; therefore, focus formation assays were used for
subsequent experiments after HeLa cell passaging.
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2.2. Evaluation of Viral Infection In Vitro

Replication of passaged viruses was evaluated in Vero and A549 cells. Cells were seeded overnight,
and the following day were infected at MOI of 0.1 with WT ZIKV, HeLa-P4, or -P5 (or -P6 for Vero)
viruses or with cell media (mock infection). Culture supernatants were harvested from Vero cells
at 7 hours, and at 1, 2, 3, 4, and 5 days post infection (p.i.), and from A549 cells on days 1–3 p.i.
Samples were titrated in Vero cells using focus formation assays (reported as focus forming units—ffu).
For cytokine analysis, duplicate samples of infected A549 cells were gamma-irradiated to inactivate
infectivity and analyzed with the Bio-Plex Pro Human Cytokine 27-Plex Assay (Bio-Rad) according to
manufacturer’s instructions. Cytokine levels were compared using Kruskal–Wallis non-parametric test
with Dunn’s post-test at each day p.i.

2.3. Mouse Experiments

Adult (8–12 weeks old) male and female AG129 mice (deficient in interferon α/β and γ receptor
signaling) were inoculated via the intraperitoneal (i.p.) route with WT ZIKV (1 or 10 pfu) or P6 viruses.
For HeLa-P6 infections, the results obtained from both 1 × 103 (n = 2) and 2 × 103 pfu (n = 7) doses
were comparable and were combined for analysis, collectively referred to as 103 pfu for reporting.
To determine acute viremia and serum cytokine levels, blood was harvested by retro-orbital bleeds
at 3 days p.i.; therefore, sera from all animals were examined. Mice were monitored for morbidity
for up to 30 days p.i. Animals exhibiting signs of neurological disease were humanely euthanized
according to approved protocols by the Institutional Animal Care and Use Committee of the University
of Texas Medical Branch. At time of death (euthanasia), mouse brains and testes were harvested.
Tissue samples were collected into pre-weighed tubes containing triple-pure 1.5 mm zirconium beads,
weighed, homogenized in 1 milliliter (ml) of media in a BeadBug (Benchmark Scientific), and clarified
via centrifugation. Viral loads in animal samples were titrated using focus formation assays, and titers
are expressed as ffu per gram of tissue or ml of serum. Organs were harvested from a total of six
mice (three female and three male mice) infected with 103 pfu of HeLa-P6 for evaluation of six brain
samples and three testis samples for viral titers. To determine the cytokine response, 3 day p.i. serum
samples were γ-irradiated to inactivate infectivity and analyzed using the Bio-Plex Pro Mouse Cytokine
23-plex Assay (Bio-Rad) according to manufacturer’s intructions. Cytokine levels were compared
using Kruskal–Wallis non-parametric test. To assess antibody induction, focus reduction neutralization
tests (FRNT50) were performed using terminal mouse serum samples. Briefly, Vero cells were seeded
overnight in 12 well plates. The following day, 50 pfu of WT ZIKV strain PA259249 virus were incubated
with 2-fold dilutions of mouse serum for 30 minutes at 37 ◦C prior to addition to cells. Following
incubation for 30 minutes, CMC overlay was added and focus formation assays were performed.
After counting the foci in each well, the last dilution to neutralize at least 50% of the control infectivity
(virus only wells) was determined to be the FRNT50.

2.4. Virus Sequencing

To compare the sequences of passaged and unpassaged ZIKV genomes, viral RNA was extracted
from cell culture supernatants using the QiaAmp Viral RNA Mini kit (Qiagen). HeLa-P1 through
P6 genomes were sequenced using the Illumina next generation platform at the University of Texas
Medical Branch NGS Core Laboratory. The TruSeq RNA v2 Library kit (Illumina) was used to construct
cDNA libraries using random hexamers. Paired-end reads were processed as previously described [8]
to remove poor-quality reads, adapter sequences, and duplicates and generate de novo sequences.
The MUSCLE algorithm in MacVector with Assembler v17 was used to align de novo fasta consensus
sequences of HeLa-P1–P6 to the publicly available sequence of ZIKV PA259249 (KX156775). A single
replicate of HeLa-P2 and -P3 stocks and two replicates of HeLa-P1, -P4, -P5, and -P6 were sequenced and
analyzed. To determine the sequence of viruses after AG129 mouse infection, viral RNA was extracted
from homogenized tissue samples. Three brain and three testis samples from WT ZIKV-infected animals



Vaccines 2019, 7, 93 4 of 16

were sequenced and analyzed. From HeLa-P6-infected animals, six brain samples were sequenced
(three from female and three from male, described above in “Mouse Experiments” subsection) and
analyzed; two testis samples were sequenced, but only one was analyzed because the low viral titers in
the testes of HeLa-P6-infected animals resulted in insufficient viral sequences in the samples. Sequences
of the following ZIKVs were deposited in GenBank: PA259249 passaged in HeLa cells (accession
number MN100039), PA259249 passaged in HeLa cells and AG129 mice (accession number MN124091),
and PA259249 passaged in AG129 mice (accession number MN124090).

2.5. Structural and Schematic Renderings

ZIKV genome organization schematic was generated in MacVector v17. NS1 protein structure
(PDB 5K6K) and prM-E cryo-EM protein structure (PDB 6CO8) were rendered using Pymol (v1.8.4.0).
BioRender was used for the graphical abstract.

2.6. Statistical Analysis

Unpaired t-tests and non-parametric Mann–Whitney U tests; ANOVA, Kruskal–Wallis tests,
and multiple comparison post-tests; and Mantel–Cox tests were determined using Prism v8.0
(GraphPad).

3. Results

3.1. Passaging of ZIKV PA259249 in HeLa Cells Led to In Vitro Attenuation

To determine whether ZIKV, like other flaviviruses, could be attenuated by passage in HeLa cells,
two wild-type ZIKV strains, FSS13025 and PA259249, of the American/Asian lineage were passaged six
times in HeLa cells (Figure 1a,b). Titers of ZIKV strain PA259249 in culture supernatants decreased
rapidly until passage 3, but then slowly increased and stabilized at passages 5 and 6. Additionally,
focus morphology became more uniform as the virus was passaged (Figure 1c). Ultimately, infectious
titer following six passages of ZIKV strain PA259249 in HeLa cells was reduced by approximately
500-fold (Figure 1a). ZIKV strain FSS13025 failed to adapt for growth in HeLa cells (Figure 1b), and was
not recovered during the passage series. Therefore, all subsequent experiments in the study were
performed using WT ZIKV and HeLa-P1–P6 of strain PA259249.

The titers of passaged PA259249 viruses began to recover at HeLa-P4 and reached the highest
titers at HeLa-P5 and -P6. Therefore, multiplication of the WT ZIKV, HeLa-P4, -P5, and -P6 viruses in
Vero cells was determined. Viral loads following infection with HeLa-P4–P6 were consistently lower,
by approximately 102–103 ffu/ml, than cells infected with WT ZIKV (Figure 1d). Regardless of infectivity,
all titers had peaked by day 3 p.i. (days 4–5 not shown). Another multiplication curve was performed
in the interferon-competent human epithelial cells, A549 (Figure 1e). Similarly to multiplication in
Vero cells, HeLa-P4 and -P5 viruses replicated to significantly lower (up to 103 ffu lower) titers at 1, 2,
and 3 days p.i. when compared to WT ZIKV, and there was no significant difference in replication
between HeLa-P4 and -P5 viruses (Figure 1e). Overall, the cytokine and chemokine response of these
cells was consistent with the viral titers in the samples, in that A549 cells infected with WT ZIKV
secreted higher levels than cells infected with HeLa-P4 or -P5 (Supplementary Figure S1). Specifically,
pro-inflammatory cytokines and chemokines IL-6, CXCL8 (IL-8), IL-9, CCL4 (MIP-1β), CCL5 (RANTES),
and CXCL10 (IP-10) were among those significantly elevated in WT-ZIKV-infected samples.
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Figure 1. Passaging of ZIKV PA259249 in HeLa cells led to in vitro attenuation. ZIKV strain PA259249 
(a) or FSS13025 (b) was serially passaged in HeLa cells up to six times (P6), and stocks were titrated 
in Vero cells. Titration limit of detection: 50 pfu (101.7 pfu). (c) Focus morphology of passaged ZIKV 
PA259249; (d) stocks of WT Zika PA259249 virus serially passaged in HeLa cells, four, five, or six 
times (WT, HeLa-P4, -P5, and -P6, respectively) were used to infect Vero cells. Duplicate samples were 
harvested from cell supernatants at 7 hours, 1, 2, or 3 days p.i. and titrated in Vero cells. All titers 
decreased on days 4 and 5 (not shown). Dashed line: limit of detection: 100 ffu/ml (102.0 ffu/ml). (e) 
Stocks of WT Zika strain PA259249 virus HeLa-P4 and -P5 were used to infect A549 cells; duplicate 
samples harvested from cell supernatants at 1, 2, or 3 days p.i. were titrated in Vero cells. Dashed line: 
limit of detection: 50 ffu/ml (101.7 pfu/ml). Mock-infected cells had no detectable titers in Vero or A549 
cells (not shown).  

3.2. ZIKV Passaged in HeLa Cells was Attenuated In Vivo and Generated an Immune Response 

To determine whether ZIKV HeLa-P6 had an attenuated phenotype in vivo, AG129 mice were 
infected with either 100 or 101 pfu WT ZIKV or 103 pfu of HeLa-P6 and monitored for one month post 
infection (Figure 2a). All mice infected with both doses of WT ZIKV succumbed to infection, with 
animals inoculated with the higher dose dying between 11–14 days p.i. (median survival: 12 days), 
and those with the lower dose on days 12–29 (median survival: 16.5). Additional higher doses of WT 
ZIKV were not evaluated due to the rapid mortality induced by inoculation with 101 pfu. HeLa-P6 
also produced a universally lethal infection with the mice dying 16–28 days p.i. (median survival: 
23), which differed significantly to the survival of mice infected with 101 pfu of WT ZIKV (p < 0.0001), 
but not to that of mice infected with 100 pfu of WT ZIKV. Because HeLa-P6 stock only reached titers 

Figure 1. Passaging of ZIKV PA259249 in HeLa cells led to in vitro attenuation. ZIKV strain PA259249
(a) or FSS13025 (b) was serially passaged in HeLa cells up to six times (P6), and stocks were titrated
in Vero cells. Titration limit of detection: 50 pfu (101.7 pfu). (c) Focus morphology of passaged ZIKV
PA259249; (d) stocks of WT Zika PA259249 virus serially passaged in HeLa cells, four, five, or six
times (WT, HeLa-P4, -P5, and -P6, respectively) were used to infect Vero cells. Duplicate samples were
harvested from cell supernatants at 7 hours, 1, 2, or 3 days p.i. and titrated in Vero cells. All titers
decreased on days 4 and 5 (not shown). Dashed line: limit of detection: 100 ffu/ml (102.0 ffu/ml).
(e) Stocks of WT Zika strain PA259249 virus HeLa-P4 and -P5 were used to infect A549 cells; duplicate
samples harvested from cell supernatants at 1, 2, or 3 days p.i. were titrated in Vero cells. Dashed line:
limit of detection: 50 ffu/ml (101.7 pfu/ml). Mock-infected cells had no detectable titers in Vero or A549
cells (not shown).

3.2. ZIKV Passaged in HeLa Cells Was Attenuated In Vivo and Generated an Immune Response

To determine whether ZIKV HeLa-P6 had an attenuated phenotype in vivo, AG129 mice were
infected with either 100 or 101 pfu WT ZIKV or 103 pfu of HeLa-P6 and monitored for one month
post infection (Figure 2a). All mice infected with both doses of WT ZIKV succumbed to infection,
with animals inoculated with the higher dose dying between 11–14 days p.i. (median survival: 12 days),
and those with the lower dose on days 12–29 (median survival: 16.5). Additional higher doses of WT
ZIKV were not evaluated due to the rapid mortality induced by inoculation with 101 pfu. HeLa-P6
also produced a universally lethal infection with the mice dying 16–28 days p.i. (median survival: 23),
which differed significantly to the survival of mice infected with 101 pfu of WT ZIKV (p < 0.0001),
but not to that of mice infected with 100 pfu of WT ZIKV. Because HeLa-P6 stock only reached titers
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of 104 pfu, it was not possible to test an inoculum higher than 2 × 103 pfu in the animals without
subjecting the virus to purification steps that might affect virus biology.
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P6 103 pfu n = 9; (b) AG129 mice were bled 3 days p.i. to determine acute infection viremia levels. 
Lines indicate the mean titer. Statistics were determined using one-way ANOVA and Tukey’s post-
test; n.s.: not significant. WT ZIKV 100 pfu n = 4, WT ZIKV 101 pfu n = 9, Hela-P6 103 pfu n = 9; (c) At 
time of death, infected animal brain and testis samples were harvested to determine viral loads. Lines 
indicate means. Statistics were determined using t tests. WT ZIKV 101 pfu days 11–12, brain n = 3, 
testis n = 3; HeLa-P6 103 pfu brain n = 6, testis n = 3; (d) Neutralizing antibody titers present in terminal 
sera from euthanized mice infected with WT ZIKV 101 pfu (n = 2, 11–12 days p.i.), HeLa-P6 103 pfu (n 
= 5, days 16–27 p.i.) or naïve (n = 1) mice were determined using a FRNT50 assay in Vero cells. Endpoint 
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was 1:20. Results between WT ZIKV and HeLa-P6 were not significantly different by Mann–Whitney 
test. 

Acute viremia in infected AG129 mice was determined at 3 days p.i. (Figure 2b). The mean acute 
viremia for animals infected with 101 pfu of WT ZIKV was 104.9 ffu/ml, which differed statistically 
from the viremia of animals infected with either 100 pfu of WT ZIKV (103.5 ffu/ml, p = 0.0021) or with 

Figure 2. ZIKV passaged in HeLa cells was attenuated and generated an immune response in AG129
mice. (a) Adult AG129 mice were inoculated via the i.p. route with 100 or 101 pfu of WT ZIKV or
with 103 pfu of HeLa-P6 virus, and monitored for morbidity and mortality for 30 days. Statistics were
determined using Log-rank (Mantel–Cox) tests. WT ZIKV 100 pfu n = 4; WT ZIKV 101 pfu n = 9;
HeLa-P6 103 pfu n = 9; (b) AG129 mice were bled 3 days p.i. to determine acute infection viremia
levels. Lines indicate the mean titer. Statistics were determined using one-way ANOVA and Tukey’s
post-test; n.s.: not significant. WT ZIKV 100 pfu n = 4, WT ZIKV 101 pfu n = 9, Hela-P6 103 pfu n = 9;
(c) At time of death, infected animal brain and testis samples were harvested to determine viral loads.
Lines indicate means. Statistics were determined using t tests. WT ZIKV 101 pfu days 11–12, brain
n = 3, testis n = 3; HeLa-P6 103 pfu brain n = 6, testis n = 3; (d) Neutralizing antibody titers present in
terminal sera from euthanized mice infected with WT ZIKV 101 pfu (n = 2, 11–12 days p.i.), HeLa-P6
103 pfu (n = 5, days 16–27 p.i.) or naïve (n = 1) mice were determined using a FRNT50 assay in Vero
cells. Endpoint titers are plotted in a log2 scale to reflect the 2-fold dilution series. Dashed line: limit of
titer detection was 1:20. Results between WT ZIKV and HeLa-P6 were not significantly different by
Mann–Whitney test.

Acute viremia in infected AG129 mice was determined at 3 days p.i. (Figure 2b). The mean acute
viremia for animals infected with 101 pfu of WT ZIKV was 104.9 ffu/ml, which differed statistically
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from the viremia of animals infected with either 100 pfu of WT ZIKV (103.5 ffu/ml, p = 0.0021) or with
103 pfu of HeLa-P6 (103.9 ffu/ml, p = 0.0046). The viremia of infected AG129 mice followed a similar
pattern to that observed for mouse survival, insomuch that infection with 103 pfu of HeLa-P6 virus
led to similar results as with 100 pfu of WT ZIKV, but not as with 101 pfu of WT ZIKV. Additionally,
titer of infectious virus in the brain and testes at time of death was evaluated (Figure 2c). Viral load
in the testes of mice infected with 101 pfu of WT ZIKV (106.9 ffu/g) was statistically higher than that
of mice infected with 103 pfu of HeLa-P6 (103.5 ffu/g) (p = 0.0411). However, there was no statistical
difference observed in the brain viral load, which is not unexpected given that all animals regardless of
infection conditions succumbed to similar neurological disease. Ultimately, replication of HeLa-P6 was
significantly attenuated in AG129 mice.

In order to determine whether infected AG129 mice generated antibodies against WT ZIKV,
neutralization assays were performed. At time of death, terminal bleeds were performed to harvest
serum. Mice infected with WT ZIKV 101 pfu (days 11, 12 p.i.) had neutralizing antibodies against
WT ZIKV with a titer of 1:640 (n = 2), and those infected with HeLa-P6 103 pfu (days 16, 18, 22, 26,
and 27 days p.i.) had neutralizing antibody titers of 640–1080 (n = 5) (Figure 2d). The titers of the two
groups were not statistically different, indicating that inoculations with either WT ZIKV or HeLa-P6
resulted in production of neutralizing antibodies to WT ZIKV.

3.3. Infection with Attenuated ZIKV Led to an Elevated Immune Response

The cytokine response of mice inoculated with WT ZIKV or HeLa-P6 was evaluated at 3 days p.i.
using Bio-plex. Mice inoculated with 103 pfu HeLa-P6 consistently exhibited increased circulating
cytokine levels compared to those inoculated with WT ZIKV (100 or 101 pfu) (Figure 3). Of the
23 cytokines evaluated, values were detected for all except IL-9. A total of seven cytokines were
significantly increased in the sera of mice inoculated with HeLa-P6 compared to WT ZIKV (IL-1β,
IL-12p40, IFN-γ, IL-13, GM-CSF, KC, and CCL-2). Only the Th1 cytokines IL-12p40 and IFN-γ
were significantly increased in HeLa-P6-infected mice compared to mice infected with both doses of
WT ZIKV. The pro-inflammatory cytokines and chemokines IL-1β, IL-13, KC, and CCL-2 were all
significantly increased in the HeLa-P6-infected mice compared to the mice inoculated with 100 pfu WT
ZIKV. Further, GM-CSF was also significantly increased in HeLa-P6-infected mice compared to those
inoculated with 101 pfu WT ZIKV. These results indicated that the attenuated HeLa-P6 was capable of
inducing an immune response in the infected mice during acute infection.
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Figure 3. Passaging of ZIKV in HeLa cells increased circulating cytokines in AG129 mice. Mice were
inoculated with WT ZIKV (100 or 101 pfu) or 103 pfu HeLa-P6, and the circulating cytokine response
was measured at 3 days p.i. Cytokine and chemokine levels increased following infection with HeLa-P6
compared to WT ZIKV. WT ZIKV 100 pfu n = 4, WT ZIKV 101 pfu n = 9, Hela-P6 103 pfu n = 9.
Kruskal–Wallis tests with Dunn’s multiple comparisons post-tests were used for statistical analysis.
Bars represent the mean +/- standard error. * p < 0.05, ** p < 0.01, ** p < 0.001.
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3.4. HeLa-Cell-Passaged ZIKV PA259249 Incurred Amino Acid Substitutions

To examine genetic differences among the unpassaged and passaged viruses, genome sequences
were determined following each HeLa cell passage. Two amino acid substitutions were present in the
genomes of HeLa-P3–P6 viruses when compared to WT ZIKV, HeLa-P1, and HeLa-P2 (Table 1).
Nucleotide changes of genomic positions G732A and G2797A were identified and resulted in
substitutions prM E87K and NS1 R103K, respectively. PrM E87K is located in the immature form of the
protein present prior to cleavage by furin, and the NS1 R103K substitution is located in the external
wing domain (Table 1 and Figure 4). One of two sequencing replicates for HeLa-P6 ZIKV had the
reversion at NS1 R103; however, the sequences of two replicates of HeLa-P4 and HeLa-P5 had the
substitution NS1 R103K.

Table 1. HeLa-passaged ZIKV PA259249 incurred two amino acid substitutions.

Position Nucleotide
Change

Codon
Change

Amino
Acid

Polyprotein
Number

Protein
Number WT P1 1 P2 P3 P4 1,2 P5 1 P6 1

732 G -> A GAA->AAA E -> K 209 prM 87 G . . A A A A
2797 G -> A AGA->AAA R -> K 897 NS1 103 G . . A A A A/G 3

1 Duplicate sequencing was conducted on HeLa-P1, -P4, -P5, and -P6. 2 One of two sequences of HeLa-P4 had a G
to A silent mutation in nucleotide 10256 that was not detected in any other sequence in the entire study. 3 Denotes a
difference in consensus sequences between two sequencing runs of the HeLa-P6 stock.

Furthermore, virus harvested from the organs of infected mice (see Figure 2c) was subjected to
sequencing in order to determine whether the acquired substitutions were present during in vivo
inoculation. Both prM E87K and NS1 R103K amino acid substitutions were maintained following
infection of AG129 mice with HeLa-P6 virus. The consensus sequence of virus recovered from brains
(five of mice mice) and testes (one of one mouse) of HeLa-P6-infected AG129 mice contained the
prM E87K and NS1 R103K amino acid substitutions. Additionally, three synonymous nucleotide
substitutions G3767U, C5564A, and G5789A, and two non-synonymous substitutions G1181A (E M68I)
and C2242U (E A422V) were common to the sequences of the HeLa-P6-infected animal-derived tissues
(five of six brains and one testis sample) (Table 2 and Figure 4).
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Figure 4. Location of amino acid substitutions incurred after HeLa cell passage. (a) ZIKV genome
organization showing the non-synonymous nucleotide changes occurring after in vitro HeLa cell
passaging at positions 732 and 2797 (dark blue vertical lines), and after in vivo mouse passaging of
HeLa-P6 at 1181 and 2242 (light blue vertical lines). (b) Cartoon representation of the location of prM
amino acid 87 in the pr peptide domain, which is cleaved by furin protease during maturation. (c) Top
view of the NS1 protein dimer structure [9] shows the location of residue 103 (green spheres) in the
wing domain (yellow). (d) Side view of of the cryo-EM [10] of three M–E proteins showing E 68 in cyan
in domain 2 and E 422 in magenta in the stem region. One M and one E protein are shown in color
(red—E domain 1, yellow—E domain 2, green—fusion loop, dark blue—E domain 3, marine blue—E
stem and transmembrane, orange—M transmembrane).

Other synonymous nucleotide substitutions were detected but were not shared among the tissue
sample sequences (Table 2). Virus recovered from the brain tissue of one mouse infected with HeLa-P6
virus reverted and did not contain any amino acid substitutions common to the HeLa-passaged viruses,
but, rather, contained three unique amino acid substitutions at E N207K, NS1 M349K, and NS3 A88T
(Table 2). By comparison, three brain and three testis samples were sequenced from WT-ZIKV-infected
AG129 mice. The virus sequences were identical to the parent unpassaged virus, with the exception
of one common amino acid substitution of NS2A A117V (six of six samples) (Table 2). One unique
synonymous nucleotide substitution was detected in the testis sample from a WT-ZIKV-infected mouse
(Table 2). In summary, the two amino acid substitutions identified in the HeLa-P3–P6 viruses were
retained in a majority (six of seven) of the HeLa-P6-infected animal-derived samples, and two additional
common amino acid substitutions were acquired in vivo. Taken together with the in vitro and in vivo
results of HeLa-passaged ZIKV, the amino acid substitutions at prM E87K and NS1 R103K may have
contributed to the attenuation of ZIKV in vitro and in vivo, however, the role of the additional common
amino acid substitutions at E M68I and E A422V is less clear, as they may play a role in attenuation or
virulence of ZIKV in vivo.
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Table 2. Sequences of animal-derived viruses following infection with WT ZIKV or HeLa-P6 stocks.

Brain Testis Brain Testis
Po

si
ti

on

Su
bs

ti
tu

ti
on

C
od

on
C

ha
ng

e

A
m

in
o

A
ci

d

Po
ly

pr
ot

ei
n

N
um

be
r

Pr
ot

ei
n

N
um

be
r

WT WTa WTb WTc WTa WTb WTc P6 P6 P6 P6 P6d P6 P6d

732 G->A GAA -> AAA E->K 209 prM 87 G . . . . . . A 1 A A A A . A
1181 G->A AUG -> AUA M->I 358 E 68 G . . . . . . A A A A A . A
1598 U->A AAU -> AAA N->K 498 E 207 U . . . . . . . . . . . A .
2242 C->U GCA -> GUA A->V 712 E 422 C . . . . . . U U U U U . U
2797 G->A AGA -> AAA R->K 897 NS1 103 G . . . . . . A A A A A . A
3535 U->A AUG -> AAG M->K 1143 NS1 349 U . . . . . . . . . . . A .
3767 G->U GUG -> GUU V 1220 NS2A 74 G . . . . . . U U U U U . U
3895 C->U GCG -> GUG A->V 1263 NS2A 117 C U U U U U U . . . . . . .
4875 G->A GCC -> ACC A->T 1590 NS3 88 G . . . . . . . . . . . A .
4913 G->A GUG -> GTA V 1602 NS3 100 G . . . . . . . . . A . . .
5537 C->U GGC -> GGU G 1810 NS3 308 C . . . . . . U . . . . . .
5564 C->A GGC -> GCA A 1819 NS3 317 C . . . . . . A A A A A . A
5789 G->A GAG -> GAA E 1894 NS3 392 G . . . . . . A A A A A . A
7592 U->C AUU -> AUC I 2495 NS4B 226 U . . . . C . . . . . . . .
8647 G->A AGG -> AAG R->K 2847 NS5 327 G . . . . . . . . A . . . .

10268 C->U AAC -> AAU N 3387 NS5 867 C . . . . . . . . . . . U .
1 Table cell colors correspond to the common substitutions identified in viruses derived from WT-ZIKV-infected mice (pink: 3895) and HeLa-P6-infected mice (dark blue: 732, 2797 in the
in vitro passage; light blue 1181, 2242, 3767, 5564, 5789 in the in vivo passage). Nucleotide substitutions leading to amino acid changes are in bold. Animal matched samples denoted with
subscriptsa–d.
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4. Discussion

Initially, two human ZIKV strains, FSS13025 and PA259249, were passaged sequentially in HeLa
cells. The ZIKV strain FSS13025 was rapidly lost during passaging. Results showed that ZIKV strain
FSS13025 was too deficient in the initial passage and could not maintain sufficient replication to
adapt. Titers of ZIKV strain PA259249 also rapidly decreased over the first two passages, but then
slowly increased and stabilized by HeLa-P5, although there was approximately a 500-fold reduction in
infectious virus, indicating that HeLa cell passage restricts ZIKV replication. This result is consistent
with previous studies of HeLa passage attenuation of YFV and WNV, which also showed strain
differences and reduced infectivity with early passage, followed by an increase in infectivity yields
after HeLa-P3, indicating adaptation to HeLa cells [6,11]. Furthermore, multiplication curves in Vero
cells were consistent with a deficiency of up to 103 ffu in the HeLa-passaged stocks compared to the
WT ZIKV stocks.

Multiplication kinetics of WT ZIKV strain PA259249 in A549 cells were similar to previous reports
that showed ZIKV strains MR766 and PF-25013-18 replicate efficiently in A549 cells [12,13], while ZIKV
PA259249 HeLa-P4 and -P5 viruses showed reduced replication in A549 cells, supporting the conclusion
that the attenuated phenotype in vitro resulted from passaging ZIKV in HeLa cells. Additionally,
in A549 cells, ZIKV PA259249 HeLa-P4 and -P5 viruses exhibited decreased multiplication kinetics.
Moreover, A549 cells secreted higher levels of pro-inflammatory cytokines and chemokines following
infection with WT ZIKV than with HeLa-P4 or -P5, presumably as a result of infectivity in the cells.
Taken together, ZIKV was attenuated in vitro following passage in HeLa cells.

Consistent with previous studies of other wild-type ZIKV strains [14,15], infection of AG129 mice
with 101 pfu of WT ZIKV strain PA259249 caused significant viremia, replication in tissues, and fatality.
However, reduced viremia and extended survival times were observed in mice infected with either 100

pfu of WT ZIKV PA259249 or with 103 pfu of HeLa-P6. Although different doses were used in this
study, we estimated the in vivo attenuation of HeLa-P6 using survival statistics. Because 103 pfu of
HeLa-P6 differed in outcome to 101 pfu of WT ZIKV (approximately 102 pfu difference), but not to
100 pfu WT ZIKV (103 pfu difference), we estimate that HeLa-P6 was attenuated for mortality at least
100-fold; additional doses are needed to accurately determine the attenuation.

At time of death, viral loads in the brains of AG129 mice infected with WT ZIKV strain PA259249
(101 pfu) or HeLa-P6 (103 pfu) were comparable, suggesting that HeLa-P6 ZIKV retained neurotropism.
However, viral titers in the testes of ZIKV HeLa-P6-infected mice were lower than in WT-ZIKV-infected
mice, which may have been due to several reasons, including replication kinetics, time to death, and
additional mutations. Taken together with the acute viremia results, attenuation of ZIKV PA259249
following HeLa cell passage may reduce dissemination and, possibly, sexual transmission of ZIKV;
however, this can only be determined in future studies focusing on transmission of ZIKV.

The circulating cytokine response of mice inoculated with HeLa-P6 was increased compared
to mice inoculated with WT ZIKV. Interestingly, the most significantly different cytokines were the
classic Th1 cytokines IL-12p40 and IFN-γ , the induction of which may play a role in delaying disease
in mice infected with HeLa-P6. However, pro-inflammatory cytokines and chemokines were also
induced, which may contribute to the disease imparted by HeLa-P6 infection, ultimately causing the
animals to succumb. The virus elicited cytokine responses that are important for attenuated vaccines.
Furthermore, mice inoculated with either the WT ZIKV or HeLa-P6 generated neutralizing antibodies
to WT ZIKV with FNRT50 titers ranging from 1:640–1:1280. These data indicate that the attenuated
virus was capable of generating an equivalent neutralizing antibody response to that of WT ZIKV.
Interestingly, it has been shown that all WT ZIKV strains, historical and contemporary, are considered
to belong to a single serotype [16]. Therefore, antibodies that neutralize one ZIKV are expected to
neutralize another.

HeLa-passage-attenuated YFV has been characterized. YFV strain Asibi-HeLa-P6 led to 10 amino
acid substitutions located in the E (Q27H, D155A, M228K, K331R, H390P), NS2A (T48A), NS4B
(I95M, V98I, E144K), and NS5 (P900L) proteins [11]. Further, the E protein substitutions led to a
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conformational change that mediated binding of the E protein monoclonal antibody H5 known to
recognize only vaccine strains of YFV [11]. Ultimately, substitutions detected in the YFV Asibi-HeLa-P6
were not common to ZIKV strain PA259249 HeLa-P6, indicating a different adaptation process for
ZIKV attenuation.

Considerable progress has been made in identification of residues that contribute to ZIKV tropism
and virulence. In the present study, the substitutions prM E87K and NS1 R103K were identified in the
attenuated ZIKV. PrM E87K is located in the immature form of the prM protein in close proximity to
the furin cleavage site between amino acids 94 and 95 [17], so it is not clear what role it could play in
maturation. The conserved NS1 R103K substitution is located in the α/β subdomain of the external
wing domain, an epitope-rich domain that may mediate interactions with host proteins or other
viral proteins during replication [[9,18,19]]. Examination of the dengue virus NS1 protein indicates
that wing-domain amino acids participate in the replication of dengue virus [20,21]. Specifically,
the connector subdomain is implicated in interaction with the NS4A-2K-4B cleavage intermediate and
the β-ladder in secretion of NS1. Therefore, it is possible that ZIKV NS1 amino acid 103 functions in
immunomodulation or replication, as observed in the dengue virus wing domain.

It is possible that both prM and NS1 substitutions are necessary for attenuation of HeLa-passaged
ZIKV, as both arose at the same passage. However, it is not known if one substitution is compensatory
for another. Future studies using a ZIKV PA259249 infectious clone would help to elucidate the role
and contribution of each substitution to attenuation.

The results were in accordance with previous studies that indicated that genetic diversity and
amino acid substitutions in both the prM and NS1 proteins may contribute to ZIKV virulence and
fitness [22,23]. It was recently shown that the genetic diversity at the subconsensus sequence level
of ZIKV strain PA259249 was increased in the prM and NS1 genes compared to other regions of the
genome [23]. Moreover, the amino acid substitution S139N (prM S17N) of ZIKV was shown to increase
infectivity and pathogenicity in vitro and in vivo, while a unique substitution at NS1 T233A of ZIKV
was isolated from an infected fetus with clinical signs of microcephaly [24,25]. Further, NS1 V188
in ZIKV isolates is implicated in increased infectivity in mosquitoes and in antagonism of IFN-β
induction [26,27].

In vivo, the virus derived from WT-ZIKV-infected mouse tissues incurred a NS2A A117V
substitution. This substitution was previously detected as a minor variant in wild-type ZIKV
strains DakAr41524, PA259249, PA259634, and THA/PL-Cal_ZV/2013; and the opposite substitution of
V117A was a minor variant in ZIKV strains MEX-I-44/2016 and MYS-P6-740 [23,28]. This implies that
both amino acids, alanine and valine, are present at NS2A 117 in varying frequencies, and infection of
AG129 mice may select for valine.

Additional substitutions were also common to viruses (six of seven) recovered after AG129 mouse
infection with ZIKV PA259249 HeLa-P6: E M68I and E A422V. It is possible that these two E protein
substitutions provided fitness or genomic stability to the HeLa-P6 viruses in vivo. Further, amino acid
E 68 is surface-exposed and could interact with the host during infection. Results also showed that
HeLa-P6 reverted to a WT ZIKV genotype in one of the six mouse sequences evaluated. Therefore,
this study showed that substitutions incurred during HeLa cell passage are attenuating but require
additional genetic stability in vivo, which may lead to eventual mortality in AG129 mice.

Herein, an adapted virus was generated that was attenuated in a sensitive animal model of ZIKV,
the AG129 mouse. Furthermore, the attenuated HeLa-P6 virus was immunogenic. During acute
infection, the virus elicited Th1 cytokine responses. Additionally, animals inoculated with HeLa-P6
generated a neutralizing antibody response similar to the levels of neutralizing antibodies elicited by WT
ZIKV virus. Oftentimes, several, multigenic mutations are needed in order to prevent live-attenuated
viruses from reverting or causing disease. Therefore, the substitutions identified in this study could
be investigated in a rationally-designed, live-attenuated ZIKV vaccine that incorporates attenuating
mutations in other genes or domains to produce a stable, immunogenic, and safe ZIKV vaccine.
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5. Conclusion

The present study shows that, like other mosquito-borne flaviviruses, ZIKV can be adapted in
HeLa cells to become attenuated in vitro and in vivo in mice. Additionally, the results underscore the
importance of incorporating sequence analysis in characterizing attenuated ZIKV in vivo, which has
implications for rational vaccine design for ZIKV.

Studies of empirically-derived live-attenuated vaccine candidates for related flaviviruses, such as
the YFV 17D and JEV SA14-14-2 vaccines, have shown that multiple attenuating mutations may be
introduced into the genome as a result of passaging. Subsequent examination of these substitutions,
individually or their domains, resulted in altered phenotypes [8,29,30]. Further, other candidate
live-attenuated ZIKV vaccines have been designed by incorporation of attenuating substitutions
identified in other flaviviruses, such as dengue virus and WNV [31,32]. To this end, a combinatorial
approach in which several attenuating mutations identified in either the native or a related flavivirus
can be rationally introduced in order to design a candidate live-attenuated ZIKV vaccine that is
optimized for minimal virulence and maximal immunity. Thus, this multi-genic live-attenuated
strategy to ensure safety and immunogenicity of flavivirus vaccines is proposed [33]. The current
study has shown that substitutions in either prM, NS1, or both attenuated ZIKV, and has provided
insight into gene regions that tolerate substitution, yet allow the proteins to remain immunogenic,
similarly to what has been observed for other live-attenuated flavivirus vaccines.

Ultimately, this study has provided key information regarding attenuating mutations in ZIKV.
Future studies will determine the contribution of each substitution to the attenuation of ZIKV.
This strategy can be used in combination with other platforms or attenuating mutations located in
different domains or genes to generate live-attenuated viruses with reduced virulence and increased
immunity which can be applied to vaccine development.

Supplementary Materials: The following is available online at http://www.mdpi.com/2076-393X/7/3/93/s1,
Figure S1: Passaging of ZIKV in HeLa cells attenuates cytokine production in A549 epithelial cells.

Author Contributions: Conceptualization, A.D.T.B., N.B., and V.V.S.; Formal analysis, N.D.C., E.H.D., J.A.K.,
S.G.W., A.D.T.B., N.B., and V.V.S.; Investigation, L.L., J.A.K., S.G.W., M.M.W., and M.B.G., A.D.T.B., N.B., and V.V.S.;
Methodology, S.G.W., A.D.T.B., N.B., and V.V.S.; Resources, S.G.W., A.D.T.B., N.B., V.V.S.; Writing—original Draft
Preparation, N.D.C. and V.V.S.; Writing—Review & Editing, N.D.C., S.G.W., E.H.D., J.A.K., A.D.T.B., N.B. and V.V.S.

Funding: J.A.K. was funded in part by NIH T32 AI 7526-16. E.H.D. was supported by a predoctoral fellowship
from the University of Texas Medical Branch Sealy Institute for Vaccine Sciences. A.D.T.B. was supported in part
by NIH R21 AI 129844.

Acknowledgments: We thank the World Reference Center for Emerging Viruses and Arboviruses for providing
ZIKV PA259249 and anti-ZIKV mouse hyperimmune ascitic fluid and Pei-Yong Shi from UTMB Biochemistry
and Molecular Biology for providing ZIKV FSS13025. We acknowledge the individuals from the UTMB NGS
Sequencing Core. We thank Terry Juelich from UTMB Pathology for technical support with sample irradiation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Garg, H.; Mehmetoglu-Gurbuz, T.; Joshi, A. Recent Advances in Zika Virus Vaccines. Viruses 2018, 10, 631.
[CrossRef] [PubMed]

2. Barrett, A.D.T. Current status of Zika vaccine development: Zika vaccines advance into clinical evaluation.
npj Vaccines 2018, 3, 1–4. [CrossRef] [PubMed]

3. Hardy, F.M. The Growth of Asibi Strain Yellow Fever Virus in Tissue Cultures: II. Modification of Virus and
Cells. J. Infect. Dis. 1963, 113, 9–14. [CrossRef]

4. Barrett, A.D.T.; Monath, T.P.; Cropp, C.B.; Adkins, J.A.; Ledger, T.N.; Gould, E.A.; Schlesinger, J.J.; Kinney, R.M.;
Trent, D.W. Attenuation of wild-type yellow fever virus by passage in HeLa cells. J. Gen. Virol. 1990, 71,
2301–2306. [CrossRef] [PubMed]

5. Miller, B.R.; Adkins, D. Biological Characterization of Plaque-Size Variants of Yellow Fever Virus in
Mosquitoes and Mice. Acta Virol. 1988, 32, 227–234. [PubMed]

http://www.mdpi.com/2076-393X/7/3/93/s1
http://dx.doi.org/10.3390/v10110631
http://www.ncbi.nlm.nih.gov/pubmed/30441757
http://dx.doi.org/10.1038/s41541-018-0061-9
http://www.ncbi.nlm.nih.gov/pubmed/29900012
http://dx.doi.org/10.1093/infdis/113.1.9
http://dx.doi.org/10.1099/0022-1317-71-10-2301
http://www.ncbi.nlm.nih.gov/pubmed/2230735
http://www.ncbi.nlm.nih.gov/pubmed/2902770


Vaccines 2019, 7, 93 15 of 16

6. Dunster, L.M.; Gibson, C.A.; Stephenson, J.R.; Minor, P.D.; Barrett, A.D.T. Attenuation of virulence of
flaviviruses following passage in HeLa cells. J. Gen. Virol. 1990, 71, 601–607. [CrossRef] [PubMed]

7. Cao, J.X.; Ni, H.; Wills, M.R.; Campbell, G.A.; Sil, B.K.; Ryman, K.D.; Kitchen, I.; Barrett, A.D.T. Passage of
Japanese encephalitis virus in HeLa cells results in attenuation of virulence in mice. J. Gen. Virol. 1995, 76,
2757–2764. [CrossRef] [PubMed]

8. Collins, N.D.; Beck, A.S.; Widen, S.G.; Wood, T.G.; Higgs, S.; Barrett, A.D.T. Structural and Nonstructural
Genes Contribute to the Genetic Diversity of RNA Viruses. MBio 2018, 9, 1–13. [CrossRef]

9. Brown, W.C.; Akey, D.L.; Konwerski, J.R.; Tarrasch, J.T.; Skiniotis, G.; Kuhn, R.J.; Smith, J.L. Extended surface
for membrane association in Zika virus NS1 structure. Nat. Struct. Mol. Biol. 2016, 23, 1–4. [CrossRef]
[PubMed]

10. Sevvana, M.; Long, F.; Miller, A.S.; Klose, T.; Buda, G.; Sun, L.; Kuhn, R.J.; Rossmann, M.G. Refinement
and Analysis of the Mature Zika Virus Cryo-EM Structure at 3.1 Angstrom Resolution. Structure 2018, 26,
1169–1177. [CrossRef] [PubMed]

11. Dunster, L.M.; Wang, H.; Ryman, K.D.; Miller, B.R.; Watowich, S.J.; Minor, P.D.; Barrett, A.D.T. Molecular and
biological changes associated with HeLa cell attenuation of wild-type yellow fever virus. Virology 1999, 261,
309–318. [CrossRef] [PubMed]

12. Bos, S.; Viranaicken, W.; Turpin, J.; El-Kalamouni, C.; Roche, M.; Krejbich-Trotot, P.; Desprès, P.; Gadea, G.
The structural proteins of epidemic and historical strains of Zika virus differ in their ability to initiate viral
infection in human host cells. Virology 2018, 516, 265–273. [CrossRef] [PubMed]

13. Frumence, E.; Roche, M.; Krejbich-Trotot, P.; El-Kalamouni, C.; Nativel, B.; Rondeau, P.; Missé, D.; Gadea, G.;
Viranaicken, W.; Desprès, P. The South Pacific epidemic strain of Zika virus replicates efficiently in human
epithelial A549 cells leading to IFN-β production and apoptosis induction. Virology 2016, 493, 217–226.
[CrossRef] [PubMed]

14. Aliota, M.T.; Caine, E.A.; Walker, E.C.; Larkin, K.E.; Camacho, E.; Osorio, J.E. Characterization of Lethal Zika
Virus Infection in AG129 Mice. PLoS Negl. Trop. Dis. 2016, 10, e0004682. [CrossRef] [PubMed]

15. McDonald, E.M.; Duggal, N.K.; Brault, A.C. Pathogenesis and sexual transmission of Spondweni and Zika
viruses. PLoS Negl. Trop. Dis. 2017, 11, 1–13. [CrossRef] [PubMed]

16. Dowd, K.A.; DeMaso, C.R.; Pelc, R.S.; Speer, S.D.; Smith, A.R.Y.; Goo, L.; Platt, D.J.; Mascola, J.R.; Graham, B.S.;
Mulligan, M.J.; et al. Broadly Neutralizing Activity of Zika Virus-Immune Sera Identifies a Single Viral
Serotype. Cell Rep. 2016, 16, 1485–1491. [CrossRef] [PubMed]

17. Li, L.; Lok, S.-M.; Yu, I.-M.; Zhang, Y.; Kuhn, R.J.; Chen, J.; Rossmann, M.G. The flavivirus precursor
membrane-envelope protein complex: structure and maturation. Science 2008, 319, 1830–1834. [CrossRef]

18. Akey, D.L.; Brown, W.C.; Dutta, S.; Konwerski, J.; Jose, J.; Jurkiw, T.J.; DelProposto, J.; Ogata, C.M.; Skiniotis, G.;
Kuhn, R.J.; et al. Flavivirus NS1 structures reveal surfaces for associations with membranes and the immune
system. Science 2014, 343, 881–885. [CrossRef]

19. Hilgenfeld, R. Zika virus NS1, a pathogenicity factor with many faces. EMBO J. 2016, 35, 2631–2633.
[CrossRef]

20. Scaturro, P.; Cortese, M.; Chatel-Chaix, L.; Fischl, W.; Bartenschlager, R. Dengue Virus Non-structural Protein
1 Modulates Infectious Particle Production via Interaction with the Structural Proteins. PLoS Pathog. 2015,
11, 1–32. [CrossRef]

21. Płaszczyca, A.; Scaturro, P.; Neufeldt, C.J.; Cortese, M.; Cerikan, B.; Ferla, S.; Brancale, A.; Pichlmair, A.;
Bartenschlager, R. A novel interaction between dengue virus nonstructural protein 1 and the NS4A-2K-4B
precursor is required for viral RNA replication but not for formation of the membranous replication organelle.
PLoS Pathog. 2019, 15, 1–34. [CrossRef] [PubMed]

22. Nambala, P.; Su, W.C. Role of Zika virus prM protein in viral pathogenicity and use in vaccine development.
Front. Microbiol. 2018, 9, 1–6. [CrossRef] [PubMed]

23. Collins, N.D.; Widen, S.G.; Li, L.; Swetnam, D.M.; Shi, P.-Y.; Tesh, R.B.; Sarathy, V.V. Inter- and intra-lineage
genetic diversity of wild-type Zika viruses reveals both common and distinctive nucleotide variants and
clusters of genomic diversity. Emerg. Microbes Infect. 2019, 8, 1126–1138. [CrossRef] [PubMed]

24. Yuan, L.; Huang, X.-Y.; Liu, Z.-Y.; Zhang, F.; Zhu, X.-L. Single mutation in the prM protein of Zika virus
contributes to microcephaly. Science. 2017, 358, 933–936. [CrossRef] [PubMed]

http://dx.doi.org/10.1099/0022-1317-71-3-601
http://www.ncbi.nlm.nih.gov/pubmed/2155996
http://dx.doi.org/10.1099/0022-1317-76-11-2757
http://www.ncbi.nlm.nih.gov/pubmed/7595383
http://dx.doi.org/10.1128/mBio.01871-18
http://dx.doi.org/10.1038/nsmb.3268
http://www.ncbi.nlm.nih.gov/pubmed/27455458
http://dx.doi.org/10.1016/j.str.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29958768
http://dx.doi.org/10.1006/viro.1999.9873
http://www.ncbi.nlm.nih.gov/pubmed/10497116
http://dx.doi.org/10.1016/j.virol.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29395111
http://dx.doi.org/10.1016/j.virol.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27060565
http://dx.doi.org/10.1371/journal.pntd.0004682
http://www.ncbi.nlm.nih.gov/pubmed/27093158
http://dx.doi.org/10.1371/journal.pntd.0005990
http://www.ncbi.nlm.nih.gov/pubmed/28985234
http://dx.doi.org/10.1016/j.celrep.2016.07.049
http://www.ncbi.nlm.nih.gov/pubmed/27481466
http://dx.doi.org/10.1126/science.1153263
http://dx.doi.org/10.1126/science.1247749
http://dx.doi.org/10.15252/embj.201695871
http://dx.doi.org/10.1371/journal.ppat.1005277
http://dx.doi.org/10.1371/journal.ppat.1007736
http://www.ncbi.nlm.nih.gov/pubmed/31071189
http://dx.doi.org/10.3389/fmicb.2018.01797
http://www.ncbi.nlm.nih.gov/pubmed/30116235
http://dx.doi.org/10.1080/22221751.2019.1645572
http://www.ncbi.nlm.nih.gov/pubmed/31355708
http://dx.doi.org/10.1126/science.aam7120
http://www.ncbi.nlm.nih.gov/pubmed/28971967


Vaccines 2019, 7, 93 16 of 16

25. Wang, D.; Chen, C.; Liu, S.; Zhou, H.; Yang, K.; Zhao, Q.; Ji, X.; Chen, C.; Xie, W.; Wang, Z.; et al. A Mutation
Identified in Neonatal Microcephaly Destabilizes Zika Virus NS1 Assembly in Vitro. Sci. Rep. 2017, 7, 42580.
[CrossRef]

26. Liu, Y.; Liu, J.; Du, S.; Shan, C.; Nie, K.; Zhang, R.; Li, X.-F.; Zhang, R.; Wang, T.; Qin, C.-F.; et al. Evolutionary
enhancement of Zika virus infectivity in Aedes aegypti mosquitoes. Nature 2017, 545, 482–486. [CrossRef]

27. Xia, H.; Luo, H.; Shan, C.; Muruato, A.E.; Nunes, B.T.D.; Medeiros, D.B.A.; Zou, J.; Xie, X.; Giraldo, M.I.;
Vasconcelos, P.F.C.; et al. An evolutionary NS1 mutation enhances Zika virus evasion of host interferon
induction. Nat. Commun. 2018, 9, 414. [CrossRef]

28. Shrivastava, S.; Puri, V.; Dilley, K.A.; Ngouajio, E.; Shifflett, J.; Oldfield, L.M.; Fedorova, N.B.; Hu, L.;
Williams, T.; Durbin, A.; et al. Whole genome sequencing, variant analysis, phylogenetics, and deep
sequencing of Zika virus strains. Sci. Rep. 2018, 8, 1–11. [CrossRef]

29. Gromowski, G.D.; Firestone, C.-Y.; Whitehead, S.S. Genetic Determinants of Japanese Encephalitis Virus
Vaccine Strain SA14-14-2 That Govern Attenuation of Virulence in Mice. J. Virol. 2015, 89, 6328–6337.
[CrossRef]

30. De Wispelaere, M.; Khou, C.; Frenkiel, M.; Desprès, P.; Pardigon, N. A Single Amino Acid Substitution in
the M Protein Attenuates Japanese Encephalitis Virus in mammalian hosts. J. Virol. 2016, 90, 2676–2689.
[CrossRef]

31. Shan, C.; Muruato, A.E.; Nunes, B.T.D.; Luo, H.; Xie, X.; Medeiros, D.B.A.; Wakamiya, M.; Tesh, R.B.;
Barrett, A.D.; Wang, T.; et al. A live-attenuated Zika virus vaccine candidate induces sterilizing immunity in
mouse models. Nat. Med. 2017, 23, 763–767. [CrossRef] [PubMed]

32. Richner, J.M.; Jagger, B.W.; Shan, C.; Pierson, T.C.; Shi, P.; Diamond, M.S.; Richner, J.M.; Jagger, B.W.; Shan, C.;
Fontes, C.R.; et al. Vaccine Mediated Protection Against Zika Virus- Vaccine Mediated Protection Against
Zika Virus-Induced Congenital Disease. Cell 2017, 170, 273–283.e12. [CrossRef] [PubMed]

33. Kaiser, J.A.; Wang, T.; Barrett, A.D. Virulence determinants of West Nile virus: How can these be used for
vaccine design? Future Virol. 2017, 12, 283–295. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep42580
http://dx.doi.org/10.1038/nature22365
http://dx.doi.org/10.1038/s41467-017-02816-2
http://dx.doi.org/10.1038/s41598-018-34147-7
http://dx.doi.org/10.1128/JVI.00219-15
http://dx.doi.org/10.1128/JVI.01176-15
http://dx.doi.org/10.1038/nm.4322
http://www.ncbi.nlm.nih.gov/pubmed/28394328
http://dx.doi.org/10.1016/j.cell.2017.06.040
http://www.ncbi.nlm.nih.gov/pubmed/28708997
http://dx.doi.org/10.2217/fvl-2016-0141
http://www.ncbi.nlm.nih.gov/pubmed/28919920
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Virus Passage 
	Evaluation of Viral Infection In Vitro 
	Mouse Experiments 
	Virus Sequencing 
	Structural and Schematic Renderings 
	Statistical Analysis 

	Results 
	Passaging of ZIKV PA259249 in HeLa Cells Led to In Vitro Attenuation 
	ZIKV Passaged in HeLa Cells Was Attenuated In Vivo and Generated an Immune Response 
	Infection with Attenuated ZIKV Led to an Elevated Immune Response 
	HeLa-Cell-Passaged ZIKV PA259249 Incurred Amino Acid Substitutions 

	Discussion 
	Conclusion 
	References

