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Arboviruses maintain high mutation rates due to lack of proof-
reading ability of their viral polymerases, in some cases facilitating
adaptive evolution and emergence. Here we show that, just
before its 2013 spread to the Americas, Zika virus (ZIKV) under-
went an envelope protein V473M substitution (E-V473M) that in-
creased neurovirulence, maternal-to-fetal transmission, and
viremia to facilitate urban transmission. A preepidemic Asian ZIKV
strain (FSS13025 isolated in Cambodia in 2010) engineered with
the V473M substitution significantly increased neurovirulence in
neonatal mice and produced higher viral loads in the placenta and
fetal heads in pregnant mice. Conversely, an epidemic ZIKV strain
(PRVABC59 isolated in Puerto Rico in 2015) engineered with the
inverse M473V substitution reversed the pathogenic phenotypes.
Although E-V473M did not affect oral infection of Aedes aegypti
mosquitoes, competition experiments in cynomolgus macaques
showed that this mutation increased its fitness for viremia gener-
ation, suggesting adaptive evolution for human viremia and hence
transmission. Mechanistically, the V473M mutation, located at the
second transmembrane helix of the E protein, enhances virion mor-
phogenesis. Overall, our study revealed E-V473M as a critical deter-
minant for enhanced ZIKV virulence, intrauterine transmission
during pregnancy, and viremia to facilitate urban transmission.

Zika | envelope | evolution | transmission

fter its discovery in 1947 (1), Zika virus (ZIKV) “silently”

circulated in Africa and Asia between primates and mos-
quitoes in forests with no major outbreaks and only 14 docu-
mented human infections in 60 y (2). Since 2007, ZIKV strains
from an Asian lineage that spread from Africa decades earlier
have emerged to cause outbreaks and severe diseases: The first
outbreak occurred on Yap Island in 2007, followed by a large
outbreak in French Polynesia in 2013-2014, and finally massive
epidemics in the Americas from 2015-2016. The most devas-
tating diseases associated with the recent ZIKV epidemics
comprise congenital Zika syndrome (CZS) in fetuses of infected
pregnant women and Guillain-Barré syndrome in adults (3-5).
Like other flaviviruses, the ZIKV genome (Fig. 14) encodes
three structural proteins (capsid [C], premembrane/membrane
[prM], and envelope [E]) and seven nonstructural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5). The structural
proteins form virions that contain genomic RNA. The non-
structural proteins participate in viral replication, virion assem-
bly, and evasion of host immunity (6, 7). The NS2A protein has
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recently been shown to orchestrate flavivirus assembly through
recruiting structural proteins and viral RNA (8, 9).

One hypothesis for the sudden and dramatic emergence of
ZIKYV is that genetic changes enhanced transmission and more
severe diseases (10). The timing of the massive emergence in
2015 correlates with the acquisition of seven amino acid changes
in the Asian lineage ZIKV strains from 2010 to 2013 (Fig. 1 4
and B): C-T106A, prM-V1A, prM-S17N, E-V473M, NSI-
A188V, NS5-M114V, and NS5-M872V. Among the seven mu-
tations, two have been functionally analyzed. (1) Mutation NS1-
A188V was shown to slightly enhance the infectivity of ZIKV in
laboratory Aedes aegypti mosquitoes as well as to suppress type I
IFN production in mammals (11, 12). (2) Conflicting results were
reported for mutation prM-S17N such that when engineered into
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Fig. 1. The effect of E-V473M mutation on neurovirulence. (A) Evolutionary mutations among ZIKV strains from the Asian and African lineages. The year of
isolation is indicated for each strain. Conserved amino acid changes are labeled using the FS$13025 strain as a reference. Strains FS$13025 and PRVABC59,
representing preepidemic and epidemic isolates, are colored in yellow and red, respectively. (B) Phylogenetic analysis. Individual mutations from A are colored
and indicated at branch points of the phylogenetic tree. To construct a phylogenetic tree, the complete open reading frame (ORF) nucleotide sequences of 73
representative ZIKV strains were aligned and analyzed using the maximum likelihood method with 1,000 bootstrap replicates using the MEGA X program.
ZIKV strains are labeled by GenBank accession number, followed by strain name, country, and year of collection. (C) Neurovirulence of ZIKVs with single
amino acid mutation. One-day-old CD-1 pups were infected with 1,000 PFU of FSS13025, C-T106A, prM-V1A, prM-S17N, E-V473M, NS1-A188V, NS5-M114V, or
NS5-M872V virus via the intracranial route (n = 10 per group). All mutations were engineered into the preepidemic FSS13025 in S/ Appendlix, Fig. S1. The pups
were monitored for morbidity and mortality. Survival curves are presented. Epidemic strain PRVABC59 and phosphate buffered saline (PBS) were included as a
positive and negative control, respectively. E-V473M, NS5-M872V, and C-T106A mutants exhibited the highest neurovirulence among the tested viruses. Log-
rank test was performed for statistical analysis. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, P > 0.5 nonsignificant (n.s.). The statistical analysis was
performed in reference to FSS13025. (D) Brain viral loads from the FSS13025- and E-V473M-infected pups. Pups from A were sacrificed and measured for brain
viral loads at indicated days postinfection. Two-way ANOVA was performed for statistical analysis. ****P < 0.0001. (E) Neurovirulence of reverse mutation
E-M473V in epidemic strain PRVABC59. Log-rank test was performed for statistical analysis. ****P < 0.0001. (F) Brain viral loads from PRVABC59- and
E-M473V-infected pups. The experimental procedures in E and F were identical to C and D, respectively. Two-way ANOVA was performed for statistical
analysis. ****P < 0.0001. (G) Replication kinetics of FSS13025, E-V473M, PRVABC59, and E-M473V on embryonic stem H9 cells. The H9 cells were infected with
indicated viruses at an MOI of 0.5. Plaque assay was performed to measure infectious viruses in culture supernatants on day 1-3 postinfection. Asterisks
indicate significant differences as analyzed by two-way ANOVA with multiple comparisons. ****P < 0.0001; *P < 0.5 significant; P > 0.5 nonsignificant (n.s.).
Error bars denote SDs.
the preepidemic strain FSS13025, this mutation increased mi- the WT FSS13025, mutants C-T106A, E-V473M, and NSS5-
crocephaly in fetuses following direct injection into the fetal ~MS872V produced significantly higher mortality rates, with the
brain (13); however, the reverse mutation prM-N17S in the ep-  E-V473M mutant generating a mortality curve equivalent to that
idemic strain PRVABCS9 did not affect microcephaly or vertical ~ of the epidemic strain PRVABCS59 (Fig. 1C). Notably, mutant
transmission in pregnant mice (14). No studies have addressed  prM-S17N, previously reported to be highly neurovirulent (13),
the effect of the other five mutations on ZIKV virulence or  only slightly increased the mortality rate (Fig. 1C).
epidemic potential. Next, we examined the combinatory effect of the three most
To examine potential virulence effects of these seven muta-  virulent mutations. Three double mutants (C-T106A+E-V473M,
tions, we engineered individual changes into an infectious clone ~ C-T106A+NS5-M872V, and E-V473M+NS5-M872V) and one
of preepidemic FSS13025 ZIKV (15). Transfection of Vero cells  triple mutant (C-T106A+E-V473M+NS5-M872V) were pre-
with the mutant viral RNAs generated E protein-positive cells pared (SI Appendix, Fig. S24). Upon intracranial infection of
(SI Appendix, Fig. S14) and infectious viruses with plaque 1-d-old CD-1 pups, none of the double or triple mutants caused
morphologies similar to the wild-type (WT) FSS13025 (SI Ap-  significantly higher mortality rates than the single mutant
pendix, Fig. S1B). The recovered mutant viruses were tested for ~ E-V473M (SI Appendix, Fig. S2 B and C), suggesting that these
neurovirulence by intracranially infecting 1-d-old CD-1 pups mutations may have counteractive rather than additive effects.
with 1,000 plaque-forming units (PFU) of virus. Compared with ~ Since the single mutant E-V473M consistently exhibited the
Shan et al. PNAS | August 18,2020 | vol. 117 | no.33 | 20191
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highest neurovirulence among all tested variants (Fig. 1C and SI
Appendix, Fig. S2), we decided to further characterize
this mutation.

In agreement with higher mortality of E-V473M in CD-1 pups
infected with 100 (SI Appendix, Fig. S3) or 1,000 PFU (Fig. 1C),
significantly higher viral loads were detected in the brains of
E-V473M-infected mice compared to the FSS13025-infected
animals (Fig. 1D). To verify these results, we engineered a re-
verse mutation E-M473V into epidemic strain PRVABCS9 (S
Appendix, Fig. S1). No mortality was observed when pups were
intracranially infected with 100 (SI Appendix, Fig. S3) or 1,000
PFU (Fig. 1E) of E-M473V virus, whereas all animals suc-
cumbed to PRVABCS59 infection. Congruently, the E-M473V
virus produced lower viral loads in the brains than PRVABC59
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(Fig. 1F). In line with the in vivo results, in H9 embryonic neural
stem cells, E-V473M virus produced 10-fold more infectious vi-
rus than FSS13025, whereas the reverse mutant E-M473V gen-
erated threefold less virus than PRVABCS59 (Fig. 1G). The
results demonstrate that E-V473M increases the neurovirulence
of preepidemic Asian lineage ZIKV.

We examined the effect of the E-V473M mutation on ZIKV
replication in an A129 mouse (IFNARI™™) model (16).
Three-week-old A129 mice were s.c. infected with 10 PFU of two
pairs of ZIKVs: WT versus E-V473M FSS13025, or WT versus
E-M473V PRVABCS9 (Fig. 24). On day 4 postinfection, mean
peak E-V473M viremia was 1,000-fold higher than FSS13025
viremia, whereas the mean E-M473V viremia was 50-fold lower
than PRVABCS59 viremia (Fig. 2B). The viremia differences
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Fig. 2. Comparison of organ viral loads from A129 mice infected with FSS13025, E-V473M, PRVABC59, or E-M473V virus. (A) Experimental scheme.
Three-week-old A129 mice were infected with 10 PFU of FSS13025, E-V473M, PRVABC59, or E-M473V (n = 5-6 per group). (B) Viremia. Viremia at day 4-7 was
measured using plaque assay. Two-way ANOVA was performed for statistical analysis. ****P < 0.0001; P > 0.5 nonsignificant (n.s.). (C—F) Organ viral loads.
At day 7 and 14 postinfection, the animals were sacrificed and measured for organ viral loads using plaque assay. The organ viral loads are presented for
animals infected with FSS13025 (C), E-V473M (D), PRVABC59 (E), or (F) E-M473V virus. Nine different organs were analyzed and presented in different colors.
The numbers of testes are inthe range of 3-4. Error bars denote SD. L.O.D., limit of detection.
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gradually disappeared from day 5-7 (Fig. 2B). On day 7 post-
infection, infectious ZIKV was detected in all organs (Fig. 2 C-
F). On day 14 postinfection, infectious viruses were cleared from
some organs; however, more organs retained viruses in the
E-V473M- and PRVABC59-infected mice than the FSS13025-
and E-M473V-infected animals (Fig. 2 C—F). In addition, when
male A129 mice were s.c. infected with 10 PFU of virus, total and
motile sperm counts were lower in the E-V473M and
PRVABCS9 groups than the FSS13025 and E-M473V groups,
on day 14 postinfection (Fig. 3). These results indicate that
E-V473M and PRVABCS?9 yield higher viral titers in multiple
organs when compared to the preepidemic FSS13025 virus and
to the less pathogenic E-M473V virus.

Since CZS represents the most devastating outcome of ZIKV
infection, we characterized the impact of E-V473M on
maternal-to-fetal transmission in a murine pregnancy model
(Fig. 44) (17). Nine- to ten-week-old C57BL/6J female mice
were mated and closely monitored for vaginal plugs (defined as
embryonic day 0.5 [E0.5]). At ES5.5, anti-IFNARI1 antibodies
were intraperitoneally administered to the animals to facilitate
ZIKV infection. At E6.5, the pregnant mice were s.c. infected
with 10> PFU of FSS13025, E-V473M, PRVABCS59, or
E-M473V virus. At E13.5, the animals were sacrificed and viral
loads quantified in maternal and fetal organs (Fig. 44). No sig-
nificant differences in viral loads were observed in maternal
spleens or brains between the FSS13025 and E-V473M infec-
tions (Fig. 4 B and C) or between the PRVABC59 and E-M374V
(Fig. 4 F and G). However, significantly higher viral loads in the
placenta (Fig. 4 D and H) and fetal brain (Fig. 4 E and I) were
detected from the E-V473M and PRVABCS9 infections than the
FSS13025 and E-M473V infections; the differences were in the
range of two to four folds. Corroborating the in vivo results,
infections of human trophoblast HTR-8 cells with E-V473M and
PRVABCS9 produced significantly higher titers than the corre-
sponding FSS13025 and E-M473V (Fig. 4/). These results indicate
that mutation E-V473M increases the potential for maternal-to-fetal
transmission during pregnancy.

To examine potential effects on transmission efficiency, we
compared E-V473M to parental FSS13025 for oral infection of
Aedes aegypti, the main ZIKV vector in the Americas (18).
Mosquitoes derived from Galveston, Texas, were fed on artificial
blood meals containing 10° PFU/mL of E-V473M or FSS13025
virus. Engorged mosquitoes were incubated and assayed for viral

ki

RNA on day 14 postfeeding. Similar to previous findings (15,
19), FSS13025 and E-V473M viruses generated similar infection
rates of 57% and 55%, respectively (Fig. 5). These results sug-
gest that mutation E-V473M does not affect ZIKV infection of
the epidemic vector.

To determine if E-V473M might enhance epidemic transmission
by enhancing human viremia, which would lead to more efficient
infection of mosquito vectors, we infected cynomolgus macaques to
determine its effect on viremia (Fig. 64). We took a competition
fitness approach to directly compare the replication efficiencies of
FSS13025 and E-V473M viruses in the same host. This method is
highly sensitive and well controlled because the two viruses replicate
in the same host environment; it also reduces animal usage com-
pared to individual viruses used to infect large cohorts. Equal PFU
amounts of FSS13025 and E-V473M viruses (10 PFU each) were
mixed, and an approximately equal viral RNA ratio was confirmed
by pyrosequencing the E-V473M single nucleotide polymorphisms
(SNP) in RT-PCR amplicons. After s.c. infection with the virus
mixture, all three monkeys developed detectable infectious viremia
(<10° PFU/mL) with one animal having viremia up to 10 d post-
infection (SI Appendix, Fig. S4). Blood samples were collected
on days 1-4 (Fig. 6 B-D), and the ratios of FSS13025 to E-V473M
viruses were estimated by RT-PCR amplification of a genome re-
gion surrounding the SNP, followed by pyrosequencing. The
E-V473M virus consistently won the competition except at one early
timepoint (day 1 in animal 142590) and one late timepoint (day 4 in
animal 13424; Fig. 6 E-G). Overall, these results suggest that the
E-V473M mutation confers an advantage to the preepidemic
FSS13025 for viremia generation in a nonhuman primate model of
human infection, which is key to infection of mosquito vectors.
However, due to the small number of animals in the experiment,
more studies are needed to confirm the observation.

Finally, we analyzed the mechanism of E-V473M in enhancing
ZIKV replication in mammalian hosts. E-V473M is located in
the second transmembrane helix of E protein (Fig. 74) (20, 21).
When BHK-21 cells were infected with E-V473M and FSS13025
viruses (multiplicity of infection [MOI] of 1), comparable viral
RNA levels were detected at 1-7 h postinfection (S Appendix,
Fig. S5), suggesting that both viruses bind and enter cells at
similar efficiencies. At 14-48 h postinfection (Fig. 7B), similar
intracellular viral RNA levels were detected for both viruses,
suggesting that E-V473M does not affect viral RNA synthesis
(Fig. 7C). Notably, at 20-48 h postinfection, the E-V473M virus
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Fig. 3. Sperm count analysis of A129 mice infected with FSS13025, E-V473M, PRVABC59, or E-M473V ZIKV strains. (A) Experimental scheme. Three-week-old
male A129 was infected with 10 PFU of FSS13025, E-V473M, PRVABC59, or E-M473V virus. At day 14 postinfection, total sperm counts (B) and motile sperm
counts (C) were measured. PBS was included as a negative control. Error bars denote SD. Two-way ANOVA was performed for statistical analysis. ***P < 0.001;

**%*P < 0.0001; P > 0.5 nonsignificant (n.s.).
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Fig.4. The effect of E-V473M mutation on intrauterine ZIKV transmission in

pregnant mice. (A) Experimental scheme. Nine- to ten-week-old female C57BL/6J

mice (n = 5-8) were mated with nine-week-old male C57BL/6J mice. Once vaginal plugs were identified, the mice were defined as embryotic stage 0.5 (E0.5).
At E5.5, the animals were intraperitoneally administered with 2 mg of anti-IFNAR1 antibody (MAR1-5A3). At E6.5, the mice were infected with 10° PFU of
FSS13025, E-V473M, PRVABC59, or E-M473V virus via the s.c. route at footpads. At E13.5, maternal and fetal tissues were harvested and quantified for
viral loads using quantitative RT-PCR. Viral loads are presented for maternal spleen (B and F), maternal brain (C and G), placenta (D and H), and fetal head

(E and /). Experiments B to E used 8 pregnant mice and >40 fetuses. Expe

riments F to / used 5-6 pregnant mice and >40 fetuses. (J) Growth kinetics of

FSS13025, E-V473M, PRVABC59, and E-M473V on trophoblast HTR-8 cells. HTR-8 cells were infected with the indicated viruses at an MOI of 0.01. Plaque

assay was performed to measure infectious viruses in culture supernatants
by Mann-Whitney test (B-/) or Student'’s t test (J). ****P < 0.0001; ***P <
denote SDs.

produced significantly more extracellular viral RNA (Fig. 7D),
intracellular infectious virus (Fig. 7F), and extracellular infec-
tious virus (Fig. 7F) than FSS13025 virus, suggesting that mu-
tation E-V473M enhances virion assembly. Corroborating the
infection results, transient expression of viral prM-E alone pro-
duced equal levels of intracellular prM and E proteins in BHK-
21 and 293T cells (Fig. 7G); however, the E-V473M mutant
prM-E plasmid secreted 1.5- to 2.8-fold more extracellular prM
and E proteins than the WT construct (Fig. 7H), suggesting that
E-V473M enhances virus-like particle production. Collectively,
these results indicate that E-V473M increases viral replication
through promoting virion morphogenesis.

Overall, our study revealed that the E-V473M substitution,
which preceded the American epidemic, enhances ZIKV repli-
cation, leading to increased neurovirulence, maternal-to-fetal
transmission during pregnancy, and viremia in mouse and nonhuman

20194 | www.pnas.org/cgi/doi/10.1073/pnas.2005722117

on day 1-5 postinfection. Asterisks indicate significant differences as analyzed
0.001; ** P < 0.01; *P < 0.5 significant; P > 0.5 nonsignificant (n.s.). Error bars

primate models. A higher viremia conferred by the E-V473M
substitution may translate into greater peripheral viremia and more
efficient infection of the mosquito vector upon blood feeding. The
genetic changes reported here, together with naive herd immunity
(22), heterologous flavivirus preimmunity (23-27), environmental
factors (28), and genetic predisposition (29), may have led to the
recent emergence and severe diseases (30, 31). There are more
than 500 known arboviruses of which ~100 are capable of causing
disease in humans (32). Due to the high mutation frequencies of
viral RNA-dependent RNA polymerases and the transmission cycle
between mosquito and vertebrate hosts, arboviruses will continue to
emerge and reemerge. Understanding the mechanisms of emer-
gence and enhanced transmission and spread, combined with im-
proved surveillance to identify such changes, is essential to detect
and respond to future arbovirus outbreaks.
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Materials and Methods

Ethics Statement. Mouse studies were performed in accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals
(33). The protocol was approved by the Institutional Animal Care and Use
Committee at UTMB (Protocol numbers 1708051 and 1609041).

Mice were nonspecifically and blindly distributed into their respective
cohorts, but sample collection and analyses were not blinded. s.c. and i.p.
injections were performed under anesthesia that was induced and main-
tained with isoflurane. All efforts were made to minimize animal suffering.

For cynomolgus macaque (Macaca fascicularis) studies, healthy adolescent
(2- to 5-y-old) animals of Chinese origin were utilized. All animals were
seronegative for herpes B virus, simian immunodeficiency virus, simian

A Equal amount of
FSS13025 and E-V473M

‘gu T ¥ ' ¥ P
ay 0 1 2 3 4 5

Viral RNA SNP analysis in blood
L |

retrovirus, and simian T-lymphotropic virus. Additional hemagglutinin inhi-
bition testing revealed no previous flavivirus (ZIKV, WNV, yellow fever [YFV],
St. Louis encephalitis [SLEV], DENV-1-4) or alphavirus (chikungunya [CHIKV];
Venezuelan [VEEV], eastern [EEEV], or western equine encephalitis [WEEV];
Sindbis [SINV], or Semliki forest virus [SFV]) exposure. Prior to ZIKV infection
(>6 mo), these animals were exposed to CHIKV vaccines or sham-vaccinated
and challenged with WT CHIKV (34). Animals were individually housed in
steel caging (Allentown. Inc.) with free access to water. Commercial chow
was provided twice daily, and supplementation was provided daily or at the
discretion of the veterinary staff. Health checks were performed twice daily
from the date of infection until the end of the study. Procedures and ma-
nipulations were conducted with care to minimize any potential distress,
pain, or discomfort by trained veterinary and/or research staff.

Following overnight fasts, macaques were anesthetized by intramuscular in-
jection with ketamine (5-20 mg/kg), then weighed. Blood was collected by veni-
puncture into K,EDTA or serum separator vacutainer tubes (Beckton Dickinson).

Phylogenetic Analysis of Zika Virus. To construct a phylogenetic tree, the
complete ORF nucleotide sequences of 73 representative ZIKV strains were aligned
and analyzed using the maximum likelihood method with 1,000 bootstrap repli-
cates using the MEGA X program. ZIKV strains are labeled by GenBank accession
number, followed by strain name, country, and year of collection.

Neurovirulence on Newborn CD-1 Mice. Groups of 1-d-old outbred CD-1 mice (n =
10) were injected intracranially (.C.) with WT or mutants virus at a dose of 1,000
PFU or 100 PFU. Mice were monitored daily for morbidity and mortality (35).

Viral Load in Brain of CD-1 Mice. Groups of 1-d-old outbred CD-1 mice (n = 10-14)
were injected 1.C. with 1,000 PFU of FSS13025 WT, E-V473M, PRVABC59, or
E-M473V virus. The mice brains were harvested at day 3, 5, 7, and 9 postinfection
into 2-mL Eppendorf tubes containing 0.5 mL DMEM with a bead. The tissues
were homogenized by Qiagen TissueLyser II. After centrifugation at 15,000 rpm
for 5 min, the supernatants were used for plaque assay to measure the viral loads.

Mouse Pregnancy Study. C57BL/6) mice were purchased from the Jackson
Laboratory. Nine- to ten-week-old female C57BL/6J mice were paired with nine-week-old
male mice (36). The vaginal plug was checked daily. Once the plug was identified, the
mice were defined at starting embryotic stage (E0.5). At embryonic day E5.5,
pregnant dams were treated with 2 mg injection of anti-IFNAR1 antibody. At
E6.5, mice were inoculated with 103 PFU of F$513025 WT, E-V473M, PRVABC59,
or E-M473V by s.c. injection in the footpad. All animals were sacrificed at E13.5, and
fetuses, placentas, and maternal tissues were harvested. Organs were weighed and
homogenized using a Qiagen TissueLyser I, and serum was prepared after coagulation
and centrifugation. Tissue samples and serum from ZIKV-infected mice were
extracted with the RNeasy Mini Kit (Qiagen). ZIKV RNA levels were determined
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Fig. 6. _Competition of FS513025 and E-V473M viruses in nonhuman primates. (A) Experimental scheme. Three cynomolgus monkeys were s.c. infected with a mixture of
equal amounts (10* PFU) of FS$13025 and E-V473M viruses. Viremias of individual monkeys were measured by quantitative RT-PCR (B-D). The ratios of F$513025:E-V473M
viruses in the inoculum and day 1-4 blood samples were quantified by pyrosequencing (E-G). The pyrosequencing SNP results indicate the outcome of the competitions.
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Fig. 7. The effect of E-V473M mutation on ZIKV infection cycle. (A) Three-dimensional structures of ZIKV E and M proteins. Substitution V473M is located in
the second transmembrane helix of E protein. Three subdomains of the E protein and mature M protein are indicated. (B) Experiment scheme. BHK-21 cells
were incubated with FSS13025 or E-V473M virus (MOI of 1 PFU/cell) at 4 °C. After 1 h incubation, virus inocula were removed, and cells were washed three
times with PBS. The cells were then incubated at 37 °C. At 14, 20, 36, and 48 h postinfection, the infected cells were quantified for intracellular viral RNA (C),
extracellular viral RNA (D), intracellular virus (E), and extracellular virus (F). Intracellular viral RNAs were measured by quantitative RT-PCR and normalized
using cellular GAPDH RNA. Infectious viruses were measured by plagque assay. (G and H) The effect of the E-V473M substitution on empty virus-like particle (VLP)
production. WT or E-V473M prM-E genes were transiently expressed from plasmid pXJ in 293T or BHK-21 cells. Equal amounts of plasmids (1 pg) were
transfected into cells using X-tremeGENE 9 DNA transfection reagent. At 48 h posttransfection, the intracellular and extracellular levels of E and prM
proteins were analyzed by Western blotting. The relative protein amounts were quantified by Image J and indicated below individual bands. The
expression levels of WT prM-E were set as 100. Statistical values were analyzed by unpaired Student’s t test (D-F). P > 0.5 nonsignificant (n.s.), *P < 0.05,

**P < 0.01, ***P < 0.001. Error bars denote SDs.

by TagMan one-step gRT-PCR on LightCycler 480 System (Roche). Viral burden is
expressed on a logy scale as viral RNA equivalents per gram after comparison
with a standard curve produced using serial 10-fold dilutions of ZIKV RNA from
known quantities of infectious virus. For ZIKV, the following primer/probe sets
were used: forward primer (1183F: 5'-CCACCAATGTTCTCTTGCAGACATATTG-
3’), reverse primer (1268R: 5-TTCGGACAGCCGTTGTCCAACACAAG-3'), and
probe (1213F: 5’-56-FAM/AGCCTACCT TGACAAGCAGTC/3IABKFQ-3') (37).

Data Analysis. All data were analyzed with GraphPad Prism v7.02 software.
Data are expressed as the mean + SD. Comparisons of groups were performed
using Mann-Whitney test, Student’s t test, or two-way ANOVA with a multiple
comparison'’s correction. A P value of <0.05 indicates statistically significant.
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