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ABSTRACT Asian lineage Zika virus (ZIKV) strains emerged globally, causing outbreaks
linked with critical clinical disease outcomes unless the virus is effectively restricted by
host immunity. We have previously shown that retinoic acid-inducible gene-l (RIG-I)
senses ZIKV to trigger innate immunity to direct interferon (IFN) production and antivi-
ral responses that can control ZIKV infection. However, ZIKV proteins have been dem-
onstrated to antagonize IFN. Here, we conducted in vitro analyses to assess how diver-
gent prototypic ZIKV variants differ in virologic properties, innate immune regulation,
and infection outcome. We comparatively assessed African lineage ZIKV/Dakar/1984/
ArD41519 (ZIKV/Dakar) and Asian lineage ZIKV/Malaysia/1966/P6740 (ZIKV/Malaysia) in
a human epithelial cell infection model. De novo viral sequence determination identi-
fied amino acid changes within the ZIKV/Dakar genome compared to ZIKV/Malaysia.
Viral growth analyses revealed that ZIKV/Malaysia accumulated viral proteins and ge-
nome copies earlier and to higher levels than ZIKV/Dakar. Both ZIKV strains activated
RIG-I/IFN regulatory factor (IRF3) and NF-«B pathways to induce inflammatory cytokine
expression and types | and Il IFNs. However, ZIKV/Malaysia, but not ZIKV/Dakar,
potently blocked downstream IFN signaling. Remarkably, ZIKV/Dakar protein accumula-
tion and genome replication were rescued in RIG-lI knockout (KO) cells late in acute
infection, resulting in ZIKV/Dakar-mediated blockade of IFN signaling. We found that
RIG- signaling specifically restricts viral protein accumulation late in acute infection
where early accumulation of viral proteins in infected cells confers enhanced ability to
limit IFN signaling, promoting viral replication and spread. Our results demonstrate that
RIG-I-mediated innate immune signaling imparts restriction of ZIKV protein accumula-
tion, which permits IFN signaling and antiviral actions controlling ZIKV infection.

IMPORTANCE ZIKV isolates are classified under African or Asian lineages. Infection

with emerging Asian lineage-derived ZIKV strains is associated with increased inci-

dence of neurological symptoms that were not previously reported during infection

with African or preemergent Asian lineage viruses. In this study, we utilized in vitro

models to compare the virologic properties of and innate immune responses to two

prototypic ZIKV strains from distinct lineages: African lineage ZIKV/Dakar and Asian

lineage ZIKV/Malaysia. Compared to ZIKV/Dakar, ZIKV/Malaysia accumulates viral pro- Editor Bryan R. G. Williams, Hudson Institute of
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ability to antagonize IFN signaling, dampening innate immune responses to promote

. . . . . . . . . Address correspondence to Michael Gale, Jr,,
viral spread. Our data identify the kinetics of viral protein accumulation as a major

mgale@uw.edu.
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ZIKV Protein Accumulation Regulates Innate Immunity

ika virus (ZIKV) remains an emerging threat of public health importance. Originally

isolated in Uganda in 1947, ZIKV circulated mostly undetected in Africa and south-
east Asia with limited mosquito to human transmission until 2007, when the first large-
scale outbreak was reported in the Yap State of the Federated States of Micronesia (1-
3). Prior to this point, ZIKV infection was largely asymptomatic and occasionally
resulted in mild human disease with flu-like symptoms (4-6). However, in 2013 and
2015, French Polynesia and the Americas, respectively, reported widespread ZIKV out-
breaks characterized by more severe clinical outcomes. Retrospective studies of the
2013 French Polynesian outbreak showed that adult infection with ZIKV was associated
with an increased incidence of Guillain-Barré syndrome, while in utero infections during
the 2015 outbreak in the Americas were linked to a series of developmental impair-
ments described as congenital Zika syndrome (CZS) (7-10). Thus, the recent ZIKV epi-
demics marked the emergence of severe clinical manifestations for adult and in utero
infections, the latter etiologically linked with CZS, including altered fetal development,
microcephaly, and fetal demise (11-13). Moreover, novel routes of transmission were
documented, including through blood and sexual contact and via vertical transmission
at the maternal-fetal interface (14-20). The reemergence of ZIKV as a global health
threat has revealed important gaps in our understanding of ZIKV biology, including
the host innate immune response to acute ZIKV infection (21, 22).

ZIKV is a positive-sense single-stranded RNA virus that is genetically clustered into
two distinct lineages, African and Asian (23, 24). The Asian lineage encompasses the
emerging strains associated with recent epidemics (23-25). The recent large-scale ZIKV
epidemics highlight the global threat ZIKV poses to immunologically naive popula-
tions, spurring research to elucidate how ZIKV has evolved to cause severe disease.
Several studies have performed comparative virologic analyses of African and Asian lin-
eage ZIKV variants and revealed differences in cytopathic effect and replication kinetics
(26-30). Other studies have conducted comparative analyses of pre-epidemic and epi-
demic ZIKV strains and identified differences in viral proteins that enhance fetal brain
damage, viral infectivity, or viral transmissibility (31-37). These findings implicate viral
genetics and interactions with host innate immune programs as major determinants of
ZIKV replication, transmission, and infection outcome.

Host innate immunity serves as the first line of defense against RNA virus infection
(38-41). The retinoic acid-inducible gene-l (RIG-) protein serves as the main sensor of
ZIKV in human cells and, upon recognition of ZIKV pathogen-associated molecular pat-
tern (PAMP), signals through mitochondrial antiviral signaling (MAVS) adaptor protein to
activate interferon regulatory factor (IRF) 3 and NF-«B transcription factors (27, 38, 41—
45). These factors translocate to the nucleus to induce the expression of target genes that
encode antiviral, immunomodulatory, and inflammatory factors, including types | and Il
interferons (IFNs), inflammatory cytokines, and chemokines (38, 41, 46). IFN-3 is an imme-
diate product of this response and is secreted from infected cells, signaling through the
IFN receptor (IFNAR) in an autocrine and paracrine manner to activate the JAK/signal
transducer and activator of transcription (STAT) signaling pathway (38, 46-48). Activation
of JAK/STAT signaling induces the expression of hundreds of interferon-stimulated genes
(ISGs) that exert antiviral and immunomodulatory functions to restrict viral replication
and spread (49-52). In vivo and in vitro studies utilizing knockouts of different compo-
nents of the RIG-I-like receptor (RLR) and IFN signaling pathways have demonstrated the
critical role that innate immune activation and signaling play in restricting flavivirus infec-
tion in general and in suppressing ZIKV replication and virulence (27, 53-60). To counter-
act the antiviral activity of RLR and IFN signaling, ZIKV has evolved various mechanisms to
disrupt these signaling pathways. During replication, ZIKV nonstructural proteins induce
the formation of invaginations along the endoplasmic reticulum membrane that house
the viral replication machinery and envelop nascent viral RNA, thereby preventing or
delaying RIG-l detection of ZIKV PAMPs (61-64). In addition, ZIKV proteins can further
block host innate immunity at the initial RLR or downstream IFN signaling stages.
Previous studies have demonstrated that ZIKV differentially activates or suppresses RIG-I
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signaling, differentially modulating or significantly inhibiting IFN induction (27, 65-73).
Studies evaluating the interaction between ZIKV and host IFN signaling have identified
host proteins that are targeted by ZIKV structural and nonstructural proteins to dampen
ISG expression (74-79). These features highlight the delicate balance between the accu-
mulation of viral proteins that serve as innate immune antagonists and the induction and
actions of the host antiviral response that determines infection outcome. However, the
impact of ZIKV replication kinetics on the extent of host innate immune activation and
antiviral actions across distinct stages of the ZIKV life cycle remains poorly understood.

Here, we present a comprehensive virologic and host innate immune analysis of
two prototypic ZIKV variants from different lineages, African lineage ZIKV/Dakar/1984/
ArD41519 (ZIKV/Dakar) and Asian lineage ZIKV/Malaysia/1966/P6740 (ZIKV/Malaysia).
Our infection studies utilize immunocompetent human epithelial cells to assess ZIKV
replication and examine the innate immune response induced by infection. De novo as-
sembly of viral sequences revealed amino acid changes within the ZIKV/Dakar genome
compared to ZIKV/Malaysia. One-step viral growth analyses demonstrated that while
ZIKV/Malaysia replicated the viral genome more efficiently, it produced fewer infec-
tious virions than ZIKV/Dakar. During the acute infection time course, ZIKV/Malaysia
accumulated viral proteins and RNA earlier and to a greater abundance and exhibited
a higher infection efficiency than ZIKV/Dakar. Viral growth analyses in control and RIG-|
knockout (KO) cells revealed that RIG-I is critical for restricting ZIKV spread late in acute
infection, wherein early accumulation of viral proteins in infected cells links with an
enhanced ability to restrict IFN signaling. Thus, RIG-I directs an innate immune
response that imparts control of viral replicative fitness impacting the kinetics of viral
protein accumulation and IFN signaling to restrict ZIKV genome replication and spread.
Our data implicate RIG-I signaling in limiting the epidemic potential of ZIKV variants
and identify the window prior to the accumulation of viral innate immune antagonists
as critical for viral sensitivity to restriction by the innate immune response.

RESULTS

Prototypic ZIKV variants encode genomic differences. To evaluate how changes
in ZIKV genome sequences contribute to viral replicative fitness, we first sequenced two
prototypic ZIKV strains from distinct lineages, African lineage ZIKV/Dakar (GenBank
0Q180929) and Asian lineage ZIKV/Malaysia (GenBank OQ165285). Though the original
ZIKV strain isolated in Uganda in 1947 (MR766) is the prototypic African lineage ZIKV
strain, it was passaged extensively in mice prior to its global distribution for research
applications, whereas ZIKV/Dakar has undergone only limited cell culture passaging
since its original isolation (1, 23, 80). We note that ZIKV/Malaysia is the prototypic virus
of the Asian lineage and was thus included in our comparative analyses with African line-
age ZIKV/Dakar (81). We also included the sequence of a reference Asian lineage strain
in our genomic analysis (GenBank KX377336) (82). We determined the percent amino
acid divergence of our ZIKV variants compared to the reference Asian lineage strain and
to one another. Compared to the ZIKV Asian lineage reference genome, ZIKV/Malaysia
displays low (0.029%) amino acid sequence divergence. Importantly, ZIKV/Dakar exhibits
increased amino acid sequence divergence from the Asian lineage reference strain com-
pared to ZIKV/Malaysia with 2.48% amino acid divergence (Fig. 1A).

We identified several nonconservative and conservative amino acid substitutions in
the ZIKV/Dakar structural and nonstructural proteins compared to the Asian lineage
reference strain with the greatest number of substitutions located within the NS5 pro-
tein (Fig. 1B; Table 1). We found that five of the amino acid substitutions identified in
our genomic analyses have been previously demonstrated to impart phenotypic differ-
ences in viral infectivity, virulence, and modulation of IFN production in mosquito and
mammalian hosts and cell lines (Fig. 1C; Table 2) (31, 32, 35-37, 83-85). However, our
sequencing revealed that ZIKV/Dakar and ZIKV/Malaysia carry different amino acid resi-
dues at two of these sites: position 1 of prM protein and position 188 of NS1. This
mutation in prM has been shown to impact viral fitness and virulence in mammalian
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FIG 1 ZIKV variants are genetically distinct, encoding sequence differences. Viral stocks were deep
sequenced, and overlapping contigs were generated de novo to assemble amino acid sequences of the
open reading frame of ZIKV strains. (A) The matrix presents the percent divergence of ZIKV amino acid
sequences compared to an Asian lineage reference genome obtained from GenBank (KX377336). (B) The
total number of amino acid substitutions in each ZIKV/Dakar protein compared to an Asian lineage
reference strain is depicted. The substitutions are categorized as conservative or nonconservative. (C)
Amino acid residues that have previously been demonstrated to impact viral fitness. Residues in bold are
not shared between ZIKV/Dakar and ZIKV/Malaysia.

hosts, while the mutation in NS1 has been demonstrated to influence both viral infec-
tivity in the mosquito vector and regulation of IFN induction in vitro and in vivo, sug-
gesting that differences at these sites may contribute to distinct phenotypes between
ZIKV/Dakar and ZIKV/Malaysia in mosquitoes and mammalian hosts and in IFN produc-
tion during infection (31, 36, 85). We also identified several amino acid substitutions
within the remaining nonstructural proteins that have not previously been directly
demonstrated to contribute to differences in viral fitness or host interactions.

ZIKV strains exhibit replication differences in immunocompetent cells. To evalu-
ate strain-specific differences in viral replication, we carried out analyses to examine viral
protein accumulation, genome replication, virion secretion, and spread of our ZIKV variants
in an established immunocompetent human epithelial cell (A549) infection model (27, 43,
77). We carried out immunoblot analyses to evaluate the accumulation of viral proteins
over a 48-h acute infection time course. These analyses revealed that ZIKV/Malaysia-
infected samples accumulated detectable levels of the capsid protein, NS1, and NS5 by
8 h postinfection (hpi), while these viral proteins were not detectable in ZIKV/Dakar-infected
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TABLE 1 All amino acid differences between ZIKV/Dakar and an Asian lineage reference

strain?

Position Substitution Type of substitution Protein
7 Kto N Nonconservative Capsid
25 StoN Conservative Capsid
27 FtolL Conservative Capsid
101 KtoR Conservative Capsid
110 Vtol Conservative Capsid
123 Vto A Conservative pr®
125 Vtol Conservative pr
148 PtoA Conservative pr
157 YtoH Nonconservative pr
158 ItoV Conservative pr
246 RtoK Conservative me
260 AtoL Conservative M
262 AtoV Conservative M
575 StoF Nonconservative E®
607 ItoV Conservative E

727 AtoV Conservative E

728 LtoF Conservative E

785 LtoM Conservative E
846 DtoE Conservative NS1
863 RtoK Conservative NS1
926 StoR Nonconservative NS1
956 Vtol Conservative NS1
982 AtoV Conservative NS1
988 Vto A Conservative NS1
1007 KtoR Conservative NS1
1030 ItoV Conservative NS1
1180 ItoM Conservative NS2A
1191 ItoV Conservative NS2A
1204 AtoV Conservative NS2A
1226 ItoV Conservative NS2A
1263 Vto A Conservative NS2A
1270 DtoE Conservative NS2A
1275 ItoV Conservative NS2A
1297 TtoA Nonconservative NS2A
1354 Ltol Conservative NS2A
1461 DtoE Conservative NS2B
1477 TtoA Nonconservative NS2B
1553 HtoQ Nonconservative NS3
1558 StoA Nonconservative NS3
1594 HtolL Nonconservative NS3
1620 TtoK Nonconservative NS3
1671 Rto K Conservative NS3
1676 TtoA Conservative NS3
1687 KtoR Conservative NS3
1717 TtoK Nonconservative NS3
1862 Vtol Conservative NS3
1909 Vtol Conservative NS3
1962 ItoV Conservative NS3
2085 RtoK Conservative NS3
2123 FtoL Conservative NS4A
2127 EtoD Conservative NS4A
2282 Ltol Conservative NS4B
2283 GtoA Conservative NS4B
2289 RtoK Conservative NS4B
2293 AtoT Nonconservative NS4B
2594 YtoH Nonconservative NS5
2598 ItoV Conservative NS5
2621 KtoR Conservative NS5
2634 TtoM Nonconservative NS5
2659 StoP Nonconservative NS5
2679 AtoT Nonconservative NS5

(Continued on next page)
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TABLE 1 (Continued)

Position Substitution Type of substitution Protein
2715 LtoM Conservative NS5
2722 YtoH Nonconservative NS5
2765 DtoE Conservative NS5
2795 LtoM Conservative NS5
2800 NtoR Nonconservative NS5
2802 Vtol Conservative NS5
2807 StoN Conservative NS5
2842 ItoV Conservative NS5
2909 HtoR Conservative NS5
2969 QtoH Nonconservative NS5
3039 Vtol Conservative NS5
3044 StoN Conservative NS5
3046 TtoA Nonconservative NS5
3154 QtoH Nonconservative NS5
3161 Rto K Conservative NS5
3167 StoR Nonconservative NS5
3239 YtoH Nonconservative NS5
3257 ItoF Conservative NS5
3304 StoA Nonconservative NS5
3307 Vtol Conservative NS5
3333 VtoM Conservative NS5
3335 WtoC Conservative NS5
3402 YtoF Nonconservative NS5

aColumn 1 indicates the position of amino acid residue relative to the polyprotein. Column 3 shows whether the
amino acid substitution retains (conservative) or changes (nonconservative) the biochemical properties of the
original amino acid residue.

bpr, peptide; M, membrane; E, envelope.

samples until 24 hpi (Fig. 2A). We also observed that ZIKV/Malaysia-infected samples had
greater abundance of the capsid protein, NS1, and NS5 throughout the infection time course
than ZIKV/Dakar-infected samples. Next, we conducted viral growth analyses to characterize
one-step growth kinetics of these variants during acute infection at a high multiplicity of
infection (MOI). We observed that ZIKV/Malaysia replicated to significantly higher levels, with
viral RNA peaking at 24 hpi and plateauing over the remainder of the time course (Fig. 2B).
In comparison, ZIKV/Dakar did not reach the exponential phase of genome replication until
8 hpi and accumulated significantly fewer copies of genomic RNA (Fig. 2B). Given the stark
differences in the accumulation of viral proteins and intracellular viral RNA between cells
infected with ZIKV/Dakar and ZIKV/Malaysia, we investigated whether our ZIKV variants
exhibited differences in viral attachment and entry that could possibly be linked to these
outcomes (Fig. 2C). Viral attachment analyses demonstrated that ZIKV/Dakar and ZIKV/
Malaysia exhibited similar efficiency of cell binding. Though we observed a trend towards
increased viral attachment by ZIKV/Malaysia compared to ZIKV/Dakar, this difference was
not statistically significant, indicating that the differences in the accumulation of viral pro-
teins and intracellular genome copies are not due to differences in viral attachment to cells
(Fig. 2D). We then assessed viral entry and observed that the intracellular viral RNA levels at
1 hpi were comparable between the ZIKV variants, indicating that these variants did not

TABLE 2 Previously characterized ZIKV amino acid substitutions and their phenotypes®

Journal of Virology

Protein Position Residue Phenotype(s)

Capsid 106 Ala Enhanced infectivity and fitness in mosquitoes and IFNAR KO mice (32, 35)

prMm 123 Val Enhanced infectivity in mosquito cells; increased frequency of fetal demise in IFNAR KO mice (36)

prM 139 Asn Enhanced infectivity in human and murine neural progenitor cells; increased microcephaly
severity in BALB/c mice (37)

Envelope 443 Asn Enhanced infectivity and virulence in IFNAR KO mice and mosquitoes; reduced infectivity and
entry into mosquito cells; reduced neurovirulence in BALB/c mice (83, 84, 115, 116)

NS1 982 Val Increased NS1 antigenemia and infectivity in mosquitoes; enhanced ability to block IFN induction

(31, 85)

aColumns 1 to 3 indicate the viral protein, position relative to the viral polyprotein, and amino acid residue, respectively. Column 4 describes the phenotype associated with

the specific amino acid residue as previously demonstrated.
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FIG 2 ZIKV variants exhibit replication differences in immunocompetent cells. (A) A549 cells were mock infected or infected with ZIKV/Dakar
or ZIKV/Malaysia over a 48-h time course at an MOI of 5. Cell lysates were analyzed via immunoblotting. One immunoblot representative of
three independent experiments (n = 3) is presented. (B and F) A549 cells were infected with ZIKV/Dakar or ZIKV/Malaysia at an MOI of 5
over a 48-h time course. Results are representative of three independent experiments (n = 3). (B) Viral copy numbers were determined from
RNA lysates by qRT-PCR. Depicted are the means from three biological and technical replicates that were pooled for statistical analysis. (C to E
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exhibit differences in viral entry (Fig. 2E). Analysis of genome replication revealed differences
in viral RNA abundance at early time points during the time course, with higher levels exhib-
ited by ZIKV/Malaysia than ZIKV/Dakar, which set the stage for higher viral RNA levels late in
the time course (Fig. 2E). Indeed, we observed that ZIKV/Malaysia accumulated higher levels
of intracellular viral RNA than ZIKV/Dakar at 24 hpi. Together, our findings demonstrate that
ZIKV/Dakar and ZIKV/Malaysia differ in their genome replication efficiencies.

We then evaluated virion production and found that cells infected with the ZIKV var-
iants released similar amounts of infectious particles over the 48-h infection time course
despite the significant differences in the accumulation of viral genome copies (Fig. 2F). To
determine whether differences in virion assembly or secretion kinetics could account for
this discrepancy, we employed a synchronous infection analysis as outlined in Fig. 2C. We
observed that cells synchronously infected with the ZIKV variants had similar amounts of
intracellular infectious particles at 24 hpi despite significant differences observed in the
levels of intracellular viral RNA (Fig. 2E and G). Given this observation, we calculated the in-
tracellular RNA:PFU ratios to evaluate the virion assembly efficiency of these variants,
revealing that ZIKV/Dakar was significantly more efficient at virion assembly than ZIKV/
Malaysia (Fig. 2H). When we quantified the numbers of extracellular infectious virions over
the 24-h time course, we observed no differences in the levels of extracellular viral RNA
and infectious particles (Fig. 21 and J). Comparisons of extracellular RNA:PFU ratios to mea-
sure the infectivity of progeny virions revealed no statistically significant differences in the
infectivity of progeny produced by the ZIKV variants, though ZIKV/Malaysia trended to-
ward a higher extracellular RNA:PFU ratio (Fig. 2K). These findings demonstrate that ZIKV/
Dakar and ZIKV/Malaysia do not differ in their kinetics of virion secretion or infectivity of
progeny virus; instead, they differed in virion assembly efficiency, with ZIKV/Dakar exhibit-
ing enhanced virion assembly efficiency.

To evaluate the spread of ZIKV/Dakar and ZIKV/Malaysia over a 48-h acute infection
time course, we carried out immunofluorescence analyses of cells stained with anti-
bodies specific to double-stranded RNA (dsRNA; a marker for viral replication) and ZIKV
NS5 protein to compare the percentage of infected cells during high-MOI infection
with these variants. We observed that at both 24 and 48 hpi, ZIKV/Malaysia infected a
significantly higher percentage of cells than ZIKV/Dakar as indicated by dsRNA and
ZIKV NS5 staining (Fig. 2L and M). There was no significant increase in the percentage
of infected cells for either ZIKV strain between 24 and 48 hpi, though there was a non-
significant trend of increased ZIKV/Malaysia infection between these time points, sug-
gesting that there was limited viral spread between these time points (Fig. 2M). As the
percentage of infected cells between ZIKV variants exhibited only a 2-fold difference, it
is likely that this difference contributes only minimally to the 10-fold difference in viral
genome copies between ZIKV/Dakar and ZIKV/Malaysia (see Fig. 2B). Since we did not
observe any significant differences in cell binding or viral entry between ZIKV/Dakar

FIG 2 Legend (Continued)

and G to K) A549 cells were mock-infected or infected with ZIKV variants over a 24-h time course at an MOI of 5. Results are representative of
three independent experiments (n = 3). (C) Schematic of experimental setup. Synchronous infection was initiated by exposing virus to cells at
4°C followed by moving cultures to 37°C to initiate synchronous viral entry. (D) Virus/cell binding analysis. RNA lysates were harvested at 0 hpi,
and viral copy numbers were determined by qRT-PCR and converted to FFUs. Results depict the means from three biological and technical
replicates that were pooled for statistical analysis. (E) Viral RNA levels during synchronous infection. Intracellular viral copy numbers were
quantified from RNA lysates by qRT-PCR. Results depict the means from three biological and technical replicates that were pooled for statistical
analysis. (F) Viral titers of the cell culture supernatants were determined by plaque assay. Results are depicted as means. (G) Intracellular viral
titers were determined from cell pellets from 24 hpi by plaque assay and depicted as means. (H) Intracellular RNA:PFU ratios. Ratios were
calculated for ZIKV variants. Depicted are the means from three biological and technical replicates. (I and J) Cell culture supernatants were
collected at the indicated time points. (I) The extracellular viral copy number was quantified via qRT-PCR. Results depict the means from three
biological and technical replicates that were pooled for statistical analysis. (J) Extracellular viral titers were determined by plaque assay and
depicted as means. (K) Extracellular RNA:PFU ratios. Ratios were calculated for ZIKV variants. Depicted are the means from three biological and
technical replicates. (L and M) A549 cells were infected with ZIKV strains at an MOI of 5 to quantify the percentage of infected cells at each
time point by immunofluorescence analysis. For each sample, five randomly selected fields of view representing at least 190 cells total were
analyzed. Images were manually analyzed using the multipoint tool in Fiji. Scale bar = 10 um. The percentage of ZIKV+ cells (defined as
dsRNA+ or NS5+) is presented after normalizing to the total number of cells as determined by DAPI staining. Depicted are the means of five
randomly selected fields from three independent experiments that were pooled for statistical analysis. For all figures, error bars represent the
standard error of the mean (SEM). All statistical analyses were performed with a two-tailed unpaired t test at each time point (ns, not
significant; *, P < 0.05; **, P < 0.005; ****, P < 0.0001).
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and ZIKV/Malaysia, it is possible that discrepancies in the interactions between ZIKV
variants and host factors of viral control may differentially induce early antiviral
responses that restrict viral infection. Together, our data clearly demonstrate that ZIKV/
Dakar and ZIKV/Malaysia exhibit unique replication differences, specifically at the
stages of viral protein accumulation, genome replication, and virion assembly that to-
gether impact viral spread.

ZIKV variants induce robust innate immune activation. To investigate the contri-
bution of innate immunity to replication differences of the ZIKV variants, we per-
formed immunoblot analyses to evaluate activation of RLR signaling and response
over a 48-h acute infection time course. We probed for phospho-IRF3 (pIRF3) S386
and S396 and I«B abundance as markers of IRF3 and NF-«B activation, respectively.
At 24 and 48 hpi, both ZIKV/Dakar and ZIKV/Malaysia induced IRF3 and NF-«B activa-
tion to a similar extent, with ZIKV/Malaysia inducing RLR activation to a slightly
greater extent at 48 hpi as indicated by the increased abundance of pIRF3 S386 and
S396 and the decreased abundance of IxB (Fig. 3A; Table 3). Thus, both ZIKV variants
activate RLR signaling, with ZIKV/Malaysia inducing moderately increased RLR signal-
ing late in acute infection.

As RLR activation and signaling stimulate the expression of IFN-B and other cyto-
kines, we next analyzed a select cytokine mRNA expression profile induced in response
to infection with ZIKV/Dakar or ZIKV/Malaysia at the transcriptional level using a cus-
tom NanoString innate immunity gene panel, which includes target genes of IRF3, NF-
kB, IFN, and inflammatory cytokine signaling marking activation of these pathways
(38, 41, 44, 45). We note that NanoString analysis provides a direct measure of the
absolute abundance of the target mRNAs noted (86). We compared transcript levels
from each infection condition to mock infection at each time point to calculate the
fold change in gene expression. Principal-component analysis (PCA) revealed that
infected samples clustered with mock-infected samples prior to 24 hpi (Fig. 3B). At 24
and 48 hpi, ZIKV/Dakar- and ZIKV/Malaysia-infected samples clustered away from the
mock-infected samples, with all infected samples clustering close together at each of
these time points, indicating that our samples clustered by infection condition and
time postinfection. To gain insight into the cytokine-specific transcriptional profiles
induced by ZIKV infection, we visualized the fold change in the expression levels of
cytokines over our acute infection time course (Fig. 3C). Compared to mock infection,
infection with ZIKV variants similarly induced the expression of several cytokines, espe-
cially types | and Il IFNs, demonstrating innate immune activation of IRF3 and NF-«B
signaling. To validate our NanoString results, we quantified transcript levels of IFNB,
tumor necrosis factor (TNF), and interleukin-6 (/L-6) genes via reverse transcription-quan-
titative PCR (gqRT-PCR) (Fig. 3D). Consistent with the results from our NanoString analysis,
infection with ZIKV/Dakar and ZIKV/Malaysia induced the expression of these cytokines
to a similar extent. Hence, our analyses of RLR signaling in response to infection with the
ZIKV variants indicate that ZIKV/Dakar and ZIKV/Malaysia activate RLR signaling to the
same extent to induce similar innate immune activation gene expression profiles.

ZIKV/Malaysia blocks IFN signaling to suppress ISG expression. Given the robust
induction of IFNs in response to acute ZIKV infection, we sought to examine the activa-
tion status of the JAK/STAT signaling pathway and the expression of ISGs at the protein
level utilizing an immunoblot assay. At 24 hpi, ZIKV variants induced STAT1 phospho-
rylation (pSTAT1) to similar levels (Fig. 4A; Table 3). However, by 48 hpi, the levels of
pSTAT1 induced by ZIKV/Dakar and ZIKV/Malaysia infections diverged, with lower
pSTAT1 levels detected during ZIKV/Malaysia infection and higher pSTAT1 levels
detected during ZIKV/Dakar infection. To evaluate whether the differential phosphoryl-
ation of STAT1 at 48 hpi resulted in differential downstream induction of ISGs, we
examined the protein abundance for several ISGs, including STAT1, RIG-|, interferon-
induced transmembrane protein 1 (IFITM1), 2',5'-oligoadenylate synthetase 1 (OAST),
myxoma resistance protein 1 (Mx1), and interferon-induced protein with tetratricopep-
tide repeats 1 (IFIT1). We observed that the protein abundance of these ISGs was lower
during ZIKV/Malaysia infection than during ZIKV/Dakar infection, demonstrating that a
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FIG 3 ZIKV variants activate RLR signaling. (A and D) A549 cells were uninfected, mock-infected, or infected with ZIKV variants over a 48-h time course at
an MOI of 5. (A) Cell lysates were analyzed via immunoblotting. Depicted is an immunoblot representative of three independent experiments (n = 3).
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TABLE 3 Quantification of relevant immunoblot protein abundance®
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Figure Protein Mean abundance + SEM at 24 hpi® Mean abundance + SEM at 48 hpi® P value (24 hpi) P value (48 hpi)

Fig. 3A pIRF3 S386 0.347 =+ 0.004 (ZIKV/Dakar) 0.812 =+ 0.137 (ZIKV/Dakar) 0.2639 0.2080
0.294 = 0.035 (ZIKV/Malaysia) 1.128 = 0.159 (ZIKV/Malaysia)

Fig. 3A pIRF3 S396 0.378 = 0.103 (ZIKV/Dakar) 0.985 + 0.387 (ZIKV/Dakar) 0.4926 0.9407
0.282 = 0.071 (ZIKV/Malaysia) 1.033 = 0.458 (ZIKV/Malaysia)

Fig. 3A IkB 0.236 * 0.060 (ZIKV/Dakar) 0.231 = 0.084 (ZIKV/Dakar) 0.4991 0.2268
0.176 = 0.053 (ZIKV/Malaysia) 0.088 = 0.037 (ZIKV/Malaysia)

Fig. 4A pSTAT1 0.805 =+ 0.011 (ZIKV/Dakar) 1.517 = 0.147 (ZIKV/Dakar) 0.6562 0.0044
0.764 = 0.080 (ZIKV/Malaysia) 0.366 = 0.128 (ZIKV/Malaysia)

Fig. 4A STAT1 0.588 =+ 0.286 (ZIKV/Dakar) 1.460 = 0.810 (ZIKV/Dakar) 0.6060 0.3052
0.393 = 0.195 (ZIKV/Malaysia) 0.358 = 0.174 (ZIKV/Malaysia)

Fig. 4A STAT2 0.260 * 0.052 (ZIKV/Dakar) 0.490 = 0.089 (ZIKV/Dakar) 0.0649 0.0328
0.094 = 0.030 (ZIKV/Malaysia) 0.037 = 0.017 (ZIKV/Malaysia)

Fig. 4A RIG-I 0.659 * 0.128 (ZIKV/Dakar) 1.607 = 0.555 (ZIKV/Dakar) 0.8238 0.2171
0.602 = 0.203 (ZIKV/Malaysia) 0.640 = 0.210 (ZIKV/Malaysia)

Fig. 4A IFITM1 0.016 = 0.008 (ZIKV/Dakar) 0.613 = 0.099 (ZIKV/Dakar) 0.2845 0.0262
0.007 = 0.001 (ZIKV/Malaysia) 0.024 = 0.009 (ZIKV/Malaysia)

Fig. 4A OAS1 0.190 =+ 0.128 (ZIKV/Dakar) 0.294 =+ 0.192 (ZIKV/Dakar) 0.5193 0.2935
0.088 * 0.045 (ZIKV/Malaysia) 0.024 = 0.019 (ZIKV/Malaysia)

Fig. 4A Mx1 0.073 = 0.045 (ZIKV/Dakar) 0.835 = 0.274 (ZIKV/Dakar) 0.4866 0.1008
0.044 = 0.034 (ZIKV/Malaysia) 0.042 = 0.023 (ZIKV/Malaysia)

Fig. 4A IFIT1 0.380 =+ 0.079 (ZIKV/Dakar) 1.223 * 0.263 (ZIKV/Dakar) 0.1219 0.0575
0.180 = 0.063 (ZIKV/Malaysia) 0.228 * 0.058 (ZIKV/Malaysia)

9The mean abundance of relevant proteins at 24 and 48 hpi from three independent experiments were quantified by densitometry and are depicted. The corresponding
P-values are presented in columns 5 and 6.

bMean protein abundance derived from three independent experiments (n = 3). Statistical analysis was performed with a two-tailed unpaired t test with Welch's correction
at each time point.

reduction in pSTAT1 levels links with a reduction in ISG induction (Fig. 4A; Table 3).
Additionally, we assessed STAT2 abundance, as ZIKV has been shown to target STAT2
for proteasomal degradation as an additional mechanism to antagonize JAK/STAT sig-
naling (74, 75). We observed that STAT2 levels were consistently lower during ZIKV/
Malaysia infection throughout the acute infection time course (Fig. 4A; Table 3).
Indeed, we observed STAT2 reduction as early as 8 hpi, which coincided with detection
of ZIKV/Malaysia NS5. Thus, despite the robust acute induction of IFNs during infection
with both ZIKV variants, we observed a lower level of IFN signaling during infection with
ZIKV/Malaysia than during ZIKV/Dakar infection, indicating that ZIKV/Malaysia can block
IFN signaling more efficiently than ZIKV/Dakar.

To further determine the effects of innate immune activation and JAK/STAT signaling
regulation on downstream gene expression during infection, we evaluated the IRF3-tar-
get gene and ISG profiles induced by infection with the ZIKV variants at the transcrip-
tional level using our custom NanoString innate immunity gene panel. We compared
transcript levels of ISGs from each infection condition to mock infection at each time
point to derive the fold change in gene expression. PCA revealed that IRF3-target gene
and ISG expression profiles were similar between mock-infected and infected samples
up to 24 hpi (Fig. 4B). At 24 and 48 hpi, samples infected with ZIKV/Dakar and ZIKV/
Malaysia exhibited distinct clustering patterns, with samples clustered based on ZIKV var-
iant and time. Compared to mock infection, infection with ZIKV/Dakar and ZIKV/Malaysia
induced initial transcript levels of IRF3-target genes and ISGs in our panel at early time
points postinfection (Fig. 4C). In accordance with our immunoblot results, we observed

FIG 3 Legend (Continued)

(B and C) A549 cells were mock infected or infected with either ZIKV/Dakar or ZIKV/Malaysia over a 48-h time course at an MOI of 5. RNA lysates were
collected, and transcript levels of cytokines and IFNs were quantified on the NanoString nCounter. Raw and processed expression data can be found in
Table S1. Results are representative of three independent experiments (n = 3). (B) The PCA plot depicts changes in cytokine transcriptional profiles over the
infection time course. (C) Log, fold changes over mock infection in the transcript levels of GOIs are depicted individually for each gene. Statistical analysis
was performed with a two-tailed t test followed by Benjamini-Hochberg (BH) correction for each time point. (D) RNA lysates were collected for qRT-PCR
analysis. IFNB, TNF, and IL-6 transcript levels were normalized to the RPL13A housekeeping gene of uninfected samples at each time point. Results depict
the means from three biological and technical replicates, which were pooled for statistical analysis; error bars represent SEMs. Statistical analysis was
performed with a one-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test for each time point. RQ, relative quantification.
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that infection with ZIKV/Malaysia suppressed the transcriptional induction of a majority
of ISGs in our panel by 24 hpi compared to infection with ZIKV/Dakar, which induced
ISGs to higher levels overall. We utilized qRT-PCR to quantify transcript levels of the ca-
nonical ISGs, MX1, IFITM1, DDX58, and OAS1, as a means of validating our results from
our NanoString analysis (Fig. 4D). We observed that ZIKV/Dakar infection induced the
expression of these ISGs to significantly higher levels, confirming our findings from our
NanoString analysis. Altogether, our data reveal a striking and unique immunopheno-
type wherein two prototypic ZIKV strains of different lineages induce similar IRF3 and
NF-«B signaling profiles but differentially modulate IFN signaling to regulate down-
stream expression of ISGs, driving distinct innate immune signatures.

RIG-I-mediated signaling differentially restricts the accumulation of ZIKV/
Dakar proteins and viral genome and suppresses spread of ZIKV variants late in
acute infection. To evaluate the role of RIG-l in innate immune control of ZIKV variants,
we utilized A549 RIG-I KO cells and assessed the contribution of the antiviral actions of
RIG-I signaling on different stages of the ZIKV life cycle. A549 RIG-I KO cells are defective
in RLR signaling and do not produce IFN in response to ZIKV infection (27). As a control,
we assessed ZIKV infection in A549 nontargeting control (NTC) cells. We infected NTC and
RIG-I KO cells with the ZIKV variants over a 48-h infection time course at a high MOI to
evaluate the following stages of the viral life cycle: viral protein accumulation, genome
replication, infectious virion release, and viral spread. Immunoblot analyses revealed that
ZIKV/Malaysia-infected samples accumulated NS5 to a greater abundance in both NTC
and RIG-I KO cells at 24 hpi than ZIKV/Dakar-infected samples indicating intrinsic differen-
ces in the rate of viral protein accumulation between samples infected with ZIKV/Dakar
and ZIKV/Malaysia (Fig. 5A). However, at 48 hpi, levels of NS5 across our ZIKV variants
were comparable in RIG-I KO cells, whereas in NTC cells, the levels of ZIKV/Dakar NS5
were lower than in cells infected with ZIKV/Malaysia. Our findings reveal that RIG-I-medi-
ated antiviral signaling directs a response that restricts viral protein accumulation by
ZIKV/Dakar, but not ZIKV/Malaysia, at later time points of acute infection.

Next, we carried out paired virus growth analyses of the ZIKV variants at a high MOI
in NTC and RIG-I KO cells to examine the impact of RIG-I signaling on viral genome repli-
cation and virion release. We observed that levels of intracellular viral RNA for each ZIKV
strain were similar between NTC and RIG-I KO cells at 6 and 24 hpi (Fig. 5B and C). At 48
hpi, however, we found significantly more ZIKV/Dakar RNA in RIG-I KO cells than in NTC
cells, demonstrating that RIG-I signaling is critical in restricting ZIKV/Dakar genome repli-
cation as observed previously with ZIKV and other flaviviruses (Fig. 5B) (27, 43, 60). On
the other hand, we did not observe any differences in viral RNA levels at 48 hpi between
NTC and RIG-I KO cells infected with ZIKV/Malaysia, suggesting that RIG-l signaling can-
not restrict replication of this variant at the MOI used (Fig. 5C). Quantification of infec-
tious particles revealed no differences in infectious viral titers between ZIKV variants
across cell types (Fig. 5D and E). Our findings indicate that ZIKV/Dakar, but not ZIKV/
Malaysia, genome replication is restricted by RIG-I-mediated antiviral signaling at late
acute infection time points and reveal that infectious virion release by cells infected with
ZIKV/Dakar or ZIKV/Malaysia is insensitive to RIG-| signaling.

To evaluate the impact of RIG-I signaling on virus spread, we infected NTC and RIG-I
KO cells at a high MOI and quantified the percentage of infected cells at 24 and 48 hpi.
Similar to what we observed in wild-type cells, ZIKV/Malaysia infected a significantly
higher percentage of cells at 24 hpi in both NTC and RIG-I KO cultures than ZIKV/Dakar
(Fig. 5F and G). ZIKV/Malaysia also infected a significantly higher percentage of RIG-|

FIG 4 Legend (Continued)

Journal of Virology

three independent experiments (n = 3). (B) The PCA plot shows the impact of each infection condition on the ISG transcriptome over the
infection time course. (C) The log, fold change in the transcript levels of ISGs is depicted for each gene. Statistical analysis was performed
with a two-tailed t test followed by BH correction for each time point. (D) RNA lysates were collected for qRT-PCR analysis. MX1, IFITM1,
DDX58, and OAST transcript levels were normalized to the RPL13A housekeeping gene of uninfected samples at each time point. Results
depict the mean values from three biological and technical replicates that were pooled for statistical analysis; error bars represent the SEMs.
Statistical analysis was performed with a one-way ANOVA followed by Tukey’s multiple-comparison test (*, P < 0.05; **, P < 0.005;

P < 0.0001).
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FIG 5 RIG-I-mediated signaling restricts the accumulation of ZIKV/Dakar proteins and viral genome and universally suppresses ZIKV spread. (A) A549 NTC
and RIG-I KO cells were mock infected or infected with ZIKV/Dakar or ZIKV/Malaysia over a 48-h time course at an MOI of 5. Cell lysates were analyzed via
immunoblotting. Depicted is one immunoblot that is representative of three independent experiments (n = 3). ZIKV NS5 immunoblot band intensities were
quantified in Fiji and are indicated beneath the corresponding bands. (B to E) A549 NTC and RIG-I KO cells were infected with (B and D) ZIKV/Dakar or

(Continued on next page)
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KO cells than NTC cells at 24 hpi, indicating that RIG-I-mediated antiviral signaling can
restrict ZIKV/Malaysia spread early in acute infection under these high-MOI conditions.
We observed no differences in the percentages of ZIKV/Malaysia-infected cells at 48
hpi between NTC and RIG-I KO cultures during acute infection at a high MOI. We also
found that ZIKV/Malaysia trended towards increased viral spread at 48 hpi in NTC cells,
similar to our observations in wild-type cells, though this trend is more prominent in
NTC cells. We attribute this difference between wild-type and NTC cells to experimen-
tal variation. Remarkably, however, ZIKV/Dakar infected significantly more cells at 48
hpi in RIG-1 KO cultures compared to NTC cultures, reaching a similar percentage of
infected cells as ZIKV/Malaysia in RIG-1 KO cultures. This observation underscores the
importance of RIG-I-mediated signaling in restricting ZIKV/Dakar spread late in acute
infection. To further evaluate the impact of RIG-I-mediated antiviral signaling on ZIKV
spread, we infected NTC and RIG-I KO cells using serial virus dilutions that yielded iso-
lated foci and measured viral spread in the presence of a methylcellulose overlay over
a 96-h infection time course. Interestingly, the foci formed during ZIKV/Dakar infection
were larger than those formed during ZIKV/Malaysia infection in both NTC and RIG-I
KO cells even though ZIKV/Malaysia exhibits enhanced viral spread compared to ZIKV/
Dakar in the absence of an overlay (Fig. 5F to I). As each ZIKV/Dakar-infected cell pro-
duces more infectious virions than ZIKV/Malaysia-infected cells, the methylcellulose
overlay likely concentrates more ZIKV/Dakar virions than ZIKV/Malaysia virions on the
surfaces of neighboring uninfected cells to promote infection, thereby resulting in for-
mation of larger foci during ZIKV/Dakar infection. We observed that the foci of infec-
tion formed by ZIKV/Dakar and ZIKV/Malaysia were similar in diameter between NTC
and RIG-1 KO cells at 48 hpi (Fig. 5H and I). However, at 72 and 96 hpi, the diameters of
foci for ZIKV/Dakar and ZIKV/Malaysia were increased in RIG-I KO cells compared to NTC
cells, indicating that viral spread was enhanced in the absence of RIG-I, particularly at
late time points of infection. Thus, our results clearly demonstrate that RIG-I-mediated
innate immune activation is critical in restricting ZIKV infection by restricting protein
accumulation and genome replication late in acute infection to control viral spread.
Early accumulation of ZIKV NS5 during ZIKV/Malaysia infection confers enhanced
ability to block IFN-B signaling. To determine how differences in the kinetics of viral
protein accumulation impact the response to IFN in cells infected with ZIKV/Dakar and
ZIKV/Malaysia, we assessed the IFN response in infected RIG-I KO cells, as they lack the
ability to produce IFN-B in response to ZIKV infection. This approach allowed us to
exogenously introduce IFN-3 to evaluate ZIKV-mediated JAK/STAT blockade compara-
tively across the ZIKV variants independent of RIG-I-mediated innate immune activa-
tion. We infected RIG-I KO cells with either ZIKV/Dakar or ZIKV/Malaysia, subsequently
mock-treated or IFN-B-treated cells early (at 18 hpi) or late (at 40 hpi) in infection, and
analyzed the percentage of IFN-responsive cells via immunofluorescence assays. We
quantified only the percentage of ZIKV-infected cells (defined as dsRNA+ cells) that
had nuclear pSTAT1 signal to exclude any possible IFN response from uninfected or

FIG 5 Legend (Continued)

(C and E) ZIKV/Malaysia over a 48-h time course at an MOI of 5. (B and C) RNA lysates were analyzed by qRT-PCR to quantify viral copy numbers. Depicted
are the means from three biological and technical replicates that were pooled for statistical analysis. Statistical analysis was performed with a two-tailed
unpaired t test at each time point (**, P < 0.005). (D and E) Cell culture supernatants were analyzed by plaque assay to quantify the viral titers. Depicted
are the means from two to three independent experiments (n = 2 to 3). Statistical analysis was performed with a two-tailed unpaired t test for each time
point. (F and G) A549 NTC and RIG-| KO cells were infected with ZIKV/Dakar or ZIKV/Malaysia at an MOl of 5. Samples were analyzed by
immunofluorescence staining for dsRNA and ZIKV NS5. For each sample, five randomly selected fields of view representing at least 300 cells total were
analyzed. Images were manually analyzed using the multipoint tool in Fiji. Scale bar = 10 um. The percentage of ZIKV+ cells (defined as dsRNA+ or
NS5+) is presented after normalizing to the total number of cells as defined by DAPI staining. Depicted are the means of five randomly selected fields
from each of the three independent experiments (n = 3). Data from five randomly selected fields from each of the three independent experiments were
pooled for statistical analysis. Statistical analysis was performed with a one-way ANOVA followed by Tukey’s multiple-comparison test (ns, not significant;
*, P < 0.05; ****, P < 0.0001). (H and 1) A549 NTC and RIG-I KO cells were infected with serial dilutions of ZIKV/Dakar or ZIKV/Malaysia over a 96-h time
course. Cells were fixed and stained for viral envelope protein to detect foci of infection. Depicted are representative images of foci from three
independent experiments (n = 3). For each of the three technical replicates, the diameter of 10 randomly selected foci was measured. Scale bar = 1 mm.
Graphs depict the means of 10 randomly selected foci from each of the three technical replicates across three independent experiments. Statistical analysis
was performed with a two-tailed unpaired t test for each time point (*, P < 0.05; **, P < 0.005; ***, P < 0.001; ****, P < 0.0001). For all figures, error bars
represent the SEM.
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bystander cells within the cultures. At both 18 and 40 hpi, we observed no differences in
the percentages of ZIKV/Dakar- and ZIKV/Malaysia-infected cells that were responsive to
exogenous IFN-3, indicating that the ZIKV variants did not differ in their ability to antag-
onize IFN-3 signaling (Fig. 6A and B). We found that the percentages of infected cells re-
sponsive to IFN-3 stimulus were significantly reduced at 40 hpi compared to 18 hpi. This
reduction in IFN responsiveness coincided with an increase in viral proteins (see Fig. 5A),
suggesting that the extent and ability of ZIKV-mediated blockade of IFN signaling are
dependent on viral protein accumulation over the course of an acute infection.

ZIKV NS5 has been demonstrated to be a potent IFN antagonist (74, 77, 78, 87). Since
we identified 29 substitutions between ZIKV/Dakar and ZIKV/Malaysia NS5 proteins (see
Fig. 1B), we evaluated the ability of these divergent NS5 proteins to modulate IFN signal-
ing outside the context of infection. HEK293T cells expressing either ZIKV/Dakar NS5,
ZIKV/Malaysia NS5, or the empty pcDNA3.1+ vector were mock-treated or treated with
a high dose of IFN-B. We stained cells for NS5 and pSTAT1 to identify transfected cells
and IFN-responsive cells, respectively (Fig. 6C). To account for differences in transfection
efficiency between samples, we measured pSTAT1 median fluorescence intensities
(MFIs) only within the NS5+ population. Compared to each other, cells expressing ZIKV/
Dakar NS5 or ZIKV/Malaysia NS5 and treated with IFN-3 both suppressed pSTAT1 accu-
mulation. We observed a trend towards greater suppression of pSTAT1 accumulation by
ZIKV/Malaysia NS5 than ZIKV/Dakar NS5, but this difference was not statistically signifi-
cant (Fig. 6D). Thus, the NS5 protein from ZIKV variants of distinct lineages can suppress
the JAK/STAT pathway. Together, our results indicate that the differential modulation of
IFN signaling observed during ZIKV/Dakar and ZIKV/Malaysia infections in immunocom-
petent cells is not due to their divergent NS5 proteins (see Fig. 4).

Since we observed that cells infected with ZIKV/Dakar and ZIKV/Malaysia and cells
expressing ZIKV/Dakar and ZIKV/Malaysia NS5 proteins antagonized IFN signaling
equally, we hypothesized that the IFN responsiveness of cells is dependent on the rate
of ZIKV protein accumulation. To test this hypothesis, we mock infected or infected A549
RIG-I KO cells to exclude endogenous IFN production during infection that otherwise
occurs in immunocompetent cells. At various time points over a 30-h infection time
course, we mock treated or IFN-B-treated the RIG-l KO cells to evaluate the IFN respon-
siveness of both the total cell population and the infected cell population via flow
cytometry analysis. We stained cells for NS5 and pSTAT1 to identify infected cells and
IFN-responsive cells, respectively (Fig. 6E). Over the course of infection, we observed that
the percentage of infected RIG-I KO cells increased for both ZIKV variants, with ZIKV/
Malaysia infecting a significantly higher percentage of cells than ZIKV/Dakar prior to 24
hpi (Fig. 6F). However, at 24 and 30 hpi, the percentages of infected cells were similar
between ZIKV/Dakar- and ZIKV/Malaysia-infected samples. Quantification of the percent-
age of IFN-responsive cells revealed a decrease in the percentage of pSTAT1+ cells in
infected RIG-I KO cultures over time compared to mock-infected samples (Fig. 6G).
Remarkably, we observed a reduction in the percentage of pSTAT1+ cells in ZIKV/
Malaysia-infected RIG-I KO cultures as early as 4 hpi compared to mock- and ZIKV/Dakar-
infected cultures, despite ZIKV/Malaysia-infected samples expressing levels of NS5 below
the limit of detection at this time point. Compared to ZIKV/Dakar, ZIKV/Malaysia-infected
RIG-1 KO cultures had fewer pSTAT1+ cells through 24 hpi, with only statistically signifi-
cant differences in the percentage of pSTAT1+ cells between ZIKV/Dakar and ZIKV/
Malaysia infections observed at 8 hpi. At 24 and 30 hpi, when the percentages of
infected cells were comparable between the two variants, both ZIKV/Dakar- and ZIKV/
Malaysia-infected samples had significantly lower percentages of pSTAT1+ cells follow-
ing IFN-B treatment than mock-infected samples. We did not observe differences in the
percentages of pSTAT1+ cells between ZIKV/Dakar- and ZIKV/Malaysia-infected cultures
at these time points. We observed similar trends when we plotted NS5 and pSTAT1 MFls
of the total cell population (Fig. 6H). NS5 MFI increased over time during infection with
either ZIKV strain, while pSTAT1 MFI decreased over the course of both ZIKV/Dakar and
ZIKV/Malaysia infections in the RIG-1 KO cultures. Of note, compared to ZIKV/Malaysia-
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FIG 6 Early accumulation of ZIKV/Malaysia NS5 confers enhanced ability to antagonize IFN-g signaling. (A and B) A549 RIG-I KO cells were
mock infected or infected with ZIKV/Dakar or ZIKV/Malaysia at an MOI of 5 and then mock treated or treated with 100 IU/mL of IFN-g for
1 h for immunofluorescence analysis. For each sample, five randomly selected fields of view representing at least 310 cells total were
analyzed. Z-stacks with a 2.5 um step size were acquired and maximum Z-projections were generated in Fiji for manual analysis with the
multipoint tool in Fiji. Scale bar represents 10 um. The percentage of nuclear pSTAT1+ cells is presented after normalizing to the number of
infected cells (defined as dsRNA+). Depicted are means of five randomly selected fields from three independent experiments (n = 3), which
were pooled for statistical analysis with a two-way ANOVA followed by Tukey’s multiple-comparison test (*, P < 0.05). (C, D) HEK293T cells
were transfected with an empty vector, ZIKV/Dakar NS5 construct, or ZIKV/Malaysia NS5 construct and treated with 1000 IU/mL of IFN-3 for
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infected samples, ZIKV/Dakar-infected samples displayed a delayed increase in NS5 MFI
at 4, 8, and 10 hpi, which coincided with a delayed decrease in pSTAT1 MFI at these time
points. We observed that NS5 and pSTAT1 MFIs between samples infected with either
ZIKV variant were similar at 24 and 30 hpi, suggesting that ZIKV/Dakar and ZIKV/
Malaysia can block IFN signaling in the absence of RIG-l when levels of NS5 are equiva-
lent. These findings demonstrate that the IFN responsiveness of ZIKV-infected cultures is
inversely correlated with ZIKV NS5 levels.

We next evaluated whether ZIKV NS5 levels significantly predict the IFN responsiveness
of infected cells. We plotted NS5 MFI values against pSTAT1 MFI values of infected cells
that were treated with IFN-8 (Fig. 6l). NS5 and pSTAT1 MFls were normalized to those of
mock-infected IFN-B-treated samples for each time point. NS5 MFls between ZIKV/Dakar-
and ZIKV/Malaysia-infected cells were similar at 4 hpi but differed between 8 and 24 hpi,
with ZIKV/Malaysia-infected cells having higher NS5 MFI values between these time points.
At 24 and 30 hpi, NS5 MFIs were similar between RIG-I KO cells infected with either ZIKV
variant, indicating that levels of NS5 within ZIKV/Dakar- and ZIKV/Malaysia-infected cells
were comparable. We observed that pSTAT1 MFIs were different between cells infected
with the ZIKV strains as early as 4 hpi, with ZIKV/Dakar-infected cells having higher pSTAT1
MFI values prior to 24 hpi. These observations demonstrate that the differential ability to
block IFN-3 signaling early in infection is due to differences in NS5 levels in infected cells
during these early time points. At 24 and 30 hpi, when NS5 levels were similar between
ZIKV/Dakar- and ZIKV/Malaysia-infected RIG-I KO cells, pSTAT1 MFI values were the same
between cells infected with either variant. Linear regression analyses confirmed that NS5
MFI of infected cells was inversely correlated with pSTAT1 MFI of infected cells and
revealed that NS5 MFI of infected cells significantly predicted pSTAT1 MFI of cells infected
with the ZIKV variants. Comparison of the regression slopes revealed that they were signifi-
cantly different between the ZIKV variants, indicating that ZIKV/Dakar and ZIKV/Malaysia
differ in their rate of NS5 accumulation and modulation of IFN-3 signaling (Fig. 6l). Taken
together, our results clearly demonstrate that the extent of ZIKV-mediated IFN blockade is
predominantly dependent on the rate and levels of ZIKV NS5 accumulation in infected
cells, such that ZIKV/Dakar and ZIKV/Malaysia do not differ in their ability to block IFN sig-
naling when levels of NS5 are comparable in infected cells. Thus, ZIKV NS5 expression and
accumulation kinetics are major determinants of viral control mediated by RIG-I-driven IFN
production and signaling.

DISCUSSION

To provide a deeper understanding of differences between ZIKV variants that might
impart disease, we conducted virologic and host innate immune analyses between
African lineage ZIKV/Dakar and Asian lineage ZIKV/Malaysia. We found that immuno-
competent cells infected with ZIKV/Malaysia accumulate viral proteins and genome
copies earlier in infection and to higher levels than cells infected with ZIKV/Dakar.
Examination of the innate immune response profiles initiated upon infection demon-
strated that both variants induced innate immune activation marked by expression of
IRF3 and NF-«B target genes, including high levels of IFN-B. Despite the robust IFN

FIG 6 Legend (Continued)

8 h. (C) Gating strategy to identify transfected cells (defined as NS5+) and IFN responsive cells (defined as pSTAT1+). (D) pSTAT1 MFIs of
transfected cells treated with IFN-B are normalized to pSTAT1 MFI of transfected, mock-treated cells. Depicted are means from three
independent experiments (n = 3). Statistical analysis was performed with a two-tailed unpaired t test (ns: not significant). (E - 1) A549 RIG-I
KO cells were mock infected or infected with ZIKV/Dakar or ZIKV/Malaysia at an MOI of 5 over a 30-h time course and mock-treated or
treated with 100 IU/mL of IFN-B for 30 min. Results are representative of three independent experiments (n = 3). (E) Gating strategy to
identify infected cells (defined as NS5+) and IFN-responsive cells (defined as pSTAT1+). (F) Depicted is the mean percentage of infected
cells of the total cell population. Statistical analysis was performed with a one-way ANOVA followed by Tukey’s multiple-comparison test
(*, P < 0.05; **, P < 0.005). (G) Depicted is the mean percentage of pSTAT1+ cells of the total cell population. Statistical analysis was
performed with a one-way ANOVA followed by Tukey’s multiple-comparison test (*, P < 0.05; **, P < 0.005). (H) Representative histograms
of ZIKV NS5 and pSTAT1 MFIs of the total cell population during each infection time course. Gray dotted lines represent the centers of the
histograms for ZIKV/Dakar-infected samples at 4 hpi as a reference point for visualizing the shift in NS5 and pSTAT1 histograms. (I) Depicted
are the mean NS5 and pSTAT1 MFIs of the infected cell population over each infection time course. Statistical analysis was performed with
linear regressions (**, P < 0.005). For all figures, error bars represent the SEM.
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FIG 7 Early accumulation of ZIKV proteins impacts the host innate immune response and control of viral
replication and spread; model figure demonstrating how early accumulation of viral proteins impacts the host
innate immune response to ZIKV/Dakar (left) and ZIKV/Malaysia (right) infections. Early accumulation of ZIKV/
Malaysia proteins confers enhanced ability to block IFN-A signaling and ISG induction compared to ZIKV/Dakar.
Activation of RIG-I-mediated antiviral signaling restricts ZIKV/Dakar protein accumulation, thereby limiting viral
genome accumulation and spread.

induction, ZIKV/Malaysia blocked downstream induction of I1SGs, while ZIKV/Dakar did
not. Our subsequent analyses in NTC and RIG-I KO cells revealed that RIG-I drives an
innate immune response that restricts ZIKV protein accumulation, wherein early accumu-
lation of viral proteins confers enhanced antagonism of IFN signaling, supporting effi-
cient genome replication and viral spread late in acute infection. Based on our findings,
we propose a model of RIG-I action during ZIKV infection in which RIG-I recognition of
ZIKV PAMPs induces IRF3 and NF-«B activation, leading to innate immune activation
with IFN-B production and response (42). The IFN response is controlled by the viral NS5
protein and subjected to differential regulation across viral variants through the kinetics
and levels of NS5 accumulation. RIG-I and rapid accumulation of NS5 are key features of
this model that, respectively, direct acute innate immune activation and a response that
can restrict ZIKV replication and cell-to-cell spread and mediate suppression of IFN sig-
naling to support overall infection progression (Fig. 7). This model highlights the “arms
race” between the virus and host to control the outcome of infection. Our comparative
analyses show that ZIKV/Malaysia wins the “arms race” over ZIKV/Dakar because it can
quickly accumulate NS5 to levels for suppression of IFN signaling. Thus, infection with
ZIKV/Malaysia may be linked to worse disease outcome than infection with ZIKV/Dakar.
Other studies have previously demonstrated that African lineage ZIKV strains repli-
cate to higher levels and produce higher viral titers than Asian lineage variants, but these
studies primarily compared African or pre-epidemic Asian lineage viruses with epidemic
Asian lineage strains (26-28, 30, 88-93). Moreover, comparative analyses of a pre-epi-
demic Asian lineage ZIKV variant (ZIKV/Cambodia/2010/FSS13025; ZIKV/Cambodia) with
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African lineage viruses and epidemic strains in mosquitoes and mammalian models have
demonstrated that Asian lineage-derived emerging variants and African lineage viruses
exhibit higher replicative fitness than ZIKV/Cambodia (27, 35). Liu et al. identified four
amino acid substitutions (T106A in capsid, V1A in prM, A188V in NS1, and M872V in NS5)
present in epidemic ZIKV strains but absent in ZIKV/Cambodia that represent direct
reversions to residues encoded by African lineage viruses, suggesting that mutations
that likely enabled adaptation to the mosquito vectors and mammalian hosts in Asia
occurred following the isolation of the prototypic ZIKV/Malaysia isolate and spread of
ZIKV throughout Asia (35). Reversion of these four amino acid residues in emerging ZIKV
strains was sufficient to restore viral fitness in mosquitoes and mammalian hosts (35).
Our findings, however, indicate that the prototypic Asian lineage virus, ZIKV/Malaysia,
exhibits enhanced replicative fitness in A549 cells compared to a prototypic African line-
age virus, ZIKV/Dakar. As ZIKV/Malaysia was isolated several decades prior to ZIKV/
Cambodia, there are likely genetic differences between these two Asian lineage variants.
Indeed, we revealed in our sequencing analysis that ZIKV/Malaysia encodes an alanine at
position 106 of the capsid protein and a valine at position 872 of NS5, suggesting that
the presence of these residues shared with African lineage viruses contributes to the
enhanced replicative fitness of ZIKV/Malaysia observed in our study. However, we found
that ZIKV/Malaysia encodes the alanine mutation at position 188 of NS1 associated with
reduced replicative fitness (35). As the capsid TI06A mutation is known to exert a strong
effect on viral fitness, it is possible that the effect of this alanine in the capsid protein on
viral fitness overcomes the impairment linked with the V188A mutation in NS1, increas-
ing the overall replicative fitness of ZIKV/Malaysia (35). As ZIKV/Malaysia exhibited
greater replication efficiency than ZIKV/Dakar, it is likely that there are other uncharacter-
ized genetic differences between these two lineages that contribute to the replication
discrepancies observed here. NS5 serves as the viral RNA-dependent RNA polymerase
(RdRp), and it is possible that specific NS5 sequence differences identified in this study
along with differences in the rate of NS5 accumulation between ZIKV/Dakar and ZIKV/
Malaysia could direct differential RdRp activity and confer replication differences
between the two viruses (94, 95). Future studies assessing the impact of the genomic dif-
ferences between African and Asian lineage prototypic strains on viral replicative fitness
should define these genetic determinants of viral replicative fitness.

Evaluation of the interplay between ZIKV replication kinetics and host innate immu-
nity revealed that infection with ZIKV/Dakar and ZIKV/Malaysia acutely induced robust
RLR activation and induction of antiviral and inflammatory cytokine expression, includ-
ing IFN-B, to a similar extent. This outcome was unexpected, as previous studies have
demonstrated that ZIKV variants of both lineages block IFN induction during acute
infection, suggesting that this discrepancy may be ZIKV strain dependent (65, 67, 68,
71, 96). Furthermore, ZIKV/Dakar encodes a valine at position 188 of NS1, which has
additionally been shown to confer enhanced ability to block IFN-B induction com-
pared to NS1 proteins encoding an alanine at this position (85). As we observed similar
induction of IFN-B by ZIKV/Dakar and ZIKV/Malaysia, which encodes an alanine at this
position, our results suggest that the valine at position 188 of NS1 is not sufficient to
block IFN induction during in vitro infection of A549 cells. Despite the induction of IFNs
during infection, ZIKV/Malaysia robustly blocked IFN signaling and downstream
expression of ISGs, showing that ZIKV/Malaysia exhibits enhanced ability to restrict IFN
signaling compared to ZIKV/Dakar. However, overexpression of ZIKV/Dakar and ZIKV/
Malaysia NS5 proteins indicated that these divergent viral proteins blocked IFN signal-
ing to the same extent, though there was a trend for ZIKV/Malaysia to impart greater
suppression of pSTAT1 accumulation. We attribute the robust blockade of IFN signal-
ing imposed by ZIKV/Malaysia to the early accumulation of viral proteins in infected
cells, where early accumulation of NS5 in ZIKV/Malaysia-infected cells confers
enhanced ability to antagonize IFN signaling. Studies of other flaviviruses as well as
SARS-CoV-2 have also demonstrated a clear relationship between the rate of accumula-
tion of viral innate immune antagonists and host innate immune responses (97-100).
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We demonstrated that the correlations between pSTAT1 and ZIKV NS5 levels in
infected cells were different between ZIKV variants, which is likely driven by differences
in the rate of NS5 accumulation. Genomic differences in the 3’ untranslated region
(UTR) of these variants may impact the rate of NS5 accumulation, as 3’-UTR-derived
subgenomic flavivirus RNA has been demonstrated to stabilize NS5 to efficiently inhibit
STAT1 phosphorylation (101). Differences in the rate of NS5 accumulation may also al-
ter the kinetics of NS5 interactions with host factors critical for IFN signaling. ZIKV NS5
has been shown to antagonize IFN signaling by targeting STAT2 for proteasomal deg-
radation and by sequestering host chaperone HSP90 to destabilize JAK kinases (74, 77,
87). As such, early accumulation of ZIKV NS5 can drive interactions with STAT2 and
HSP90 early in acute infection to blunt the IFN response in infected cells to promote vi-
ral replication. Moreover, other ZIKV nonstructural proteins have been demonstrated
to impart regulation of the host IFN response (75, 76). As we observed differential accu-
mulation of multiple ZIKV proteins during acute infection with the ZIKV variants, it is
possible that early accumulation of other ZIKV proteins during ZIKV/Malaysia infection
contributes to the robust blockade of the IFN response imposed by this variant com-
pared to ZIKV/Dakar (see Fig. 2A). Our findings identify the rate of accumulation of
ZIKV proteins as an important virologic feature for evaluating the IFN sensitivity of
emerging variants.

ZIKV infection had not been previously linked to severe clinical disease until the out-
breaks in French Polynesia and the Americas, raising the question as to why infection
with ZIKV strains that circulated for decades in Africa and Southeast Asia was not associ-
ated with more severe disease, such as congenital abnormalities (4, 102). Comparative in
vitro and in vivo studies of African and Asian lineage viruses have shown that African
strains are more virulent and more cytopathic, suggesting that in utero infection with an
African lineage virus would lead to fetal demise or resorption rather than congenital
abnormalities (29, 34, 88). We observed that ZIKV/Malaysia replicated to higher levels
than ZIKV/Dakar, suggesting that in utero infection with ZIKV/Malaysia may similarly
cause severe fetal damage, whereas ZIKV/Dakar would be acutely restricted by the
innate immune response and likely not confer congenital infection. On the other hand,
other in vivo studies have shown that high levels of IFNs produced during in utero infec-
tion with African and Asian lineage ZIKV strains can result in fetal demise or resorption
(103, 104). Our study raises new questions regarding the mechanisms underlying line-
age-specific differences in fetal pathology and warrants further examination of proto-
typic African and Asian lineage ZIKV strains in an established pregnant pigtail macaque
model to understand lineage-dependent differences in fetal pathology (12).

The ability of ZIKV/Malaysia to block IFN signaling more potently than ZIKV/Dakar
serves as a potential mechanism for persistence in infected hosts, as dampened IFN
responses can promote viral dissemination to and persistence in immune-privileged sites,
such as the reproductive tissues and brain (105-108). ZIKV strains circulating in southeast
Asia have been detected in the placenta and fetal brain several weeks after the onset of
symptoms in the infected pregnant woman (109, 110). The detection of ZIKV in maternal
reproductive and fetal tissues several weeks following infection highlights the ability of
nonemergent ZIKV strains to disseminate to and persist in these tissues. Given that ZIKV/
Malaysia robustly blocks IFN signaling compared to ZIKV/Dakar, it is possible that antago-
nism of IFN signaling may facilitate ZIKV/Malaysia spread to and persistence in the repro-
ductive tissues and brain. Thus, the unique immunophenotypes uncovered in our study
emphasize the need for surveillance of endemic ZIKV variants.

Overall, our comparative analysis of African lineage ZIKV/Dakar and Asian lineage
ZIKV/Malaysia revealed greater abundance of viral proteins and genome in ZIKV/
Malaysia-infected cells than in ZIKV/Dakar-infected cells during acute infection. Early
accumulation of viral proteins in ZIKV/Malaysia-infected cells confers enhanced antag-
onism of IFN signaling, overcoming robust RIG-I activation initiated by infection, to
suppress the induction of I1SGs. Our findings demonstrate that RIG-I mediates an innate
immune response that imparts control of viral fitness by restricting ZIKV protein
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accumulation to enhance IFN signaling, thereby limiting viral genome replication and
spread. RIG-I-targeted therapeutics could be useful to direct innate immune suppres-
sion of ZIKV during acute infection.

MATERIALS AND METHODS

Maintenance of cell lines. A549 (ATCC, Manassas, VA, USA), Vero (WHO, Geneva, Switzerland), and
HEK293T cells (ATCC) were cultured in complete Dulbecco’s modified Eagle medium (cDMEM) supple-
mented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), 10 mM t-glutamine, 5 mM sodium
pyruvate, 0.5x nonessential amino acids, 10 mM HEPES, and 1x antibiotics/antimycotics (all from
Corning, Corning, NY, USA). A549 NTC and RIG-I KO cells were generated by CRISPR-Cas9 as previously
described and were maintained in cDMEM containing 10 ug/mL puromycin (Invivogen, San Diego, CA,
USA) (27). ZV-13 8A3.C1 hybridomas were a kind gift from Michael Diamond (Washington University in
St. Louis, St. Louis, MO, USA) and were maintained in Iscove’s modified Dulbecco’s medium (IMDM;
Thermo Fisher-Life Technologies, Waltham, MA, USA) supplemented with 20% FBS, 1 mM sodium pyru-
vate, and 1x penicillin/streptomycin (Fisher Scientific, Hampton, NH, USA). All cell lines tested negative
for mycoplasma contamination.

Generation of ZIKV working stocks. ZIKV/Dakar/1984/ArD41519 (ZIKV/Dakar) was provided by
Michael Diamond (Washington University in St. Louis), and ZIKV/Malaysia/1966/P6740 (ZIKV/Malaysia)
was provided by Robert Tesh (University of Texas Medical Branch, Galveston, TX, USA). Plaque-picked
isolates were passaged twice in Vero cells and subsequently used to infect Vero cells at an MOI of 0.05
at 37°C for 2 h with rocking to generate ZIKV working stocks. Following adsorption, inocula were
removed and fresh DMEM containing 5% FBS (5% DMEM) was added. At 48 hpi, medium was replaced
with fresh 5% DMEM. Virus stocks were harvested 48 h after the medium change, and the titers of work-
ing stocks were determined on A549 cells via focus forming unit (FFU) assays.

Deep sequencing of ZIKV stocks and sequence alignment. ZIKV RNA was extracted from virus
working stocks using the QIAmp viral RNA minikit (Qiagen, Hilden, Germany). Isolated RNA was then
digested with DNase | and purified using the Qiagen RNeasy kit. RNA quality was analyzed on the 2100
bioanalyzer (Agilent, Santa Clara, CA, USA) using the Agilent RNA 6000 Pico assay and quantified on a
Qubit fluorometer (Invitrogen, Carlsbad, CA, USA) prior to rRNA depletion and RNA library prep using
the KAPA HyperPrep kit (Roche Diagnostics Corporation, Indianapolis, IN, USA). cDNA library qualities
were evaluated on the Agilent 2100 bioanalyzer and quantified with the Qubit fluorometer before
sequencing on a NextSeq 500 sequencing platform (lllumina, San Diego, CA, USA). 2 x 76-nucleotide
stranded paired-end reads were generated. Raw RNA sequencing (RNA seq) data were depleted of
adapters, low quality bases, and human reads. Sequencing files were then loaded onto the de novo as-
sembler Trinity (version 2.9.0) and assembled and aligned as previously described (27, 111). Each sample
had approximately 25 million raw reads. Viral sequence alignments were loaded into the JALView soft-
ware (version 2.11.0) to identify amino acid differences between ZIKV strains (112).

ZV-13 antibody purification and quantification. Hybridoma supernatant was harvested as the
source of ZV-13 antibody once ~95% cell death was observed. The supernatant was clarified by centrifug-
ing for 10 min at 400 x g at 4°C and then filtered with a 0.22-um filter prior to antibody purification via
protein A affinity chromatography using the Pierce Protein A IgG purification kit and NAb Protein A Plus
spin columns (all from Thermo Fisher-Life Technologies). Purified ZV-13 antibody was concentrated and
buffer-exchanged into 1x phosphate-buffered saline (PBS; Fisher Scientific) using Amicon Ultra-0.5 100-
kDa centrifugal filter units for quantification by enzyme-linked immunosorbent assay (ELISA; Sigma-
Aldrich, St. Louis, MO, USA). 96-well Nunc ELISA plates (Fisher Scientific) were coated with goat anti-mouse
1gG2c (Jackson ImmunoResearch, West Grove, PA, USA) diluted to 500 ng/mL in 1x PBS and incubated
overnight at 4°C. Coated plates were washed with PBS plus Tween 20 (PBST; Fisher Scientific) and blocked
for 1 h at room temperature with PBS plus 1% bovine serum albumin (PBSA; Sigma-Aldrich) supplemented
with 2% normal goat serum (NGS; Jackson ImmunoResearch). Following blocking, serial dilutions of hy-
bridoma supernatant and purified ZV-13 antibody were added and incubated for 1 h at 37°C. Plates were
washed, and biotin-conjugated anti-mouse IgG2c secondary antibody (Jackson ImmunoResearch) diluted
1:5,000 in PBSA was added and incubated for 1 h at room temperature. Plates were then washed and incu-
bated with streptavidin-horseradish peroxidase (HRP) (Thermo Fisher-Life Technologies) diluted 1:20,000
in PBSA for 30 min at room temperature. Plates were washed, developed by adding 3,3’,5,5'-tetramethyl-
benzinide (TMB; Surmodics, Eden Prairie, MN, USA), and incubated in the dark. The reaction was stopped
with the addition of 1 M H,SO,, and absorbance was measured at 450 nm in a microplate reader
(BioLegend, San Diego, CA, USA). Serial dilutions of known concentrations of mouse 1gG2c (Southern
Biotech, Birmingham, AL, USA) were included to generate a standard curve with optical density (OD) val-
ues plotted against concentration in GraphPad Prism (version 9, GraphPad, La Jolla, CA, USA). The linear
portion of the standard curve was used to derive a least-squares equation to calculate the concentration
of purified ZV-13 antibody.

FFU assay for determining the titers of ZIKV stocks. A549 cells were seeded in 96-well plates at a
density of 2 x 10* cells per well. The following day, virus stocks were serially diluted in DMEM containing
2% FBS (2% DMEM), and cells were inoculated with dilutions in triplicate at 37°C for 2 h. After the incu-
bation, cells were overlaid with DMEM supplemented with 1% carboxymethylcellulose (Fisher Scientific),
2% FBS, 10 mM HEPES, and 1x penicillin/streptomycin. At 48 hpi, the methylcellulose overlay and me-
dium were removed, and cells were fixed with 4% paraformaldehyde (Fisher Scientific) for 20 min at
room temperature. Following fixation, cells were washed with 1x PBS, and anti-ZIKV envelope antibody,
ZV-13, diluted 1:250 in permeabilization/wash/block buffer (2.5% NGS, 2.5% normal donkey serum
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[Sigma-Aldrich], 0.2% BSA, and 0.1% Triton X-100 [Fisher Scientific] in 1x PBS) was added. Primary anti-
body was incubated for 2 h with rocking at room temperature. Plates were then washed, and donkey
anti-mouse HRP secondary antibody (Jackson ImmunoResearch) diluted 1:3,000 in permeabilization/
wash/block buffer was added and incubated with rocking for 1 h in the dark. Following washes,
TrueBlue peroxidase substrate (VWR, Radnor, PA, USA) was added, and the mixture was incubated until
foci of infected cells were observed. Distilled water (dH,0) was added to stop the enzymatic reaction
and removed prior to imaging. Foci of infected cells were detected via a BioSpot plate reader (Cellular
Technology Limited, Cleveland, OH, USA) and manually counted using the multipoint tool in Fiji (version
2.1.0, NIH, USA) to determine viral titers (113).

FFU assay for measuring viral spread. A549 cells were seeded in 6-well plates at a density of 6 x 10°
cells per well. The following day, virus stocks were serially diluted in 2% DMEM, and cells were inoculated
and fixed as described above. Following fixation, cells were washed with 1x PBS, and an anti-flavivirus enve-
lope antibody, 4G2 (Ab00230-2.0; Absolute Antibody, Oxford, UK), diluted 1:500 in permeabilization/wash/
block buffer (see recipe above) was added to the cells. Following incubation with primary antibody, donkey
anti-mouse HRP secondary antibody diluted 1:1,000 in permeabilization/wash/block buffer was added and
incubated with rocking for 1 h in the dark. Foci were developed and detected as described above. The diam-
eters of the foci were measured in Fiji.

ZIKV infection. A549 cells were seeded at a density of 3 x 10° cells per well in 12-well plates. Cells
were uninfected, mock-infected, or infected with ZIKV variants the next day at an MOI of 5 FFU/cell, and
virus inocula prepared in DMEM were allowed to adsorb at 37°C for 2 h with rocking. Uninfected sam-
ples are seeded cells that remained untouched throughout the infection time course, whereas mock-
infected samples were inoculated with DMEM. Following adsorption, the inocula were removed, and
cells were washed with 1x PBS before fresh cDMEM was added and returned to 37°C until the appropri-
ate time points.

ZIKV attachment and entry assay. A549 cells were seeded at a density of 3 x 10° cells per well in
12-well plates. Cells were precooled at 4°C prior to the addition of ice-cold virus inoculum. Inocula were
allowed to adsorb to cells at 4°C for 1 h. Inocula were then removed, and cells were washed with ice-
cold 1x PBS before fresh prewarmed cDMEM was added to cells. Cells were returned to 37°C until the
appropriate time points to evaluate viral entry, genome replication, and virion production. For viral
attachment assays, intracellular viral RNA was harvested using the Qiagen RNeasy kit with DNase | diges-
tion following ice-cold 1x PBS washes.

Quantification of extracellular and intracellular RNA. A549 cells were infected as described above.
At the appropriate time points, 1 mL of cell culture supernatants was harvested and centrifuged at
2,000 rpm for 10 min at 4°C. Extracellular RNA was extracted from the clarified supernatants using the
QIAmp viral RNA minikit to quantify extracellular viral copy numbers. Cells were washed with ice-cold
stringent wash buffer (1 M NaCl, 50 mM sodium bicarbonate, pH 9.5) for 3 min to remove cell surface-
associated viruses. After ice-cold 1x PBS washes, cells were harvested using the Qiagen RNeasy kit to
extract intracellular RNA to quantify intracellular viral copy numbers.

Quantification of extracellular and intracellular virions. A549 cells were infected as described
above. At the appropriate time points, 1 mL of cell culture supernatants was harvested and centrifuged at
2,000 rpm for 10 min at 4°C. The clarified supernatants were used for plaque assays to quantify extracellu-
lar virions. Cells were washed with ice-cold stringent wash buffer as described above and then detached
with 0.05% trypsin-EDTA (Fisher Scientific). Cells were resuspended in 1 mL ¢cDMEM and centrifuged at
300 x g for 5 min at 4°C. Cell pellets were resuspended in 0.5 to T mL ¢cDMEM and stored at —80°C. To
quantify intracellular virions, cell pellets were thawed at 37°C to lyse cells, and cellular debris removed by
centrifuging at 3,200 x g for 5 min at 4°C. The clarified supernatants were used for plaque assays.

Plaque assay. Vero cells were seeded at a density of 1.85 x 10° cells per well in 6-well plates. The
next day, supernatants from infected samples were serially diluted in DMEM containing 1% FBS. Vero
cells were incubated with dilutions in duplicate at 37°C for 1 h with rocking. Following incubation, cells
were overlaid with 1% low-melt agarose (Fisher Scientific), 5% sodium bicarbonate (Fisher Scientific),
and 5% FBS in 2x DMEM (Fisher Scientific). Plaques were visualized 4 to 5 days later with a 1% low-melt
agarose overlay containing 3% neutral red (Sigma-Aldrich), 10% 10x PBS (Fisher Scientific), and dH,0.

Viral copy number quantification by TagMan qRT-PCR. cDNA was synthesized from isolated RNA
using the iScript Select cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). cDNA was diluted to a final con-
centration of 2.5 ng/ulL for TagMan qRT-PCR on the QuantStudio 5 real-time PCR system (Thermo Fisher)
using TagMan universal PCR master mix (Fisher Scientific) and ZIKV NS3-specific primers and probe
(Table 4; IDT, Coralville, 1A). The ZIKV NS3-specific probe has a 5" 6-carboxyfluorescein (FAM) reporter
dye and a 3’ lowa Black FQ quencher. ZIKV NS3-specific primers target a conserved 88 nucleotide region
in NS3. The ZIKV NS3 amplicon was amplified from ZIKV cDNA and cloned into the multiple cloning site
in the pEF mammalian expression plasmid containing an N-terminal FLAG tag using the In-Fusion clon-
ing kit (Table 4; TaKaRa Bio, Kusatsu, Japan) following the manufacturer’s instructions. Each sample was
run in triplicate, and dilutions of known concentrations of plasmid containing the NS3 amplicon were
included to generate a standard curve with copy number values plotted against threshold cycle (C;) val-
ues to derive a semi-log equation in GraphPad Prism to determine the viral copy number of each sam-
ple. Dilutions of cDNA synthesized from RNA extracted from ZIKV stocks were used to derive a log-log
equation to convert viral copy numbers to their FFU equivalent in GraphPad Prism.

Transcript analysis by SYBR green qRT-PCR. cDNA was synthesized as described above. For each
sample, cDNA was diluted to a final concentration of 2.5 ng/uL for SYBR green qRT-PCR on the
QuantStudio 5 real-time PCR system using the SYBR green master mix (Thermo Fisher) and gene-specific
primers (Table 4; Qiagen; IDT). Each sample was run in triplicate.
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TABLE 4 Primer sequences for cloning and qRT-PCR®

Journal of Virology

Primer? Sequence (5'-3’) Source

Primers for cloning
pEF N-FLAG vector F AAACCCGCTGATCAGCCT This paper
pEF N-FLAG vector R GCTGAATTCCTTGTCATCGTCATCC This paper
ZIKV NS3 F GACAAGGAATTCAGCGAGGGAGAGTTCAAGCTTAGGACG This paper
ZIKV NS3 R CTGATCAGCGGGTTTGATAGGCCAGCCAAACAGGAAGA This paper
pcDNA3.1+ ZIKV/Dakar and ZIKV/Malaysia NS5 vector F GTTTAAACCCGCTGATCAGCCT This paper
pcDNA3.1+ ZIKV/Dakar and ZIKV/Malaysia NS5 vector R CAGCTTGGGTCTCCCTATAGTGAG This paper
pcDNA3.1+ ZIKV/Dakar NS5 and ZIKV/Malaysia NS5 F GGGAGACCCAAGCTGATGGGAGGTGGAACGGGAGAG This paper
pcDNA3.1+ ZIKV/Dakar NS5 R TCAGCGGGTTTAAACTTACAGCACTCCAGGTGTGGAC This paper
pcDNA3.1+ ZIKV/Malaysia NS5 R TCAGCGGGTTTAAACTTATAACACTCCAGGTGTGGACCC This paper

Primers for TagMan qRT-PCR
ZIKV NS3 F GAGGGAGAGTTCAAGCT This paper
ZIKV NS3 R GATAGGCCAGCCAAAC This paper
ZIKV NS3 probe (with quencher) 56-FAM/TTCATGAGTTCCACAAAGGTCTTCCTTTGC/3IABKFQ This paper

Primers for SYBR green gRT-PCR

IFNB NA

TNF NA

IL-6 NA

MX1 NA

IFITM1 NA

DDX58 NA

OAS1 NA

RPL13AF GCCCTACGACAAGAAAAAGCG
RPL13AR TACTTCCAGCCAACCTCGTGA

PPH00384F; Qiagen
PPHO0341F; Qiagen

PPH00560C-200; Qiagen

PPHO1325A; Qiagen
PPH05981C; Qiagen

PPH20774A-200; Qiagen
PPH01324A-200; Qiagen

27
27

aAll sequences used for SYBR green qRT-PCR are of human origin.
bF, forward; R, reverse; NA, not available.

Transcript analysis by NanoString. RNA samples were diluted to a final concentration of 20 ng/uL
and hybridized to reporters and capture probes from a custom-generated innate immunity probe set
(NanoString, Seattle, WA, USA). Following hybridization for 16 h at 65°C, sample preparation was com-
pleted on an nCounter MAX prep station (NanoString) according to the manufacturer’s protocol. RNA
transcript counts were quantified on a NanoString nCounter (NanoString) according to the manufac-
turer’s instructions.

Bioinformatics analyses of NanoString data. Raw reads were assessed for technical quality control
flags using the nSolver software (NanoString) and transferred into RStudio (Boston, MA, USA). As the
design of our probe set was nonrandom, we utilized a custom approach for data analysis as previously
described to account for large differences in the number of observed counts between mock-infected
and infected samples (114). Briefly, we used count data within each sample vector as an internal refer-
ence, against which we compared genes of interest (GOIs). We identified reference genes by first meas-
uring the coefficient of variation (CV) for all genes in the probe set, which included GOI, housekeeping
(HK) genes, and positive and negative controls. We then used the calculated CVs to select the least vari-
able HK genes. To obtain our within-sample reference value, we calculated the geometric mean of the
selected HK genes. We then “anchored” all count data from each sample to its within-sample reference
in ratio form to derive anchored gene counts (AGCs). To calculate the log, fold change, we formed a ra-
tio using the AGC for each GOI against its values from mock infection and took the log, of these values,
which were used to generate PCA plots and line graphs.

Protein lysate quantification. Cells were washed with 1x PBS and lysed on ice with radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris, pH 7.6, 150 mM Nacl, 1% Triton X-100, 0.5% sodium deoxy-
cholate) containing freshly added phosphatase inhibitors (1:100; VWR), protease inhibitors (1:100;
Sigma-Aldrich), and 250 nM okadaic acid (1:1,000; Fisher Scientific). Cell lysates were collected and
stored at —80°C. Lysates were subsequently thawed on ice and sonicated in a water bath containing ice
slurry for three 30-s bursts on the highest setting with two 20- s pauses in between. Lysates were then
centrifuged at 14,000 rpm for 15 min at 4°C to pellet the cellular debris. Clarified lysates were collected
and quantified using a Bio-Rad protein assay kit (Bio-Rad).

Immunoblot analysis. For immunoblot analysis, protein lysates were incubated with 4x Laemmli
buffer (Bio-Rad) containing 10% B-mercaptoethanol (Thermo Fisher-Life Technologies) at 95°C for 3
min. Approximately 7 to 10 g of total protein was loaded per lane onto 4 to 20% Criterion TGX gradient
gels (Bio-Rad) and electrophoresed at ~96 V in 1x sodium dodecyl sulfate (SDS) running buffer (25 mM
Tris, 192 mM glycine, 0.1% SDS). Proteins were then transferred onto nitrocellulose membranes (Fisher
Scientific) at 90 V for 1 h at 4°C in 1x Towbin transfer buffer (25 mM Tris, 192 mM glycine, 0.01% SDS,
20% methanol). Membranes were blocked for 1 h at room temperature in Tris-buffered saline (TBS)-
based Intercept blocking buffer (LI-COR, Lincoln, NE, USA) and stained overnight at 4°C with the follow-
ing primary antibodies diluted in blocking buffer: pIRF3 S386 (no. ab76493; 1:1,000; Abcam, Cambridge,
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UK), pIRF3 S396 (no. 4947; 1:1,000; Cell Signaling Technology [CST], Danvers, MA, USA), IRF3 (no. 4302;
1:1,000; CST), IkBa (no. 4814; 1:1,000; CST), IFIT1 (no. 971; 1:1,000; in-house), ZIKV NS5 (no. GTX133327;
1:2,500; GeneTex, Irvine, CA, USA), ZIKV NS1 (no. ARG65781, 1:1,000, Arigo Biolaboratories, Hsinchu City,
Taiwan), ZIKV capsid (no. GTX133317, 1:1,000, GeneTex), pSTAT1 (no. 7649; 1:1,000; CST), STAT1 (no.
9172; 1:1,000; CST), STAT2 (no. 72604; 1:1,000; CST), IFITM1 (no. 60074-1-1g; 1:1,000; ProteinTech Group,
Rosemont, IL, USA), OAS1 (no. 14498; 1:1,000; CST), Mx1 (no. 340B; 1:500; in-house), RIG-I (no. AG-20B-
0009-C100; 1:1,000; Adipogen, San Diego, CA, USA), and actin (no. MAB 1501; 1:1,000; Sigma-Aldrich).
The next day, membranes were washed with TBS containing Tween 20 (TBST), and Alexa Fluor 680-con-
jugated (715-625-151 or 711-625-152) or Alexa Fluor 790-conjugated secondary antibodies (711-655-152
or 715-655-150) (all from Jackson ImmunoResearch) diluted 1:10,000 in blocking buffer were added and
incubated for 1 h at room temperature. Prior to imaging, membranes were washed with TBST followed
by 1x TBS. Membranes were imaged on an Odyssey CLx imager (LI-COR). If necessary, membranes were
stripped with 5x NewBlot IR stripping buffer (LI-COR) diluted 1:5 in dH,0 and reprobed. Protein abun-
dance was quantified in Fiji and normalized to actin abundance.

Recombinant DNA construct generation and plasmid transfections. ZIKV/Dakar and ZIKV/Malaysia
NS5 sequences were amplified from either ZIKV/Dakar or ZIKV/Malaysia cDNA and cloned into the multi-
ple cloning site in the pcDNA3.1+ mammalian expression plasmid (Table 4) using the TaKaRa In-Fusion
cloning kit. HEK293T cells were seeded at a density of 4 x 10° cells per well in a 6-well plate and trans-
fected with 2.5 ug of the empty pcDNA3.1+, pcDNA3.1+ ZIKV/Dakar NS5, or pcDNA3.1+ ZIKV/Malaysia
NS5 plasmid using Lipofectamine 3000 (Thermo Fisher-Life Technologies) according to the manufac-
turer’s protocol. The ratio of plasmid DNA (ug) to Lipofectamine 3000 (uL) to P3000 reagent (ul) to
Opti-MEM (uL) (Fisher Scientific) was 1:3:2:50.

IFN-8 treatment. A549 NTC and RIG-I KO cells were seeded at a density of 1 x 10° cells per well on
no. 1 glass coverslips (Electron Microscopy Sciences, Hatfield, PA, USA) in a 24-well plate. Cells were
mock infected or infected with ZIKV variants the next day. At 18 or 40 hpi, A549 NTC and RIG-I KO cells
were treated with 100 IU/mL of IFN-8 (Toray, Tokyo, Japan) diluted in cDMEM for 1 h for immunofluores-
cence analysis. For flow cytometry analysis, A549 RIG-I KO cells were seeded at a density of 4 x 10° in
10-cm dishes and infected with ZIKV variants the next day. At various time points postinfection, cells
were detached with 0.05% trypsin-EDTA, pelleted, resuspended in medium containing 100 IU/mL of IFN-
B, and incubated at 37°C for 30 min with rocking. HEK293T cells were seeded and transfected as
described above. The next day, cells were detached with 0.05% trypsin-EDTA, pelleted, and resuspended
in medium containing 1,000 IU/mL of IFN- for 8 h for flow cytometry analysis.

Immunofluorescence analysis. A549 cells were seeded on no. 1 glass coverslips in a 24-well plate
at a density of 1 x 10° cells per well. The next day, cells were mock infected or infected with ZIKV
strains and fixed with 4% formaldehyde (Fisher Scientific) in filtered 1x TBS for 30 min at room tem-
perature. Cells were then washed with filtered 1x TBS and permeabilized and blocked in 5% NGS in
1x TBS (5% NGS/TBS) containing 0.1% Triton X-100 for 30 min at 4°C. For pSTAT1 staining, cells were
permeabilized with 100% ice-cold methanol (Fisher Scientific) for 10 min at —20°C and washed in
1x TBS for 5 min before blocking in 5% NGS/TBS for 30 min at room temperature. For all immunofluo-
rescence staining, cells were stained for 1 h at room temperature or overnight at 4°C with the follow-
ing primary antibodies diluted in 5% NGS/TBS: dsRNA (J2, no. 10010500; 1:800; Scicons, Budapest,
Hungary), ZIKV NS5 (GTX133327; 1:500; GeneTex), and pSTAT1 (no. 7649; 1:400; CST). Cells were
washed with filtered 1x TBS and probed for 1 h at room temperature with isotype-specific and fluoro-
phore-conjugated secondary antibodies (A-21131, A-11036, A-11008, or A-21241; Thermo Fisher-Life
Technologies) diluted 1:1,000 in 5% NGS/TBS containing 4’,6-diamidino-2-phenylindole dihydrochlor-
ide (DAPI; 1:10,000; Thermo Fisher-Life Technologies) to stain cell nuclei. After staining with secondary
antibodies, cells were washed with filtered 1x TBS followed by dH,O. Excess water was carefully
removed from coverslips, and coverslips were mounted onto glass slides (VWR) with ProLong gold
mounting medium (Thermo Fisher-Life Technologies) and dried overnight at room temperature.
Images and Z-stacks with 2.5-um step sizes were acquired on an Eclipse Ti confocal microscope
(Nikon, Tokyo, Japan) with a 60x oil immersion objective. Images were merged and processed using
the Nikon confocal analysis software (NIS Elements AR 5.11.03). Further image analyses were per-
formed in Fiji as indicated in the figure legends.

Flow cytometry. Cells were seeded, infected, or transfected and treated with IFN-B as described
above. Following IFN-B treatment, A549 RIG-1 KO and HEK293T cells were pelleted and fixed with 4%
formaldehyde in 1x PBS at room temperature for 15 min. Cells were then washed with excess 1x PBS,
pelleted, and resuspended in 1x PBS for storage at 4°C. Fixed cells were permeabilized with 90% ice-
cold methanol in 1x PBS for at least 10 min on ice. Cells were washed with excess 1x PBS and incubated
for 1 h at room temperature with the following fluorescently conjugated primary antibodies prepared in
0.5% PBSA: pSTAT1-PE (no. 8062, 1:50, CST) and ZIKV NS5 AF647 (1:2,000, conjugated in-house). ZIKV
NS5 was conjugated to AF647 using an Alexa Fluor 647 antibody labeling kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Following staining, cells were washed with 1x PBS and
data were acquired on a Canto Il flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Flow cytome-
try data were analyzed in FlowJo (BD Biosciences).

Statistical analysis. Statistical analyses were carried out as indicated in the figure legends.
Statistical analyses were performed in GraphPad Prism or in RStudio.

Illustrations. Figures were generated using BioRender.

Data availability. Viral consensus sequences were deposited in GenBank under the following acces-
sion numbers: 0Q180929 (ZIKV/Dakar); 0OQ165285 (ZIKV/Malaysia). The NanoString data set can be
found in File S1 in the supplemental material.
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