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Zika virus (ZIKV) infection is associated with microcephaly in
neonates and Guillain-Barré syndrome in adults. ZIKV pro-
duces a class of nonstructural (NS) regulatory proteins that
play a critical role in viral transcription and replication,
including NS5, which possesses RNA-dependent RNA poly-
merase (RARp) activity. Here we demonstrate that rilpivirine
(RPV), a non-nucleoside reverse transcriptase inhibitor
(NNRTI) used in the treatment of HIV-1 infection, inhibits
the enzymatic activity of NS5 and suppresses ZIKV infection
and replication in primary human astrocytes. Similarly, other
members of the NNRTI family, including etravirine and efavir-
enz, showed inhibitory effects on viral infection of brain cells.
Site-directed mutagenesis identified 14 amino acid residues
within the NS5 RdRp domain (AA265-903), which are impor-
tant for the RPV interaction and the inhibition of NS5 poly-
merase activity. Administration of RPV to ZIKV-infected
interferon-alpha/beta receptor (IFN-A/R) knockout mice
improved the clinical outcome and prevented ZIKV-induced
mortality. Histopathological examination of the brains from
infected animals revealed that RPV reduced ZIKV RNA levels
in the hippocampus, frontal cortex, thalamus, and cerebellum.
Repurposing of NNRTIs, such as RPV, for the inhibition of
ZIKYV replication offers a possible therapeutic strategy for the
prevention and treatment of ZIKV-associated disease.

INTRODUCTION

Zika virus, also called ZIKV, is an arthropod-borne arbovirus that has
captured much attention in recent years due to its global spread by
mosquitoes that caused an epidemic and its established association
with congenital microcephaly in newborns and Guillian-Barré disease
in adults."”” ZIKV is a neurotropic virus that has been repeatedly iso-
lated from newborns with clinical symptoms consistent with ZIKV
infection and from brain autopsies of affected individuals.” '° While
the pathology of the affected brain demonstrates massive neuronal
cell injury and dropout, the role of the other cell types, including as-
trocytes, in supporting propagation of the virus in brain remains to be
determined."' "*

aaaaaa

The genome of ZIKV comprises a single positive-strand RNA of
about 10.79 kb in size that, immediately after infection, appears
in the cytoplasm and translates into a single polyprotein with a
unique long open reading frame (ORF). The ORF encodes for all
of the three structural protein genes, including Capsid-C, pre-
Membrane-prM, and Envelope-E, from the 5 regions of the
genomic RNA. The 3’ portion of the RNA is responsible for
expression of the seven nonstructural protein genes: NSI, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5.'* Replication of ZIKV initiates
with the synthesis of a negative-strand RNA that serves as a tem-
plate for the production of positive-strand RNA. NS5, with its
RNA-dependent RNA polymerase (RdRp) activity, is critically
important for the production of both positive and negative strands
of ZIKV RNA during the infection cycle."” In this proof-of-concept
study, we provide evidence that a family of non-nucleoside reverse
transcriptase inhibitors (NNRTIs), including rilpivirine (RPV), by
targeting NS5 strongly suppresses ZIKV replication in vitro and al-
ters the preclinical outcome in vivo in the ZIKV-infected experi-
mental animals.

RESULTS

Effect of Reverse Transcriptase Inhibitors on ZIKV Infection

As a first step to investigate the biological effect of reverse transcrip-
tase inhibitors on ZIKV, we examined the ability of primary cultures
of human fetal and adult astrocytes (PHFAs and PHAAs, respec-
tively) as well as several other cell types, including primary culture
of human fetal microglia and fetal neurons (PHFMs and PHFNS,
respectively) and human neuroprogenitor cells (NPCs), in supporting
ZIKV infection. Results showed a dramatically higher level of ZIKV
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Figure 1. Effect of NRTIs and NNRTIs on ZIKV
Propagation in Primary Human Fetal and Adult
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Primary human fetal (A) and adult (B) astrocytes were infected
with the PRVABC597 strain of ZIKV. Cells were also treated
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time gRT-PCR and are shown as bar graphs. DDI, didano-
sine; ddC, dideoxycytidine; FTC, emtricitabine; AZT, zidovu-
dine; Nevi, nevirapine; RPV, rilpivirine; Aba, abacavir; Lam,
lamivudine.

strated that RPV has a potential to control
ZIKV replication in human brain cell cultures.

Assessment of RPV Binding to ZIKV NS5 via
Computation
To gain insight into the mechanism of RPV inhibi-
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infection of PHFAs and PHA As compared to any other cell types used
in this study (Figure S1).

Next, we used these two cell types for further studies, and we
observed that, under identical conditions, among the eight distinct
members of nucleoside reverse transcriptase inhibitors (NRTIs)
and NNRTIs tested in this study, only the NNRTI RPV exhibits
a profound ability in suppressing ZIKV infection in both PHFA
and PHAA cells (Figure 1). Further studies verified the inhibitory
effects of RPV, but not of inhibitors in the NRTI class, including
lamivudine (LAM) and abacavir (ABA), on the intracellular level
of ZIKV RNA sequences corresponding to NS2A and NS4A genes
(Figure S2A). Accordingly, the level of viral capsid protein was
found undetectable in the ZIKV-infected cells after treatment
with RPV, but not with LAM and ABA (Figure S2B). Moreover,
results from western blot analysis revealed a dose-dependent inhib-
itory effect of RPV on ZIKV production of proteins NS1, NS3, and
NS5 (Figures S3A-S3D). Dose effect assessments on naive cells re-
vealed that RPV did not alter cellular viability at up to 25 uM con-
centrations (Figure S4). Collectively these observations demon-
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and a C terminus RdRp domain, which synthesizes
the viral RNA.'®'” The MTase domain comprises
two adjacent binding sites, one for the S-adeno-
syl-L-methionine (SAM) methyl donor (SAM
site) and the other for 7-methyl guanosine diphos-
© phate (m7Gpp) substrate (cap site) (Figure 2; Fig-
ures S5 and S6). The RdRp domain features a
very large site to accommodate the genome RNA
(palm site). The palm site is located at the interfaces
of structural features that constitute the hallmarks of the RdRp pro-
tein domain, i.e., the palm, fingers, and thumb sub-domains (Figures
S5-88). The majority of the available ZIKV-NS5 structures only
comprise either the MTase (apo or bound to substrate/cofactor
ligands) or the RdRp domains (apo).

We selected two nearly full-length structures of ZIKV NS5 (PDB:
5TMH and 5TFR),'”'® and we performed a computational search
for druggable sites suitable to accommodate small molecule ligands,
including the NNRTI RPV and etravirine (ETR). Our results indicate
that the structure of ZIKV NS5 features five potentially druggable
sites, suitable for the binding of fragment- or drug-like molecules
(Figure 2). In particular, the MTase domain (pink) comprises a drug-
gable spot that extends over both the SAM site and the cap site.
Instead, in addition to two small, lateral binding spots, the RdRp
domain (light blue) features a very large site, named the palm site,
lying in the center of the palm sub-domain.

We explored, by computational docking, the possibility of RPV bind-
ing to the top three druggable sites of NS5 (prioritized by considering



www.moleculartherapy.org

mems Ligand donor area
= |igand acceptor area
Hydrophobic area

Figure 2. Computational Assessment of RPV Binding to ZIKV NS5

SAM Site

Structural features of ZIKV NS5 and its potential interaction sites with RPV were characterized via computation. The structure of ZIKV NS5 is shown in new cartoon rep-
resentation. The MTase and RdRp domains are colored in pink and light blue, respectively. Left panel: druggable sites are shown as site maps (yellow, hydrophobic surface;
red, ligand acceptor surface; and blue, ligand donor surface). Right panels: zoom-in of the SAM site (top panel) and the palm site (bottom panel). For each site, top scoring

binding modes of RPV are shown.

Dscore'” and by their ability to bind known ligands), namely, the cap
site, SAM site (MTase domain), and palm site (RdRp domain). Due to
a poor docking score, we promptly excluded the hypothesis that RPV
could bind at the cap site. However, docking results alone could not
rule out RPV binding to the other two locations, namely, the SAM
and the palm sites. Representative binding modes of RPV to NS5
are shown in Figure 2 (right panels). Furthermore, for each site, the
best binding modes of RPV are shown in Figures S5-59. Binding of
RPV at the SAM site (MTase domain) superimposed very well with
that of the SAM ligand, involving critical residues required for its
binding (i.e, H110) (Figure S5). Moreover, RPV overlaps nicely
with site maps of complementary chemical features: while the benzo-
nitrile moiety extends over a large hydrophobic area of the receptor
(yellow map), the terminal cyanovinyl group points toward the ligand
acceptor map (red map).

Binding at the large palm site represented also a viable hypothesis, as
suggested by our computational modeling (Figures S6-S9) and
partially supported by experimental evidence of HIV-1 reverse tran-
scriptase (RT) structures in complex with RPV and ETR.””*' Indeed,

both RPV and ETR are known to bind, in a similar fashion as sug-
gested by our modeling, at the palm domain of HIV-1 RT, thereby
disrupting the RT polymerase function allosterically. Our computa-
tional studies suggested that RPV shows promiscuous binding prefer-
ences at the palm site (RdRp domain), with docking poses distributed
into three main clusters. In all cases, RPV binds in the proximity of
the Priming Loop (PL) feature, but with different orientations: toward
the fingers (finger sub-pocket), the palm (palm sub-pocket), or the
thumbs (thumb sub-pocket) (Figure S6D). Each binding hypothesis
finds experimental counterparts with Dengue virus (DENV) NS5
RdRp structures, apo or co-crystallized with known ligands.'®****
Interestingly, in all three cases, RPV is predicted to adopt a horse-

shoe-like conformation, typical of RPV binding to HIV-1 RT.***!

Furthermore, in an attempt to predict the bioactive conformations of
RPV and ETR, we conducted a search for low-energy conformers of
these molecules using a procedure described by Watts et al.”> As for
RPV, our studies predicted two clusters of possible bioactive confor-
mations. The most stable conformers adopted a horseshoe shape,
similar to binding modes of RPV in all the sub-pockets at the RdRp
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domain and nearly identical to those of the palm sub-pocket at the
RdRp domain. Additionally, a second cluster of putative bioactive
conformers of RPV was predicted to adopt an extended conforma-
tion, similar to that of binding modes at the SAM site (Figure 2; Fig-
ure S5). Instead, only one cluster of bioactive conformers was ob-
tained for ETR, which interestingly adopted the horseshoe
conformation. Of note, experimental structures of RPV in complex
with HIV-1 RT***" indicate that, upon binding, the ligand adopts a
conformation, i.e., the horseshoe shape, strikingly similar to our pre-
dictions. Taken together, these observations suggested that binding of
RPV (and possibly ETR) likely occurs at the palm site (RdRp domain)
of NS5. To further corroborate our findings, we computationally
selected a set of NS5 amino acid residues, located on the RdRp
domain, for experimental mutagenesis and drug-binding studies.
These experiments supported the hypothesis that RPV binds at the
RdRp domain and ruled out the possibility that binding occurs at
the SAM site.

Interplay of RPV with NS5 and Inhibition of ZIKV Replication in
Human Brain Cells

To assess interactions of RPV with NS5 protein, we employed differ-
ential scanning fluorimetry (DSF) known as protein thermal shift as-
says.”**® We determined that PBS at pH 7.4 (physiologic conditions)
usage resulted in reproducible protein melting temperatures (Tm).
Upon incubation of NS5-MBP with increasing concentrations of
RPV, we observed a concentration-dependent right shift in Tm of
about 1°C with 3-10 uM RPV, with an apparent binding affinity of
100 nM (Figure 3A, left). The observed interactions of RPV with
NS5 protein were specific to NS5 and not the MBP fusion vehicle,
since purified MBP alone exhibited no shift in Tm upon incubation
with RPV (Figure 3A, right). Results from the polymerase assay
demonstrated that RPV profoundly interfered with the NS5 polymer-
ase activity and, under a similar condition, azidothymidin (AZT), a
known NRTI, had no effect on the NS5 activity (Figure 3B). Again,
while treatment of the infected cells with AZT had no effects on the
ZIKV replication of PHFA, RPV showed a profound inhibitory effect
on ZIKV infection of the cells (Figure 3C). Accordingly, computa-
tional docking of AZT to the investigated druggable sites of NS5 re-
sulted in a poor predicted binding (Figure S11).

We also evaluated the effect of two other members of NNRTTs that are
closely related to RPV, including ETR and efavirenz (EFA),” on the
ZIKV replication and viral protein production. As shown in Fig-
ure 3D, while at 25 pM all three drugs effectively suppressed viral
load in the cultured media and inhibited viral capsid production (Fig-
ure 3E), the inhibitory effect of RPV and ETR was detected at the
lower concentrations of the drugs, a behavior supported by computa-
tional investigations (Figures S10 and S11).

To determine the kinetics of ZIKV replication and the effect of RPV
on the viral propagation, real-time qRT-PCR was performed. Replica-
tion of ZIKV, as determined by the viral RNA copy numbers, was
initiated at 1 day post-infection, peaked at day 3, and sharply declined
thereafter and remained at very low but detectable levels until day 10
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post-infection (Figure 3F). Daily treatment of the infected cells with
RPV prevented the burst of the viral replication at day 3 and kept
the replication of ZIKV at an undetectable level during the course
of our study. Interestingly, interruption of the RPV treatment at
day 4 post-infection caused no rebound in the virus production dur-
ing the remaining course of the 10-day experiment (Figure 3F). This
observation rules out the emergence of mutant virus that may escape
from the inhibition imposed by RPV. Treatment of the infected cells
with various concentrations of RPV that effectively suppressed viral
replication improved the cell viability and/or restored cell prolifera-
tion (Figure 3G). Examination of viral replication in primary culture
of human fetal brain astrocytes by immunocytochemistry showed the
presence of NS1 in the cells expressing astrocytic cell marker protein
glial fibrillary acidic protein (GFAP) and their absence upon the treat-
ments with RPV, but not AZT (Figures 3H and 3I).

Interaction of RPV with NS5 and Its Effects on Enzymatic Activity
To gain more insight into the RPV binding to NS5 and its impact
on polymerase activity of the protein, we selectively mutated 14
amino acid residues to alanine within the palm region of the protein
that possesses potential binding affinity to RPV, as predicted by our
computational modeling (Figures 4A and 4B; Figures S10 and S11).
NS5 mutant proteins were recombinantly synthesized, purified, and
utilized for a thermal shift assay and RNA polymerase assays in the
presence or absence of RPV. The results did rule out any involve-
ment of MTase domain of NS5, located in the N terminus of the
protein, in binding to RPV (Figure 4C). Accordingly, these results
confirmed that RNA polymerase activity of wild-type RdRp NS5
(C terminus) is dramatically affected by the presence of RPV (Fig-
ure 4D). Interestingly, the mutant construct carrying mutations in
14 amino acid residue positions, as identified by the computational
modeling (NS5-RdRp mutant-14A), maintained RNA polymerase
activity, although at reduced capacity, when compared to the trun-
cated wild-type protein. In the presence of RPV, RNA polymerase
activity was only mildly alleviated, in agreement with RPV-binding
affinity studies that detected no binding to the mutated construct.
Loss of experimental binding affinity, in conjunction with enzymatic
activity at almost full capacity, suggested that one or more amino
acid residues mutated in the 14A construct are critical for RPV
binding.

Binding affinity of AZT to the RdRp-wild-type (WT) and RdRp
mutant domains was also analyzed by thermal shift assay, and the re-
sults indicated that the Tm was not changed in a concentration-
dependent manner, so no significant binding of AZT to these proteins
was observed (data not shown).

To further determine and characterize selective anti-ZIKV activity of
RPV, we utilized the RdRp-14A protein, which showed a comparable
polymerase activity but no significant binding to RPV. RARp-14A was
cloned into a mammalian expression vector and transiently trans-
fected into primary human astrocytes. The cells were then infected
with ZIKV in the presence and absence of RPV and analyzed by
gqRT-PCR for viral replication. As expected, ZIKV infection was
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Figure 3. Inhibition of ZIKV Infection of Human Primary Culture of Brain Cells by RPV

(A) Interaction of ZIKV NS5 protein with RPV using protein thermal shift assays. The relative fluorescence emitted by the thermal shift dye is recorded during the temperature
ramp phase and plotted versus temperature (left panel). Tm value was calculated from the derivative of the thermal melt curves and plotted as effects of various concen-
trations of RPV, as described in the Materials and Methods. Determination of binding interaction of maltose binding protein (MBP) moiety of NS5-MBP with RPV using
differential scanning fluorimetry (DSF) showed no association of MBP with RPV (right panel). (B) RPV inhibits RNA polymerase activity of ZIKV NS5 protein. 1 ng ZIKV RNA and
500 ng recombinant NS5 protein were added to the reaction buffer, in the presence and absence of RPV or AZT at 10- or 25-ng concentration, and analyzed as described in
the Materials and Methods. Relative NS5 activity was calculated from three independent experiments and is shown as a trend-line graph. (C) PHFA cells were infected with
ZIKV (0.5 plague-forming unit [PFU]). Cells were treated daily with increasing concentrations of RPV and AZT (5 and 10 pg/mL). At 3 dpi, ZIKV RNA copies in the growth media
were analyzed by real time gRT-PCR and are shown as a bar graph. (D) PHFA cells were infected with ZIKV (0.1 PFU). Cells were treated daily with increasing concentrations
of RPV, EFA, and ETR (5, 10, and 25 ng/mL). At 3 dpi, ZIKV RNA copies in the growth media were analyzed by real time gRT-PCR and are shown as a bar graph. (E) Whole-
cell protein extracts were also prepared from the same set of experiments from (D) and analyzed by western blotting for the detection of ZIKV capsid protein. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was probed in the same membranes and is shown as a loading control. (F) PHFA cells were divided into three groups. The first
group was infected with ZIKV and mock treated at 24-h intervals for 10 days. The second group of cells was infected with ZIKV (0.1 PFU) and treated with RPV (5 ng/mL) at
24-h intervals for only 4 days. The third group was also infected with ZIKV (0.1 PFU) and treated with RPV (5 ng/mL) at 24-h intervals for 10 days. The growth media of cells
were collected every day, starting from 1 dpi up to 10 dpi, and analyzed by real time gRT-PCR. ZIKV viral loads were determined as ZIKV RNA copies per milliliter culture
media and are shown as a trend-line graph for each group. (G) PHFAs were infected with ZIKV (0.1 PFU) and treated with RPV at 1-, 5-, and 10-pg/mL concentrations for
4 days. PHFA cell viability was analyzed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and is shown as a bar graph from three independent
experiments. (H) PHFA cells were infected with ZIKV (0.1 PFU) and treated daily with RPV and AZT. At 4 dpi, cells were fixed and processed by immunocytochemistry for the
detection of cellular GFAP (green) and viral NS1 (red) proteins, as described in the Materials and Methods. (I) DAPI-positive and NS1-immunoreactive cells from studies shown
n (H) were counted in at least three different stainings of the conditions using Photoshop, and percentages of NS1 cells were graphed.

greatly suppressed by RPV in control infections. On the other hand,  ure 4E). These results further suggest that RARp-14A mutant is enzy-
co-expression of the RARp-14A protein in ZIKV-infected cells was  matically active in cells and able to complement the RPV-mediated
able to recover RPV-mediated suppression of ZIKV replication (Fig-  suppression of the wild-type RdRp functions.
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Figure 4. Physical and Functional Assessment of
RPV Binding to NS5 Mutants with Site-Directed
Mutagenesis

Structural features of ZIKV NS5-RdRp wild-type (A) and
NS5-RdRp mutant-14A (B) and their potential interaction
with RPV were characterized via computation. In both wild-
type (A) and mutant-14A (B) panels, side chains are color
coded by NS5 mutant (yellow or blue for mutant-N7A or
mutant-C7A, respectively). Binding modes are ranked by
docking score (kcal/mol): —7.4 (best predicted binding),
—6.6, and —5.6 for RPV poses in green, orange, and pink

c - RPV binding affinity (nM) carbons, respectively. The bottom ranking pose (pink
NS5-Mtase — ND carbons) is obtained for RPV interacting with mutant-N7

Fad ‘5 idues and sh binding; hence, this binding mod
NS5-RARP-wid type ! I 820+ 402 residues and shows no binding; hence, this binding mode
o b el el (pink carbon RPV) is less likely to occur. (C) Schematic
NSS-RARP-mutant-14A = ND presentation of amino acid mapping of NS5 wild-type and
side-directed mutations (14A) are illustrated. The relative
fluorescein emitted by the thermal shift dye is recorded
D 600 during the temperature ramp phase and plotted versus
'f::;‘(l temperature. ND denotes no significant affinity detection.
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RPV Suppresses ZIKV Infection in IFN”~ Mice and Changes the
Preclinical Outcome

To extend our in vitro results, we established an in vivo mouse model
of ZIKV infection. Interferon receptor (IFNR)-knockout (IFNR™/7)
mice (n = 6) were infected with the Puerto Rico (PRVABC59) strain
of ZIKV through footpad injections.’® Three of these animals were
also treated with RPV (ZIKV + RPV) in order to explore the
utility of RPV as an anti-viral agent for ZIKV in vivo. The control
group was uninfected mice treated with RPV (uninfected RPV only,
n = 3). In a second set of experiments, results from these studies
were validated using a larger cohort of animals in each group
(n = 6; Figure S12). All mice were monitored daily for survival and
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domain and RdRp wild-type and RdRp-14A proteins was
also analyzed by RdRp assay. 1 pg ZIKV RNA and 500 ng
recombinant NS5 full-length or mutant proteins were
added to the reaction buffer in the presence and absence
of RPV (10 ng) and analyzed as described in the Materials
and Methods. NS5 activity was calculated from three in-
dependent experiments and quantified as relative fluo-
rescence units (RFU) emitted during the reaction. (E) ZIKV
RdRp-14A mutant was cloned into a mammalian expres-
sion vector. PHFA cells were transiently transfected with
this construct and either treated with RPV or left untreated.
Cells were infected with ZIKV (0.1 PFU) at 24 h post-
transfections, and growth media of cells were analyzed by
gRT-PCR for ZIKV RNA copies. **p < 0.05.

signs of disease with bi-daily weight monitoring
and daily grasp test analysis. Physical, behav-
ioral, and motor coordination/paralysis inspec-
tions were also performed at the time of weight
checks bi-daily.

Both sets of ZIKV-infected animals lost weight

(Figures 5A and S12A); however, the RPV-

treated ZIKV-infected animals recovered. There
was no significant weight loss in the RPV-only animals. Clinical
scores (as measured by grasp test and physical assessment) in
ZIKV-infected animals were increased after infection. The animals
treated with RPV returned to baseline levels where the untreated an-
imals continued to progress with poor clinical scores (Figure 5B;
Figure S12B). Mice were sacrificed based on weight loss and phys-
ical, behavioral, and motor function deficits. One ZIKV-infected an-
imal was sacrificed at 7 days post-infection (dpi) and two others at 8
dpi, suggesting that ZIKV infection is highly lethal in IFNR ™/~ mice
(Figure 5C). In the second set of studies, all six ZIKV-infected an-
imals were sacrificed at 8 dpi (Figure S12C). On the other hand, all
mice from ZIKV-infected and RPV-treated groups survived until
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Figure 5. RPV Inhibits ZIKV Propagation, Reverses the Mortality, and Decreases the Viral Burden in the Brain of IFNR™~ Mice

(A) Body weights were measured for each mouse from the three groups (closed circle, rilpivirine only; closed square, ZIKV untreated; and open triangle, ZIKV + RPV) until the
end of the study (14 days post-infection [dpi]). Data are shown as a percent of body weight compared to baseline. (B) Grasp tests were performed daily starting at 4 dpi and
analyzed for clinical scoring for the three groups. (C) Survivor curve analysis is shown based on the Kaplan-Meier estimates. All animals in the uninfected + RPV and ZIKV-
infected + RPV groups survived until the end of the study. The ZIKV-infected and untreated mice were sacrificed at 7 and 8 dpi. (D) ZIKV RNA copies per milligram total brain
lysates are presented per animal (IF6-IF14). The mean and SD are shown, and the SD was calculated from triplicate analysis of the RNA samples from each mouse. (E-J) ZIKV
RNA was visualized with RNAscope (red) and quantified in the hippocampus and the frontal cortex of ZIKV-infected untreated animals (ZIKV+) and ZIKV-, RPV-treated
animals (ZIKV + RPV). (E) The average ZIKV+ RNA area in the hippocampus of the ZIKV-untreated (gray bars) mice compared to the ZIKV + RPV group (white bars) showed a
significant reduction in the ZIKV RNA with RPV (p < 0.0001). (F) Representative image of hippocampus ZIKV RNAScope staining reveals high viral RNA signal in ZIKV mice. (G)
Representative image of hippocampus ZIKV RNAScope staining shows significantly less signal in ZIKV + RPV mice. (H) The average ZIKV+ RNA area in the frontal cortex of
the ZIKV-untreated (gray bars) mice compared to the ZIKV + RPV group (white bars) showed a significant reduction in the ZIKV RNA with RPV (p < 0.0001). (I) Representative

(legend continued on next page)
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the end of the study (14 dpi), suggesting that RPV was capable of
reversing ZIKV-associated mortality in this animal model.

At the end of the study, brain and peripheral organs (spleen, liver, kid-
ney, and lung) were harvested for pathological analysis at necropsy.
All brain regions (thalamus, hippocampus, frontal cortex, and cere-
bellum) examined in the ZIKV-only mice had significant inflamma-
tion, but also abundant apoptotic/necrotic cell damage, which has
been described in other ZIKV-infected mouse models.”* In the
RPV-treated ZIKV-infected animals, there was still significant
inflammation, but no apoptotic/necrotic cell damage was observed
(Figure S13). The RPV-only control brains were unremarkable.
Spleen, liver, kidney, and lung from all mice were unremarkable
with no pathology (Figure S14).

ZIKV RNA copies in post-mortem brain were quantified in all ani-
mals by RT-PCR (Figure 5D). As expected, there were no ZIKV
RNA copies detected in the RPV-only control animals. There were
up to 400,000 copies of ZIKV RNA/mg of tissue detectable in the in-
fected animals. The ZIKV RNA copies in the brain were significantly
reduced in mice treated with RPV. To assess viremia in the specific
regions of the brain of ZIKV mice, we utilized an RNAscope to detect
Zika viral RNA in hippocampus and frontal cortex (Figures 5E-5]).
The kidney, liver, lung (Figures S14A-S14F), spleen (Figures S14G-
S14I), thalamus (Figures S14J-S14L), and cerebellum (Figures
S14M-S140) were also assessed for ZIKV RNA. Administration of
RPYV significantly decreased the amount of ZIKV RNA" cells in the
hippocampus compared to ZIKV only (Figures 5E-5G; 4,061.5 +
1,515.1 um?® versus 25.5 = 12.4 um? p < 0.0001). Similarly, in the
frontal cortex there was a significant reduction in ZIKV RNA in
mice treated with RPV (Figures 5H-5J; 1,653.3 + 283.0 umz versus
273.0 + 89.0 um?, p < 0.0001). A significant decrease in ZIKV RNA
was seen in the spleen, thalamus, and cerebellum (Figures S14G-
§140). There was very little to no virus seen in the kidney, liver,
and lung (Figures S14A-S14F). Overall, RPV administration proved
efficacious at preventing ZIKV infection in the brain, with a dramatic
reduction of ZIKV RNA in the brain and spleen.

The in vitro data presented thus far have demonstrated ZIKV replica-
tion predominantly in astrocytes. To examine the specific CNS cell
types infected by ZIKV in vivo, dual RNAscope for ZIKV RNA and
subsequent immunohistochemistry for cell subpopulations were uti-
lized. Co-localization was investigated in the hippocampus and fron-
tal cortex preferentially due to the higher viral RNA in these two re-
gions with ZIKV infection. As demonstrated in vitro, ZIKV RNA
showed overlap with GFAP+ astrocytes in both the frontal cortex
and hippocampus (Figures 6A and 6B). Virus was detected in both
the cell body and in the astrocytic projections. Microglia and macro-
phages were detected using an antibody against IBA-1 and showed
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significant co-localization with ZIKV RNA (Figures 6C and 6D).
T cell accumulation, visualized by CD3, in the brains of ZIKV-in-
fected mice was noted compared to uninfected controls (data not
shown). ZIKV RNA was detected in T cells in both the frontal cortex
and the hippocampus (Figures 6E and 6F). Viral RNA showed co-
localization with neurons in the frontal cortex, but, in the hippocam-
pus, NeuN and viral RNA showed more proximity than overlap (Fig-
ures 6G and 6H). An antibody against nestin was used to examine the
presence of progenitor cells in the frontal cortex and hippocampus.
There were no nestin+ cells detected that contained ZIKV RNA (Fig-
ures 61 and 6]). Overall, these in vivo results show that the major cell
populations infected in this model are astrocytes, inflammatory
monocytes, and T cells and neurons.

DISCUSSION

Through a computational assessment of ZIKV NS5, we identified po-
tential sites of interaction with the NNRT inhibitor RPV that may
impact on the enzymatic activity of NS5, hence impairing a produc-
tive ZIKV infection cycle. In particular, we showed that NS5 features
two druggable sites, both suitable for the binding of small molecule
ligands, like RPV. The first one, the SAM site, is located on the MTase
domain of NS5 (N terminus), and coincides with the binding pocket
of SAM, the methyl donor in the 5 RNA cap structure.'® Therefore,
the binding at this site of small molecules, such as RPV and ETR,
would compromise allosterically viral replication. The second site,
the palm site, is located on the RdRp domain of NS5 (C terminus)
and overlaps with a ligand-binding pocket shared by DENV NS5
and conserved within the flavivirus family.”* It has been shown that
competitive binding at the palm site inhibits enzymatic activity of
DENV RdRp.** We envision that a similar mechanism might be ex-
erted by the binding of RPV (as well as by other NNRTTs, like ETR) at
equivalent locations in ZIKV NS5.

Further studies, including the computationally guided experimental
mutation of several amino acid residues with potential binding affin-
ity for RPV, excluded the hypothesis that the MTase domain of NS5
(N terminus) is involved in binding to RPV. On the contrary, we
found that RPV has an affinity for binding to the RdRp domain
(AA265-903 strain) of the NS5 protein (C terminus). Interestingly,
by introducing mutations of 14 amino acid residues (mutant-14A),
as suggested by computational modeling, we showed that RPV inter-
actions with the RdRp domain are significantly alleviated, a clear indi-
cation that RPV binding is mediated by one or more of the mutated
residues. In addition, the results from the polymerase activity assay
further corroborated with binding data, thereby suggesting that
RPV interferes with NS5 polymerase activity by binding to its
RdRp domain. Further computational work (i.e., extensive molecular
dynamics simulations), combined with experimental mutagenesis
and in vitro activity studies, will be required to characterize the

image of a frontal cortex ZIKV RNAScope in situ reveals high viral RNA signal in ZIKV mice. (J) Representative image of frontal cortex ZIKV RNAScope staining
shows significantly less signal in ZIKV + RPV mice. The average ZIKV RNA signal area was quantitated as the average of 10, non-overlapping 40x images from each animal
(n=3/group), using a Keyence BZ-X700 microscope. Bar graphs show average ZIKV RNA area (mean, SEM). Comparison of means was determined by Mann-Whitney, two-

tailed t test (*p < 0.05, ****p < 0.0001).
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Figure 6. ZIKV RNA Co-localization with Astrocytes
and Microglia/Macrophages

T cells, neurons, and progenitor cells in the frontal cortex
and hippocampus. ZIKV RNA was visualized with RNA-
scope (red) and cell markers by immunohistochemistry
(brown) in the frontal cortex and hippocampus of ZIKV-
infected animals (ZIKV+). GFAP was used to visualize
astrocytes in tissue. Astrocytes showed significant over-
lap with viral RNA in the frontal cortex and hippocampus.
(A and B) IBA-1 served as a marker for microglia and
macrophages in tissue. Microglia and macrophages
showed co-localization with viral RNA both in the frontal
cortex (A) as well as the hippocampus (B). (C and D) CD3
was used to characterize T cells in tissue, which showed
co-localization with viral RNA in the frontal cortex (C) and
the hippocampus (D). (E and F) Neuronal nuclear protein,
NeuN, served as a marker for neurons in tissue. Viral RNA
showed co-localization with neurons in the frontal cortex
(E), but, in the hippocampus (F), NeuN and viral RNA
showed more proximity than overlap. (G and H) No
overlap of staining is seen with ZIKV RNA and nestin, a
marker of progenitor cells: frontal cortex (G) and hippo-
campus (H). (I and J) Representative images were taken
at 20x magnification with a Keyence BZ-X700 micro-
scope: frontal cortex (I) and hippocampus (J). Magnified
images were taken at 60x and arrows were used to
denote double-positive cells.
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structural details of the conformational transitions associated with
ZIKV polymerase activity (so far largely unknown) and to fully eluci-
date the binding preferences of NNTTs to NS5, starting with RPV and
ETR. Nonetheless, our current work offers a proof of concept that
RPV can bind to ZIKV NS5, resulting in severe impairment of its ac-
tivity, as shown in our study and viral RNA genome replication in a
well-controlled cell culture model. Besides characterizing the pres-
ence of multiple druggable hotspots of ZIKV NS5 (both at the MTase
and RdRp domains) that can be targeted by small molecule modula-
tors, our studies, by highlighting the role played by the intrinsic plas-
ticity of ZIKV NS5 into small molecule ligand binding, emphasize the
importance of incorporating protein flexibility into drug discovery
strategies.

To assess the in vivo impact of RPV on ZIKV infection, we then
employed the IFN~/~ mouse model that has been widely used to
demonstrate ZIKV replication in brain.*® All brain regions (thalamus,
hippocampus, frontal cortex, and cerebellum) examined in the ZIKV-
infected mice had significant inflammation, but also abundant
apoptotic/necrotic cell damage, which has been described in other
ZIKV-infected mouse models.”' The brains of the ZIKV-infected an-
imals had high levels of ZIKV RNA detected both by RT-PCR and
RNAScope. In vivo, in ZIKV-infected mice, we detected predomi-
nantly ZIKV-infected astrocytes, activated microglia and macro-
phages, T cells, and neurons by dual ZIKV RNAScope followed by
immunohistochemistry. Interestingly, very little to no nestin-1+ neu-
roprogenitors were infected in vivo. Supporting our findings is a
recent study describing ZIKV widely infecting the astrocytes and neu-
rons of adult AG129 mice.” Spleen, liver, kidney, and lung from all
mice were unremarkable without any pathology, and little virus was
detected in the spleens of ZIKV animals. Thus, pathology in the
ZIKV infection in IEN™'~ mice delivered by footpad injection, a
physiological route of infection, seems to be highly neurotropic and
restricted to brain and not peripheral organs.

In a small animal model of ZIKV disease, we demonstrated that RPV
suppressed viral replication, decreased brain inflammation, protected
neurons from apoptosis and necrosis, and reversed ZIKV-associated
mortality. In the RPV-treated ZIKV-infected animals, there was still
significant inflammation in the brain, but no apoptotic/necrotic cell
damage was detected, which corresponded to the reversal of mortality.
Our findings further indicate that RPV is efficacious at inhibiting ZIKV
viral infection in the brain and spleen. Our data would suggest that
RPV functions by binding NS5 and, thereby, impacting the enzymatic
activity of this viral protein and the productive ZIKV infection cycle.

We recognize that, in the IFN-null context, mice lack all IFN signaling
and IFN anti-viral responses, thus succumbing to ZIKV infection
with high viral load in brain, with evidence of neurologic disease.”
However, the fact that RPV can reverse the severe detrimental effects
of ZIKV infection in these animals is particularly interesting, and it
indicates that direct interaction of RPV with the critically important
NS5 viral protein has a negative impact on the in vivo propagation of
ZIKV in the brain. ZIKV has the inability to cause disease in IFN-
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competent mice, despite the lethality in the IFEN™/~ mice. This may
be linked to the inability of ZIKV to antagonize mouse IFN responses,
unlike in humans. A recent study demonstrated that ZIKV NS5 re-
sults in proteasomal degradation of IFN-regulated transcription acti-
vator STAT2 in human, but not in mice, possibly explaining the
requirement in mice for IFN deficiency.”” It is possible that the inter-
action of RPV with NS5 could trigger the proteasomal degradation of
STAT?2 in the absence of IFN.

Since RPV is a commonly used NNRTT in HIV-infected patients, it
would be of interest to see if people with HIV who are treated with
RPV are at a lower risk for ZIKV infection. In addition, future studies
will include in vivo studies utilizing other NNRTIs that were found to
be suppressive in vitro, including efavirenz and ETR.

MATERIALS AND METHODS

Ethics Statement

All samples were obtained and utilized in accordance with Temple
University Human Subjects Protections and the approval of the Insti-
tutional Review Board (IRB) and Institutional Animal Care & Use
Committee (IACUC).

Computational Evaluation of RPV/NSS5 Interaction Sites

Protein Structure Selection, Preparation, and Analysis

We first conducted a survey of available experimental structures of
ZIKV NS5, including 20 PDB entries (PDB: 5TMH,'>'” 5TFR,"?
5VIM,** 5GP1, 5GOZ* 5WZ1, 5WZ2, 5WZ3,'"° 5KQR, 5KQS,*°
5NJU, 5NJV,*” 5ULP,*® 5WXB,** 5U0B, 5U0C,*’ 5004,"' 5M5B,**
5M2X, and 6I7P*) (https://www.rcsb.org/). All these structures
were solved by X-ray diffraction, at resolutions ranging between
1.33 and 3.28 A. Most of them only comprised one of the two NS5
domains, i.e., MTase and RdRp. We prepared all the collected struc-
tures by using the protein preparation Wizard,** which included the
addition of missing hydrogen atoms, removal of water molecules, and
structural integrity check (bond-orders and formal charges) of all
protein and ligand atoms. Possible missing side chains were recon-
structed using Prime,** and protonation states were assigned at pH
7; structure relaxation was performed by restrained minimizations
with the OPLS3* force field (0.30 A root-mean-square deviation
[RMSD] heavy atom convergence). We then superimposed all NS5
structures onto a common reference template to enable structural
comparisons. We finally selected two structures of NS5 (PDB:
5TMH and 5TFR),'”*® each comprising both domains, for further
computational studies. Additionally, we included in our study a num-
ber of DENV NS5 structures that were used to refine our computa-
tional docking model at the palm site (RARp domain) (analyzed
NS5 DENV structures PDB: 5HMW, 5HMX, 5HMY, 5HMZ,
5HNO, 5I3P, 5]JR, 513Q, 5]JS, 5K5M,” and 3VWS™). All DENV
NS5 structures were subject to the outlined protein preparation
procedure.

Binding Site Detection
To identify putative sites of NS5 suitable for ligand binding, we used a
procedure similar to what we implemented elsewhere."” In brief, we
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used SiteMap,'” and sites were detected by applying a standard grid
and a more restrictive definition of hydrophobicity. Maps were crop-
ped at 4 A from the nearest site point.

Ligand Preparation

We prepared a number of ligand structures, including RPV, ETR, and
AZT, as well as ligands extracted from co-crystal complexes of NS5
proteins from ZIKV and DENV. All ligands were prepared using
the standard LigPrep procedure,*® with Epik*’ for attributing proton-
ation states and predicting pKa values.

Molecular Docking by Rigid Receptor

We performed molecular docking™ of RPV and the other ligands
against the NS5 protein of ZIKV (PDB: 5TMH)."” Docking was per-
formed by rigid receptor at the SP level. An exhaustive series of grids
was used to define the space for ligand docking. First, we used individ-
ual site maps to center the docking space on putative druggable sites
detected by SiteMap. Then, for the MTase domain, we used the li-
gands co-crystallized at the SAM site or the cap site of NS5 (SAH
and ™ Gpp; PDB: 5TMH and 5KQS, respectively)'”*° to define the
docking space. Instead, for the RdRp domain, we extracted fragment
ligands from DENV NS5°* that were placed at equivalent locations of
ZIKV NS5 (upon superimposition of ZIKV and DENV NS5 struc-
tures, followed by relaxation by minimization). These fragment
ligands were then used to center the docking grids on the NS5
palm site. For each investigated site, top scoring binding modes of
RPV were selected.

Induced-Fit Docking

We selected the most promising binding modes of RILP and ETR at
both the SAM site and the palm site for additional refinements by
induced-fit docking (IFD).”" During IFD, docking space was defined
by the centroids of rigid-docking ligands, and the SP scoring function
was used. To treat the receptor flexibly, all residues within 5 A of a
ligand were refined and optimized using the OPLS3 force field.

Conformational Search

We used ConfGen®” to perform searches for bioactive conformations
of RPV and ETR. During our calculations, we used the OPLS3 force
field to perform minimizations; to eliminate redundant conforma-
tions, we used a 0.5-A RMSD cutoff with energy window of
120 kcal/mol.

Computational Prediction of NS5 Mutants

We initially used the structures of NS5 bound to RPV and ETR, as
predicted by computational docking, to systematically scan and
mutate amino acid residues critical for binding at either the MTase
domain (SAM site) or the RdRp domain (palm site). We performed
amino acid mutations within the Schrodinger computational suite;*®
upon each mutation, we performed a short minimization to relax the
structures around mutant residues and their local structural neigh-
bors. Whenever necessary, we ran a full restrained minimization of
the complex to re-optimize the H-bond networks. After excluding
that the binding of RPV may occur at the MTase domain (by NS5-

MTase truncation followed by site-directed mutagenesis studies and
binding affinity predictions; Figure 3A), we visually inspected all
mutant complexes at the RdRp domain, and we selected those
mutated residues predicted to exert greater effect of RPV binding.
Since our initial docking calculations predicted three different bind-
ing modes for RPV against the RdRp domain (Figures S7-S10), we
prioritized the top most critical residues involved in RPV binding
for each docking hypotheses. The final list of residues expected to
interact with RPV (and possibly with ETR) included F400, K403,
N407, K462, Q463, Y477, R483, D665, D666, R731, E735, R739,
T796, and W797. All these residues were mutated to alanine and
used to experimentally assess the binding of RPV.

Homology Modeling of NS5 Strains

We used the NS5 protein sequence employed in the experimental
work (PRVABC59 strain) to build homology models of NS5. Specif-
ically, PDB: 5TMH (MR766 strain) provided the structural template
used in the computational work. Models were generated using the
protein structure homology-modeling server SWISS-MODEL.”
Sequence and structure comparisons of NS5 from the two strains
show that all 14 mutant residues, used in this study to infer RPV bind-
ing, coincide.

We used software programs distributed by Schrédinger® for calcula-
tions (protein and ligand preparation, binding site detection, molec-
ular docking, ligand conformational search, and mutational analyses),
data visualization, and figure preparation.

Determination of Binding Interactions with DSF

DSF or protein thermal shift assays were completed by use of an
Applied Biosystems QuantStudio 6 Flex real time PCR instrument
with 384-well plate. In these reactions, the assay plates contained a
final volume of 20 puL with PBS (10 mM phosphate and 150 mM
NaCl [pH 7.4]) and protein samples (purified ZIKV NS5-MBP or
MBP) plus the binding partner (RPV) and protein thermal shift
Dye kit (cat# 4461146, diluted 1:125 in kit diluent). The plate was
sealed and mixed briefly, followed by plate centrifugation at
1,000 rpm for 2 min. After 30-min incubation at 25°C, the plate
was then subjected to thermal shift by ramping the temperature
from 25°C to 99°C at 0.05°C increments per second. The relative
fluorescence emitted by the thermal shift dye was recorded during
the temperature ramp phase and plotted versus temperature. The de-
rivative of these thermal melt curves was determined and Tm calcu-
lated from these data. The Tm values were plotted as a function of
RPV concentration in GraphPad Prism, and the inflection point of
the curve determines the binding affinity of ligand to binding protein.
The experiments were completed with n = 4-5 replicate samples per
treatment. Each experiment was repeated 3-4 times.

Statistical Analysis

All of the values presented on the graphs are given a mean + SEM.
ANOVA and unpaired Student’s t test were used to analyze the statis-
tical significance; p values <0.05 were considered statistically
significant.
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MATERIALS AND METHODS

Cell lines and culture. Primary human fetal astrocytes (PHFA), neurons (PHFN), and microglia
(PHFM) were obtained from Comprehensive NeuroAIDS Center (CNAC) tissue culture core at
Temple University Lewis Katz Medical School. hNPCs (H9-derived) were purchased from Gibco
and maintained in neurobasal medium supplemented with 1% B-27, 1% glutamax, and 1%
gentamycin. Astrocytes were maintained in DMEM/F12 (Gibco, Thermofisher Scientific),
containing 15% FBS, 0.1% Gentamycin, and 0.1% insulin from bovine (Sigma). Microglia were
maintained in DMEM/F12 (Gibco, Thermofisher Scientific), containing 10% FBS, 0.1%
Gentamycin, D-Biotin (0.1 pg/ml), and 0.1% insulin from bovine (Sigma). Neurons were seeded
into poly-D-lysine coated plates and kept in heurobasal medium containing1% glutamax, 1%
B-27 supplement, 0.1% gentamycin, and 0.1% amphotericin B. Half of the neuronal growth
medium was replaced with fresh medium every 3 to 4 days.

ZIKV strains and propagation. ZIKV strain PRVABC59 is isolated from a patient isolate in Puerto
Rico in 2015, that was obtained from ATCC (VR-1843) and propagated in Vero cells for further
production and purification. Culture supernatants from Vero cells infected with ZIKV were
collected at 4 dpi and centrifuged at 3,000 RPM for 15 minutes to remove cell debris. ZIKV
particles were concentrated by ultracentrifugation of the clarified media for 4 hours at 23,600 RPM
at 4 °C. Media was aspirated, and viral particles re-suspended in 1 mL PBS. Virus was further
purified utilizing an Optiprep discontinuous 20/55% gradient and ultracentrifugation. Optiprep, a
60% iodixanol solution was diluted into a 20% and 55% layer, 16 mL each, with 20% layered on
top of the 55% solution. Viral particles were harvested from the gradient interface and kept frozen
at -80 °C or used for plaque-forming assay for infectivity quantification.

Plaque-forming assay. Vero cells were seeded in 6 well plates at a concentration of 1 X 10°
cells/well 48 hours prior to inoculation and grown in DMEM containing 5% FBS and 1%
penicillin/streptomycin. On day of infection, serial dilutions of ZIKV infected culture medium were

made by diluting 100 uL media in 900 uL OptiMEM from 102 to 10 dilutions. 900 uL of each viral



dilution was added to confluent vero cells and inoculated at 37 °C for 2 hours. Inoculum was
aspirated and fresh DMEM was added and changed every two days. On day five post-infection,
vero cells were fixed in 10%

formaldehyde in PBS and stained with a 0.1% solution of crystal violet in 70% methanol, and the
virus titers were calculated by scoring the plague-forming units (PFU).

ZIKV infection in primary human CNS cells. To investigate ZIKV propagation in the CNS cells,
PHFA, PHFM, PHFN, PHAA, and hNPCs (H9) cells were seeded into 6-well plates and infected
with ZIKV (0.1 PFU). Cells were seeded at a density of 1 x 108, grown to confluency and inoculated
with 1 mL OptiMEM containing diluted virus. Cells were incubated for 2 hours at 37 °C, before
media was exchanged for fresh media. Media was collected from infected cells at various time
points of post-infections, centrifuged at 3,000 RPM for 15 minutes to remove cell debris, and used
in real time gRT-PCR for analysis of shed viral particles. Whole cell lysates and RNA samples
were also collected from the cells. Protein lysates were collected by lysing cells in 1X TNN buffer
with protease inhibitor cocktail (Sigma), rotating for 30 minutes, followed by centrifugation to
collect supernatant. RNA was purified via Trizol Reagent protocol (Invitrogen, Thermofisher
Scientific). Whole cell lysates were used for Western blot analysis of viral proteins. Cell RNA was
either analyzed for viral RNA copies via real time qRT-PCR or by RT-PCR for viral genes.

Real time gRT-PCR. Either 10 uL media from infected cells or 20 ng cell RNA or tissue RNA was
used for real time gRT-PCR analysis of ZIKV copies as described by Lanciotti et al.X. All real-time
assays were performed by using the QuantiTect Probe RT-PCR kit (QIAGEN, Valencia, CA, USA)
with amplifications in the LightCycler 96 instrument (Roche, Indianapolis, IN, USA). The standard
curve was generated using a ZIKV with known copies (3.2 x 107 viral copies/mL) and diluted 10

folds. Ct values for each sample were converted to viral copies/ml using the following equation:

Ct-b
Quantity = 10 m



Where quantity is ZIKV copies/ml, Ct is the threshold cycle at which the fluorescence value for
the sample was significantly higher than background, b is the y intercept of the standard curve,
and m is the slope of the standard curve. The following ZIKV specific primers were used in the
reactions:

ZIKV-1086 (1086—1102) CCGCTGCCCAACACAAG,

ZIKV-1162c (1162-1139) CCACTAACGTTCTTTTGCAGACAT,

ZIKV-1107-FAM (1107-1137) AGCCTACCTTGACAAGCAGTCAGACACTCAA-6FAM.

Western blot analysis. Whole-cell extracts (WCE) were prepared from cells after washing with
PBS by lysingwith TNN lysis buffer (40 mM Tris-HCL pH 7.4, 150 mM NaCl, 1 mM DTT, 1 mM
EDTA, 1% NP40, and 1% protease inhibitors cocktail). Protein extracts were eluted with Laemmli
sample buffer, heated at 95 °C for 10 min, resolved by SDS—PAGE and transferred to reinforced
supported nitrocellulose membranes (Whatman, Germany) for 2 h at 4 °C in a transfer buffer
containing 25 mM Tris (pH 7.4), 200 mM glycine, and 20% methanol. Membranes were blocked
for 1 h at room temperature with 10% nonfat dry milk in PBS with 0.1% Tween-20 (PBST), washed
and incubated with primary antibodies overnight in 5% nonfat dry milk at 4 °C. The blots were
subsequently washed three times and incubated with IRDye 800CW goat anti-mouse and IRDye
680RD goat anti-rabbit secondary antibodies and visualized with an Odyssey CLx Imaging
System (LI-COR, Inc.,). The following antibodies were used for Western blot: Zika Capsid
antibody (GeneTex, cat#GTX133304), B Actin, and GAPDH.

MTT cell viability assay

Primary human fetal astrocytes were cultured in 12-well tissue culture plates and treated in
triplicate with different concentrations of RPV (0, 1, 5, 10, 25, and 50 uM) based on previous
studies in culture conditions*® for 48 hours. After treatments, cells were incubated for 2 hours at
37°C with 150 pl of MTT (3-(4 5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide) at 0.5

mg/ml working solution. The converted insoluble purple formazan was solubilized with 500 pl of



acidic isopropanol (0.004 M HCI in isopropanol). Absorbance of the converted formazan was
measured at a wavelength of 570 nm with a background subtraction at 650 nm.

NNRTIs treatment of primary human CNS cells for ZIKV replication inhibition. The following
HIV non-nucleoside reverse transcriptase inhibitors (NNRTIs) were tested in PHFA: Rilpivirine
(ApexBio Tech LLC cat# A3765), Efavirenz (Sigma, cat# SML0536), Etravirine (ApexBio Tech
LLC, cat# B2224), Delaviridine mesylate (DM) (Sigma, cat#PZ0180), Nevirapine (Nevi)
(Selleckchem, cat#S1742). As a control, 3'-Azido-3’-deoxythymidine (AZT) (Sigma, cat# A2169)
was used. These inhibitors were solubilized in DMSO to concentrations of 5 and 10 pg/mL, and
added to PHFA seeded into 100 mm dishes at a concentration of 1.5 x 10° cells/dish. PHFA were
inoculated with ZIKV at 0.5 pfu and treated once daily with the NNRTIs for 1 to 4 DPI, followed by
whole cell lysate and RNA collection.

Immunocytochemistry. PHFA cells were seeded in two-well chamber slides, infected with ZIKV
(0.1 PFU), and treated once daily with the RPV or AZT for 1 to 4 DPI. Cells were fixed with cold
4% paraformaldehyde for 20 minutes and washed three times with PBS. Cells were treated with
a 5% BSA solution, followed by incubation with anti-GFAP (mouse) and anti-NS1 (rabbit)
antibodies. Cells were then incubated with rhodamine and FITC-conjugated secondary
antibodies, mounted with aqueous mounting medium with DAPI, and examined under
immunoflourescence microscope.

Recombinant NS5 RNA polymerase preparation. Preparation of NS5 RNA polymerase was
carried out with a modification of a protocol previously described?. The ZIKV NS5 was cloned into
the pMAL™-c5X vector at the Sall and Hindlll sites. MBP-NS5 expression was induced for 4
hours at 28 °C by adding isopropyl B-D-1-thiogalactopyranoside (IPTG), 0.5 mM final
concentration, to E. coli. The cells were then harvested by centrifugation and re-suspended in 20
mM Tris-HCI pH 7.4 with 200 mM NaCl and 1 mM EDTA (amylose fast flow column buffer). Re-
suspended cells were incubated on ice with lysozyme and protease inhibitor cocktail and then

lysed by sonication. Clear lysates, obtained after centrifugation, were incubated overnight at 4 °C



with Amylose Resin High Flow beads (NEB). MBP-NS5 protein was then washed four times with
amylose fast flow column buffer and processed to Factor Xa cleavage. MBP-NS5 fusion protein
was incubated for 5 hours at room temperature in the presence of 2 mM CacCl, and Factor Xa.
After centrifugation, supernatant was collected and used for NS5 activity assay. MT domain (from
amino acid 1 to amino acid 264) was cloned into pMAL™-c5X vector at the Sall and BamHI sites.
RdRp domain (from amino acid 265 to amino acid 903) was cloned into pMAL™-c5X vector at
the EcoRI and Hindlll sites. RARp-14A was generated by substituting the corresponding amino
acid residues with into alanine. RdRp-14A mutant was cloned into pMAL™-c5X vector at the
EcoRlI and Hindlll sites using a gBlock fragment.

List of primers: NS5-full-length, F: AAGATTGTCGACGGAGGTGGGACGGGAGAGACT R:
AAGATTAAGCTTTCACAACACTCCGGGTGTGGA, NS5-MTase-domain: F:
AAGATTGTCGACGGAGGTGGGACGGGAGAGACT, R:
AAGATTGGATCCTCATCGTGTACCCGAGCCGAG, NS5-RdRp-domain, F:
AAGATTGAATTCGCTGTGGCAAGCTGTGCTG, R:
AAGATTAAGCTTTCACAACACTCCGGGTGTGGA. The RdRp-14A mutant was also cloned
into a mammalian expression vector (0CDNA6-myc-his-A) at Hindlll-Xhol restriction enzyme
sites by utilizing following primers: F: AAGATTAAGCTTATGGCTGTGGCAAGCTGTG, R:
AAGATTCTCGAGCAACACTCCGGGTGTGGA.

NS5 RNA polymerase activity assay. The viral RNA polymerase NS5 ability to synthesize new
viral RNA was analyzed using an in vitro activity assay, based on a previously described protocol®.
One ug of ZIKV RNA and 500 ng of NS5 full-length or mutant protein (14A) with side directed
mutagenesis were added to a reaction buffer containing 50 MM HEPES (pH 7.3), 0.4 mM
dithiothreitol (DTT), 3mM MgCl, and 0.4mM of ATP, GTP, CTP and biotinylated- UTP
ribonucleotides. The ribonucleotide UTP was labeled in an equimolar ratio of biotinylated-UTP
and digoxigenin-UTP (DIG-UTP), for quantification of newly replicated RNA. The reaction

mixtures were incubated for 1h at 30 °C in the presence or absence of rilpivirine and



azidothymidine. The reactions were then stopped with addition of EDTA at a final concentration
of 10 mM. In order to detect the incorporation of labelled UTP nucleotides, an Alpha Technology
amplified luminescent proximity homogeneous assay was performed. Anti-DIG-acceptor and
streptavidin-donor beads, at working concentration of 20 pg/mL, were incubated with the reaction
mixture for 2 hours at room temperature in a white 96-well plate. Then, the amounts of beads
bound to the DIG-labeled UTP of newly synthesized RNA could be detected by reading the plates
in ALPHA compatible plate reader (Tecan). Reaction mixture without NS5 or with MBP alone
was used as controls.

Mouse ZIKV infection and rilpivirine treatment. Nine IFNR knockout transgenic (IFNR™) mice,
obtained from Jackson laboratories, at four months were divided into three groups in two different
set of experiments; 1. RPV treatment and mock infection (n=3 or n=6), 2. ZIKV infection, no
treatment (n=3 or n=6), and 3. RPV treatment and ZIKV infection (n=3 or n=6). Six or twelve
animals were started treatment with RPV (12.5 pg per 25 g mouse via intraperitoneal (IP)
injections) two days prior ZIKV or mock infection. RPV treatments were continued daily until
necropsy. Six in the first set and 12 in the second cohort of mice were infected with PRVABC59
strain of ZIKV (102 pfu in 20ul PBS) and three or six with a mock infection (PBS only) through
footpad injections.

Mouse clinical scores and necropsy. All mice were monitored daily for survival and signs of
disease as well as twice-daily weight checks and grasp test analysis. Daily physical, behavior,
and motor coordination/paralysis inspections were also performed. Clinical scores were
determined by grasp test and physical-behavior assessments. Mice were sacrificed based on
weight loss, physical, behavior, and motor function deficits. All mice were sacrificed at the
endpoint of the study at day 14 post infection. Brains were removed and half were harvested,
homogenized for total RNA isolation using a commercially available kit (RNeasy mini, Qiagen).

RNA samples from ZIKV-infected animals were stored at -80 °C until virus titration. The other half



of the brains were fixed in 10% neutral buffered formalin and paraffin embedded for histological
examination. Organs (spleen, liver, kidney and lung) were also removed, fixed in formalin and
processed for histological examination.

Histopathological Evaluation of Brain and Organ Pathology. Tissues were sectioned in a
sagittal orientation at 5um for histological analysis. Slides were deparaffinized through xylene,
rehydrated in graded ethanols, and stained with hematoxylin and eosin. Slides were evaluated
blindly for histopathological changes (neuronal loss, gliosis, and inflammation) by a board certified
veterinary anatomical pathologist (A.D.M.).

RNAscope in situ hybridization and quantitation. Zika viral RNA in the brain (frontal cortex,
hippocampus, thalamus and cerebellum) and organs (spleen, liver, kidney and lung) was
visualized using RNAscope in situ hybridization, according to specifications of the manufacturer
(ACD Bio). Slides were deparaffinized through xylene, washed in 100% ethanol, and air-dried.
Sections were treated with heat-induced target retrieval (92-100 °C) and incubated with protease
(40°C). The probe was designed to target Zika viral RNA at the 866-1763 region, based off MR766
sequence (ACD Bio). The probe was hybridized in a humidity chamber at 40 °C for 2 hours. The
Zika viral RNA was detected by amplification and chromogenic development using the alkaline
phosphatase (AP), red chromogen detection kit (ACD Bio). Sections were counterstained with
hematoxylin, dried at 60 °C and mounted. Slides were blindly imaged for quantitation of viral
signal. Viral RNA was detected using Texas-Red filter fluorescence (10, 400x non-overlapping
images) with a Keyence BZ-X700 Microscope. Zika viral RNA area was quantified using batch
fluorescent analysis and reported as the average positive area. Zika-infected (ZIKV) Zika-infected
+ RPV-treated (ZIKV + RPV) groups were compared by unpaired, non-parametric t-test (Mann-
Whitney), with a significance of p<0.05.

Dual RNAscope and immunohistochemistry. Sections were deparaffinized, rehydrated, and

heat-treated with sodium citrate antigen retrieval (92-100 °C). No protease was applied to



sections. Sections were blocked with 5% levamisole in PBS for 10 minutes to block endogenous
AP. Sections were hybridized with the Zika RNA probe and amplified with the AP, red chromogen
kit, according to the manufacturer (ACDBI0). Following verification of RNAscope detection, slides
were blocked with dual endogenous enzyme block (Dako) and 10% fetal bovine serum in PBS.
Sections were incubated overnight at 4 °C with antibodies against astrocytic GFAP (1:2000,
ProteinTech), microglia-macrophage marker Ibal (1:600, Wako Chemicals), T-lymphocyte
marker CD3 (1:300 Dako), neuronal marker NeuN (1:500, ProteinTech), and nestin (1:300; BD
Biosciences). Slides were visualized using a horseradish peroxidase (HRP)-conjugated
secondary antibody and 3,3'-Diaminobenzidine chromogen (DAB)(Dako), with hematoxylin
counterstain. Sections were dried at 60°C, dipped in xylene and mounted. Slides were imaged in
bright-field at 200x and 600x magnification, using a Keyence BZ-X700 Microscope and

accompanying software for analysis.

Statistical Analysis. All of the values presented on the graphs are given a mean = SEM. Analysis
of variance and unpaiared Student's t-test were used to analyze the statistical significance. p-

values of <0.05 were considered statistically significant.
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Supplemental Figures and Figure Legends
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Supplemental Figure 1: ZIKV infection in primary cultures of brain cells. A. Human neuronal
progenitors (NPCs-H9), B. Primary human fetal astrocytes (PHFA), C. Primary human adult
astrocytes (PHAA), D. primary human fetal neurons (PHFN), and E. primary human fetal
microglial cells (PHFM), were infected with 0.1 and 0.5 pfu ZIKV, and culture supernatants were
analyzed by real time Q-RT-PCR at three days post-infections. ZIKV RNA copies per ml culture
media were displayed as bar graphs. F. Log ZIKV viral loads in culture media from each cell type

infected with 0.5 pfu ZIKV were displayed as bar graph.
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Supplemental figure 2: Effects of NNRTI on ZIKV replication in PHFA. PHFAs were infected
with PRVABC59 strain of ZIKV (0.5 pfu). Cells were treated daily with LAM, ABA, and RPV (10
pg/ml). At 3 dpi, RNA lysates from cellular pellets and whole cell protein lysates were collected
for analysis. A. The encoding sequence of ZIKV NS1, NS2A, and NS4A were amplified by RT-
PCR in total RNA samples obtained from ZIKV infected cells, separated on a DNA agarose gel,
and amplification products were visualized by ethidium bromide staining. Actin was also amplified
and analyzed from the same set of samples and shown as control. B. Whole cells protein lysates
from the same set of infection studies presented in panel A were processed by western blotting
for the detection of ZIKV capsid protein expression by a specific antibody. GAPDH was also
probed in the same membranes after stripping off the first antibody complex, and used as loading

control.
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Supplemental Figure 3: Inhibition of ZIKV infection of PHFA by RPV. A. PHFA were infected
with PRVABCS59 strain of ZIKV (0.5 pfu) and treated with increasing concentrations of RPV (1, 5,
and 10 pg/ml). Whole cell protein lysates were prepared at 4 dpi and processed by Western
blotting for the detection of NS1, NS3, and NS5 protein expression. GAPDH was also probed in
the same membranes after stripping off the first antibody complex, and used as loading control.
B-D. The band intensities of NS1 (B), NS3 (C), and NS5 (D) shown in panel A were determined,
normalized to GAPDH, and shown as bar graph as relative protein expression under each

condition.
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Supplemental Figure 4: Effect of RPV on viability of primary human fetal astrocytes
(PHFA). PHFA cells were plated in 12 well culture dishes. Cells were treated with RPV at 0, 1, 5,
10, 25, and 50 uM concentrations. Cellular viability was assessed at 48 hr post treatments
by MTT (3-(4 5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide) assay. Data are

mean + SEM of three independent replicates.
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Supplemental Figure 5: Putative binding mode of RPV at the SAM site (Mtase domain). The
structure of ZIKV NS5 is shown in New Cartoon representation, in pink color. A. Docking mode of
RPV (green carbons) superimpose well with the crystallographic pose of the methyl donor SAH
(orange carbons). B-D. Critical binding interactions are shown. In C, RPV is superimposed to
complementary site map features (yellow: hydrophobic, red and blue: ligand acceptor and donor

maps).
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Supplemental Figure 6: Putative binding mode of RPV at the Palm Site, RdARp Domain. The
structure of ZIKV NS5 is shown in New Cartoon representation, in light blue color (A) or colored
according to different RdRp subdomains (finger, palm, thumb, linker and loop colored in blue,
magenta, green, black and red, respectively). A-D. Docking modes of RPV (green carbons) are
shown. Binding conformations of RPV at this site cluster into three distinct conformations. In A,
RPV is shown in gray carbons; in C-D in green carbons. B. 2D sketch of RPV. B-D. Critical
binding interactions are shown. In C, RPV is superimposed to complementary site map features

(yellow: hydrophobic, red and blue: ligand acceptor and donor maps).
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Supplemental Figure 7: Putative binding mode of RPV at the Palm Site, finger sub-domain.
The structure of ZIKV NS5 is shown in New Cartoon representation; finger, palm, thumb, linker
and loop sub-domains are colored in blue, magenta, green, black and red, respectively. A. A
cluster of docking modes of RPV (green carbons) is shown. B-D. Critical binding interactions are
shown. In C, RPV is superimposed to complementary site map features (yellow: hydrophobic, red

and blue: ligand acceptor and donor maps).
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Supplemental Figure 8: Putative binding mode of RPV at the Palm Site, palm sub-domain.
The structure of ZIKV NS5 is shown in New Cartoon representation; finger, palm, thumb, linker
and loop sub-domains are colored in blue, magenta, green, black and red, respectively. A. A
cluster of docking modes of RPV (green carbons) is shown. B-D. Critical binding interactions are
shown. In C, RPV is superimposed to complementary site map features (yellow: hydrophobic, red

and blue: ligand acceptor and donor maps).
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Supplemental Figure 9: Putative binding mode of RPV at the Palm Site, thumb sub-domain.
The structure of ZIKV NS5 is shown in New Cartoon representation; finger, palm, thumb, linker
and loop sub-domains are colored in blue, magenta, green, black and red, respectively. A. A
cluster of docking modes of RPV (green carbons) is shown. B-D. Critical binding interactions are
shown. In C, RPV is superimposed to complementary site map features (yellow: hydrophobic, red

and blue: ligand acceptor and donor maps).
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Supplemental Figure 10: Bioactive conformation and best predicted binding of RPV to the RdRp
Domain of NS5. Most populated cluster of conformers of RPV (A) and top conformer (B). Bioactive
conformation and predicted binding of ETR to the RdRp Domain of NS5 (compared to RPV). Most
populated cluster of conformers of ETR (C) and top conformer (D). Binding mode of ETR to the
NS5 RdRp domain (E), generated by molecular docking, is compared a representative binding
mode of RPV. In all cases, both ETR and RPV adopts the “horseshoe” binding conformation that
was previously observed in the experimental complex of RPV bound to HIV-1 RT (*).

(*) Das, K. et al. High-resolution structures of HIV-1 reverse transcriptase/TMC278 complexes:
Strategic flexibility explains potency against resistance mutations. Proc. Natl. Acad. Sci. 105,

1466 (2008).
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Supplemental Figure 11: Predicted binding modes of the NNRTI EFA and the NRTI AZT to the
RdRp domain of NS5. Docking scores are indicated in parenthesis and correlate with
experimental data showing that, while the inhibitory effect of EFA could only be detected at high
concentrations (suggesting weak binding), AZT did not interfere at all (suggesting no binding) with

NS5 activity (Fig. 2, panels B and D).
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Supplemental Figure 12: RPV reverses the mortality and decreases the viral burden in the
IFNR” mice. Eighteen IFNR knockout transgenic (IFNR’) mice, obtained from Jackson
laboratories, at four months were divided into three groups; 1. RPV treatment and mock infection

(n=6), 2. ZIKV infection, no treatment (n=6), and 3. RPV treatment and ZIKV infection (n=6).



twelve animals were started treatment with RPV two days prior ZIKV or mock infection. RPV
treatments were continued daily. Twelve mice were infected with PRVABC59 strain of ZIKV and
six with a mock infection (PBS only) through footpad injections. A. Body weights were measured
for each mouse from the three groups (closed square-rilpivirine only; closed circle- ZIKV
untreated; open triangle- ZIKV + RPV) until the end of the study (14 days post infection (dpi)).
Data are shown as a percent of body weight compared to baseline. B. Grasp tests were performed
daily starting at 4 dpi and analyzed for clinical scoring for the three groups. C. Survivor curve
analysis is shown based on the Kaplan-Meier estimates. All animals in the RPV only and ZIKV +

RPV groups survived until the end of the study. The ZIKV mice were sacrificed at 8 dpi.
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Supplemental Figure 13: Significant inflammation and necrosis with ZIKV in the brains of
IFNR™ infected mice. Thalamus (A-C), hippocampus (D-F), frontal cortex (G-1) and cerebellum
(J-L) from RPV only (RPV) (A, D, G, J), ZIKV-infected animals (ZIKV) (B, E, H, K) and ZIKV -
infected, RPV-treated animals (ZIKV + RPV) (C, F, I, L) were stained with hematoxylin and eosin.
(A, D, G, J). The rilpivirine-only control brains were unremarkable. (B, E, H, K). All brain regions
(thalamus, hippocampus, frontal cortex and cerebellum) examined in the ZIKV only mice had

significant inflammation, but also abundant apoptotic/necrotic cell damage. (C, F, I, L). In the RPV



treated ZIKV infected animals, there was still significant inflammation, but no apoptotic/necrotic

cell damage was seen.
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Supplemental Figure 14: Comparison of ZIKV RNA in kidney, liver, lungs, spleen, thalamus
and cerebellum. ZIKV RNA was visualized with RNAscope (red) in kidney (A-B), liver (C-D),

and lungs (E-F) of ZIKV-infected animals (ZIKV) and ZIKV -infected, RPV-treated animals (ZIKV



+ RPV). (G) Quantitation of ZIKV RNA in spleen showed low levels of ZIKV RNA in the ZIKV
infected animals (176.8 + 39.1 um?), which significantly decreased with RPV treatment (38.0 +
26.7 pm?) (P<.001). (H) Representative image of a spleen ZIKV RNAScope in situ reveals high
viral RNA signal in ZIKV mice. (1) Representative image of spleen ZIKV RNAScope staining shows
few ZIKV RNA+ cells in ZIKV + RPV mice. (J) Quantitation of ZIKV RNA in thalamus showed
moderate levels of ZIKV RNA in the ZIKV infected animals (1149.3 + 440.7 um?), which
significantly decreased with RPV treatment (464.8 + 193.5um?) (P<.05). (K) Representative
image of a thalamus ZIKV RNAScope in situ reveals moderate viral RNA signal in ZIKV mice. (L)
Representative image of thalamus ZIKV RNAScope staining shows decreased ZIKV RNA+ cells
in ZIKV + RPV mice. (M) Quantitation of ZIKV RNA in cerebellum showed moderate levels of
ZIKV RNA in the ZIKV infected animals (669.9 + 157.9 um?), which significantly decreased with
RPV treatment (56.4 + 25.0 um?) (P<.05). (N) Representative image of a cerebellum ZIKV
RNAScope in situ reveals moderate viral RNA signal in ZIKV mice. (O) Representative image of
cerebellum ZIKV RNAScope staining shows decreased ZIKV RNA+ cells in ZIKV + RPV mice.
The average Zika RNA signal area was quantitated as the average of 10, non-overlapping 40X
images from each animal (n=3/group), using a Keyence BZ-X700 microscope. Bar graphs show
average Zika RNA area (mean, SEM). Comparison of means was determined by Mann-Whitney,

two-tailed t-test. (*P<0.05, ***P<0.0001)
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