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Zika virus (ZIKV) infects fetal and adult human brain, and is associated with serious neurological
complications. To date, no therapeutic treatment is available to treat ZIKV infected patients. We
performed a high content chemical screen using human embryonic stem cell derived cortical
neuron progenitor cells (hNPCs) and found that hippeastrine hydrobromide (HH) and amodiaquine
dihydrochloride dihydrate (AQ), can inhibit ZIKV infection in hNPCs. Further validation showed
that HH also rescues ZIKV-induced growth and differentiation defects in hNPCs and human fetal-
like forebrain organoids. Finally, HH and AQ inhibit ZIKV infection in adult mouse brain /in vivo.
Strikingly, HH suppresses viral propagation when administered to adult mice with active ZIKV
infection, highlighting its therapeutic potential. Our approach highlights the power of stem cell-
based screens and validation in human forebrain organoids and mouse models in identifying drug
candidates for treating ZIKV infection and related neurological complications in fetal and adult
patients.
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Introduction

ZIKV infection is associated with an increased incidence of congenital defects, most
prominently microcephaly (Mlakar et al., 2016; Rasmussen et al., 2016). In adults, ZIKV
can lead to serious neurological complications, such as Guillain-Barré syndrome,
meningoencephalitis and myelitis (Cao-Lormeau et al., 2016; Carteaux et al., 2016;
Mecharles et al., 2016; Parra et al., 2016). Recent studies using human pluripotent stem cell
(hPSC)-derived human cortical neural progenitor cells (hNPCs) and forebrain organoids
demonstrated that ZIKV replication persists in human fetal neural progenitors for weeks,
leading to cell death and attenuation of cortical growth (Garcez et al., 2016; Hanners et al.,
2016; Qian et al., 2016; Tang et al., 2016). Furthermore, ZIKV can infect neural stem cells
in the murine adult brain (Li et al., 2016). These data support a direct link between ZIKV
infection and congenital and adult neurologic symptoms.
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Two high content chemical screens reported the identification of drug candidates inhibiting
ZIKV (Barrows et al., 2016; Xu et al., 2016). Although these studies validated a screening
platform to identify ZIKV inhibitors, none of the hit compounds were evaluated for
therapeutic use in ZIKV-infected animals. Here, we describe a high content screen using
hNPCs identifying two compounds that can inhibit ZIKV infection. One of these drug
candidates, hippeastrine hydrobromide (HH) suppresses ZIKV infection in the brain of mice
carrying replicating ZIKV, validating the therapeutic potential of this drug candidate.

A high content chemical screen using hNPCs identifies anti-ZIKV compounds

To identify anti-ZIKV compounds, we screened the Prestwick library that includes 1120
FDA-approved drug and drug candidates, selected for known bioavailability and safety in
humans. hNPCs were treated with each compound from the library or vehicle control
(DMSO) for 1 hour, followed by addition of ZIKV MR766 (MOI=0.125) for 2 hours. After
an additional 3 days of culture, cells were stained with antibodies against the ZIKV envelope
protein (ZIKV E) and a cell proliferation marker Ki67 (Figure 1A). Quantifications were
performed by an automated imaging and analysis system (Figure S1A). Positive hits were
defined as compounds that increased total cell number by greater than 100% and suppressed
ZIKA infection to less than 20% of control. Based on the fold change of the percentage of
ZIKV infection, the signal-to-basal (S/B) ratio is 4.2 and the coefficient of variation (CV) is
6.9%. The Z factor is 0.59 indicating a robust screening system.

Using these criteria, 9 primary hit compounds were confirmed to significantly inhibit ZIKV
infection without inhibiting cell proliferation at 10 uM (Figures S1B-D, Table S1). Two hit
compounds that showed the highest efficacy (Figure S1C), HH (IC5p=1.95 uM), and
Amodiaquine dihydrochloride dihydrate (AQ, IC59=2.28 uM), were chosen for further study
(Figure 1B and 1C). Both compounds effectively inhibited ZIKV infection and blocked
ZIKV induced growth arrest or apoptosis compared to DMSO controls (Figures 1D-H). HH
and AQ also significantly suppressed the production of ZIKV viral RNA (VRNA) (Figure
11), and production of infectious ZIKV (Figures 1J-K and S1E). Furthermore, transcript
profiling suggested that HH or AQ treatment reversed the transcriptional changes induced by
ZIKV infection (Figure 1L). Interestingly, gene ontology analysis highlighted neuroactive
ligand-receptor interaction pathway in both Mock vs. HH and Mock vs. AQ conditions
(Figure S1F). Finally, 25 uM HH or 15 uM AQ effectively inhibited infection of another
ZIKV strain, PRVABC59 (Figures 1M and 1N). Merbromin significantly increased hNPC
proliferation, but did not affect ZIKV infection (Figures S1G-1K). Therefore, we focused on
HH and AQ for further validation as drug candidates.

HH eliminates virus from ZIKV infected hNPCs

HH or AQ was applied 2h post ZIKV infection (hpi, Figure 2A). The compounds eliminated
ZIKV infection with 1C5q = 3.62 UM (HH, Figure 2B) and I1Csq = 2.81 uM (AQ, Figure
S2A). In addition, HH successfully rescued ZIKV-induced loss of cell viability with no
obvious cytotoxicity (Figure 2C). In contrast, AQ affected cell viability at 25 UM, suggesting
that AQ can be toxic to hNPCs (Figure S2B).
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ZIKV-infected hNPCs were treated with HH or AQ for 3 days, followed by 3 days culture in
drug-free medium. Both compounds suppressed ZIKV infection to undetectable levels by
day 3 (Figures 2D and S2C). By day 6, HH-treated hNPCs remained undetectable for ZIKV
infection (Figures 2D and 2E). Consistent with these observations, HH treatment also
rescued the cell death rate and total cell number at levels comparable to mock infection
conditions (Figures 2D and 2E). Neither ZIKV vRNA (Figure 2F), nor production of
infectious ZIKV was detected in day 6 supernatant under HH-treated conditions (Figures 2G
and 2H). Furthermore, hNPCs with or without ZIKV infection treated with HH for 3 days
maintained the expression of neural progenitor markers, SOX2 and NESTIN, and were
capable of differentiation into cortical neurons expressing MAP2 and beta-tubulin 111 (Figure
21). Therefore, HH can eliminate ZIKV from infected hNPCs without affecting cell identity
or differentiation capacity. In contrast, AQ treatment resulted in viral rebound after 3 days of
growth in drug-free medium (Figures S2C and S2D), suggesting that AQ only transiently
suppresses ZIKV infection.

We used gRT-PCR analysis to monitor the dynamics of ZIKV vRNA expression (MR766
strain) in hNPCs. Both (+) and replicating (=) vVRNA strands could be detected at 24 hpi, and
the VRNA level increased progressively at 36 and 48 hpi (Figure 2J). Immunocytochemistry
analysis showed that the percentage of ZIKV E* cells started to plateau at 48 hpi. Moreover,
cell apoptosis was detected at 48 hpi with substantial cell death from 48 to 72 hpi indicated
by induction of CAS3 expression and decrease of the total cell number (Figure S2E). HH
treatment at 24, 36 or 48 hpi successfully suppressed ZIKV vRNA levels (Figure 2K). HH
consistently suppressed the production of ZIKV vRNAs in hNPCs derived from different
donors (Figure S2F). HH treatment at 48 hpi, 12h after the initial detection of replicating (<)
strand VRNA (Figure S2H), completely suppressed the production of vVRNAs of another
ZIKV strain (FSS13025, Figure S2G). The data suggest that HH can eliminate virus from
hNPCs carrying replicating ZIKV.

HH inhibits ZIKV infection in a human fetal-like forebrain organoid model

hPSC-derived forebrain organoids provide a unique platform to study disorders of brain
growth including microcephaly (Bershteyn and Kriegstein, 2013). We tested both short- and
long-term effects of HH and AQ on day 20 (D20) forebrain organoids following ZIKV
infection. D20 forebrain organoids were inoculated with ZIKV (MR766) for 24h, followed
by treatment with 15 uM AQ or 25 uM HH for 3 days (D20+4, short-term) or 17 days
(D20+18, long-term). Organoids were analyzed for ZIKV infection, cell proliferation, and
apoptosis (Figure 3A). Immunohistochemical analysis of SOX2 and ZIKV E showed that
D20 organoids consist mainly of SOX2* NPCs, and more than 80% of the cells were
infected by ZIKV at D20+4 (Figures 3B and 3C), HH was effective at suppressing the
percentage of ZIKV E* cells (Figures 3B and 3C) and total ZIKV VRNA level in the
supernatant (Figure 3D) to undetectable levels. Infection of D20 organoids with ZIKV
reduced the relative number of Ki67* proliferating cells, and increased the number of
CAS3* apoptotic cells, phenotypes that were completely rescued by HH (Figure 3E).
Although 15 pM AQ suppresses ZIKV infection in organoids, it resulted in a substantial
reduction in mitotic cells and increase in apoptotic cells (Figure S3A).
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D20 organoids were infected with ZIKV and after 18 additional days of growth, analyzed for
ZIKV infection. While ZIKV infected organoids without drug treatment were strongly
infiltrated by virus, HH-treated organoids were devoid of detectable ZIKV (Figure 3F).
Organoid size was measured 18 days post infection (dpi). The cross-sectional area of ZIKV
infected organoids was significantly decreased compared to mock infected conditions,
modeling ZIKV-associated congenital microcephaly (Figures 3G and 3H). In contrast,
ZIKV-infected organoids treated with 25 uM HH grew to a similar size as mock-infected
organoids (Figures 3G and 3H). Moreover, HH successfully rescued ZIKV-induced
structural defects seen in long-term cultures. In the ZIKV-infected organoids treated with
HH, there are clearly defined zones of progenitors (SOX2*) and neurons (TUJ1*), similar as
mock conditions, while in the ZIKV infected organoids without HH, the progenitor and
neuronal zones are intermixed and lack discernible organization (Figure 31). We also
monitored ZIKV vRNA expression dynamics using gRT-PCR. Both (+) strand and
replicating (-) ZIKV vVRNA strands were detected at 42 and 48 hpi (Figure S3B). Significant
cell apoptosis was detected in ZIKV infected cells in organoids at 42 hpi (Figure S3C). HH
treatment significantly decreased the ZIKV vRNA levels when added at 42 or 48 hpi (Figure
S3D). Therefore, HH successfully inhibits ZIKV activity during long-term forebrain
organoid growth and rescues crucial aspects associated with fetal brain development.

HH or AQ suppresses ZIKV infection in vivo

To evaluate the prophylactic activity of drug candidates /n vivo, HH or AQ was
administrated to 6-8 week old SCID-beige mice 12h before they were infected with ZIKV
(MR766). HH was injected at a dose of 100 mg/kg/day subcutaneously (Figure 4A), and AQ
was administrated at a dose of 40 mg/kg/day through intraperitoneal injection (Figure S4A).
The mice were euthanized at 7 dpi. The levels of (+) strand ZIKV vRNA was low in liver,
spleen and kidney, whereas, strong ZIKV infection was detected in brains of infected mice
(Figure 4B). HH treatment significantly suppressed levels of ZIKV vRNA in brain (Figure
4C). AQ treatment achieved a similar prophylactic effect (Figure S4B).

Immunohistochemical analysis revealed that ZIKV broadly infects forebrain structures, with
strong infiltration of the adult cortex (Figure 4D). ZIKV was found in many post-mitotic
TUJ1* cortical neurons (Figure 4E), but not GFAP* cortical astrocytes (Figure 4F). HH fully
inhibited infection of adult cortex (Figures 4D-F). ZIKV also strongly infiltrated
hippocampal structures, including the cornu ammonis (CA1 and CA3) regions, suggesting
infection of post-mitotic neurons (Figure 4G). High magnification images revealed that
ZIKV can infect SOX2* neural progenitors (Figure 4H) and DCX* immature neurons
(Figure 41). HH completely inhibited infection of the adult hippocampus, including
immature cells (Figures 4G-I). ZIKV strongly infiltrated the striatum (Figure 4J), localized
outside the neurogenic subventricular zone (SVZ), with few ZIKV-infected SOX2* neural
progenitors (Figure 4K) or DCX* immature neurons (Figure 4L). HH fully inhibited
infection of the adult striatum (Figures 4J-L). Given the strong infiltration of adult brain
structures, we analyzed whether ZIKV exerts detrimental cellular effects in the adult nervous
system. Immunostaining for CAS3 revealed that ZIKV infection increases the number of
apoptotic cells in the cortex (Figure 4M). ZIKV induced apoptosis in both infected and non-
infected cells (Figure 4N). Treatment of mice with HH rescued cellular apoptosis associated
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with ZIKV infection in the cortex (Figure 4M). AQ treatment was also able to inhibit ZIKV
infection from all cell-types in the adult (Figures S4C-K) and to rescue ZIKV-induced
cellular apoptosis (Figure S4L).

To evaluate the therapeutic potential of HH, we first monitored the kinetics of ZIKV
infection in adult mouse organs. SCID-beige mice were inoculated with ZIKV (MR766) and
euthanized at 24 hpi, 4 and 5 dpi. Organs were analyzed for vVRNA by qRT-PCR (Figures 40
and S4M) and Vero re-infection assays (Figures 4P and S40). Both (+) (Figure 40, left) and
replicating (=) (Figure 40, right) vRNAs strands were detected in brains of ZIKV-infected
mice at 24 hpi, 4 and 5 dpi. The (+) VRNA strand was occasionally detectable in liver, spleen
and kidney (Figure S4M, left). However, the (=) strand was only detectable in spleen and
became undetectable after 4 dpi (Figure S4M, right). Consistently, infectious viral particles
were detected in brain (Figure 4P), but not liver, spleen or kidney (Figure S40). Therefore,
we evaluated the effect of HH on the infected brain.

Based on the dynamics of viral replication, we tested the anti-ZIKV potential of HH at 24
hpi and 5 dpi, two time points when VRNA is detected. At 24 hpi, the ZIKV-infected mice
were randomly separated into two groups and treated with vehicle or HH (100 mg/kg/day
subcutaneously) for 7 days (Figure 4Q). The (+) and (=) ZIKV vRNA strands were rarely
detectable following HH treatment (Figure 4R). In addition, HH treatment at 5 dpi, 4 days
after the emergence of detectable ZIKYV, consistently decreased levels of both (+) and
replicating (=) VRNA strands when compared to the vehicle treated cohort (Figures 4S and
4T). High dose HH treatment (200 mg/kg/day subcutaneously) applied at 5 dpi also
suppressed (+) and (=) ZIKV vRNA strands in the brain (Figure 4U). Importantly, high dose
HH treatment starting at 5 dpi also significantly suppressed the infectious capacity of ZIKV
in mouse serum (Figure 4V). To test the breadth of HH therapeutic activity, we inoculated
mice with a second ZIKYV strain (Asian strain, FSS13025). HH also significantly decreased
levels of this strain when administered at 7 dpi, 6 days after the initial detection of ZIKV in
brain (Figures S40-R). Therefore, in immuno-compromised adult hosts, ZIKV achieves
disseminated infection outside of progenitor zones, where it typically resides. HH has broad
anti-ZIKV activity in mouse brain carrying replicating ZIKV, highlighting its therapeutic
potential.

Discussion

We carried out a high content chemical screen using an FDA-approved drug library and
discovered two drug candidates with anti-ZIKV activity. Both HH and AQ can inhibit ZIKV
infection of hNPCs. HH, but not AQ, eliminates ZIKV from hNPCs previously infected with
ZIKV. As a result, HH can rescue microcephaly-related defects in human fetal-like forebrain
organoid cultures, with little or no evidence of cellular toxicity. Finally, HH exhibits anti-
ZIKV activity /n vivoin the adult mouse brain. Two other anti-ZIKV compounds were
reported in mouse models, NITD008 (Deng et al., 2016) and 7-deaza-2’-C-methyladenosine
(Zmurko et al., 2016), but only tested for their prophylactic activity. Here we demonstrated
that HH has strong /n vivo anti-ZIKV activity, inhibiting virus production and spread in the
brains of ZIKV-infected immuno-compromised SCID-beige mice. Additional work needs to
be done to further confirm the HH’s anti-ZIKV effect on other tissues that can potentially be
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infected by ZIKV, including eyes (Miner et al., 2016), testis (Govero et al., 2016), and spinal
cord (Lazear et al., 2016).

HH was first isolated from the amaryllidaceae family plant species Lycoris radiata, and
reported to exhibit anti-avian influenza H5N1 activity (He et al., 2013). A chemical analog
of HH inhibits another flavivirus, Hepatitis C (Chen et al., 2015). HH shows no toxicity even
at high doses (100 uM /n vitro and 200 mg/kg /n vivo). Given the safety and efficacy of HH
to suppress ZIKV infection in hNPCs, human forebrain organoids, and adult mice, HH is a
highly promising drug candidate for further clinical development to treat ZIKV-infected
patients across the lifespan.

We also identified AQ, also called Amodiaquine, as another FDA-approved drug with anti-
ZIKV activity. The WHO recommended AQ as an optional treatment of uncomplicated
malaria (Olliaro and Mussano, 2003). AQ inhibits replication and infectivity of another
flavavirus, Dengue virus type 2 (Boonyasuppayakorn et al., 2014). We found that AQ
effectively inhibits ZIKV infection in NPCs /n vitro and in a mouse model. However, AQ
exhibited high cytotoxicity in brain organoid cultures, which raises safety concerns for using
this drug during pregnancy.

Few options are currently available to treat potentially devastating infections from the ZIKV
pandemic, but chemical-based drugs may provide a first response option. Our findings
suggest a strong drug candidate for the treatment of ZIKV infection, in addition to indicating
targets for drug development against other flaviviruses, including West Nile Virus, Dengue
Virus, and yellow fever virus, which all cause severe illness.

STAR Methods

Detailed methods are provided in the online version of this paper and include the following:

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to the Lead Contact, Dr.
Shuibing Chen (shc2034@med.cornell.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—3 human iPSC lines were generated from skin biopsy samples of 3 different
donors, including a healthy female at 16 years old (3113-3-21 line, donor 1), a healthy
female at 18 years old (3182-1-2 line, donor 2) and a healthy female at 12 years old
(3183-3-2 line, donor 3). hNPCs were differentiated from the 3 hiPSC lines as previously
reported (Topol et al., 2015). The detailed protocol was described in Method details. hANPC
3182-1-2 line and 3183-3-2 line were used in Figure S2F, and the hNPC 3113-3-21 line were
used in all the other hNPC experiments in this study. Human forebrain organoids were
generated from H9 hESC line (WA-09, WiCell).

Mice—6-8 weeks old immunocompromised SCID-Beige female mice (CB17.Cg-

PrkdcscidLystbg-J/Crl) purchased from Charles River Laboratories were used for in vivo
compound testing under a protocol approved by the WCMC Institutional Animal Care and
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Use Committee. All mice were housed in bio-hazardous animal facility and the experiments
were performed in BSL2+ hood.

METHOD DETAILS

hNPC generation, culture and cortical neuron differentiation—Human iPSC lines
were generated from skin biopsy samples of a healthy female at 16 years old (3113-3-21
line), a healthy female at 18 years old (3182-1-2 line) and a healthy female at 12 years old
(3183-3-2 line), had been fully characterized and cultured on a MEF feeder layer in hESC
medium consisting of DMEM/F12 (Thermo Fisher Scientific), 20% KO-Serum Replacement
(Life Technologies), 1x Glutamax (Thermo Fisher Scientific) 1x NEAA (Thermo Fisher
Scientific) 1x 2 mercaptoethanol (Thermo Fisher Scientific20ng/ml FGF2 (Peprotech). The
three human iPSCs were differentiated into forebrain-specific hNPCs as previously
described (Topol et al., 2015). Briefly, on day 1, hiPSCs colonies were detached from the
feeder layer with 1 mg/ml collagenase treatment for 1 hour and suspended in N2/B27
medium consisting of DMEM/F12 (Thermo Fisher Scientific), 1x N2 (Thermo Fisher
Scientific) and 1x B27-RA (Thermo Fisher Scientific). The colonies were then transferred to
non-adherent 6-well dishes to form EBs overnight. On day 2, feed the EBs with N2/B27
medium supplemented with 0.1 uM LDN193189 (Stem Cell Technologies) and 10 uM
SB431542 (Tocris Bioscience). On days 3-7, feed the EBs every second day with N2/B27
medium supplemented with 0.1 pM LDN193189 and 10 uM SB431542. On days 7-14,
plating of EBs to Matrigel (BD Biosciences) coated plates. Neural rosettes began to appear
within a few days (characterized as round clusters of neuroepithelial cells with apico-basal
polarity). On day 14, the rosettes were picked mechanically and dissociated with Accutase
(Sigma-Aldrich) at 37° C for 15 minutes, and placed onto matrigel-coated 6-well plates to
form monolayer hNPCs in NPC medium consisting of Dulbecco’s Modified Eagle Medium/
Ham’s F12 Nutrient Mixture (ThermoFisher Scientific), 1xN2 (ThermoFisher Scientific),
1xB27 minus RA (ThermoFisher Scientific) and 20 ng/ml recombinant human basic FGF
(Peprotech). The hNPCs were split at 1:3 ratio every week with Accutase. hNPCs at passage
5-8 were used for ZIKV infection in the study.

To induce cortical neuronal differentiation, NPCs were dissociated with Accutase and plated
at 2.0 x 10° cells per cm~2 in NPC media on growth factor reduced Matrigel-coated plates.
After overnight culture, medium was changed to neural differentiation medium, including
DMEM/F12, 1xN2, 1xB27 minus RA, 20 ng/ml BDNF (Peprotech), 20 ng/ml GDNF
(Peprotech), 20 ng/ml NT-3 (Peprotech), 1 mM dibutyryl-cyclic AMP (Sigma), 200 nM
ascorbic acid (Sigma) and 1 pg/ml laminin (ThermoFisher Scientific). NPC-derived neurons
were differentiated for 1~2 months.

Generation and culture of human forebrain organoids—To induce forebrain
organoid differentiation, H9 hESC line (WA-09, WiCell) hPSCs were dissociated to single
cells using EDTA, and 9000 cells were reaggregated using low-adhesion V-bottom 96 well
plates (Wako) in Essential8 Medium (Fisher Scientific) with 10 uM Y-27632 (Tocris
Biosciences). After 24 h (day 0), medium was changed to Essential6 (Fischer Scientific)
supplemented with 10 uM SB431542 (Tocris Biosciences), 500 nM LDN193189 (Stem Cell
Technologies), and 2 uM XAV939 (Tocris Biosciences) until day 4. From day 4 to day 18,
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XAV939 was removed. Medium was changed every other day. From Day 18, organoids were
maintained in organoid differentiation medium (50% DMEM F-12 (Fisher Scientific), 50%
mL Neurobasal (Fisher Scientific), 0.5xN2 supplement (Stem Cell Technologies), 0.025%
insulin (Sigma), 5 mM L-Glutamine (1x, Fischer Scientific), 0.7 mM MEM-NEAA (1x,
Fischer Scientific), 50 U/mL Penicillin-Streptomycin (1x, Fischer Scientific), 55 uM 2-
mercaptoethanol (1x, Fischer Scientific), 1xB27 supplement without Vitamin A (Fischer
Scientific).

ZIKV infection of hNPCs and forebrain organoids—\Vero cell line was maintained in
EMEM medium (ATCC) plus 10% heat-inactivated FBS with penicillin/streptomycin at
37°C. MR766 strain and P RVABCS59 strain of ZIKV were obtained commercially
(ZeptoMetrix) and then titrated by plaque assay in Vero cells. FSS13025 strain was
propagated using a mosquito cell line C6/36 cells (ATCC® CRL-1660™). For virus
propagation, C6/36 cells were maintained in DMEM medium plus 10% FBS at 28°C and
infected with FSS13025 ZIKV (MOI1=0.01) for 2 h. Half of the culture medium was changed
to fresh medium at 1 and 3 dpi. Virus was harvested at 5 dpi and stored at -80°C.

hNPCs were plated on 96-well plates at 8.5x10%cm?2. After overnight incubation, hNPCs
were infected with ZIKV (MR766 strain, MOI=0.125) for 2 h, and changed to virus-free
medium. The cells were maintained in NPC medium with daily medium change. Three days
later, the supernatant and cells were collected and used for assays. hESC-derived forebrain
organoids were infected with ZIKV MR766 (5 x 10° PFU/ml) for 24 h. After removal of
virus containing medium, forebrain organoids were maintained in forebrain organoid
medium for an additional 3 or 17 days and then used for assays.

To monitor ZIKV dynamics in hNPCs, hNPCs were infected with ZIKV (MR766 strain,
MOI1=0.125, FSS13025 strain MOI=0.1) for 2 h, and changed to virus-free medium. The
cells were maintained in NPC medium with daily medium change. The cells were lysed at
the different time points and analyzed using gRT-PCR. The MOI was calculated by dividing
the number of virus particles by the cell number during infection. The cell number was
counted using hemocytometer when plating. The number of virus particles was determined
with focus-forming assay on Vero cells. In brief, ZIKV stocks were titrated to infect Vero
cells for 2 h. Vero cells were then fixed in 4% paraformaldehyde 2 dpi and stained with
antibodies against ZIKV envelop protein (ZIKV E) to detect the infected foci. Number of
infected foci was counted under fluorescent microscope.

High-content Screen—hNPCs were dissociated and plated on Matrigel-coated 384-well
plates for the chemical screen. After overnight incubation, the cells were treated with
compounds from an FDA-approved drug library for 1 h with final concentration at 10 uM.
DMSO was used as a negative control. ZIKV (MR766 strain) was added at MOI=0.125.
After 2 h infection, the supernatant was replaced with fresh medium and compounds from
the same chemical library were added to the same wells. After an additional 3 days
incubation, cells were fixed, stained with antibodies against ZIKV envelop protein (ZIKV E)
and proliferation marker Ki67, and analyzed with the ImageXpress Micro Widefield High-
Content Analysis System. A two dimensional analysis was performed to pick the primary hit
compounds (Figure S1A). X-axis represents the fold change of total cell number, which was
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calculated by dividing the total cell number of the chemical treated well by the average of
total cell number of DMSO treated wells. Y-axis represents the fold change of the
percentage of ZIKV infection, which was calculated by dividing the percentage of ZIKV
infection of the chemical treated well by the average of the percentage of ZIKV infection of
DMSO treated wells. The compounds in which the fold change of total cell number >1 and
the fold change of the percentage of ZIKV infection <20% were further evaluated.

Generation of inhibitory curves—hNPCs were plated on 96-well plates with Accutase
digestion at 8.5x104/cm2 density and incubated overnight. For generating inhibitory curves
of compound for inhibiting ZIKV infection, cells were first treated with DMSO or different
doses of hit compounds for 1 h before ZIKV infection. The cells were then infected with
ZIKV (MR766 strain) at a MOI=0.125. After 2 h of infection, the virus-containing medium
was replaced by fresh virus-free medium and compounds were added again to the same
wells. For generating inhibitory curves of compound for eliminating ZIKV, compounds were
instead added after ZIKV infection. After 3 days incubation, the culture medium was
harvested and applied to the Vero re-infection assay. Vero cells were plated to 96-well plates
one night before re-infection. ZIKV containing medium was serial diluted 10, 102, 103, 104,
10° and10° fold for Vero infection.

RNA-seq analysis—hNPCs at 72 h post-inoculation were collected for RNA-seq analysis,
including mock-infected hNPCs treated with DMSO, mock-infected hNPCs treated with 25
UM HH, mock-infected hNPCs treated with 15 pM AQ, ZIKV (MR766 strain, MOI=0.125)
infected hNPCs treated with DMSO, ZIKV-infected hNPCs treated with 25 uM HH, and
ZIKV-infected hNPCs treated with 15 uM AQ. The RNA from hNPCs in each condition was
extracted with Absolutely RNA Nanoprep kit (Agilent Technologies, 400753). The RNA
quality was validated with a bioanalyzer (Agilent). The cDNA libraries were synthesized
using the TruSeq RNA Sample Preparation kit (Illumina) and sequenced in single-read with
the HiSeq4000 sequencer (Illumina) at Weill Cornell Genomics Resources Core Facility.
The reads were aligned to the human hg19 reference genome with Tophat2 (Kim et al.,
2013). Gene expression data were analyzed with Cufflinks (Trapnell et al., 2010). To
generate heat maps displaying the differential gene expression patterns of different samples,
the expression values (RPKM) were normalized per gene over all samples, to be specific, for
each gene we calculated the mean and standard deviation (stdev) of expression over all
samples, and linearly transformed the expression value using the formula (RPKM-mean)/
stdev. The heat maps were then generated by Heatmap.2 in the R plots package. Gene
ontology pathway analysis was performed using the DAVID function annotation tool.

Immunofluorescence Staining—Cells were fixed with 4% paraformaldehyde for 20
min at room temperature (RT) and blocked in a solution of Mg2* and Ca?* free PBS
containing 5% horse serum and 0.3% Triton-X for 1 h at room temperature and followed by
incubation with primary antibody at 4°C overnight. The following primary antibodies and
dilutions have been used in this study: mouse anti-Flavivirus group antigen antibody (ZIKV
E) (1:2000; Millipore, clone D1-4G2-4-15), mouse anti-Ki67 (1:200, DAKO, MIB-1), rabbit
anti-Ki67 (1:500, Thermofisher, SP-6), rabbit anti-cleaved caspase-3 (1:1000, Cell Signaling
Technology, Asp15), goat anti-SOX2 (1:100, Santa Cruz, sc-17320), rabbit anti-SOX2
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(1:200, Biolegend, N-term), mouse anti-NESTIN (1:1000, Neuromics, MO15012), rabbit
anti-TUJ1 antibody (1:500, Covance, MRB-435P), and chicken anti-MAP2 (1:1000, Abcam,
Ab5392). The secondary antibodies include donkey anti-mouse, goat, rabbit or chicken
secondary antibodies conjugated with Alexa-Fluor-488, Alexa-Fluor-594 or Alexa-
Fluor-647 fluorophore (1:500, Life Technologies). Nuclei were counterstained by DAPI.

The immunohistochemical analysis of mouse tissues was performed on cryosections. In
brief, the tissues were fixed overnight with 4% PFA at 4°C, sunk in 20% sucrose, embedded
in OCT, and then sectioned at 30 um for immunostaining. The primary and secondary
antibodies were used as described above.

RNA Extraction and gRT-PCR—Total RNA of cultured cells and organs was extracted
with RNeasy plus mini kit (Qiagen). VRNA from cell culture supernatant was extracted with
QlAampe viral RNA mini kit (Qiagen). Reverse transcription was carried out with strand
specific tagged primers of ZIKV plus ACTB gene specific primer of human or mouse using
High Capacity cDNA Reverse Transcription kit (Thermo Fisher). gPCR reactions were
performed with PrimeTime Gene Expression 2X Master Mix (IDT DNA) and probes for
ZIKV and human or mouse ACTB. The PCR products were analyzed with Sanger
sequencing to validate the specificity of “+” and “~" strand primers. ZIKV expression level
was then normalized to human ACTB or mouse Actb correspondingly. Primer sets used in
RT and gPCR and probes used in qPCR were listed in Table S2.

Adult mouse infection and in vivo drug testing—6-8 week old female SCID-Beige
mice were infected with ZIKV (2.5 x10° PFU in 0.5 ml culture fluid) through intraperitoneal
injection. For pre-infection treatment, drug candidates were administrated to mice 12 h
before ZIKV inoculation and followed by treatment once per day. HH was administrated
subcutaneously at the dose of 100 mg/kg body weight. AQ was administrated with
intraperitoneal injection at the dose of 40 mg/kg body weight. PBS was used as the vehicle
control. For ZIKV Kkinetics analysis, 6-8 weeks old female SCID-beige mice were
inoculated with (1 x108 PFU for MR766 strain or 1 x107 PFU for FSS13025 strain in 0.5 ml
culture fluid) through intraperitoneal injection. The mice were euthanized at the indicated
time points and analyzed with qRT-PCR to validate the ZIKV level in vivo. At 24 hpi or 5
dpi, HH was administrated subcutaneously at the dose of 100 or 200 mg/kg body weight per
day for 5 days (MR766 strain). At 7 dpi, HH was administrated subcutaneously at the dose
of 100 mg/kg body weight per day for 7 days (FSS13025 strain). After euthanasia, brain,
liver, spleen and kidney were collected and analyzed using qRT-PCR. Blood samples from
mice treated with HH with dose of 200 mg/kg body weight after 5 days treatment were
analyzed with Vero infection assay.

Vero assay to monitor the infectious particular in vivo—Whole blood samples
were collected from tail vein and serum was isolated with centrifuge. Solid samples (brain,
liver, spleen and kidney) were harvested from infected mice after euthanasia. Samples were
freshly homogenized with cold culture medium (DMEM + 10% fetal bovine serum) and
then centrifuged (20009 for 10 minutes at 4 °C). Supernatant and serum were then diluted
serially to infect Vero cells in 96-well plates.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification data are presented as mean + SEM. N=3 independent biological replicates
were used if not otherwise specifically indicated. n.s. indicates non-significant difference.
For in vitro experiments, p values were calculated by unpaired two-tailed Student’s t-test if
not otherwise specifically indicated. For /n vivo experiments, pvalues were calculated by
one-way repeated measures ANOVA or two-way repeated measures ANOVA with a
Bonferroni test for multiple comparisons using Prism 6. *p<0.05, **p<0.01 and
***n<0.001.

DATA AND SOFTWARE AVAILABILITY
The accession number for the RNA-seq data reported in this paper is GEO: GSE89334.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A high content chemical screen identifies anti-ZIKV compounds in hNPCs
(A) Scheme of high content chemical screen.

(B) Chemical structure of hit compounds.

(C) Inhibitory curve of HH or AQ on hNPCs (n=3) based on infectious particles in
supernatant as determined by the Vero reinfection assay.

(D-H) Immunocytochemistry analysis (D), the quantification of the percentage of ZIKV E*
cells (E), proliferation rate (F), cell apoptosis rate (G) and the normalized cell viability (H)
of hNPCs at 72 h after ZIKV (MR766) infection. Scale bars, 100 um. (n=6).

(I) gRT-PCR analysis to monitor the total ZIKV vRNA in the supernatant of hNPC cultures
at 72 h after ZIKV infection.

(J and K) Vero cell reinfection assay (J) and the quantification of ZIKV infectious particles
produced by ZIKV-infected hNPCs (K). Scale bars, 200 pm. (n=3).

(L) Heatmap of mock-infected hNPCs+DMSO (mock); mock-infected hNPCs+25 pM HH
(HH), mock-infected hNPCs+15 uM AQ (AQ), ZIKV infected hNPCs+DMSO (ZIKV
+DMSO0); ZIKV-infected hNPCs+25 uM HH (ZIKV+HH), and ZIKV-infected hNPCs+15
UM AQ (ZIKV+AQ). Genes were selected from the up/down-regulated genes (fold change
>4) in ZIKV-infected hNPCs+DMSO compared to mock-infected hNPCs+DMSO.

(M and N) Immunocytochemistry analysis (M) and quantification of the percentage of ZIKV
E™ cells (N) of hNPCs at 72 h after ZIKV (PRVABC59, MOI=0.1) infection. Scale bars, 100
pm.

p values were calculated by one-way repeated measures ANOVA with a Bonferroni test.
*p<0.05, **p<0.01 and ***p<0.001.
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Figure 2. HH eliminates virus in ZIKV-infected hNPCs
(A) Scheme to evaluate the elimination of ZIKV.

(B) Inhibitory curve of HH calculated based on infectious particles in the supernatant as
determined by the Vero reinfection assay (n=3).

(C) Effective curve of HH calculated based on normalized cell viability (n=3).
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(D and E) Immunocytochemistry analysis (D) and the quantification of the percentage of
ZIKV E* cells, cell apoptosis rate, and total cell number (E) of hNPCs on day 3 and day 6.
Scale bars, 100 pm. (n=3). pvalues were calculated by one-way repeated measures ANOVA
with a Bonferroni test. **p<0.01 and ***p<0.001.
(F) gRT-PCR analysis to monitor the (+) strand ZIKV vRNA in the supernatant of hNPC
cultures on day 6. Scale bars, 200 pm.
(G and H) Vero cell reinfection assay (G) and the quantification of ZIKV infectious particles
produced by ZIKV-infected hNPCs at day 6. Scale bars, 200 pm. (n=3).
(1) hNPCs with or without ZIKV MR766 infection were treated with 25 yM HH or DMSO
for 3 days and then stained for hNPC markers: SOX2 (green) and NESTIN (red), and with
DAPI (blue), or were differentiated to cortical neurons. Scale bars, 100 um.
(J) gRT-PCR analysis to quantify the (+) strand and replicating (=) strand ZIKV vRNAS in
the hNPCs at different time points post infection. The dash line shows detection limit. p

values were calculated by one-way repeated measures ANOVA with a Bonferroni test.

***n<0.001. UD: undetectable.
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(K) gRT-PCR analysis of hNPCs, on which 25 uM HH or DMSO were added at 24, 36 and
48 hpi (MR766) infection and maintained for additional 3 days.

p values were calculated by unpaired two-tailed Student’s t-test. *p<0.05, **p<0.01 and
***n<0.001, if not mentioned specifically.

Related to Figure S2.
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Figure 3. HH inhibits ZIKV infection in short and long term forebrain organoid cultures
(A) Scheme to evaluate HH using forebrain organoids.

(B and C) Immunocytochemistry analysis (B) and the quantification of the percentage of
ZIKV E* cells (C) in mock, DMSO or 25 uM HH treated ZIKV-infected D20 organoids at
D20+4 (n=3). Scale bars, 100 pm.

(D) gRT-PCR analysis of (+) strand ZIKV vVRNA in the supernatant of DMSO or 25 uM HH
treated ZIKV-infected D20 organoids (n=3).

(E) HH rescues ZIKV-related proliferation and apoptosis defects in D20+4 organoids. (n=3).
Scale bars, 100 pm.

(F) D20+18 organoids are highly infiltrated by ZIKV (red), while HH suppressed any
detectable ZIKV infection (n=3). Scale bars, 50 um.

(G and H) Brightfield images of whole organoids (G) and the quantification of average cross
sectional area of D20+18 organoids (H). Values represent mean = SEM (n=3). Scale bars, 1
mm.

(1) HH rescues ZIKV-induced structural defects in forebrain organoids. (n=3). Scale bars,
100 pm.

p values were calculated by unpaired two-tailed Student’s t-test. *p<0.05, **p<0.01 and
***n<0.001 Related to Figure S3.
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Figure 4. HH suppresses ZIKV infection in vivo
(A) Scheme of prophylactic treatment of HH /n vivo.

(B) qRT-PCR analysis of (+) strand ZIKV vRNA in liver, spleen, kidney and brain of ZIKV
infected mice. n=13 for liver, spleen and kidney and n=30 for brain.

(C) gRT-PCR analysis of (+) strand ZIKV VRNA in brains of ZIKV-infected mice treated
with vehicle (n=14) or HH (n=8). UD, undetectable.

(D-F) Immunohistochemical analysis of adult cortex using antibodies against ZIKV E (D),
Bl1-tubulin (E) and GFAP (F). Scale bar, 100 um in (D) and 10 um in (E, F).

(G-I) Immunochistochemical analysis of adult hippocampus including the post-mitotic CA
regions using antibodies against ZIKV E (G), SOX2 (H) and DCX (). Scale bar, 100 pm in
(G) and 10 pm in (H, 1.

(J-L) Immunohistochemical analysis of adult striatum using antibodies against ZIKV E (J),
SOX2 (K) and DCX (L). Scale bar, 100 pm in (J) and 10 pm in (K, L).

(M and N) Immunohistochemical analysis of cellular apoptosis in adult cortex antibodies
against CAS3. Scale bar, 100 um in (M) and 10 um in (N).

(O, P) Kinetics of ZIKV (MR766). Mice were infected with (1 x10% PFU) through
intraperitoneal injection. Mice were euthanized at 24 hpi, 4 and 5 dpi. VRNA level was
analyzed by gRT-PCR (O). Infectivity of viral particles was analyzed by Vero assay (P). n =
4 mice at each time point.

(Q) Scheme of therapeutic intervention with HH 24 hpi (MR766) in (R).

(R) gRT-PCR analysis of ZIKV vVRNA in brains of mice treated with vehicle (n=10) or HH
(n=8) for 5 days starting at 24 hpi.

(S) Scheme of therapeutic intervention with HH 5 dpi (MR766) in (T-V).
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(T) gRT-PCR analysis of ZIKV vRNA in the brains of mice treated with vehicle (n=8) or
100 mg/kg HH (n=8) for 5 days starting at 5 dpi.

(U) gRT-PCR analysis of ZIKV vRNA in the brains of mice treated with vehicle (n=15) or
200 mg/kg HH (n=8) for 5 days starting at 5 dpi.

(V) Quantification of ZIKV infectious particles in serum of ZIKV-infected mice (MR766)
treated with vehicle (n=8) or 200 mg/kg HH (n=8) for 5 days starting at 5 dpi.

p values were calculated by one-way repeated measures ANOVA or two-way repeated
measures ANOVA with a Bonferroni test. *p<0.05, **p<0.01, ***p<0.001.

Related with Figure S4
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