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Abstract Zika virus (ZIKV) causes significant human diseases without specific therapy. Previously we

found erythrosin B, an FDA-approved food additive, inhibited viral NS2B�NS3 interactions, leading to

inhibition of ZIKV infection in cell culture. In this study, we performed pharmacokinetic and in vivo

studies to demonstrate the efficacy of erythrosin B against ZIKV in 3D mini-brain organoid and mouse

models. Our results showed that erythrosin B is very effective in abolishing ZIKV replication in the 3D

organoid model. Although pharmacokinetics studies indicated that erythrosin B had a low absorption pro-

file, mice challenged by a lethal dose of ZIKV showed a significantly improved survival rate upon oral

administration of erythrosin B, compared to vehicle control. Limited structure�activity relationship

studies indicated that most analogs of erythrosin B with modifications on the xanthene ring led to loss

or reduction of inhibitory activities towards viral NS2B�NS3 interactions, protease activity and antiviral

efficacy. In contrast, introducing chlorine substitutions on the isobenzofuran ring led to slightly increased
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Zika virus inhibitor 1663
activities, suggesting that the isobenzofuran ring is well tolerated for modifications. Cytotoxicity studies

indicated that all derivatives are nontoxic to human cells. Overall, our studies demonstrated erythrosin B

is an effective antiviral against ZIKV both in vitro and in vivo.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zika virus (ZIKV) is a member of the genus Flavivirus. ZIKV and
many other flaviviruses such as dengue virus (DENV) are sig-
nificant human pathogens1. ZIKV outbreaks have occurred
worldwide, leading to devastating diseases, including central
nervous system malformations such as Guillain-Barré syndrome,
microcephaly and congenital Zika syndrome2e6. DENVs cause
life-threatening diseases such as dengue shock syndrome and
dengue hemorrhagic fever, now together termed as severe dengue
by WHO7. DENV infection threatens 3.9 billion people, leading to
22,000 deaths per year worldwide. A DENV vaccine was recently
approved in a few countries8. However, it is not effective for
young children9, and may pose an increased risk for naı̈ve chil-
dren10. Although there are effective vaccines for a few flavivi-
ruses, safe and effective vaccines for many flaviviruses including
ZIKV have not been developed or approved by US Food and Drug
Administration (FDA).

The flaviviral genome is composed of 5ʹ-untranslated region
(UTR), a single open reading frame (ORF), and 3ʹ-UTR. A poly-
protein precursor (PP) encoded by the ORF will be co- and post-
translationally processed by viral and cellular proteases into indi-
vidual functional proteins11. NS3 is a multi-functional viral protein
with activities of a serine protease, an RNA triphosphatase, a
nucleoside triphosphatase, and a helicase12e14. The viral NS3
protease is located at the N-terminal 184 amino acids (aa) of viral
NS3 protein and requires a hydrophobic core of about 40 aa in
length within viral NS2B protein as an essential cofactor15e17. The
NS2B binding site on the NS3 protease is highly conserved and
essential (Supporting Information Fig. S1)18e22. Crystal structures
of the viral proteases and their complexes with inhibitors have been
determined15,22e33, including the most recent ZIKV NS2B�NS3
protease31e34. NS2B binding is required for NS3 function.

In recent studies, we identified several clinically-used and
FDA-approved compounds as inhibitors against viral NS2B�NS3
protease complex17,35e39, including erythrosin B (EB), an FDA-
approved food additive. EB functions as an inhibitor to abolish
the essential binding of co-factor NS2B to the viral protease NS3.
Docking and mutagenesis studies confirmed that EB bound in a
pocket formed by residues Y23, I25, Q28, F46, and L58 of the
DENV3 NS3 protease36. It is noted that except Q28 which is
neither conserved nor essential, all other 4 residues are highly
conserved and essential for binding of EB to NS3 (Fig. S1)36.
Consistently, in vitro, EB was found as a broad-spectrum inhibitor
against multiple flaviviruses with an appreciable therapeutic
window. EB was also found to inhibit virus replication in multiple
cell types including lung carcinoma cells, human placental
epithelial cells, and human neural progenitor and stem cells.

In this study, we explored the in vivo antiviral efficacy of EB
using 3D organoid and mouse models. We found that EB signifi-
cantly reduced ZIKV infection on a 3D-mini forebrain organoid
model derived from pluripotent neural stem cells. The survival rate
ofmice infected by a lethal dose of ZIKVwas significantly improved
by EB treatment, compared to that by vehicle control. To improve
the potency and reduce potential side effects, we performed a limited
scale of structure�activity relationship (SAR) study. We found that
modification of I on the xanthene ring led to the loss of antiviral
activity, whereas introducing chlorine substitutions on the iso-
benzofuran ring maintained the same level of potency in inhibition
of NS2B�NS3 interaction, protease activity, and antiviral efficacy,
indicating that the isobenzofuran ring is tolerated for modifications.

2. Results and discussion

2.1. Chemistry

The general synthetic routes of erythrosin B and its derivatives
were summarized in Scheme 1. Coupling of substituted resor-
cinols 1a�d with various phthalic anhydrides 2a�c afforded
fluorescein derivatives 4e9. Iodination of 4 and 9 produced de-
rivatives 10 and 11, respectively. Bromination of 4 with NBS (4.0
or 2.5 eq) gave tetrabromo- and dibromo-derivatives 12 and 13,
respectively. Further nitration of 13 yielded compound 14.
Commercially available isothiocyanate 15 was coupled with trityl-
protected cysteamine to give the intermediate 16, which was then
converted into the final product 17 via acidic deprotection. The
detailed synthetic procedures of these derivatives followed the
reported protocols in literatures42e45. The structures and purities
of all synthesized compounds were evaluated by 1H and 13C NMR
and HPLC analysis, respectively. All compounds are >95% pure.

2.2. Erythrosin B protects 3D mini-forebrain organoid from
ZIKV infection

Previously, we found that EB inhibited ZIKV infection in neural
progenitor and placenta cells relevant to ZIKV pathogenesis using
2D cell culture. Here we further investigated whether EB could
protect against ZIKV-associated neurological damage using a 3D
mini-forebrain organoid model, as we described previously35,37.

Following published protocol35,37, we generated the 3D mini-
forebrain organoid from induced pluripotent stem cells. We first
evaluated if EB could damage the 3D organoid. Our results
showed that EB treatment did not lead to any changes in
morphology of the 3D organoids (Fig. 1A, upper panel), sug-
gesting that EB at 3.0 mmol/L is not toxic to the organoid. In
contrast, temoporfin, an inhibitor blocking NS2B�NS3 in-
teractions we identified previously17, showed significant toxicity
to the 3D organoids (Supporting Information Fig. S2), even
though it only showed moderate cellular cytotoxicity17. As shown,
upon temoporfin treatment, the organoids fell apart and lost clear
organoid boundary, indicating toxicity. Next, we used a full-length

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 The general synthetic routes of erythrosin B (EB) and its derivatives.
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infectious ZIKV clone expressing Venus fluorescent protein
(ZIKV-Venus)35,37 to evaluate the antiviral efficacy of EB in the
organoid model. Our results showed that organoids treated with
DMSO showed significant fluorescence, indicating successful
ZIKV infection (Fig. 1A, lower panel, and Fig. S2). In contrast,
EB-treated organoids showed greatly reduced fluorescence
[Fig. 1A (lower panel) and B, and Fig. S2], suggesting less viral
infection and replication. Our results suggest that ZIKV infection
in the 3D organoid is significantly reduced by EB treatment.

We next used immunostaining to evaluate viral antigen
expression in the 3D organoid. Using the 4G2 antibody which
recognizes flaviviral envelope protein, we showed that DMSO-
treated organoid is fully susceptible to ZIKV infection, showing
viral antigen expression throughout the organoid (Fig. 1B). In
contrast, only very limited viral antigen expression was found for
EB-treated organoids.

We next quantified virus production using plaque-forming unit
assay. Our results showed that EB treatment reduced ZIKV pro-
duction by the 3D organoids up to 2-log order, compared to the
DMSO control. Collectively, our results demonstrate that EB
treatment can prevent ZIKV infection in human cortical tissue.
2.3. Pharmacokinetic (PK) analysis of EB

To study the PK properties, EB was first administered to female
B6 mice at 50 mg/kg by intraperitoneal (ip) injection (Fig. 2A,
Table 1). EB was absorbed rapidly in mice and reached the plasma
peak concentration in 15 min. The clearance of EB is relatively
slower with a t1/2 about 2 h. To examine the oral bioavailability of
EB, the compound was administered to female B6 mice at
100 mg/kg by oral gavage (Fig. 2B). Compared to that with ip
administration, the absorption of EB was also very rapid. It
reached the plasma peak concentration in about 20 min. The
clearance is also relatively slow with t1/2 of about 3 h. However,
the Cmax and AUC were both much lower in the oral administrated
group than those in the ip one, indicating that EB has relatively
low absorption via the oral route.
2.4. In vivo antiviral efficacy

We next performed an in vivo antiviral efficacy study using an
IfnabR�/� ZIKV mouse model as we described previously17.
Because we observed differences in susceptibility to ZIKV chal-
lenge between male and female mice, we evaluated male and fe-
male mice separately. Our results showed that male mice are more
susceptible to ZIKV challenge than females. 1.7 � 104 PFU ZIKV
PRVABC59 led to 100% moribundity of male mice. In contrast,
1.7� 105 PFU ZIKVonly resulted in a 75% moribundity of female
mice (Fig. 3). Compared to the vehicle control group with 100%
lethality, male mice treated with 200 mg/kg EB daily for 7 days
survived 75% (Fig. 3A). Increasing dosage to 400 mg/kg did not
further improve the survival rate (Fig. 3B). For female mice,



Figure 1 (A) ZIKV organoid infected with ZIKV-Venus. The 3D organoids were infected with PBS (Mock), or ZIKV untreated (DMSO), or

ZIKV treated with EB (3.0 mmol/L), or Mock treated with EB (3.0 mmol/L). Upper panel, bright field image of intact organoids. Lower panel,

Venus fluorescence image (excitation 515 nm, emission 528 nm) of the intact 3D organoids. (B) Relative mean fluorescence intensity of ZIKV-

Venus infected organoids treated with DMSO or EB (3.0 mmol/L). n Z 3. ***P < 0.001. (C) Immunofluorescence assay (IFA) imaging of slices

of organoid infected with ZIKV PRVABC59. The 3D organoids were infected with PBS (Mock), or ZIKV untreated (DMSO), or ZIKV treated

with EB. IFA using anti-E 4G2 antibody (green); blue, DAPI. (D) ZIKV production from the 3D organoids at 5 dpi. Culture supernatants were

collected, and virus production was quantified by PFU assay. n Z 3. Error bars in panel D represent the standard deviations at each concentration.

***P < 0.001. Student t-test was used for data in panels B and D.
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treatment with 200 mg/kg daily for 7 days significantly improved
the survival rate to 67.7%, compared to the 25% survival rate in the
vehicle control group (Fig. 3C). Overall, the results indicated that
EB treatment significantly improved mouse survival rate upon a
lethal challenge of ZIKV.

2.5. Screening EB derivatives

We next performed a small scale of SAR study (Table 2). We
re-synthesized EB and generated 10 EB derivatives and evalu-
ated their potency of inhibition towards NS2B�NS3 in-
teractions, protease activity, anti-Zika virus, and cell viability
(Table 2).

Previously we demonstrated that EB inhibited flavivirus
replication by inhibiting the binding of co-factor NS2B to viral
NS3 protease, leading to inhibition of the viral NS2B�NS3 pro-
tease activity36. Therefore, we used previously-developed split
luciferase complementation (SLC) assay and protease assay using
a fluorescence resonance energy transfer (FRET) substrate to
quantify the effects of these EB derivatives17,35e37.

Using the NS2B�NS3 SLC assay as we described pre-
viously17,35e37, we determined the effects of these modifications
on inhibition of the NS2B�NS3 interactions. Apparently,
removal of I at both R1 and R3 positions of the fluorescein
xanthyl part (compounds JMX0915, JMX0920, JMX0912) led to
a drastic reduction in activity to inhibit NS2B�NS3 interactions
(IC50-SLC > 50 mmol/L). Inserting Cl at either R1 or R3 position
(JMX0892 and JMX0897) also abolished the inhibitory activity
against the NS2B�NS3 interaction (IC50-SLC w50 mmol/L).
Removing I at R3 position (JMX0903) or replacing I with Br at
R1 positions (JMX0893, JMX0910, JMX0911) moderately
impacted the inhibitory activity against the NS2B�NS3 in-
teractions. Introducing Cl at both R4 and R5 positions
(JMX0902) retained the same level of potency with an IC50-SLC

of 0.43 mmol/L (Fig. 4A).
Next, we evaluated their inhibitory effect on the NS2B�NS3
protease activity, using His-tag NS2B and MBP-tagged NS3
proteins with a FRET substrate Abz-RRRRYSAG-nTyr substrate,
as described previously17,35e37. Similarly, all derivatives, except
JMX0902, greatly reduced their potency in inhibition of the viral
protease activity (Table 2). Compound JMX0902 showed slightly
improved inhibitory activity against the NS2B�NS3 protease
activity (IC50-pro) (Fig. 4B).

Using plaque reduction assay, we demonstrated that except
JMX0902, all other derivatives did not show appreciable antiviral
efficacy towards Zika virus (EC50 > 15 mmol/L), which is
consistent with their low protease inhibitory activity. In contrast,
our data showed that JMX0902 was slightly more potent than EB in
inhibition of Zika virus replication, with an EC50 of 0.3 mmol/L
(Fig. 4C), which is in agreement with its better inhibitory activity to
the NS2B�NS3 protease than that of EB.

Finally, we measured the cell cytotoxicity of these compounds
towards A549 cells. Our data showed that all derivatives are well
tolerated by A549 cells, with CC50 > 200 mmol/L (Fig. 4D).

3. Conclusions

Flaviviruses represent significant human pathogens. During the
last two decades, frequent outbreaks of flaviviruses such as West
nile virus, DENV, and most recently ZIKV, occurred worldwide.
Unfortunately, no specific therapy exists to treat flavivirus in-
fections. A recent study shows that orthosteric and allosteric in-
hibitors against viral NS2B�NS3 protease provide a promise for
therapeutic development17,35e37,40.

Previously, we identified EB as a potent inhibitor abolish-
ing flavivirus NS2B�NS3 interactions, resulting in inhibition
of the viral protease activity and viral replication in 2D cell
culture36. In this study, we investigated the antiviral efficacy
of EB using 3D organoid and in vivo mouse models. We
showed that the food dye EB can effectively impair the viral



Figure 2 Pharmacokinetic study of EB. Adult female B6 mice were given a single dose of EB at (A) 50 mg/kg (ip) or (B) 100 mg/kg (oral).

Plasma was obtained at various times after dosing. EB was extracted from the plasma and then analyzed by LC�MS/MS as described in the

Experimental Section. n Z 3.
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replication in a 3D mini-brain organoid model and greatly
improved the survival rate of mice challenged by a lethal dose
of Zika virus. Our SAR studies indicated that iodine sub-
stitutions at R1 and R3 positions of the xanthene ring are
essential for EB’s biological activities, and chlorine sub-
stitutions are allowed on the isobenzofuran ring of EB.
Overall, our results showed that EB is the most effective
compound among those analogs to combat Zika infections.

4. Experimental

4.1. Compounds

4.1.1. General chemistry information
Materials and solvents in reagent grade were purchased from
commercial vendors and directly used without further purification.
The reference erythrosin B was also procured from Sigma-
�Aldrich. All reactions were performed in dry glassware with
magnetic stirring under a nitrogen atmosphere. The Silica gel 60
with a particle size of 0.063e0.200 mm (70e230 mesh, flash) was
used for preparative column chromatography. The F254 plates
with Silica gel 60 (Merck, Darmstadt) were used for analytical
thin layer chromatography. UV (254 nm) was used to visualize the
developed chromatograms. A Brucker-300 (1H NMR, 300 MHz;
13C NMR, 75 MHz) spectrometer was used to record NMR
spectra. TMS was used as an internal reference to record 1H and
13C NMR spectra, with chemical shifts in ppm and J values in Hz.
A Shimadzu analytical HPLC system (model: CBM-20A LC-
20AD SPD-20A UV/Vis) was used to determine purities of final
compounds, as we described previously41.

4.1.1.1. 30,60-Dihydroxy-3H-spiro[isobenzofuran-1,90-xanthen]-
3-one (4, JMX0915). Red solid. HPLC purity 95.5%
Table 1 Pharmacokinetic parameters of erythrosine B in

female B6 mice after either ip or oral administration. Values

represent means � SD (n Z 3).

Parameter Unit ip Oral

50 mg/kg 100 mg/kg

Cmax ng/mL 26,800 � 2884 325 � 12.0

Tmax h 0.3 � 0.1 0.4 � 0.1

t1/2 h 2.0 � 0.1 3.0 � 0.4

AUC 0�N ng/mL∙h 54,233 � 14,449 860 � 43

Vz/F_obs L/kg 2.8 � 0.6 504 � 61

CL/F_obs L/kg/h 1.0 � 0.2 116 � 6
(tR Z 14.72 min). 1H NMR (300 MHz, DMSO-d6) d 10.09 (s,
2H), 7.99 (d, J Z 7.5, 1H), 7.79 (td, J Z 7.5, 1.3 Hz, 1H), 7.71
(td, J Z 7.5, 1.1 Hz, 1H), 7.26 (d, J Z 7.6 Hz, 1H), 6.68 (t,
J Z 1.4 Hz, 2H), 6.55 (d, J Z 1.4 Hz, 4H). 13C NMR (75 MHz,
DMSO-d6) d 168.7, 159.5, 152.4, 151.9, 135.5, 130.0, 129.0,
126.2, 124.6, 124.0, 112.6, 109.6, 102.2.

4.1.1.2. 40,50-Dichloro-30,60-dihydroxy-3H-spiro[isobenzofuran-
1,90-xanthen]-3-one (5, JMX0892). Yellow solid. HPLC purity
98.0% (tR Z 14.59 min). 1H NMR (300 MHz, CD3OD)
d 8.03e7.96 (m, 1H), 7.77 (td, J Z 7.5, 1.3 Hz, 1H), 7.69 (td,
J Z 7.4, 1.1 Hz, 1H), 7.24e7.16 (m, 1H), 6.68 (d, J Z 2.2 Hz,
2H), 6.61e6.48 (m, 4H). 13C NMR (75 MHz, CD3OD) d 171.6,
161.3, 154.1, 136.5, 131.0, 130.1, 128.3, 125.8, 125.4, 113.6,
111.4, 103.6.

4.1.1.3. 20,70-Dichloro-30,60-dihydroxy-3H-spiro[isobenzofuran-
1,90-xanthen]-3-one (6, JMX0897). Orange solid. HPLC purity
99.2% (tR Z 16.48 min). 1H NMR (300 MHz, DMSO-d6)
d 11.08 (s, 2H), 8.01 (d, J Z 7.4 Hz, 1H), 7.82 (t, J Z 7.4 Hz,
1H), 7.74 (t, J Z 7.3 Hz, 1H), 7.33 (d, J Z 7.5 Hz, 1H), 6.91 (s,
2H), 6.65 (s, 2H). 13C NMR (75 MHz, DMSO-d6) d 168.3, 155.2,
151.5, 150.1, 135.9, 130.5, 128.2, 125.9, 125.1, 124.0, 116.3,
110.5, 103.8.

4.1.1.4. Sodium 40,50-diiodo-3-oxo-3H-spiro[isobenzofuran-
1,90-xanthene]-30,60-bis(olate) (7, JMX0903). Red solid. HPLC
purity 95.0% (tR Z 16.68 min). 1H NMR (300 MHz, DMSO-d6)
d 8.10e8.01 (m, 1H), 7.53e7.39 (m, 2H), 7.12e7.03 (m, 1H),
6.58 (d, J Z 9.3 Hz, 2H), 6.16 (d, J Z 9.3 Hz, 2H). 13C NMR
(75 MHz, DMSO-d6) d 176.2, 169.6, 157.3, 155.4, 140.6, 133.7,
130.1, 129.8, 128.8, 128.1, 127.9, 120.2, 110.0, 79.3.

4.1.1.5. 30,60-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,90-
xanthene]-5-carboxylic acid (8, JMX0920). Yellow solid.
HPLC purity 99.1% (tR Z 13.52 min). 1H NMR (300 MHz,
DMSO-d6) d 13.53 (s, 1H), 10.17 (s, 2H), 8.40 (s, 1H), 8.29
(dd, J Z 8.0, 1.5 Hz, 1H), 7.39 (d, J Z 8.0, 1H), 6.70 (d,
J Z 2.2 Hz, 2H), 6.61 (d, J Z 8.6 Hz, 2H), 6.55 (dd, J Z 8.7,
2.3 Hz, 2H). 13C NMR (75 MHz, DMSO-d6) d 167.8, 166.0,
159.7, 156.1, 151.8, 136.1, 132.9, 129.2, 126.8, 125.5, 124.6,
112.7, 108.9, 102.3.

4.1.1.6 Sodium 4,5,6,7-tetrachloro-2 0,4 0,5 0,7 0-tetraiodo-3-
oxo-3H-spiro[isobenzofuran-1,90-xanthene]-30,60-bis(olate) (11,
JMX0902). Dark red solid. HPLC purity 95.1% (tR Z 21.08 min).



Figure 3 In vivo antiviral activity of EB against ZIKV. (A) and (B) Survival percentage for four-week-old A129 male mice infected with ZIKV

PRVABC59 (1.7 � 104 PFU) and treated with EB 200 mg/kg (n Z 12) (A) or EB 400 mg/kg (n Z 4) (B) or vehicle (n Z 9) via oral gavage. (C)

Survival percentage of female mice infected with ZIKV (1.7 � 105 PFU) and treated with EB 200 mg/kg (n Z 15) or vehicle (n Z 15). All

survival curves were compared using the Log-rank test. ****P < 0.0001; **P < 0.005; *P < 0.05.
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13C NMR (75 MHz, DMSO-d6) d 171.6, 164.4, 157.3, 145.4,
143.4, 136.9, 132.6, 130.3, 128.3, 127.7, 127.2, 110.7, 96.4, 75.3.

4.1.1.7. 20,40,50,70-tetrabromo-30,60-dihydroxy-3H-spiro[iso-
benzofuran-1,90-xanthen]-3-one (12, JMX0911). Dark red solid.
HPLC purity 95.6% (tR Z 12.78 min). 1H NMR (300 MHz,
DMSO-d6) d 8.14e8.08 (m, 1H), 7.61e7.49 (m, 2H), 7.19e7.15
(m, 1H), 6.99 (s, 2H). 13C NMR (75 MHz, DMSO-d6) d 168.9,
168.1, 157.0, 153.0, 140.4, 132.8, 130.4, 130.1, 128.8, 128.7,
128.6, 117.7, 109.7, 98.9.

4.1.1.8. 40,50-dibromo-30,60-dihydroxy-3H-spiro[isobenzofuran-
1,90-xanthen]-3-one (13, JMX0893). Yellow solid. HPLC purity
99.3% (tR Z 16.37 min). 1H NMR (300 MHz, CD3OD)
d 8.04e7.97 (m, 1H), 7.77 (td, J Z 7.4, 1.4 Hz, 1H), 7.69 (td,
J Z 7.4, 1.1 Hz, 1H), 7.27e7.21 (m, 1H), 6.69 (d, J Z 8.8 Hz,
2H), 6.59 (d, J Z 8.8 Hz, 2H). 13C NMR (75 MHz, CD3OD)
d 171.0, 158.5, 150.8, 136.7, 131.3, 128.3, 128.0, 126.1, 125.4,
113.6, 112.7, 99.4.

4.1.1.9. 40,50-Ddibromo-30,60-dihydroxy-20,70-dinitro-3H-spiro
[isobenzofuran-1,90-xanthen]-3-one (14, JMX0910). Yellow
solid. HPLC purity 97.0% (tR Z 18.44 min). 1H NMR
(300 MHz, DMSO-d6) d 8.07 (d, J Z 7.1 Hz, 1H), 7.84 (td,
J Z 7.4, 1.4 Hz, 1H), 7.76 (td, J Z 7.4, 1.2 Hz, 1H), 7.48 (d,
J Z 7.4 Hz, 1H), 7.14 (s, 2H). 13C NMR (75 MHz, DMSO-d6)
d 168.3, 164.3, 153.3, 137.6, 134.4, 130.9, 129.9, 127.9, 127.3,
125.7, 105.4.

4.1.1.10 1-(30,60-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,90-
xanthen]-5-yl)-3-(2-mercaptoethyl)thiourea (17, JMX0912). Yel-
low solid. HPLC purity 95.0% (tR Z 14.88 min). 1H NMR
(300 MHz, DMSO-d6) d 10.05 (s, 1H), 8.83 (s, 2H), 8.29e8.20 (m,
2H), 7.75 (d, J Z 8.2 Hz, 1H), 7.19 (d, J Z 8.3 Hz, 1H), 6.68 (d,
J Z 2.2 Hz, 2H), 6.64e6.54 (m, 4H), 3.68 (q, J Z 6.5 Hz, 2H),
2.73 (q, J Z 7.4 Hz, 2H), 2.45 (t, J Z 8.1 Hz, 1H). 13C NMR
(75 MHz, DMSO-d6) d 180.6, 168.5, 159.6, 158.6, 158.1, 152.0,
147.2, 141.2, 129.7, 129.0, 126.6, 124.1, 117.1, 113.2, 112.67,
109.8, 102.3, 46.9, 22.8.
4.2. Split luciferase complementation (SLC) assay

The SLC assay was performed using purified proteins as previ-
ously described36,39,46. All experiments described here and below
were performed in triplicate, unless specified. The software suite
GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA)
was used to fit dose-dependent titration points using non-linear
regression function to determine all inhibitory IC50/EC50/CC50

values.

4.3. Protease inhibition assay

Protease inhibition assay was carried out with the His-tagged
NS2B (50 nmol/L), DENV2 NS3-MBP fusion protein (50 nmol/L),
and a FRET substrate Abz-RRRRSAG-nTyr (NeoScientific,
Cambridge, MA, USA) as we described previously17,35e37.

4.4. Cytotoxicity assay

A WST-8 cell proliferation assay (Enzo Life Science, Farm-
ingdale, NY, USA) was used to determine cytotoxicity for EB and
derivatives, as described previously17,35e37,47,48.

4.5. Plaque forming unit (PFU) assays

The effect of erythrosin B on ZIKV PRVABC59 was determined
by a PFU viral plaque reduction assay using A549 cells [American
Type Culture Collection (ATCC), Manassa, VA, USA] as
described previously17,35e37,47,48. No mycoplasma contamination
was detected in all cells.

4.6. Culture of 3D mini-brain organoid

Generation of the 3D mini-brain organoid mimicking forebrain
was cultured as described previously35,37.

4.7. Immunofluorescence assay

The 3D mini-brain organoids at Day 20 were treated with
DMSO or erythrosin B (3.0 mmol/L) as described previ-
ously35,37. At Day 21, the organoids were treated with
DMSO or EB (3.0 mmol/L) and infected with ZIKV PRVABC59
at MOI of 1 or mock. MOI was estimated by estimation of cell
numbers based on organoid volume. At 5 days post infection
(dpi), ZIKV titer in culture supernatant was evaluated by the
PFU assay. At 7 dpi, the 3D organoids were fixed and sectioned
for immunohistochemistry staining, as described previously35,37.
An Olympus DP71 fluorescence imaging system was used to
record fluorescence images. Quantification of relative



Table 2 Effects of EB derivatives on NS2BeNS3 interaction (IC50-SLC), protease (IC50-pro), anti-ZIKV (EC50) and cell viability (CC50).

All in micromolar scale.

Compd. R1 R2 R3 R4 R5 IC50-SLC IC50-pro EC50 CC50

EB I H I H H 0.42 7.9 0.62 >200

JMX0892 Cl H H H H 50 >60 >15 >200

JMX0893 Br H H H H 16 >60 >15 >200

JMX0897 H H Cl H H 48 23 >15 >200

JMX0902

(Acid Red 94)

I Na I Cl Cl 0.43 2.6 0.30 >200

JMX0903 I Na H H H 15 60 >15 >200

JMX0910 Br H NO2 H H 13 47 >15 >200

JMX0911 Br H Br H H 3.4 45 >15 >200

JMX0912

(Fluorescein-SH)

H H H H >100 88 >15 >200

JMX0915 H H H H H >100 >100 >15 >200

JMX0920 H H H H COOH 53 >100 >15 >200

Figure 4 Inhibition of NS2B�NS3 interaction by the SLC assay

(A), NS2B�NS3 protease activity (B), anti-Zika virus activity (C) by

EB and JMX0902 and cytotoxicity of EB and JMX0902 (D). (A)

Dose-dependent inhibition of SLC upon binding of NLuc-NS2B49�66

to GST-CLuc-NS3. n Z 3. (B) Dose�response inhibitions of the His-

NS2B/His-MBP-NS3 protease activity. n Z 3. (C) Dose-dependent

inhibition of ZIKV infectivity. n Z 3. (D) Cell viability assay.

A549 cells were incubated with various concentrations of compounds

and then assayed for viability at 48 h post incubation. n Z 3. Error

bars in all panels represent the standard deviations at each concen-

tration. The DMSO control was set as 100%.
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fluorescence unit (RFU) was done using the ImageJ suite49.
Quantification of virus yield was carried out using the PFU assay
as described above. Student t-test was used to calculate statis-
tical significance.

4.8. Pharmacokinetics of EB

C57BL/6 (B6) mice (female, 20e22 g) were obtained from
breeding stocks maintained at the University of Arizona. All mice
were housed under conditions of controlled temperature (22 �C)
with on-off light cycle, with food and water provided ad libitum.
EB was given to mice by intraperitoneal injection (ip) at 50 mg/kg
(in 50% PEG containing 10% ethanol and 10% DMSO) or by oral
gavage at 100 mg/kg (in 10% Solutol HS 15 containing 10%
DMSO). The University of Arizona Animal Care and Use Com-
mittee approved all animal studies.

Heparinized capillary tubes were used to collect blood samples
through the tail vein at various time as indicated in the figure
legends after dosing. Plasma was prepared and stored at �30 �C
until analysis. Plasma sample (5 mL) was mixed with 30 mL
methanol and 10 mL of internal standard (IS; cholic acid-d4
1 mg/mL), then diluted with 760 mL water before loaded onto an
ISOLUTE� C18 SPE Columns (1 mL/100 mg, Biotage, Salem,
NH, USA). After washed with 1 mL water, the analytes were eluted
from the cartridges with 1 mL methanol, dried with nitrogen, and
reconstituted in 100 mL methanol prior to LCeMS/MS analysis.

LCeMS/MS was used to detect EB. The LCeMS system is
composed of a Sciex Qtrap6500þ Mass Spectrometer (AB SCIEX,
Framingham, MA, USA) and an Agilent 1290 UPLC system
(Agilent Technologies, Santa Clara, CA, USA). An ACQUITY C18
column (2.1 mm � 100 mm, 1.7 mm, Waters) was used to separate
analytes at temperature of 35 �C, with mobile phase A containing
10 mmol/lammonium acetate in water and mobile phase B con-
taining 10 mmol/L ammonium acetate in acetonitrile. Elution was
programed as follows: 10% B (0e0.5 min), 10% B/90% B
(0.5e0.6 min), 90% B (0.6e3 min), 90% B/10% B (3e3.1 min),
10% B (3.1e5.5 min), with a flow rate of 0.2 mL/min. The MS was
operated in the negative ion mode, using electrospray ionization.
The ion spray temperature and voltage were set at 500 �C and
4500 V, respectively. Ion source gas 1, 2 and curtain gas were set at
25, 25, 20 psi, respectively. EB and the internal standard (IS, cholic
acid-d4) were detected using Multiple Reaction Monitoring
(MRM), with a dwell time of 150 msec per transition, at m/z 834.5/
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662.8 and 411.0/411.0, respectively. For quantitative analysis of
erythrosine B, standards (5e1000 ng/mL in 10 mL methanol), along
with 10 mL IS (at 1 mg/mL in methanol), were added to 5 mL of
blank mouse plasma to construct the calibration curve.

PK solver (Microsoft, Redmond, WA, USA) was used to
calculate the pharmacokinetic parameters by assuming a non-
compartmental model.

4.9. In vivo protection efficacy

As we described previously17, a ZIKV survival animal model was
used to evaluate the in vivo antiviral activity of EB, which was
approve by the Wadsworth Center IACUC and Institutional
Biosafety Committees.

1.7 � 104 or 1.7 � 105 PFU of the PRVABC59 strain was
administered to a group of four-week-old A129 male (M) and
female (F) mice by subcutaneous injection, respectively. Then,
the infected mice were treated with EB at 200 mg/kg [n Z 12
(M); n Z 15 (F)] or 400 mg/kg [n Z 4 (M)] of body weight
or with vehicle control [n Z 9 (M), or n Z 15 (F)] every
day through oral gavage for 7 consecutive days post-infection
(dpi). Mice were examined daily for signs of illness and mor-
tality for 14 days. The Log-rank test was used to compare sur-
vival curves.
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