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ABSTRACT Norovirus is the main cause of viral gastroenteritis worldwide. Although
norovirus gastroenteritis is self-limiting in immunocompetent individuals, chronic in-
fections with debilitating and life-threatening complications occur in immunocom-
promised patients. Nitazoxanide (NTZ) has been used empirically in the clinic and
has demonstrated effectiveness against norovirus gastroenteritis. In this study, we
aimed at uncovering the antiviral potential and mechanisms of action of NTZ and its
active metabolite, tizoxanide (TIZ), using a human norovirus (HuNV) replicon. NTZ
and TIZ, collectively referred to as thiazolides (TZD), potently inhibited replication of
HuNV and a norovirus surrogate, feline calicivirus. Mechanistic studies revealed that
TZD activated cellular antiviral response and stimulated the expression of a subset
of interferon-stimulated genes (ISGs), particularly interferon regulatory factor 1 (IRF-
1), not only in a Huh7 cell-based HuNV replicon, but also in naive Huh7 and Caco-2
cells and novel human intestinal organoids. Overexpression of exogenous IRF-1 in-
hibited HuNV replication, whereas knockdown of IRF-1 largely attenuated the antivi-
ral activity of TZD, suggesting that IRF-1 mediated TZD inhibition of HuNV. By using
a Janus kinase (JAK) inhibitor, CP-690550, and a STAT1 knockout approach, we
found that TZD induced antiviral response independently of the classical JAK-signal
transducers and activators of transcription (JAK-STAT) pathway. Furthermore, TZD
and ribavirin synergized to inhibit HuNV replication and completely depleted the
replicons from host cells after long-term treatment. In summary, our results demon-
strated that TZD combated HuNV replication through activation of cellular antiviral
response, in particular by inducing a prominent antiviral effector, IRF-1. NTZ mono-
therapy or combination with ribavirin represent promising options for treating noro-
virus gastroenteritis, especially in immunocompromised patients.

KEYWORDS nitazoxanide, cell culture model, IRF-1, ribavirin, synergy, noroviruses,
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Norovirus is one of the main causative agents of acute viral gastroenteritis in all age
groups. It is estimated to cause a median of 699 million illnesses and 219,000

deaths every year, of which more than 90,000 deaths occur among children less than
5 years old (1). Currently, norovirus gastroenteritis is also recognized as an emerging
burden in immunocompromised populations, particularly transplant recipients (2).
Suppression of the immune system facilitates norovirus infection, resulting in chronic
diarrhea and other complications (3, 4). Furthermore, norovirus gastroenteritis has been
reported to cause graft versus host disease (GVHD) and sepsis due to the breakdown
of the gastrointestinal mucosa in patients (5). Other than careful fluid replacement and
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intensive supportive care, no specific antivirals are currently available for treating
norovirus gastroenteritis.

Nitazoxanide (NTZ) was developed in the early 1970s and originally commercialized
as an antiparasitic drug. Following oral administration, NTZ is absorbed from the
gastrointestinal (GI) tract and rapidly hydrolyzed by plasma esterase to form its active
circulating metabolite, tizoxanide (TIZ). The concentration of TIZ in serum reaches a
maximum of 10 �g/ml (6). Both drugs belong to a class of agents known as thiazolides
(TZD). Currently, NTZ is licensed in the United States (Alinia; Romark Laboratories) for
treating diarrhea caused by Cryptosporidium parvum and Giardia intestinalis in adults
and children above 12 months of age (7). Interestingly, NTZ has also been reported to
exert potent and broad-spectrum antiviral activity against many viruses, including
influenza virus, hepatitis B virus (HBV), hepatitis C virus (HCV), human immunodefi-
ciency virus (HIV), and rotavirus (7, 8). Mechanistically, it has been demonstrated that
NTZ selectively blocks the maturation of the viral hemagglutinin of influenza viruses at
the posttranslational level, thus inhibiting the proper assembly and release of the virus
from host cells (9). With regard to HCV, NTZ is involved in activation of PKR, a key kinase
that regulates the host innate anti-HCV response (10). For rotavirus, NTZ reduces the
size and alters the architecture of rotavirus viroplasm, thus decreasing viral double-
stranded RNA (dsRNA) formation (8). Recently, NTZ has been reported to elicit antiviral
innate immunity to combat HIV and other virus infections (11). However, a general
consensus regarding the antiviral mechanism of action of NTZ is not well established,
and it seemingly depends on the virus itself and host cells.

Several clinical studies have recently demonstrated the off-label use of NTZ in
treating norovirus gastroenteritis. In a randomized double-blind placebo-controlled
clinical trial, 50 adults and adolescents presenting diarrhea with stools positive for
norovirus, rotavirus, or adenovirus were enrolled. The median resolution time for all the
subjects, including those infected with norovirus, was significantly reduced in the
NTZ-treated group compared with the placebo group (12). Later, in a retrospective
study comprising 12 patients with norovirus gastroenteritis after chemotherapy and
hematopoietic stem cell transplantation (HSCT), 11 patients clinically responded with
improvement in symptoms following NTZ administration (5). Similar results were
observed in another study comprising 5 patients with norovirus gastroenteritis after
HSCT. Oral administration of NTZ resulted in resolution of gastroenteritis and complete
viral clearance (13). These clinical studies indicate the potential for repurposing NTZ as
a viable therapeutic option for norovirus gastroenteritis. However, further experimental
research is required to characterize its bone fide antinorovirus activity and to provide
mechanistic insight. In a review article based on personal communication, it was
mentioned that the 50% inhibitory concentration (IC50) and IC90 for TIZ were 0.5 and 1.2
�g/ml, respectively, using a human norovirus (HuNV) replicon (7). In our previous study,
we also found that NTZ displayed potent antinorovirus activity using the same replicon
model (14). However, the exact antiviral mechanisms of NTZ against norovirus have not
been revealed. Therefore, we have systematically explored the antinorovirus potential
of TZD and studied its potential mechanism of action. Our results have revealed that
TZD triggers a cellular innate immune response to combat norovirus replication and
that it synergizes with ribavirin, a broad-spectrum antiviral drug that shows effective-
ness against norovirus gastroenteritis in vivo (15).

RESULTS
TZD exhibited potent antiviral activity toward HuNV and FeCV replication

without significant cytotoxicity. A Huh7 cell-based HuNV replicon model (HG23 cells),
representing one of very few options in modeling HuNV replication in cell culture, has
been widely used for studying antinorovirus agents. After 2 days of treatment, NTZ and
TIZ dose-dependently inhibited HuNV replication (Fig. 1A). The toxicity of TZD toward
HG23 cells was determined by MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] assay. TZD showed no major toxicity toward HG23 cells at the
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FIG 1 TZD potently inhibited replication of HuNV and its surrogate FeCV without significant cytotoxicity. (A) Nitazoxanide
and its active metabolite tizoxanide dose-dependently inhibited HuNV replication without clear toxicity to host cells after
2 days of treatment. The level of HuNV replicon RNA was quantified using qRT-PCR and compared to that of vehicle control
(0.05% DMSO, set as 1) (CTR) (n � 3 independent experiments, each in duplicate). (B) TZD elicited potent antiviral potential
against FeCV. CRFK cells were first infected with FeCV (at an MOI of 0.1) and incubated with vehicle control or increasing
concentrations of TZD. After 24 h of treatment, the cellular FeCV RNA level was quantified by qRT-PCR, normalized to that
of feline GAPDH, and compared to vehicle control (set as 1). (C) Same as panel B for detecting cellular FeCV RNA; viral RNA
copy numbers in the supernatant (secreted viruses) were also detected after 24 h of treatment with vehicle control or TZD.
TZD significantly reduced extracellular FeCV RNA in the supernatant (n � 3 independent experiments, each in duplicate).
(D and E) The anti-FeCV activity of TZD was further validated by an MTT- and hematoxylin and eosin staining-based CPE

(Continued on next page)
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clinically relevant concentration of 10 �g/ml (Fig. 1A). These results demonstrate the
potent antinorovirus effect of TZD without triggering major cytotoxicity.

Consistently, TZD dose-dependently reduced cellular viral RNA and virus production
by a norovirus surrogate, feline calicivirus (FeCV), in the supernatant after 24 h of
treatment without significant cytotoxicity (Fig. 1B and C). The inhibitory effect was also
confirmed in a cytopathic effect (CPE) reduction assay, demonstrating that TZD at 5 and
10 �g/ml protected Crandell Rees feline kidney (CRFK) cells from FeCV-induced CPE
formation (Fig. 1D). Meanwhile, TZD at 5 and 10 �g/ml significantly increased the
survival of FeCV-infected CRFK cells (Fig. 1E). Collectively, our results demonstrated that
TZD potently inhibited replication of HuNV and its surrogate, FeCV.

TZD activated the expression of ISGs, especially IRF-1. TZD has been recently
reported to stimulate innate antiviral immunity in peripheral blood mononuclear cells
in vitro, potentially accounting for its anti-HIV activity (11). Interferon (IFN) signaling is
a vital component of the innate immunity against viral pathogens. It signals through
the Janus kinase-signal transducers and activators of transcription (JAK-STAT) pathway
and transcriptionally induces hundreds of interferon-stimulated genes (ISGs) as ulti-
mate antiviral effectors (16, 17). We therefore investigated the antiviral state in HG23
cells after TZD treatment. Treatment with 10 �g/ml NTZ or TIZ for 2 days induced the
expression of a panel of important ISGs, including interferon regulatory factor 1 (IRF-1),
IRF-9, RIG-I, IFI27, PKR, ISG15, Mx1, and MDA5 (Fig. 2A). Some of these ISGs exerted
broad activities against many viruses (18). Interestingly, compared with exogenous
alpha interferon (IFN-�) (1,000 IU/ml), serving as a positive control, TZD were more
potent at inducing IRF-1 mRNA expression (NTZ [fold change, 11.26 � 1.94] versus TIZ
[8.26 � 1.70] versus IFN-� [4.89 � 0.75]) (Fig. 2A). Western blot analysis confirmed the
potent induction of IRF-1 in response to TZD treatment at the protein level (Fig. 2B; see
the supplemental material). We next excluded the implication of HuNV replicon in TZD
stimulation of ISGs, as TZD treatment also induced ISGs in naive Huh7 cells. Consistent
with HG23 cell results, IRF-1 mRNA was stimulated by TZD more effectively than by
1,000 IU/ml IFN-� in Huh7 cells (NTZ [17.31 � 2.94] versus TIZ [14.86 � 3.49] versus IFN
[2.57 � 0.17]) (Fig. 2C).

TZD robustly induced ISGs in a human intestinal cell line and primary or-
ganoids. Though the cellular tropism of HuNV is not completely understood, the GI
tract is believed to be the reservoir of HuNV replication. We further extended TZD
treatment to human intestinal epithelial (Caco-2) cells and primary human intestinal
organoids that recapitulated the nature of the intestinal epithelium (Fig. 2D). Consis-
tently, TZD triggered an antiviral response in the two models, though to a lesser extent
than with HG23 cells and Huh7 cells (Fig. 2E and F). TZD stimulated higher or
comparable levels of IRF-1 mRNA than 1,000 IU/ml IFN-� in the two models.

Although the expression levels and patterns of ISGs differed among different cell
models after TZD treatment, IRF-1 was consistently highly induced. IRF-1 has been
reported to be one of the most important ISGs, exerting antiviral activities against 14
different viruses within 7 families (19). Therefore, we further specifically investigated the
role of IRF-1 in TZD-mediated inhibition of HuNV replication.

IRF-1 inhibited HuNV replication and contributed to the TZD-mediated anti-
norovirus effect. To dissect the role of IRF-1 in HuNV replication, we first overex-
pressed IRF-1 in HG23 cells. A bicistronic lentiviral vector coexpressing IRF-1 and the red
fluorescent protein TagRFP, as well as a control virus containing a luciferase (Fluc) gene
from Photinus pyralis were used in the study (18). IRF-1 mRNA and protein levels were
significantly increased in overexpressing cells after 2 days of transduction (Fig. 3A).

FIG 1 Legend (Continued)
reduction assay. CRFK cells were first infected with FeCV (at an MOI of 0.5) and incubated with vehicle control or TZD. After
2 days of treatment, the CPE was quantified by MTT assay, and residual cells were observed after fixation and staining with
hematoxylin and eosin. In panel E, CC and VC represent cell control and virus control, respectively. The images are
representative of three independent experiments. The data are presented as means � SEM (*, P � 0.05; **, P � 0.01; ***,
P � 0.001).
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Exogenous IRF-1 overexpression resulted in robust inhibition of HuNV RNA replication,
by 94.4% � 2.9% (Fig. 3B). To further explore the role of basal IRF-1, a loss-of-function
assay was performed to silence IRF-1 by transducing a lentivirus-based short hairpin
RNA (shRNA) construct targeting IRF-1. A nontargeting scrambled vector was used as a
control. Successful knockdown of endogenous IRF-1 was confirmed by quantitative
real-time PCR (qRT-PCR) (by 52.4% � 9.1%) and Western blot analysis (by 72%) (Fig. 3C).

FIG 2 TZD robustly stimulated the expression of IRF-1 and several other ISGs in a HuNV replicon model and intestinal
models of Caco-2 cells and primary organoids. (A) Fold changes of ISGs induced by NTZ (10 �g/ml), TIZ (10 �g/ml), or IFN-�
(1,000 IU/ml) in HG23 cells. After 2 days of treatment, the levels of ISG mRNA were quantified by qRT-PCR and normalized
to those of human GAPDH. The results are expressed as fold changes compared to the vehicle control (DMSO; n � 3
independent experiments, each in duplicate). (B) Western blot analysis of IRF-1 protein expression in response to NTZ (10
�g/ml), TIZ (10 �g/ml), or IFN-� (1,000 IU/ml). The data are representative of the results of three independent experiments.
(C) Naive Huh7 cells were treated with NTZ (10 �g/ml), TIZ (10 �g/ml), IFN-� (1,000 IU/ml), or vehicle control. After 2 days
of treatment, relative levels of ISG mRNA were quantified by qRT-PCR (n � 3 independent experiments, each in duplicate).
(D) Morphology of 3D human primary intestinal organoids in Matrigel. (E) Relative levels of ISG RNA were quantified by
qRT-PCR after 2 days of treatment with NTZ (10 �g/ml) or IFN-� (1,000 IU/ml) in Caco-2 cells (n � 3 independent
experiments, each in duplicate). (C) Relative levels of ISG RNA in human intestinal organoids after treatment with NTZ (10
�g/ml) or IFN-� (1,000 IU/ml) for 2 days (n � 3 independent experiments, each in duplicate). The data are presented as
means and SEM (*, P � 0.05; **, P � 0.01).
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FIG 3 IRF-1 mediated TZD-triggered inhibition of HuNV replication. (A) To overexpress (OE) IRF-1, HG23 cells were
transduced with lentiviral IRF-1-expressing vector or Fluc-expressing vector (control). After 2 days of transduction, the
levels of IRF-1 expression were detected by qRT-PCR (n � 3 independent experiments, each in duplicate) and Western
blotting (n � 3 independent experiments). IFN-� (1,000 IU/ml) was used as a positive control. (B) Overexpression of IRF-1
potently inhibited HuNV replication (n � 3 independent experiments, each in duplicate). (C) To further evaluate the role
of basal IRF-1 in HuNV replication, HG23 cells were transduced with lentiviral shRNA vector targeting IRF-1. A scrambled
vector was used as a nontargeting control. Successful knockdown of IRF-1 was confirmed by qRT-PCR (n � 3 independent
experiments, each in duplicate) and Western blotting (n � 3 independent experiments). (D) Knockdown of IRF-1 had minor
effects on HuNV replication (n � 3 independent experiments, each in duplicate). (E) IRF-1 shRNA and nontargeting control
cells were mock treated or treated with the indicated concentrations of TZD. After 2 days of treatment, the levels of HuNV
RNA were quantified by qRT-PCR and compared to those of the respective control (n � 3 independent experiments, each
in duplicate). The data are presented as means and SEM (**, P � 0.01; ***, P � 0.001; ns, not significant).
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In the absence of TZD, IRF-1 knockdown had a minor effect on HuNV RNA replication
(Fig. 3D). However, the antinorovirus effects of TZD were largely attenuated in IRF-1
knockdown cells compared with control cells. This attenuated effect of TZD treatment
was greater than that of TIZ (Fig. 3E). These results indicate that IRF-1 exerts antiviral
activity and contributes to TZD-mediated inhibition of HuNV replication.

TZD triggering of the antiviral response was independent of the JAK-STAT
pathway. To elucidate the mechanism by which TZD stimulated cellular antiviral
immunity, we first examined whether TZD induced the production and secretion of
IFNs. IFN genes, including IFN-� and IFN-� genes, and interleukin 28A/B (IL-28A/B)
genes were detected in HG23 cells and intestinal organoids following NTZ treatment.
NTZ unexpectedly showed minor effects on IFN mRNA expression (see the supplemen-
tal material).

The JAK-STAT pathway is the principal cascade for IFN signaling. Upon binding to
the two IFN receptor subunits (IFNAR1 and IFNAR2), type I IFNs activate the Janus
kinases (Jak1 and Tyk2) and signal transducers of transcription (STAT1 and STAT2),
resulting in elevation of the levels of hundreds of ISGs. To examine whether TZD
stimulated ISGs through the JAK-STAT pathway, TZD were combined with CP-690550
(tofacitinib), a potent and selective JAK inhibitor. IFN-� (100 IU/ml) was used as a
control. The antiviral activity of IFN-� was partially abolished and HuNV RNA levels were
restored from 4.5% � 1.7% to 28.9% � 14.6% when TZD were combined with
CP-690550 (Fig. 4A). In contrast, CP-690550 did not interfere with the antinorovirus effect
of TZD. Correspondingly, CP-690550 significantly suppressed IFN-�- but not TZD-mediated
induction of ISGs, including IRF-1 (Fig. 4B), PKR, ISG15, and MDA5 (Fig. 4C).

STAT1 is a key component of the JAK-STAT pathway. A CRISPR/Cas9-mediated
approach was used to efficiently knock out STAT1 in Huh7 cells. Successful knockout
(KO) was confirmed by Western blotting. Compared with Huh7 control cells, STAT1
protein was undetectable in Huh7 KO cells (Fig. 4D). To further confirm the complete
knockout of STAT1, Huh7 control and KO cells were treated with IFN-�. As expected,
IFN-� treatment (1,000 IU/ml) significantly induced STAT1 expression in Huh7 control
cells, but not in KO cells, while no major difference was observed in STAT2 mRNA in
both types of cells (Fig. 4E). These data indicated the successful knockout of STAT1.
Next, Huh7 control and KO cells were treated with TZD or 1,000 IU/ml IFN-� for 2 days,
and the expression of ISGs was measured by qRT-PCR. We first observed that STAT1 KO
slightly decreased the basal levels of a subset of ISGs, including MDA5, Mx1, and
DDX60. This was probably due to the fact that STAT1 is critical to maintain cellular
innate immune homeostasis. As expected, the induction levels of ISGs in KO cells were
significantly diminished in response to IFN-� treatment compared with control cells.
However, TZD induced similar levels of ISGs in both control cells and KO cells, including
IRF-1 (Fig. 4F), MDA5, Mx1, DDX60, ISG15, and IFIT1 (Fig. 4G), suggesting that TZD
induced an antiviral response and ISG expression independently of the JAK-STAT
pathway.

Nuclear factor-kappa B (NF-�B) signaling participates in modulating the activation of
various proinflammatory cytokine genes and ISGs (20), contributing to a vital role in
combating pathogen invasion. By using Huh7 and Caco-2 cell-based NF-�B luciferase
reporter cells, we further excluded the activation of the NF-�B pathway by TZD (see the
supplemental material). Thus, a novel mechanism is likely involved in the TZD-induced
cellular antiviral response.

Synergistic antinorovirus activity and augmented ISG induction by TZD and
ribavirin combination. To achieve better antiviral efficacy, we evaluated the effect of
a combination of TZD and ribavirin against HuNV replication. In short-term (2-day)
treatment, a combination of NTZ and ribavirin did not achieve significantly enhanced
inhibition of HuNV replication and showed an additive effect as calculated with Mac
Synergy II software (Fig. 5A). Similar results were observed for a TIZ and ribavirin
combination (Fig. 5B).

We next prolonged the treatment time in a long-term (10-day) assay, and HuNV RNA
was quantified after 2, 6, and 10 days of treatment. Importantly, NTZ in combination
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FIG 4 Stimulation of antiviral response by TZD was independent of the JAK-STAT pathway. (A) HG23 cells were treated with
vehicle only (DMSO; control), NTZ (10 �g/ml), TIZ (10 �g/ml), or IFN-� (100 IU/ml) alone or in combination with CP-690550
(1,000 ng/ml). After 2 days of treatment, HuNV replication was quantified by qRT-PCR (n � 3 independent experiments,
each in duplicate). (B and C) The expression of IRF-1 and other ISGs, including PKR, ISG15, and MDA5, was quantified by
qRT-PCR (n � 3 independent experiments, each in duplicate). (D) A STAT1 KO clone was established from Huh7 cells
expressing STAT1 sgRNAs. Successful KO of STAT1 was confirmed by Western blotting. (E) To further confirm successful KO
of STAT1, Huh7 control and STAT1 KO cells were treated with IFN-� (1,000 IU/ml) for 2 days. The levels of STAT1 and STAT2
RNA were evaluated by qRT-PCR (n � 3 independent experiments, each in duplicate). KO of STAT1 abolished the induction
of STAT1, but not STAT2, after IFN-� treatment. (F and G) Huh7 control and STAT1 KO cells were mock treated (DMSO;

(Continued on next page)
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with ribavirin resulted in enhanced inhibition of HuNV replication after prolonged
treatment (Fig. 6A). Antiviral data at 10 days suggested a potent synergistic effect in
combination, as shown in the three-dimensional (3D) Mac Synergy II plot (Fig. 6B). To
further detect the residual HuNV replicons in host cells after prolonged combination
treatment, a rebound assay was designed by culturing HG23 cells with the selection
marker G418. If HuNV replicons were completely deleted from host cells, HG23 cells
could not proliferate to form colonies. As shown In Fig. 6C, no colonies were found with
the combination of 2.5 �g/ml NTZ and 5 �g/ml ribavirin, indicating the complete
clearance of HuNV replicons from host cells. To gain more evidence to support this
finding, a gel-based RT-PCR assay was performed to specifically detect HuNV replicons
in the cell culture RNA. No bands were detectable after high-concentration combina-
tion treatment, confirming the depletion of HuNV replicons from host cells (see the

FIG 4 Legend (Continued)
control) or treated with NTZ (10 �g/ml), TIZ (10 �g/ml), or IFN-� (1,000 IU/ml). After 2 days of treatment, the expression
levels of IRF-1, MDA5, Mx1, DDX60, ISG15, and IFIT1 were detected by qRT-PCR. The results were first normalized to human
GAPDH and then compared to control cells (n � 3 independent experiments, each in duplicate). The data are presented
as means and SEM (*, P � 0.05; **, P � 0.01; ns, not significant).

FIG 5 TZD worked additively with ribavirin to inhibit HuNV replication after short-term treatment. (A) HG23 cells were
treated with various concentrations of NTZ alone, ribavirin alone, or the two in combination for 2 days. (Left) Antiviral
activities were determined by qRT-PCR (n � 3 independent experiments, each in duplicate). (Right) To further explore the
drug-drug interaction, the antiviral results were analyzed with a mathematical model. The 3D surface plot shown
represents the difference (within a 95% confidence interval [CI]) between actual experimental effects and the theoretical
additive effect of the combination at various concentrations of the two compounds. (B) Combination of TIZ with ribavirin.
The error bars represent SEM.

Nitazoxanide Induces IRF-1 To Combat Human Norovirus Antimicrobial Agents and Chemotherapy

November 2018 Volume 62 Issue 11 e00707-18 aac.asm.org 9

https://aac.asm.org


supplemental material). Similar results were obtained with the TIZ and ribavirin com-
bination (Fig. 7; see the supplemental material). Concurrently, we observed synergistic
induction of ISGs in combination treatment, including IRF-1, MDA5, PKR, and Mx1 (Fig.
8). Of note, this synergistic induction of ISGs was modest on day 2 but more robust on
days 6 and 10 (Fig. 8). This may support the combined antinorovirus effects of TZD and
ribavirin, which were additive in short-term treatment but synergistic after long-term
treatment.

DISCUSSION

Norovirus has become the most common cause of virus-induced diarrheal cases for
all ages following introduction of rotavirus vaccine (21). In healthy general populations,

FIG 6 Long-term combination of NTZ with ribavirin synergistically inhibited HuNV replication and completely depleted
HuNV replicons from host cells. (A) HG23 cells were incubated with NTZ alone, ribavirin alone, or the two drugs in
combination. After 2 days of culture, the cells were passaged to fresh drug-containing medium for another 4 days of
incubation. After 6 days, the cells were passaged with another round of 4 days of treatment. At the end of each treatment,
the HG23 cells were harvested and analyzed for levels of HuNV RNA (n � 3 independent experiments, each in duplicate).
(B) Synergy analysis. The antiviral results after 10 days of treatment were analyzed with MacSynergy. (C) Rebound assay.
After 10 days of treatment, HG23 cells were plated into a 48-well plate (2 � 105 cells per well) containing 250 �l medium
with 1 mg/ml G418. After 5 days of culture, the cell colonies were stained and visualized using an inverted light
microscope. The data presented are representative of 3 independent experiments. The data are presented as means � SEM
(**, P � 0.01).
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norovirus normally causes self-limiting gastroenteritis. However, it often results in
prolonged symptoms and virus shedding in immunocompromised patients. In a ret-
rospective study comprising 2,183 solid-organ transplant (SOT) recipients, 4.6% of the
recipients were diagnosed as norovirus positive, and 22.8% of them developed chronic
norovirus gastroenteritis (22). Meanwhile, norovirus gastroenteritis is a great global
economic burden due to the resulting huge health system costs and productivity losses
(1). Some clinical studies have reported the successful use of human immunoglobulin
(HIG) (23) and ribavirin (24) for empirical treatment. Due to inadequate clinical data and
experimental studies, both drugs require further evaluation as potential therapies. NTZ
was recently demonstrated to be effective therapy for norovirus gastroenteritis in
immunocompromised patients (7). It showed high tolerance and minor adverse effects
even after several weeks of administration in those patients (5). Here, we documented
that TZD exerted potent antinorovirus efficacy by inducing an innate antiviral response,
in particular IRF-1, in a HuNV replicon (HG23 cells). It exhibited synergistic antinorovirus
activity with ribavirin, which supports the potential of the combination treatment.

FIG 7 Combining TIZ with ribavirin synergistically inhibited HuNV replication. (A) Combination of TIZ with ribavirin showed
greater efficacy against HuNV replication than the individual drugs (n � 3 independent experiments, each in duplicate).
(B) Synergy analysis. (C) Rebound assay after long-term treatment. The data are presented as means � SEM (**, P � 0.01).
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The HuNV replicon represents one of the few options for anti-HuNV drug evaluation.
However, it does not fully recapitulate the HuNV life cycle, with deficiency of viral
attachment, entry, assembly, and release. Meanwhile, the relatively low replication level
(ranging from 1,000 to 3,000 copies per cell) (25) may not fully resemble the peak
amount of virus shedding, which reached 95 � 109 genomic copies/g feces in patients
upon HuNV infection (26). The shortage of HuNV infection models prompted us to
exploit HuNV surrogates to further confirm the antinorovirus properties of TZD. Murine
norovirus (MNV) is a good model system to study norovirus biology and pathogenesis,
as well as antiviral therapies (27). Surprisingly, NTZ exerted opposing effects on human
and murine norovirus replication. A high concentration of NTZ (10 �g/ml) increased

FIG 8 Augmented induction of ISGs after combination treatment with TZD and ribavirin. Shown are
qRT-PCR analysis of expression levels for IRF-1, MDA5, and PKR after treatment with TZD (NTZ, 2.5 �g/ml;
TIZ, 2.5 �g/ml) and ribavirin (0, 2.5, and 5 �g/ml) in HG23 cells for 2, 6, and 10 days (d) (n � 3
independent experiments, each in duplicate). The error bars indicate SEM.
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MNV strain MNV-1 replication and elicited no effects on the replication of another two
strains, MNVCW3 and MNVCR6 (14). FeCV belongs to the family Caliciviridae and pos-
sesses many biochemical characteristics, a genomic organization, and a primary RNA
sequence similar to those of norovirus. Therefore, FeCV has been used as a surrogate
model to study norovirus, especially the aspects of antiviral development, inactivation
methods, and effective intervention in transmission (28–30). Moreover, FeCV could be
persistently cultivated in CRFK cells. We have demonstrated similar anticalicivirus
effects elicited by TZD against FeCV. These results collectively suggest that TZD
possesses potent antiviral potential against HuNV.

NTZ was originally developed as an antiprotozoal agent and was later reported to
be a broad-spectrum antiviral drug for many viruses, including influenza virus, rotavirus,
HBV, HCV, HIV, yellow fever virus, and Japanese encephalitis virus (7). It has been
repurposed for the treatment of influenza in a phase 2b/3 clinical trial (7). However, the
exact mechanism of action has remained largely elusive. NTZ was previously reported
to stimulate antiviral innate immunity, which contributed to its anti-HIV activity (11). In
our study, we have demonstrated that TZD inhibits HuNV replication by inducing a
panel of ISGs. Among the induced ISGs with generic antiviral effects, some were
previously noted to have antinorovirus activity: (i) ISG15 mitigates MNV-1 replication in
vitro and in vivo by targeting an early step in the viral life cycle (31); (ii) MDA5, a cellular
sensor, recognized MNV-1 and further triggered a host immune response to MNV-1
(32); (iii) PKR mediated type II IFN inhibition of MNV-1 translation (33).

Intriguingly, IRF-1, a broad antiviral ISG, was potently induced by TZD at comparable
or higher levels than by 1,000 IU/ml IFN-� treatment. This was observed in multiple cell
types, including HG23, naive Huh7, and Caco-2 cells, and in primary intestinal or-
ganoids. Importantly, we demonstrated that IRF-1 possesses a potent antinorovirus
effect and mediates the antiviral effects of TZD. Interestingly, IRF-1 by itself was able to
induce the expression of many ISGs, resulting in a higher magnitude of antiviral
immunity by inducing IFN production (34, 35) or by directing activation of the JAK-STAT
pathway (36). Classically, transcription of ISGs occurs via the JAK-STAT pathway. By
pharmacological and genetic approaches, we found that the induction of ISGs by TZD
was independent of this cascade. Further studies also excluded the activation of the
NF-�B pathway and production of IFNs from the actions of TZD. One possible mech-
anism of action in the upregulation of ISGs by TZD may be the inhibition of a
transcriptional repressor. Accumulating evidence suggests that many DNA-binding
proteins act as transcriptional repressors for the induction of ISGs (37). NTZ is involved
in multiple biological processes, including interfering with crucial metabolic and pro-
death signaling (38). Thus, NTZ may inhibit those transcriptional repressors, resulting in
the induction of ISG expression. Further research is called for to reveal the exact
mechanism of action.

Although NTZ has been used empirically in several cases for treating norovirus
gastroenteritis (39–41), its efficacy has remained controversial. NTZ was reported to be
ineffective in a patient with X-linked agammaglobulinemia (42). Ribavirin, a broad-
spectrum antiviral agent, has been reported to inhibit norovirus in vitro (43). Clinical
studies have demonstrated that ribavirin treatment resulted in complete viral clearance
in a subset of patients but failed in others (24). In this study, a combination of the two
regimens resulted in synergistic antinorovirus effects and could completely clear the
virus replicons from host cells, even below or at clinically achievable concentrations.
One potential antiviral mechanism of ribavirin was modulating cellular immunity and
inducing ISGs (44). Consistently, we observed augmented induction of ISGs by a
combination of TZD and ribavirin.

In summary, we have demonstrated the bone fide antinorovirus effects of TZD
through induction of a cellular antiviral response. They further synergized with ribavirin
in antiviral activity and ISG induction. This knowledge has important implications for
repurposing NTZ or using it in combination with ribavirin for treating norovirus
gastroenteritis.
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MATERIALS AND METHODS
Cell lines and virus propagation. Human Huh7 hepatocellular carcinoma cells expressing HuNV

genotype 1 replicons (HG23 cells) (25) and human embryonic kidney 293T (HEK293T) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza Verviers, Belgium) supplemented with 10%
(vol/vol) heat-inactivated fetal calf serum (FCS) (HyClone, Logan, UT, USA), 100 �g/ml streptomycin, and
100 IU/ml penicillin. Caco-2 cells (human Caucasian colon adenocarcinoma; European Collection of
Authenticated Cell Cultures [ECACC]) were cultivated in DMEM supplemented with 20% (vol/vol) FCS, 100
�g/ml streptomycin, and 100 IU/ml penicillin. Crandell Rees feline kidney (CRFK) cells were maintained
in minimum essential medium with Earle’s salts without glutamine (EME), 1% L-glutamine, 0.05% (wt/vol)
sodium bicarbonate, 0.02 M HEPES buffer, 0.2% nystatin solution, 10% (vol/vol) fetal bovine serum (FBS),
100 �g/ml streptomycin, and 100 IU/ml penicillin. A neomycin resistance gene was engineered into open
reading frame 2 (ORF2), thereby conferring resistance to gentamicin (G418; Gibco) on HG23 cells (25).
G418 was added to HG23 culture medium at 1.5 mg/ml for selection before experimentation.

FeCV (a kind gift from Erwin Duizer, National Institute for Public Health and the Environment,
Netherlands) strain F9 was propagated in monolayers of CRFK cells as previously described (45). Briefly,
FeCV was inoculated into CRFK monolayers at a multiplicity of infection (MOI) of 0.1. After 3 days of
incubation, the FeCV cultures were collected by repeated freezing and thawing and clarified by
centrifugation at 4,000 rpm for 10 min. The supernatant was filtered through a 0.45-�m filter (Waters
Millipore), titrated by 50% tissue culture infectious dose (TCID50), and stocked at �80°C for all subsequent
experiments.

Reagents. NTZ (Sigma-Aldrich; CAS number 55981-09-4), TIZ (Cayman Chemical; CAS number
173903-47-4), and CP-690550 (Santa Cruz Biotechnology; CAS number 477600-75-2) were dissolved in
dimethyl sulfoxide (DMSO) at 20 mg/ml, 5 mg/ml, and 1 mg/ml, respectively. Ribavirin (Sigma-Aldrich;
CAS number 36791-04-5) was stocked in water at 10 mg/ml. Human IFN-�2a recombinant protein (IFN-�)
(Thermo-Fisher Scientific; catalog number 111001) was stocked in phosphate-buffered saline (PBS)
containing 0.1% bovine serum albumin (BSA) at 100,000 U/ml based on international units. Matched
concentrations of DMSO (0.05%) were used as vehicle controls. To avoid repeated freeze-thaws, the
compounds were aliquoted and stored at �80°C. During experimentation, the compounds were
stepwise diluted to the desired concentration.

IRF-1 (D5E4; rabbit monoclonal antibody [MAb]; number 8478) antibody was obtained from Cell
Signaling Technology, and �-actin (C-4; mouse MAb; sc-47778) was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Secondary antibodies, IRDye 800CW-conjugated goat anti-rabbit and goat
anti-mouse IgGs (1:10,000; Li-Cor Bioscience, Lincoln, NE, USA), were used as appropriate.

Culturing and passaging of human primary intestinal organoids. Culture of human primary
intestinal organoids was performed as described previously (46). Intestinal biopsy specimens were
dissected, cut longitudinally, and completely washed with cold PBS. After removing villus and fat, the
small intestine was minced into small pieces (�1 mm3) in a 10-cm culture dish using a scalpel and
washed with complete chelating solution (CCS) (1.0 g/liter Na2HPO4 · 2H2O, 1.08 g/liter KH2PO4, 5.6 g/liter
NaCl, 0.12 g/liter KCl, 15 g/liter sucrose, 10 g/liter D-sorbitol, and 80 �g/liter DL-dithiothreitol dissolved in
MilliQ H2O) 3 times by pipetting up and down 15 times, followed by further incubation with 8 mM EDTA
on a shaking platform for 15 min at 4°C. The supernatant was discarded, and the biopsy specimens were
gently rinsed with PBS to completely eliminate the EDTA. The minced intestine was thoroughly
suspended in CCS solution by pipetting up and down 10 times with a 10-ml pipette to loosen the crypts,
and 2 ml FCS was added. The supernatant contained crypts and was collected in a 50-ml tube, whereas
the remaining biopsy specimens were further digested with EDTA 2 or 3 times, and the supernatants with
crypts were pooled. The crypt suspension was first centrifuged at 300 � g for 5 min. The supernatant was
gently removed, and the pellet was resuspended in 2 ml complete medium growth factor (CMGF)
(advanced DMEM/F12 [Gibco, reference no. 12634-010, lot no. 1961596] supplemented with 1% [vol/vol]
GlutaMAX supplement [Gibco, Grand Island, NY, USA], 10 mM HEPES, and 100 U/ml penicillin-
streptomycin). A second round of centrifugation at 130 � g for 5 min was performed to harvest the
crypts. The crypt pellet was finally suspended in ice-cold growth factor reduced phenol red-free Matrigel
(Corning, Bedford, MA, USA) and dropped into the center of a prewarmed (37°C) 24-well plate at 100 to
500 crypts per well. The plate was incubated at 37°C for 15 min for Matrigel solidification. Finally, the
crypts were cultured in culture medium (see the supplemental material) and passaged every 6 days.

After approximately 6 days, the organoids were passaged. Briefly, organoids were collected in a 15-ml
Falcon tube and dissociated mechanically by pipetting up and down 15 to 20 times by passing through
a Gilson pipette (5 ml; Sarstedt, reference no. 86.1253.001) with a 200-�l tip. The resulting suspension
was centrifuged at 150 � g for 5 min at 4°C, and the pellet was cultured in fresh Matrigel with a 1:3 split
ratio.

HuNV antiviral assay. Twenty-four hours before experimentation, HG23 cells were cultured in
medium without G418. HG23 cells were seeded into 48-well plates (2.5 � 104 cells per well) and treated
with compounds alone or in combination, and HuNV RNA levels were quantified after 2 days of treatment
by qRT-PCR using a primer pair targeting the RNA-dependent RNA polymerase (RdRP) of HuNV. To
further evaluate the long-term effects of the compounds on HuNV replication, long-term treatment and
rebound assays were designed, as described previously (14, 43, 47). During long-term treatment, HG23
cells were treated with compounds for 2, 6, or 10 days. The cells were passaged to avoid overgrowth, and
the drugs were replenished between passages. At the end of each treatment period, HuNV RNA levels
were determined by qRT-PCR. After 10 days of treatment, the compounds were omitted. The HG23 cells
were plated in a 48-well plate (2.5 � 104 cells per well) and cultured under the selective pressure of G418
(1 mg/ml). Following 5 days of culture, the cell colonies were stained with hematoxylin and eosin and
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visualized with an inverted Zeiss Axiovert 200 microscope equipped with a Zeiss AxioCam MRm camera
(Zeiss LLC, Thornwood, NY, USA).

FeCV TCID50 and antiviral assay. The FeCV stock was quantified by TCID50 assay. Briefly, 50 �l of
10-fold dilutions of FeCV were inoculated into 100 �l of CRFK cells in a 96-well plate at 1,000 cells per
well. After 5 days of incubation at 37°C, each well was scored under a light scope for CPE. A TCID50 was
calculated from 6 replicates by the Reed-Muench method.

The antiviral activity of TZD against FeCV was detected by qRT-PCR and CPE reduction assay. The
antiviral assay with FeCV was initiated by inoculating the virus into CRFK monolayers at an MOI of
0.1 (2.5 � 104 cells per well of a 48-well plate). Following 90 min of incubation at 37°C, the cells were
washed with PBS 3 times to remove free virus, and increasing concentrations of TZD were added. After
24 h of treatment, extracellular RNA and intracellular RNA were extracted from the supernatant (virus
particles; 100 �l) and cell monolayers, respectively. The relative intracellular FeCV RNA levels were
normalized to feline GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and calculated by the 2�ΔΔCT

method. To further quantify the absolute numbers of virus genomes in the supernatant, the FeCV
genome copy number was detected by qRT-PCR using the following primer pair: forward primer,
5=-GAACTACCCGCCAATCAACAT-3= (corresponding to nucleotides [nt] 2420 to 2440), and reverse primer,
5=-CGGCTCTGATGGCTTGAAACTG-3= (corresponding to nt 2507 to 2528). Briefly, a cDNA-containing
target sequence in FeCV was amplified using a Q5 high-fidelity DNA polymerase kit (New England
BioLabs Inc.) in a 25-�l reaction mixture containing 5 �l 5� Q5 reaction buffer, 0.5 �l 10 mM
deoxynucleoside triphosphates (dNTPs), 1.25 �l 10 �M forward primer (5=-GAACTACCCGCCAATCAACA
T-3=; corresponding to nt 2420 to 2440), 1.25 �l of 10 �M reverse primer (5=-CGGCTCTGATGGCTTGAA
ACTG-3=; corresponding to nt 2507 to 2528), 5 �l of template cDNA, and 0.25 �l of Q5 high-fidelity DNA
polymerase. Amplification was carried out with initial denaturation at 98°C (30 s); 35 cycles of 98°C (10
s), 66°C (30 s), and 72°C (30 s); and an additional extension step of 72°C for 2 min. The product was
subjected to agarose gel electrophoresis, purified using a Charge Switch-Pro PCR cleanup kit (Invitrogen),
and 10 times serially diluted. The dilutions were quantified by qRT-PCR to generate a standard curve,
which was expressed by plotting the log copy numbers against the cycle threshold (CT) values (see the
supplemental material). The FeCV genome copy numbers in the medium were calculated by comparing
the CT with that of the standard curve.

FeCV could induce significant CPE in CRFK cells (48). The antiviral activity of TZD on FeCV was further
confirmed by using an MTT-based CPE induction assay. Briefly, 10 �l of FeCV was inoculated into 80 �l
of CRFK cells (1 � 104 cells per well of a 96-well plate) at an MOI of 0.5, followed by addition of 10 �l
of increasing concentrations of TZD. After 2 days of incubation, a clear CPE was observed, characterized
by complete destruction of the cell monolayers in the control well. Then, an MTT assay was performed,
and the absorbance (optical density [OD]) at 490 nm was recorded. CPE reduction was calculated as
follows: [(ODtreated)FeCV � ODVC]/(ODCC � ODVC), where (ODtreated)FeCV represents the OD of virus-infected
cells treated with drugs, while ODCC and ODVC represent the ODs of the cell control and virus control,
respectively. The protective effect of TZD on FeCV-infected CRFK cells could also be directly visualized by
observing the survival of the cells. In brief, each well was stained with hematoxylin and eosin and
visualized with an inverted light microscope.

Drug treatment of Caco-2 cells and organoids. Caco-2 cells were plated in a 48-well plate (2 � 104

cells per well) and incubated with 10 �g/ml TZD. After 2 days of treatment, the medium was discarded
and the cell monolayers were washed 3 times with PBS. The cells were subsequently lysed for RNA
extraction.

The organoid experiment was performed on monolayer cultures of organoids, as described previ-
ously (49). A 24-well plate was precovered with 50% collagen R and incubated at 37°C for 30 min.
Organoids were harvested, transferred to a 24-well plate (100 to 200 organoids per well), and centrifuged
at 1,500 rpm for 10 min. The drug was added, and the cultures were further incubated for 48 h. After
treatment, the supernatant was aspirated, and the monolayers were washed with PBS 3 times and lysed
for qRT-PCR.

Generation of IRF-1-expressing lentiviral pseudoparticles and lentiviral transduction. HEK293T
cells were used to generate IRF-1-expressing lentivirus vectors. Briefly, 293T cells were cotransfected with
the IRF-1-expressing plasmid pTRIP.CMV.IVSb.IRF-1.ires.TagRFP, HIV-1 gag-pol, and vesicular stomatitis
virus G protein (VSV-G) (at a ratio of 1:0.8:0.2) in Opti-MEM using polyethyleneimine (PEI). After 6 h of
transfection, the cells were gently washed once with PBS and refreshed with growth medium. After 48
and 72 h of transfection, the lentivirus-containing supernatants were pooled and filtered through a
0.45-�m-pore-size filter. Two hours of ultracentrifugation (22,000 rpm) was used to concentrate lentiviral
particles. The pellet was subsequently resuspended and stored at �80°C at a dilution of 7 log viral RNA
copies per ml.

For the transduction assay, HG23 cells were seeded into a 48-well plate (5 � 104 cells per well) and
transduced with lentiviral pseudoparticles encoding IRF-1. After 2 days of culture, the cells were collected
for detection of IRF-1 by qRT-PCR and Western blotting.

STAT1 knockout in Huh7 cells using the CRISPR/Cas9 system. A STAT1 KO Huh7 clone was
established with a Lenti-CRISPR/Cas9 system (STAT1 single-guide RNA [sgRNA], TCCCATTACAGGCTCAG
TCG). In brief, HEK293T cells were cotransfected with lentiCRISPRv2-STAT1, pVSVg, and psPAX2 (at a ratio
of 1:0.5:0.75) using Fugen HD transfection reagent (Qiagen) according to the manufacturer’s instructions.
After 24 h of incubation, the medium was replaced with fresh medium supplemented with 1% FCS.
Lentivirus-containing supernatants were pooled at 24 and 48 h and subsequently filtered through a
0.45-�m-pore-size filter. Huh7 cells were infected with the lentiviral supernatant for 2 days and further
incubated with selection medium containing 4 �g/ml puromycin for 7 days. To obtain knockout clones,
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single cells were sorted into 96-well plates and cultured with puromycin (4 �g/ml). The medium was
refreshed every 4 days during selection. Cell colonies were collected and identified by Western blotting
and genome sequence.

Western blotting. Cell samples were lysed and loaded onto a 10% to 15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. After electrophoresis at 120 V for 100 min, the
proteins were electrotransferred to a polyvinylidene difluoride (PVDF) membrane (Invitrogen) for 1.5 h
with an electric current of 250 mA. The membrane was probed with primary antibody plus secondary
antibody and detected with an Odyssey 3.0 infrared imaging system (Li-Cor Biosciences). �-Actin was
used for standardization of sample loading.

qRT-PCR. Total RNA was isolated with a Macherey NucleoSpin RNA II kit (Bioke, Leiden, Netherlands)
and measured with a Nanodrop ND-1000 (Wilmington, DE, USA). cDNA was reverse transcribed from 500
ng RNA using a cDNA synthesis kit (TaKaRa Bio Inc.). The cDNA of a targeted gene transcript was
amplified for 50 cycles and quantified with a SYBR Green-based real-time PCR (Applied Biosystems),
according to the manufacturer’s instructions. All the PCRs were performed in duplicate, and the
amplification specificity was confirmed by melting-curve analysis. Human and feline GAPDH genes were
used as reference genes. The relative expression of targeted genes was calculated as 2�ΔΔCT, where ΔΔCT

is equal to ΔCTsample minus ΔCTcontrol (ΔCT � CT[targeted gene] � CT[GAPDH]). All the primer combinations are
listed in the supplemental material.

Statistics. Data are presented as means and standard errors of the mean (SEM). Comparisons
between groups were performed with Mann-Whitney tests using GraphPad Prism 5.0 (GraphPad Soft-
ware Inc., La Jolla, CA, USA). Differences were considered significant at a P value of less than 0.05.
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