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Noroviruses (NV) are the most common cause of acute gastrointestinal illness in the United States and
worldwide. The development of specific antiviral countermeasures has lagged behind that of other viral
pathogens, primarily because norovirus disease has been perceived as brief and self-limiting and robust
assays suitable for drug discovery have been lacking. The increasing recognition that NV illness can be
life-threatening, especially in immunocompromised patients who often require prolonged hospitaliza-
tion and intensive supportive care, has stimulated new research to develop an effective antiviral therapy.
Here, we propose a path forward for evaluating drug therapy in norovirus-infected immunocompromised
individuals, a population at high risk for serious and prolonged illness. The clinical and laboratory fea-
tures of norovirus illness in immunocompromised patients are reviewed, and potential markers of drug
efficacy are defined. We discuss the potential design of clinical trials in these patients and how an anti-
viral therapy that proves effective in immunocompromised patients might also be used in the setting of
acute outbreaks, especially in confined settings such as nursing homes, to block the spread of infection
and reduce the severity of illness. We conclude by reviewing the current status of approved and exper-
imental compounds that might be evaluated in a hospital setting.
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1. Introduction

Noroviruses (NV) are notorious for causing epidemics of acute
gastrointestinal illness in settings such as schools, cruise ships,
nursing homes, and communities. Less widely recognized, how-
ever, is the severe burden of chronic NV infection in immunocom-
promised patients, particularly solid organ and stem-cell
transplant recipients, who may suffer prolonged, debilitating diar-
rheal disease that requires careful fluid replacement and intensive
supportive care (Kaufman et al., 2005; Bok and Green, 2012). De-
tailed understanding of the pathobiology of NV infection and dis-
covery of human anti-NV drugs have been complicated by the
absence of a permissive cell culture system for NV or an authentic
animal disease model for these important positive-strand RNA
viruses, handicaps that have been overcome for other viral infec-
tions such as hepatitis C virus. Thus, cellular targets of NV in the
intestinal mucosa remain incompletely defined (Bok et al., 2011;
Taube et al., 2013), and no antiviral therapies are currently li-
censed, either to slow the spread of NV outbreaks in healthy pop-
ulations or to prevent or treat infections in immunodeficient
persons. Furthermore, no formal clinical anti-NV drug trials are
currently in progress.

Despite the numerous impediments to NV research, important
advances have been achieved. Susceptibility to NV infection has
been linked to host expression of histo-blood group antigens
(HBGA) on the intestinal epithelium that serve as factors involved
with NV attachment. Individuals expressing HGBA are designated
secretor-positive and susceptible to a wide range of strains; those
not expressing HGBA, i.e. who are secretor-negative, may be mark-
edly less susceptible to infection (Tan and Jiang, 2007; Jin et al.,
2013). Various components of the adaptive immune system
including antibodies, CD-4 lymphocytes, and CD-8 lymphocytes
contribute to disease recovery and virus elimination (Fang et al.,
2013; Tomov et al., 2013). Resistance to NV re-infection is appar-
ently variable and strain-dependent (Zhu et al., 2013). The contri-
bution of specific antibody to protection appears to be based in
part on binding to the NV capsid at sites of attachment to HBGA
(Higo-Moriguchi et al., in press; Chen et al., 2013). Recent discov-
eries such as these justify optimism that specific therapeutic coun-
termeasures to NV can be developed in the near future (Rohayem
et al., 2010).

Here, we describe acute and chronic NV infection in immuno-
compromised patients, focusing specifically on organ transplant
recipients who have an urgent need for antiviral therapy. We pro-
pose options for the potential design of clinical trials in this cohort
and outline the clinical and laboratory features of NV illness that
might be employed as criteria to evaluate the efficacy of therapy.
We follow this discussion by considering how drugs that prove
beneficial against chronic infection in immunodeficient patients
might also be used to limit the impact of naturally occurring NV
epidemics, especially among vulnerable populations such as nurs-
ing home or other long-term care facility residents. We conclude
by discussing the current status of a number of experimental com-
pounds and drugs that are FDA-approved for other indications or
that have shown evidence of anti-NV activity in the laboratory,
preclinical investigations, and pilot clinical studies and that might
provide promising candidates for testing in a hospital setting.
2. The clinical challenge of norovirus infection

2.1. Impact of the disease

The RNA virus family Caliciviridae, of which the genus Norovirus
is the most consequential member in clinical medicine, was first
recognized approximately 40 years ago as a cause of intense, albeit
usually self-limited vomiting and/or watery diarrhea (Kapikian
et al., 1997; Green, 2013). The recent, marked reduction in the
prevalence of rotavirus infection following successful vaccine
development, together with the increased availability of sensitive
and practical methods for NV detection have established NV as
the most common cause of both epidemic and endemic viral enter-
itis in the US and worldwide (Hall et al., 2011, 2013a). In the US
alone, NV is estimated to be responsible for 19–21 million episodes
of gastroenteritis and 56,000–71,000 hospitalizations annually,
about 570–800 of which are fatal (lifetime risk equal to 1 in
5000–7000) (Gastañaduy et al., 2013; Hall et al., 2011, 2013a;
Koo et al., 2013). NV infections are responsible for 1.1 million hos-
pitalizations and 218,000 deaths annually in children in the devel-
oping world (Hall et al., 2011, 2013a). In the US, 58% of an
estimated annual 9.4 million episodes of food borne illness are
caused by NV, making these infections the leading identified caus-
ative agent in all age groups of this significant public health prob-
lem (Hall et al., 2011, 2013a; Scallan et al., 2011). In a recent survey
of 921 hospitals in the US, NV was the most frequent hospital-ac-
quired infection, accounting for 18% of all cases, but more impor-
tantly, 65% of all hospital unit closures (Rhinehart et al., 2012).

Nearly two-thirds of all NV outbreaks reported in the US occur
in long-term care facilities (Greig and Lee, 2009; Hall et al., 2011,
2013b; Rhinehart et al., 2012). Factors that promote widespread
endemic NV infection and epidemic disease, particularly in con-
fined institutional settings, include:

� short incubation time (median 1.2 days) (Lee et al., 2013);
� high virulence and infectivity (Greig and Lee, 2009; Hall et al.,

2011; Kroneman et al., 2008; Seitz et al., 2009; Teunis et al.,
2008);
� strong resistance to common disinfectants (Park et al., 2010);
� persistence on surfaces and in water (Seitz et al., 2009); and
� fecal shedding of virus, which may last up to 1–2 months in

infected persons who have resolved symptoms and are other-
wise healthy (Hall et al., 2011, 2013a; Glass et al., 2009; Koo
et al., 2013; Milbrath et al., 2013).

Furthermore, the inconsistent and incomplete immune protec-
tion that is obtained after a single NV infection, in some circum-
stances lasting for only up to 30 weeks, maintains susceptibility
of all age groups to recurring, acute disease (Hall et al., 2011,
2013a,b; Glass et al., 2009; Koo et al., 2013).

Emphasizing the relationship between immune-competence
and control of NV infection, roughly one-third of fatal NV cases
occur in the setting of chemotherapy for malignancy or organ trans-
plantation (Trivedi et al., 2013). This number may underestimate
the true risk of fatal disease in immunocompromised populations,
because until very recently, NV testing for gastrointestinal
symptoms was rarely performed in clinical practice (Bok and Green,



Table 1
Clinical differences in norovirus infection in immunocompetent and immunocom-
promised populations. Based on: Atmar and Estes (2006), Glass et al. (2009), Kaufman
et al. (2005), Ludwig et al. (2008), Milbrath et al. (2013), Roddie et al. (2009), Roos-
Weil et al. (2011), Saif et al. (2011), Schorn et al. (2010), Schwartz et al. (2011), and
Siebenga et al. (2008).

Immunocompetent Immunocompromised

Acuity Usually sudden Usually sudden
Vomiting � Usually present

� Usually<1 day
� Variable, often absent

Diarrhea � Sometimes absent
� Watery
� Usually 1–4 days
� Variably dehydrating

� Watery
� Variably 1 week to >6 months
� Almost always dehydrating

Fecal Shedding � <1 week to 2 Months � 2 to >12 Months
Mortality � Rare � Up to about 25%
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2012). Despite the increased mortality risk, most immunocompro-
mised individuals infected with NV survive. However, cumulative
disease morbidity experienced by survivors is typically much great-
er than that experienced by infected individuals who are
immunocompetent.

Differences in the clinical presentation of NV enteritis between
immunocompetent and immunocompromised hosts are summa-
rized in Table 1. Healthy individuals who acquire NV enteritis typ-
ically experience brief but severe vomiting that is often followed
by diarrhea that lasts no more than 4 days, often less. Intravenous
(IV) fluid resuscitation in hospital emergency departments is not
invariable, and hospitalization is infrequent (Atmar and Estes,
2006; Bresee et al., 2012). In contrast, NV infection in immunocom-
promised patients often causes relentless watery, secretory diar-
rhea, i.e. not requiring stimulation by food or fluid intake, that
may last for 3–4 months or longer; stool volume may initially
amount to several liters per day, comparable to volumes observed
with cholera (Kaufman et al., 2005; Alam et al., 2008). Severe, pro-
tracted diarrhea due to NV has been reported in numerous im-
mune-compromised populations, including recipients of a
hematopoietic stem cell transplant (Roddie et al., 2009), intestinal
transplant (Kaufman et al., 2005), and kidney transplant (Schorn
et al., 2010; Roos-Weil et al., 2011), as well as patients with malig-
nancy (Simon et al., 2006).

Effective management of acute NV infection in immunocompro-
mised individuals mandates emergent, large-volume IV fluid
replacement, since rapid oral rehydration is difficult if not impossi-
ble. These medically fragile patients typically have serious
co-morbidities associated with malignant disease or an organ trans-
plant, and solid-organ allografts can be easily and irreparably in-
jured by fluid losses resulting from severe diarrhea. The common
inability to tolerate food beyond one week after the start of infection
requires IV nutrition therapy, also known as total parenteral nutri-
tion (TPN). Moreover, the only well-established means of suppress-
ing NV replication in the setting of therapeutic immunosuppression
or chemotherapy is curtailment of treatment that risks loss of tumor
control or rejection of the transplant. Because these patients are
typically placed on dedicated transplant or oncology wards in prox-
imity to other patients who are similarly immunocompromised, and
because fecal excretion of NV exceeding 6 months in immunocom-
promised patients is not unusual (Ludwig et al., 2008), endemic per-
petuation of highly morbid and protracted disease in hospital
settings can occur (Kaufman et al., 2005; Roddie et al., 2009;
Roos-Weil et al., 2011).
2.2. The focus on drug development to combat NV

Whereas development and universal application of vaccines
have profoundly reduced the incidence and severity of rotavirus
enteritis, another cause of acute infectious enteritis in infants
and children, NV vaccines remain unavailable. Properties of NV
that serve as major impediments to extended vaccine efficacy in-
clude marked antigenic diversity that presumably requires incor-
poration of antigens derived from an unusually large number of
NV strains, the marked propensity of replicating NV for antigenic
drift, and a lack of naturally-occurring long-term immunity follow-
ing NV infection (Esposito et al., 2014). Thus, a pattern of repeated
vaccinations over time, every subsequent dose incorporating new-
ly evolved NV antigens, may be necessary to achieve temporary
protection from contemporaneous strains in the manner reminis-
cent of influenza vaccination practice. Preliminary testing of one
human NV vaccine has revealed efficacy superior to placebo, but
37% of vaccine recipients developed symptoms (Atmar and Estes,
2006), and neither widespread cross-protection against dissimilar
NV strains nor duration of protection have been established
(Dicaprio et al., 2013).

In the absence of an early and/or foreseeable breakthrough in
NV vaccine availability, there will remain great interest in develop-
ment of anti-NV drugs based on the successful precedents estab-
lished in the treatment of infections with hepatitis C virus and
other positive-strand RNA viruses. Persons who have serious and
prolonged reductions in immune function would be likely to obtain
the greatest overall benefit from effective drug therapy for NV
(Kaufman et al., 2005; Roos-Weil et al., 2011; Saif et al., 2011).
Effective therapy for NV could reduce the general human disease
burden by the interruption of virus spread in potentially epidemic
settings including health care workers, sailors on naval vessels, sol-
diers in military barracks, passengers on cruise ships, residents of
chronic care facilities, nursing homes and other long-term resi-
dences, students in school dormitories, food handlers, guests at
large hotels, and individuals at risk in potentially severe commu-
nity outbreaks (Gaulin et al., 2011; Huynen et al., 2013).
3. Therapeutic drug trials in immunocompromised subjects
with norovirus infection

3.1. Study of immunocompromised populations with acute norovirus
enteritis

Enhanced prioritization of early therapeutic drug investigation
to immunocompromised patients, relative to groups without
underlying complex medical problems, may be contrary to usual
practice. However, the extraordinary morbidity from NV gastroen-
teritis that is experienced by immunocompromised populations
and the probability that disease severity in this group will facilitate
recognition of anti-NV drug efficacy are relevant when regulatory
authorities consider populations for inclusion in clinical trials dur-
ing the drug development and approval process. Similarly, the
pharmaceutical community may recognize that performing anti-
NV trials in immunocompromised persons in chronic medical care
could prove advantageous in comparison with immunocompetent
populations that experience acute illness, because drug trials in
immunocompromised groups are unlikely to be undermined by
subject drop-out due to loss to follow-up, and drug utilization
may ultimately prove high if prophylactic efficacy can be
confirmed.
3.1.1. Considerations for subject enrollment
The key enrollment criterion is sudden gastrointestinal illness

that is severe enough to require immediate IV fluid resuscitation
and hospitalization. Symptoms that suggest onset of NV enteritis
include vomiting that is followed within minutes to a few hours
by near-continuous, explosive watery diarrhea or sudden explosive
diarrhea alone, either with or without fever. Diagnoses to be
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excluded include other bacterial, viral, and protozoan intestinal
infections and non-infectious processes such as graft versus host
disease (Schwartz et al., 2011). Testing of whole stool specimens
is more sensitive than rectal swab (Bresee et al., 2012).

Because candidate anti-NV agents should be judged on their
ability to lessen frequency, volume, and duration of vomiting and
diarrhea and duration of virus transmission, anti-NV agents are
likely to demonstrate the greatest clinical benefit when initiated
immediately after symptom onset. Consequently, it should be
acceptable, if not essential, to recruit subjects into trials before
confirmation of NV infection, which because of the limited number
of commercial reference laboratories currently offering NV detec-
tion by qualitative PCR, may require up to one working week (Ros-
signol and El-Gohary, 2006). Although enrollees who demonstrate
pathogens other than or in addition to NV must be dropped from
anti-NV protocols, these subjects might continue treatment under
alternative protocols, particularly if there are early indications of
benefit.

Establishing fecal density and molecular properties of NV iso-
lates at enrollment establishes a baseline for subsequent determi-
nations of drug impact on NV replication, for recognition of
genome mutations over the duration of infection, and for correla-
tion of shedding with symptoms (Schorn et al., 2010). Similarly,
establishing general immune responsiveness, evidence of previous
NV infection, and susceptibility to NV infection based on HGBA
secretor status form the basis for stratifying efficacy of candidate
drugs. Proposed subject evaluation at recruitment is summarized
in Table 2.

3.1.2. Considerations for trial design
Use of randomized, placebo-controlled, and double blinded

(RPCDB) study design for clinical trials of anti-NV drugs in immu-
nocompromised subjects is justified by the expectation of multi-
ple-site testing, the paucity of information concerning impact of
the type of immunocompromise on outcome, the typically variable
clinical course of infection, and the overall complexity of subject
populations including their increased potential for actual and
apparent adverse drug effects and interactions. As conceived for
therapies against other viruses, dosing regimens of orally-deliv-
ered anti-NV agents established in Phase 1 trials can be initially
based on achieving adequate tissue (i.e. intestinal mucosal) con-
centrations using trough plasma concentration as the surrogate
measure for achieving the 50% effective concentration (EC50) at a
minimum (Reddy et al., 2012). Repetition of pharmacokinetic
assessment with symptomatic immunocompromised subjects in
Phase 2 and possibly Phase 3 trials should be essential, as drug
absorption and clearance are likely to be affected by NV-induced
Table 2
Patient testing at enrollment. There are two important principles underlying enrollment of i
confounding infections must be excluded as properties of each NV isolate that may affect
infections generally and to NV specifically should be determined. Based on: Higo-Moriguc

Establishing NV as the sole enteric pathogen

Characterization of NV isolates

Assessment of previous host exposure to NV and susceptibility

Evaluation of general immune competence
diarrhea per se as well as by concomitant gastrointestinal disorders
such as graft-versus-host disease and chemotherapy to name a few
examples. For these reasons, trials that use a range of doses may be
needed to define both efficacy and toxicity in immunosuppressed
patients (Yamazaki et al., 2009; van der Vries et al., 2013). Devel-
opment of IV-delivered drugs may circumvent some of these
problems.

When considering trial duration, single-patient case studies
have suggested that drug responses can be obvious and rapid, e.g.
in 1 day (Siddiq et al., 2011). In prospective drug trials, length of
treatment can be based on time to suppress virus replication in cell
culture models employing murine NV (MNV) (Rocha-Pereira et al.,
2012b) or human NV replicons (Chang and George, 2007; Rocha-
Pereira et al., 2013), or animal models of infection and disease such
as MNV in mice (Rocha-Pereira et al., 2013) or human NV in gno-
tobiotic pigs (Jung et al., 2012). However, continuation of trials un-
til actual or anticipated cessation of fecal shedding can be justified
by a prime therapeutic objective of interrupting disease transmis-
sion that may occur in the setting of protracted excretion (Sukhrie
et al., 2012). Subjects initially randomized to placebo should
cross-over to active drug if symptomatic at trial conclusion, both
in furtherance of establishing drug efficacy and to serve as an
inducement to subject enrollment. Isolated reports of successful,
uncontrolled use of drugs against NV off-label imply that Indepen-
dent Data Monitoring Committees should be integral components
of anti-NV drug trials in order to facilitate earlier crossover from
placebo to test drug if efficacy is suggested before trial completion
(Deng et al., 2012). Similarly, in the event of symptomatic relapse
after trial completion, extended treatment should be an option.

3.1.3. Considerations for patient management during trials
The key clinical indicator of drug efficacy in immunocompro-

mised populations is time of recovery, as indicated by extended
cessation of IV fluid therapy. Although optimal clinical manage-
ment of acute infectious enteritis has been of great interest for sev-
eral decades, particularly in children (Pieścik-Lech et al., 2013),
management of protracted infectious enteritis associated with
states of immunocompromise remains largely empiric. In clinical
drug trials, standardization of patient management among test
sites to the greatest degree possible is essential, since IV fluid ther-
apy and related clinical measures of therapeutic outcome are di-
rectly influenced by management approach. Basic management
principles are summarized in Table 3.

3.1.4. Assessment of drug efficacy
The assessment of drug efficacy for treatment of NV gastroenter-

itis in the immunocompromised patient has three components: The
mmunocompromised subjects into anti-NV drug investigations. Mixed and potentially
drug responses are characterized. Also, susceptibility of each subject to opportunistic
hi et al. (2014), So et al. (2013), Zhu et al. (2013), Tomov et al. (2013).

� Commercial multiplex reverse transcription PCR technology
� Culture

� Quantitative PCR
� Genotyping
� Gene sequencing

� History
� NV-specific serum IgG and IgA
� NV-induced CD-4 and CD-8 T-cell proliferation and cytokine responses
� Major blood group
� Histo-blood group antigen secretor status

� Quantitative serum immunoglobulin levels
� Total white cell, B and T-cell subset quantitation
� In vitro lymphocyte mitogen responses
� In vitro lectin-stimulated T-cell ATP production



Table 3
Patient management during drug trials. Accurate assessment of responses to trial medications will most probably be benefited by consistently similar treatment of hospitalized
patients with NV enteritis. In particular, evolving symptoms should anticipate programmed reductions in IV fluid therapy and restorations of diet to the greatest extent possible.

Phases of disease evolution Clinical presentation Treatment

Day 0: acute dehydration phase � Vomiting (inconsistent) � Large volume IV fluids
� Diarrhea � Nothing by mouth

� Anti-emetic therapy (ondansetron) as neededa

� No anti-diarrheal agents

Up to 1 week: sub-acute,
potential early recovery
phase

� Cessation of nausea and vomiting within 2 days � Trial recovery by dietary challenge
� Start or continuation of diarrhea – usual � Lactose-free fluids
� Recovery from diarrhea if present – unusual � Low fat solids

� Trial reduction of IV fluid equivalent to oral intake
� Halt IV fluid taper if relapsing dehydration

1 week – 6 months or beyond:
chronic phase

� No vomiting or fever � Parenteral nutrition starting 7 days after disease onset or loss >5%
body weight� Continued large volume watery diarrhea, especially after

oral intake � Trial recovery by dietary challenge
� Dehydration and malnutrition without IV fluid s Lactose-free fluids

s Low fat solids
� Trial reduction of IV fluid equivalent to oral intake
� Halt IV fluid taper if relapsing dehydration
� Reduce immunosuppression if applicable

Recovery phase � Decreasing stools despite oral intake � Aggressive reduction in IV fluids to confirm improvement
� Trial pre-morbid diet

a Pieścik-Lech et al. (2013).
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clinical response, virological response, and immunological response
to the drug, in comparison with placebo (summarized in Table 4).
Clinical response focuses on quantifiable measures of symptom res-
olution and is thereby a primary trial endpoint (Rossignol and
El-Gohary, 2006). Clinical measures enumerated in Table 4 are all
variants on the common theme of symptom resolution that differ
mainly in applicability to various subject populations, e.g. whether
an intestinal stoma or fecal continence is likely to be present. The
virological response focuses on suppression of viral replication
and shedding, suppression of virus mutation, and, possibly,
reduction in infectivity; new animal models of human NV infection
may facilitate these analyses (Cheetham et al., 2006; Taube et al.,
2013). Because of the epidemic potential of NV, these outcome mea-
sures should also be of primary interest. Finally, integrity of the
adaptive immune response affects NV disease expression, rate of
mutation that may lead to immune evasion, and potentially, efficacy
of candidate anti-NV drugs (Siebenga et al., 2008; Roddie et al.,
2009; Robles et al., 2012). Because changes in patient management
during the course of NV infection such as alteration of immunosup-
pression or chemotherapy regimens may affect disease outcomes
Table 4
Criteria to assess drug efficacy. In immunocompromised subjects, therapeutic efficacy of an
in this population. Those goals include, first and foremost, the alleviation of symptoms of
specific immune responses. Optimally, all of these criteria would be used comprehensivel

Clinical criteriaa � Maximal symptoms
s Peak number of stools per day when nothin
s If enterostomy or colostomy status, peak da
� Duration of disease

s Time from onset to cessation of vomiting (i
s Time from onset to first pre-morbid stool co
s Time from disease onset to tolerance of pre
� Treatment

s Days of IV fluid therapy including TPN
s Mean/median daily IV fluid volume (expres

Virological criteria � Daily quantitation of norovirus genome copies
� Serial viral genome sequencing
� Serial estimation of fecal norovirus infectivityc

Immunological criteria � NV-specific adaptive immunity as in Table 2
� General immune competence as in Table 2

a Rossignol et al. (2006).
b Choung et al. (2007).
c Cheetham et al. (2006) and Taube et al. (2013).
independent of anti-NV therapy (Kaufman et al., 2005; Roos-Weil
et al., 2011; Schorn et al.,2010; ), general and NV-specific immunity
should be retested at various time points during trials in the same
fashion as at enrollment (see Section 3.1.1).

Ancillary data that are likely to be important in evaluation of
anti-NV drug efficacy include trends in concurrent administration
of chemotherapy and immunosuppressive medications, including
trends in blood levels of these drugs where applicable. As noted
above, such trends focus on identifying clinician-initiated interrup-
tions in treatment of underlying conditions, specifically chemother-
apy for malignancy and immunosuppression after transplant that
risk tumor regrowth and allograft rejection or graft versus host dis-
ease, respectively (Kaufman et al., 2005; Roddie et al., 2009; Roos-
Weil et al., 2011). Routine blood chemistry and hematological mon-
itoring of patient status are essential for identification of side effects
of anti-NV drugs that may not have been apparent when given to
healthy subjects. In addition, when endoscopic small intestinal
biopsy is performed as a component of clinical care, histopathology
can be correlated with clinical symptoms and fecal RNA shedding
(Kaufman et al., 2005; Schwartz et al., 2011).
ti-NV drugs can be defined in several ways, reflecting the multiple goals of treatment
NV enteritis and also interruption of disease transmission without undermining NV-
y for drug evaluations.

g by mouth
ily volume of fecal output (expressed per unit body weight in pediatric studies)

f any)
nsistency using standard scaleb and number

-morbid diet

sed per unit body weight in pediatric studies)

until negative
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3.2. Study of immunocompromised populations with chronic norovirus
enteritis

A truly effective anti-NV agent should prevent chronic diarrheal
disease and/or infection by arresting acute infection. However, by
analogy with chronic hepatitis C, it does not automatically follow
that agents with demonstrated value for acute disease would re-
tain comparable efficacy against more rapidly evolving, genetically
diverse chronic NV infections (Vermehren and Sarrazin, 2012);
rather, assessment of anti-NV drugs after chronic infection may re-
quire dedicated evaluation. Drug trials in immunocompromised
patients with chronic NV disease differ somewhat from acute
infection trials. Insuring similarity of subject cohorts requires
definition of chronicity based on length of symptoms, viral shed-
ding, or both that may be somewhat arbitrary. Although use of pla-
cebos in chronically infected patients remains optimal, recognition
of clinical response to candidate drugs should be facilitated by the
established character of symptoms at enrollment. Virological mon-
itoring remains important to test the goal of virus clearance.

3.3. Study of uninfected immunocompromised populations in a high-
risk setting

The standard practice of clustering hospitalized immunocom-
promised patients in specialty care units creates opportunities for
NV outbreaks given the potential for virus spread from patients with
protracted NV disease or asymptomatic fecal shedding (Sukhrie
et al., 2012; Doshi et al., 2013). As with immunocompromised
patients acquiring NV in the community, patients confined to the
hospital are especially likely to benefit from effective drug
prophylaxis.

3.3.1. Considerations in subject enrollment
In contrast with the initiation of treatment protocols for immu-

nocompromised subjects with acute gastroenteritis, prophylactic
anti-NV drug trials are initiated when an index case has confirmed
NV disease. Suitable candidates for enrollment include those shar-
ing living spaces and health care providers of the index case up to
48 h before onset of symptoms, the maximum duration of NV la-
tency (Harris et al., 2013; Lee et al., 2013). Assessment at subject
enrollment can be the same as in treatment protocols (see Section
3.1.1) excepting that fecal testing need only include NV RNA by
qualitative PCR to establish or exclude existing asymptomatic
infection and documentation of pre-morbid stool patterns. Because
successful prophylaxis may be restricted to sub-populations with
relative immune preservation, testing of NV-specific and general
immune competence is especially important in these studies (Bou-
dreault et al., 2011).

3.3.2. Considerations for trial design
Because of the sporadic and often unpredictable nature of NV

outbreaks, drug prophylaxis trials that are RDBPC and conducted
at multiple sites are preferred, because risks of NV transmission
may vary between institutions based on differences in subject pop-
ulation susceptibility, infection control practices, and pathogenic-
ity of responsible NV strains (Hassine-Zaafrane et al., 2013).

Current concepts of NV pathobiology suggest two prophylactic
strategies. The first strategy would use drugs effective for treat-
ment of established NV disease in a prophylactic role. Although
effective prophylactic antiviral drug doses can often be lower than
those needed to treat active infection (Kotton, 2013), the very short
incubation time of NV infection in combination with very high vir-
ulence and potential for reduced drug bio-availability suggests that
initial prophylaxis trials should employ therapeutic doses to estab-
lish benefit. The second prophylactic strategy would employ drugs
that interfere with virus attachment to (and assimilation by) the
small bowel, for example, via epithelial histo-blood group antigens
(HBGA) in those individuals expressing these binding ligands (Tan
and Jiang, 2010). Dosing of virus-attachment inhibitors would be
based on considerations of small bowel lumen volume, cross-sec-
tional surface area, and estimates of initial infecting NV load.

3.3.3. Clinical monitoring and assessment of drug efficacy
Clinical monitoring includes bi-weekly to monthly subject sur-

veillance with fecal NV RNA qualitative PCR for detection of sub-
clinical infection in addition to ad hoc NV testing for symptoms
of acute gastroenteritis. When prophylaxis (drug or placebo) has
failed, treatment protocols as delineated in Section 3.1 may be ini-
tiated, including continuation of the study drug for evaluation of
potential disease attenuation and crossover to trial drugs of sub-
jects who have received placebo.

3.4. Extending anti-NV therapeutic trials to other populations at risk

Acute NV enteritis can be extremely unpleasant, a major source
of economic loss, and a significant burden to healthcare services
even in situations when it is unlikely to be life-threatening. In
the absence of a vaccine that delivers long-lasting immunity
against a broad spectrum of NV genotypes, adults and children
who are susceptible to NV and who would benefit from effective
anti-NV therapy for acute disease and prophylaxis in high-risk set-
tings will remain high. As with drug trials in immunocompromised
populations, trials in other groups are most effectively performed
in confined settings (Zelner et al., 2013). In contrast, conducting ro-
bust studies of subjects coming to urgent care clinics and emer-
gency departments may be difficult when there is no medical
need for follow-up after clinical disease resolution (Bresee et al.,
2012. Furthermore, any institution wishing to participate in anti-
NV trials must be prepared to include testing for NV by PCR in
all patients presenting with compatible symptoms, which has his-
torically not been standard practice in many settings (Bresee et al.,
2012).

Subject populations who fulfill these criteria and should be con-
sidered priorities for testing include:

1. Young adults in school dormitories, military barracks, and navy
ships (Arness et al., 2000; MMWR, 2009; Morillo et al., 2012).

2. Persons of all ages with various physical infirmities other than
primary immune deficiencies, particularly the elderly in nurs-
ing homes and chronic care facilities, in recognition that mor-
tality risk associated with NV infection is 10-fold greater in
the elderly in comparison with all age-groups combined (Ber-
nard et al., 2014).

4. Current state of anti-norovirus drug discovery

Knowledge of the NV replication strategy and pathogenesis in
the host are critical in the search for antiviral drugs. Like other po-
sitive-strand RNA viruses, the NV undergo a cycle of entry into
cells, RNA genome replication, maturation of progeny virus, and
spread of this virus to new cells (Green, 2013). Any of these steps
in the virus life cycle, as well as several of the viral proteins
(Fig. 1), might serve as potential targets for the development of
inhibitors. There has been little, if any systematic effort to date
by the pharmaceutical community to develop drugs that inhibit
human NV infection. Although only limited antiviral discovery at-
tempts from a handful of investigative groups have been discussed
in the published literature, these studies have revealed important
insights into potential approaches and demonstrated the potential
accessibility of viral targets. Over the past few years, there has
been a slow, but steady increase in anti-NV discovery
investigations.
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Nonstructural proteins:
NS1-2: unknown function, interacts with host cell membranes
NS3NTPase: hydrolyzes NTP, interacts with host cell membranes
NS4: unknown function, interacts with host cell membranes
NS5VPg: covalently linked to 5’-end of genome, interacts with host translation initiation factors
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NS7Pol: viral RNA dependent RNA polymerase, catalyzes RNA transcription and replication
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Fig. 1. See (Green, 2013) for a review. The norovirus positive-sense RNA genome is approximately 7700 nucleotides in length, polyadenylated, and organized into three open
reading frames (ORFs). ORF1 encodes three obligatory enzymes (NTPase, pro, pol) involved in virus replication that might serve as targets for antiviral drugs. The other three
ORF1-encoded non-structural proteins are also essential for replication. VPg, which is covalently attached to the 50 end of the viral genome, interact with host cell proteins,
especially translation initiation factors, and the remaining two proteins interact with host factors and membranes. Interruption of such virus-host interactions may offer
additional potential drug targets. The major structural protein of the virus, VP1, is encoded by ORF2 and the minor structural protein, VP2 is encoded by ORF3. Compounds
that block viral entry into cells or inhibit virus assembly might prove effective. Both structural proteins are translated separately from a single sub-genomic messenger RNA.
ORF1 is translated as a single polyprotein directly from the poly-adenylated genomic RNA, and is cleaved into individual non-structural proteins by the viral protease. ORF2 is
depicted as offset to denote short overlaps with both ORF1 and ORF3.

Table 5
Compounds exhibiting antiviral activity against human NV and other caliciviruses. Abbreviations: pol, polymerase; pro, protease; nucl., nucleoside/nucleotide; NNI, non-
nucleoside inhibitor; RdRp, RNA-dependent RNA polymerase: MNV, murine norovirus; NV, human norovirus.

Target Compound Assays/stage Virus Reference

Pol (nucl.) 20C-methylcytidine Cell culture (infection) MNV Costantini et al. (2012), Rocha-Pereira et al. (2012b)
Cell culture (replicon) NV Costantini et al. (2012), Rocha-Pereira et al. (2013)
Mouse infection MNV Rocha-Pereira et al. (2013)

Pol (nucl.) Ribavirin Cell culture (replicon) NV Chang and George (2007)
Cell culture (infection) FCV Belliot et al. (2005)
Co-crystallization w/pol NV Alam et al. (2012)

Pol (nucl.) 20-F-20-methylcytidine Cell culture (infection) MNV Costantini et al. (2012)
Cell culture (replicon) NV

Pol (nucl.) B-D-N(4) hydroxycytidine Cell culture (infection) MNV Costantini et al. (2012)
Cell culture (replicon) NV

Pol (nucl.) 2-Thio-uridine Cell culture (infection), RdRp in vitro assay FCV Belliot et al. (2005)
Pol (nucl.) 6-Aza-uridine Cell culture (infection), FCV Belliot et al. (2005)

RdRp in vitro assay
Pol (nucl.) Favipiravir (T-705) Cell culture (infection) MNV Rocha-Pereira et al. (2012a)
Pol (nucl.) 2-thiouridine Co-crystallization w/pol NV Alam et al. (2012)
Pol (nucl.) 5-nitrocytidine Co-crystallization w/pol NV Zamyatkin et al. (2008)
Pol (nucl.) 20-amino-20-deoxycytidine Co-crystallization w/pol NV Zamyatkin et al. (2008)
Pol (NNI) Suramin RdRp in vitro assay, co-crystallization w/pol,

in silico docking
NV,
MNV

Mastrangelo et al. (2012)

Pol (NNI) NF203 RdRp in vitro assay, co-crystallization w/pol,
in silico docking

NV,
MNV

Mastrangelo et al. (2012)

Pol (NNI) PPNDS RdRp in vitro assay, co-crystallization w/pol NV Tarantino et al. (2014)
Pro Acyclic sulfamide-based

compounds
In vitro protease assay, cell culture (replicon) NV Dou et al. (2012c)

Pro Piperazine derivatives In vitro protease assay, cell culture (replicon) NV Dou et al. (2012a)
Pro Pyranobenopyrone compounds In vitro protease assay, cell culture (replicon) NV Pokhrel et al. (2012)
Pro Cyclosulfamide-based

derivatives
In vitro protease assay, cell culture (replicon) NV Dou et al. (2011, 2012b)

Pro Dipeptidyl or tripeptidyl
transition state inhibitors

In vitro protease assay, cell culture (replicon),
co-crystallization w/pro

NV,
MNV

Kim et al. (2012), Mandadapu et al. (2013), Prior et al.
(2013), Takahashi et al. (2013)

Pro Chymostatin in vitro protease assay NV Chang et al. (2012)
Entry (HBGA) Multiple compound classes in vitro binding assay NV Feng and Jiang (2007), Zhang et al. (2013)
Entry (virus) Monoclonal antibodies in vitro binding assay, chimpanzee infection NV Lindesmith et al. (2012), Chen et al. (2013)

Human interferon alpha cell culture (replicon)
genobiotic pig infection

NV Chang and George, 2007
Jung et al., 2012

Nitazoxanide (tizoxanide,
Alinia�)

Phase II trial
transplant patient

NV Rossignol and El-Gohary (2006)
Siddiq et al. (2011)

(E)-2-styrylchromones Cell culture (infection) MNV Rocha-Pereira et al. (2010)
Unfolded protein

response
Deubiquitinase inhibitors Cell culture (infection), cell culture (replicon) MNV

NV
Perry et al. (2012)
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Until recently, discovery efforts have been hampered by
technical challenges such as the absence of a human NV cell
culture system, as noted above. The availability of permissive cell
culture systems for MNV and feline calicivirus (FCV) (reviewed in
Green, 2013), and especially the development of a robust human
NV replicon cell line (Chang et al., 2006; Chang and George,
2007), have helped in the search for broad-spectrum calicivirus
inhibitors. Although in vitro assays for the key enzymes involved
in human NV RNA replication, the viral cysteine protease (Pro)
and RNA dependent-RNA polymerase (Pol) have existed for a dec-
ade or more, and stable human NV replicon cell lines were devel-
oped several years ago, until most recently these reagents have
primarily been utilized for investigations of fundamental aspects
of viral processes or host–virus interactions. The enzymatic assays
have generally not been sufficiently robust or appropriately format-
ted to support large-scale drug discovery efforts. While the neces-
sary developments for formatting robust NV polymerase antiviral
assays have lacked progress, there have recently been significant
improvements in NV protease assays that support utility in high-
throughput formats (Chang et al., 2012; Viswanathan et al., 2013).

Animal models for human NV infection have recently come into
focus as potentially practical tools for antiviral development. A
mouse model supporting human NV has been recently developed
but, while representing a substantial breakthrough for the field,
exhibits low virus production and little, if any pathology (Taube
et al., 2013). A gnotobiotic pig model of human NV infection has
been established for several years but not widely exploited, pre-
sumably due to larger animal size and expense (Cheetham et al.,
2006). However, the pig model does support high yields of virus
shedding, significant pathology, and disease comparable to hu-
mans, which are amenable to quantification. A mouse model of
MNV infection utilizing interferon receptor deficient mice has been
shown to exhibit modest, but quantifiable, GI symptoms, as well as
high yields of virus (Rocha-Pereira et al., 2013). Both of the latter
models have been recently used in antiviral studies (see below).

Table 5 presents a list of compounds in the published literature
that have been shown to exhibit antiviral activity against human
NV utilizing a variety of experimental assays. A discussion of the
status of these compounds is presented below.

4.1. Drugs and investigational compounds previously administered to
humans

Several antiviral agents previously given therapeutically to hu-
mans have been utilized against NV infections, with limited success.
The investigational antiviral, favipiravir (T-705), currently under
clinical development for the treatment of influenza virus infections,
also exhibits activity against a variety of other, unrelated RNA
viruses in preclinical culture and animal models (Furuta et al.,
2013). In a cell culture model of MNV infection, favipiravir displayed
a modest potency against viral replication (EC50, 124 lM) and CPE
(EC50, 50 lM) (Rocha-Pereira et al., 2012a). Two other clinically
available antiviral drugs, human alpha-interferon and ribavirin,
have been reported to reduce replication of a human NV replicon
in cell culture (EC50, ca. 2.0 IU/ml and 50 lM, respectively) (Chang
and George, 2007). Administration of human interferon-alpha
(3000 IU/kg/day) was reported to significantly delay the onset (3.0
vs. 1.3 days), but not the duration, of virus shedding in gnotobiotic
pigs infected with human NV (Jung et al., 2012). Interestingly, in this
same model, administration of high doses of the anti-cholesterol
drug, simvastatin, enhanced viral titers during shedding, presum-
ably due to an observed increase in low-density lipoprotein that
compensated for an overall, drug-induced reduction of total choles-
terol (Jung et al., 2012). Similar effects of an enhancement of human
NV replication have been observed in replicon-containing cell cul-
tures treated with simvastatin (Chang, 2009).
Currently, the only drug successfully utilized against NV infec-
tions in preliminary clinical studies, and that which has shown
the most promise thus far, is the broad-spectrum anti-infective,
nitazoxanide (NTZ) (Alinia�, Romark Laboratories, LC), which is li-
censed for use against infections with Cryptosporidium and Giardia.
Thirteen individuals with NV infections were identified in an out-
patient clinical trial for treatment of viral gastroenteritis (Rossignol
and El-Gohary, 2006). Treatment with NTZ significantly reduced
the median time to resolution of symptoms in 6 patients relative
to that observed in the 7 receiving placebo (1.5 d (0.5–2.5 d) trea-
ted vs. 2.5 d (1.5–6.5 d) placebo). Of direct relevance to immuno-
compromised persons, the primary subject of this article, a case
report of a hematopoietic stem cell transplant recipient with a
10-day history of NV infection described an 80% reduction in
diarrhea episodes within 24 h of initiating NTZ treatment, and a
complete resolution of symptoms after 4 days of treatment, impor-
tantly, without reduction of immunosuppressive therapy (Siddiq
et al., 2011).

The nucleoside analogue, 20-C-methylcytidine (20-C-MeC)
(Pierra et al., 2006; Gardelli et al., 2009), previously investigated
in clinical trials for utility against hepatitis C virus infection has
demonstrated early promise as a direct-acting anti-NV drug. This
nucleoside has been reported to be a potent inhibitor of the repli-
cation of human NV in a replicon cell culture model (EC50, 1.3 lM),
along with two related analogues, 20-F-20-C-MeC, and B-D-N(4)-
hydroxycytidine (NHC) (EC50, 1.5 and 3.2 lM, respectively)
(Costantini et al., 2012). Both 20-C-MeC and 20-F-20-C-MeC were
also active at higher concentrations against MNV replication in cell
culture infection model (EC50, 6.9 and 12.7 lM, respectively)
(Costantini et al., 2012). In a separate report, 20-C-MeC was also
effective at comparable concentrations (EC50, 1.4–2.0 lM) against
virus replication, plaque formation, and CPE in MNV-infected cells
(Rocha-Pereira et al., 2012b). In another study, 20-C-MeC was found
to inhibit replication of a human NV replicon in cell culture, albeit
at a higher concentration than earlier reports (EC50, 18 lM), but
more importantly, was able to clear cells of the NV replicon after
only 4 serial passages under a high treatment concentration (5�
EC50), with no apparent cytotoxic effects (Rocha-Pereira et al.,
2013). In a mouse model of MNV infection, 20-C-MeC (50 mg/kg,
twice daily, sub-cutaneous injection) prevented death, lessened
diarrhea, and reduced intestinal virus loads (Rocha-Pereira et al.,
2013).

4.2. Other nucleosides

Recent co-crystallography studies of the human NV polymerase
with nucleotides have provided some initial insight into features
that are likely to be important for the design of effective NV nucle-
oside inhibitors. Co-crystals of CTP or 5-nitrocytidine triphosphate
with the NV polymerase indicated that the positioning of the nitro
group of 5-nitrocytidine triphosphate blocked the interaction of
the 30-hydroxyl group from interactions with the RNA primer, sug-
gesting a general approach for the design of anti-NV nucleosides
(Zamyatkin et al., 2008). In another co-crystallization study utiliz-
ing CTP and 20-amino-20-deoxycytidine-50-triphosphate with the
human NV polymerase suggested that replacement of the 20-hy-
droxyl group with an amino group would be important for nucle-
oside design as this induced a rearrangement of the polymerase
active site that disrupted interactions with active-site metal ions
(Zamyatkin et al., 2009). Crystal structures of MNV-1 RdRp in com-
plex with 2-thiouridine or ribavirin have revealed additional
important information on nucleotide interactions in the active site
(Alam et al., 2012).

A series of uridine analogues was examined utilizing the feline
Calicivirus (FCV) polymerase and FCV infection in cell culture
(Belliot et al., 2005). While the triphosphates of these analogues
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exhibited only modest inhibition (less than 10-fold) of RdRp activity
in enzymatic assays at high concentrations (200 lM), two ana-
logues, 2-thio-uridine and 6-aza-uridine, reduced FCV titers in cell
culture 100- to 1000-fold after exposing cells to high concentrations
of compounds (2 mM) for only one hour immediately prior to infec-
tion. In these studies, ribavirin was modestly effective, reducing
viral production less than 10-fold.

4.3. Non-nucleoside RdRp inhibitors

The non-nucleoside, suramin, and a related molecule, NF203,
have been shown to be potent inhibitors of human NV (IC50, 25
and 7 nM, respectively) and MNV (IC50, 70 and 200 nM, respec-
tively) RdRp activity in enzymatic assays (Mastrangelo et al.,
2012). Crystallographic and in silico docking studies demonstrated
that these molecules specifically complexed with both viral poly-
merases and predicted that mutation of Tyr41 of the human NV
polymerase and Trp42 of the MNV polymerase to alanine would
hinder interactions of these inhibitors. Subsequent assays with
the mutated enzymes demonstrated that these mutations reduced
potencies of the two inhibitors by 4- to 6-fold. The same group of
investigators has recently discovered that pyridoxal-50-phos-
phate-6-(20-naphthylazo-60-nitro-40,80-disulfonate) tetrasodium
salt (PPNDS) is also an effective inhibitor of NV RdRp activity in
enzymatic assays (IC50, 45 nM) (Tarantino et al., 2014). Interest-
ingly, crystal structures of the RdRp/PPNDS complex indicate that
this compound binds to a second site in the polymerase, distinct
from that occupied by suramin and NF203.

4.4. Protease inhibitors

The human NV antiviral target studied in greatest detail thus far
is the viral 3C-like, chymotrypsin-like, cysteine protease. Not sur-
prisingly, the chymotrypsin inhibitor, chymostatin, has been
shown to be a relatively potent inhibitor (IC50, ca. 1.0 lM) in an
enzymatic assay, although due to its peptide-based structure, this
molecule has limited cellular uptake potential (Chang et al., 2012).
During the past two years, a group of collaborative investigators
has described a diverse spectrum of molecules displaying a wide
range of antiviral potencies in both enzymatic and culture-based
assays, including compounds based on acyclic sulfamide scaffolds,
piperazine derivatives, pyranobenopyrone compounds, and cyclo-
sulfamide-based derivatives (Dou et al., 2011, 2012a, 2012b,
2012c; Chang et al., 2012; Pokhrel et al., 2012). Although antiviral
potencies for the vast majority of these compounds is modest (cell
culture EC50 ca. 5–10 lM), cytotoxicity in cell culture (CC50 > 100 -
lM) was predominantly favorable for most of these molecules.

Most recently, the same group of investigators has described a
class of molecules, generally termed dipeptidyl or tripeptidyl
transition state inhibitors, which display potent, broad-spectrum
activity in enzymatic and cell culture-based assays against several
3C-like proteases of viruses from the families Picornaviridae,
Coronaviridae, and Caliciviridae (including NV), which share con-
served features in the protease catalytic site (Kim et al., 2012;
Mandadapu et al., 2013; Prior et al., 2013; Takahashi et al.,
2013). Mechanistically, these molecules have been shown to be
covalently bound to the nucleophilic cysteine residue in the cata-
lytic sites of the proteases of NV and poliovirus in co-crystallogra-
phy studies (Kim et al., 2012). Several of these molecules
demonstrate IC50 as low as 150 nM in NV protease enzymatic as-
says and EC50 as low as 40nM against NV replication in replicon-
based cell culture assays (Prior et al., 2013). However, cytotoxicity
information on this potentially promising class of compounds is
presented for only two compounds in the on-line version of one
publication (Prior et al., 2013), making evaluation of the potential
utility of these molecules for antiviral development difficult.
4.5. Entry inhibitors

Finally, there has been work in the identification of compounds
and therapeutic antibodies that might inhibit virus entry and
spread. As noted in Section 3.3.2 above, human NV strains may
use HBGA molecules as binding ligands to intestinal epithelial
cells. Inhibitors that block this interaction may therefore prove
effective in treatment (Feng and Jiang, 2007; Zhang et al., 2013).
However, these studies indicate that not all strains of NV are uni-
versally blocked by individual compounds. These screening studies
utilized both in silico modeling and in vitro binding assays to
identify a wide range of compound structures with the potential
to block NV infection. No additional work to optimize these com-
pounds has yet been published.

Monoclonal antibodies with therapeutic potential have been de-
scribed (Lindesmith et al., 2012; Chen et al., 2013), but additional
work on their mechanisms of virus neutralization is needed. One
antibody, when incubated with virus prior to inoculation, was able
to prevent human NV infection in a chimpanzee (Chen et al., 2013).

4.6. Other compounds

A group of (E)-2-styrylchromones has been shown to have mod-
est antiviral activity (7–35 lM) in MNV-infected cultures, prevent-
ing both replication and plaque formation (Rocha-Pereira et al.,
2010). The mechanism of action of this class of flavonoid-type
compounds is unknown, and a related group of 2-styrylchromones
has been shown to have activity against picornaviruses (Conti
et al., 2005). Time of addition studies indicated that these com-
pounds appear to inhibit steps following entry (Rocha-Pereira
et al., 2010). Limited structure–activity analysis noted that the
(E)-2-styryl group in the chromone moiety was critical for anti-
NV activity. A small-molecule deubiquitinase inhibitor has been
shown to inhibit the replication of MNV in cultured murine macro-
phages (EC90 c.a. 5 lM) and the human NV replicon (EC50 c.a. 5–
10 lM), apparently though induction of the unfolded protein re-
sponse (Perry et al., 2012).

Despite recent advances in anti-NV drug discovery, it will take a
considerable amount of time, most likely years, before definitive
clinical trials or treatments are available to immunocompromised
patients infected with NV. The only current prospect for immediate
clinical trials is nitazoxanide, since it is already FDA-approved and
has shown efficacy against NV disease, albeit in only a handful of
patients. The only other current prospect for clinical trials in the
near future is 20-C-methylcytidine, which has been used safely in
humans, although the original studies were terminated due to GI
side effects following several weeks to months of administration.
Additional aspects of intervention and control strategies against
NV infections not addressed in this paper can be found in recent re-
views (Rohayem et al., 2010; Li et al., 2012; De Clercq, in press).

5. Summary

Experimental researchers have laid the groundwork for rapid
progress in the discovery of agents to inhibit NV replication.
Although prospects for clinical development of the therapies dis-
cussed here are not yet clear, synthesis and testing of these mole-
cules in the pre-clinical setting have collectively established
important principles for the development of NV antivirals. These
studies have demonstrated that it should be possible for small
molecules to interrupt NV infection successfully, for example, by
inhibiting critical viral enzymes such as the proteases and poly-
merases. As a result, inhibition of viral replication, infection, and
virus-induced cytopathology can be demonstrated in cell culture.
More encouraging evidence indicates that new animal models of
NV infection may be used to assess drug efficacy.
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The limited clinical reports reviewed above offer hope that hu-
man NV disease can be significantly shortened using currently
available agents. Immunocompromised patients with NV disease
are in greatest need of an effective treatment. Furthermore, as
emphasized in this review, immunocompromised patients also
collectively represent a highly appropriate clinical model for the
evaluation of test molecules, both by virtue of the chronicity and
severity of their disease and their close connection to healthcare
services, ensuring long-term, in-depth assessment of drug effects
and safety. It should be noted that the use of any agent shown to
have only limited toxicity in the general population must be ap-
proached with caution in immunocompromised individuals, due
to their special clinical condition.

Development of safe and promising antiviral therapy in immu-
nocompromised populations offers the opportunity to decrease the
NV disease burden not only in these individuals in the near future,
but in others at high risk of infection by this ubiquitous enteric
pathogen. Ultimately, the greatest public health impact of an effec-
tive antiviral therapy will perhaps be seen in prophylactic use dur-
ing NV outbreaks to prevent epidemic spread to exposed,
uninfected individuals, especially persons in relatively closed envi-
ronments. The ultimate goal of a consistently safe and effective
treatment of human NV disease will be realized sooner if the phar-
maceutical industry assumes a leadership role in these efforts.
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