
Post-exposure antiviral treatment of norovirus infections 
effectively protects against diarrhea and reduces virus shedding 
in the stool in a mortality mouse model

Joana Rocha-Pereira1, Abimbola O. Kolawole2, Eric Verbeken3, Christiane E. Wobus2, and 
Johan Neyts1

1KU Leuven– University of Leuven, Department of Microbiology and Immunology, Rega Institute 
for Medical Research, Laboratory of Virology and Chemotherapy, Leuven, Belgium

2Department of Microbiology and Immunology, University of Michigan Medical School, Ann Arbor, 
Michigan, USA

3KU Leuven – University of Leuven, Department of Imaging & Pathology, Translational Cell & 
Tissue Research, Leuven, Belgium

Abstract

Noroviruses are a leading cause of gastroenteritis across the world in all age groups and are linked 

to increased hospitalization and mortality in children, the elderly and immunocompromised. The 

development of specific antiviral treatment for norovirus gastroenteritis is urgently needed. We 

explored in a mouse model whether an inhibitor of norovirus replication could be used 

therapeutically post murine norovirus (MNV)-infection of mice.

Using the MNV, we previously discovered that the viral polymerase inhibitor 2’-C-methylcytidine 

(2CMC) is able to protect against diarrhea and mortality in mice when used prophylactically and 

to block the transmission of MNV between mice. Here, we investigated whether 2CMC could be 

used therapeutically, starting treatment between 12 h and 3 days post-infection with 2CMC.

Post-exposure treatment of MNV-infected mice with 2CMC was efficient up to 2 days after 

infection, preventing norovirus-induced diarrhea, delaying and reducing MNV shedding in stool of 

treated mice. Rehydration of 2CMC-treated animals did not result in a further improvement of the 

disease evolution compared to antiviral treatment only. The presence of MNV antigens and 

inflammation in the small intestine of infected mice inversely correlated with the effectiveness of 

delayed antiviral treatment. Anti-MNV IgGs were detected in re-challenged mice 10 weeks after 

the first contact, these protected the mice from re-infection. We here demonstrate the benefit of 

antiviral treatment in ongoing norovirus infections.
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1. Introduction

Human noroviruses are a leading cause of gastroenteritis across the world in all age groups. 

Infections with these viruses can be particularly severe for children ˂ 5 years of age. They 

are second only to rotavirus as etiologic agents of childhood diarrhea in both low-/ middle- 

and high-income countries (Chhabra et al., 2014; Ramani and Kang, 2009; Walker et al., 

2013; Yu et al., 2015). In those countries where routine vaccination against rotavirus has 

been implemented, human norovirus has become the more commonly detected agent of 

childhood diarrhea (Hemming et al., 2013; Payne et al., 2013). Whereas single episodes of 

diarrhea are typically self-limiting and of short duration, several episodes per year can lead 

to nutritional deficits and long-term consequences, such as growth stunting. This important 

sequela, which is associated with decreased cognitive function, could (in ~25% of cases) be 

attributed to five or more episodes of diarrhea before the age of 2 (Walker et al., 2013). 

Whereas there are two vaccines on the market to prevent rotavirus-induced diarrhea, there is 

no vaccine or specific antivirals to prevent or treat norovirus-induced gastroenteritis. 

Supportive care consists mostly of electrolyte replenishment of dehydrated individuals. 

Today highly effective and potent antivirals are available for the treatment of infections with 

herpesviruses, HIV, hepatitis B and C and influenza viruses. There is no doubt that it should 

be possible to develop highly potent and safe inhibitors of noroviruses, provided sufficient 

efforts. Such drugs should allow the treatment of severe and prolonged diarrhea not only in 

children, but also among the elderly population for whom norovirus infections account for 

the majority of gastroenteritis-associated hospitalization and deaths (Hall et al., 2012; 

Lopman et al., 2011; Trivedi et al., 2012; van Asten et al., 2011) and for 

immunocompromised patients.

Murine norovirus (MNV) is a genogroup V norovirus that has been widely used as a 

surrogate for human noroviruses (Karst et al., 2003; Wobus et al., 2004). The recent report 

that a human B cell line can support the replication of the human virus and the development 

of a mouse model for human norovirus infection may bring new possibilities for future 

studies (Jones et al., 2014; Taube et al., 2013). We recently reported that a small-molecule 

inhibitor of norovirus replication – 2’-C-methylcytidine (2CMC) – is able to protect against 

diarrhea and mortality in alpha/beta (IFN-α/β) and gamma interferon (IFN-γ) receptor 

knockout AG129 mice when given prophylactically (Rocha-Pereira et al., 2013). 

Furthermore, we used MNV to develop a transmission model and provided evidence that 

MNV is efficiently transmitted from infected animals to sentinel mice (Rocha-Pereira et al., 

2015). In this model, we demonstrated for the first time that transmission of norovirus is 

efficiently blocked by prophylactic treatment of the sentinel mice with 2CMC. Here, we 

explore whether therapeutic use of an inhibitor of norovirus replication (i.e., 2CMC) also 

results in a beneficial effect on norovirus infection in the infected host.

2. Materials and methods

2.1 Cells, viruses and compound

2’-C-methylcytidine (2CMC) was synthesized as described (Pierra et al., 2006) and 

dissolved in sterile saline. Lactated Ringer’s Solution (LRS, Lactated Ringer’s Injection 

USP, BBraun, Belgium) was used for rehydration experiments. The MNV, strain 
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MNV-1.CW3 (kindly provided by Dr. Herbert Virgin, Washington University, St. Louis, 

USA) was propagated in RAW 264.7 cells (ATCC, Barcelona, Spain) grown in DMEM (Life 

Technologies, Gent, Belgium) supplemented with 10% fetal bovine serum (FBS), 2 mM L-

glutamine, 20 mM HEPES, 0.075 g/L sodium bicarbonate, 1 mM sodium pyruvate, 100 U 

penicillin/mL, 100 μg/mL streptomycin at 37°C in a humidified atmosphere of 5% CO2. 

Virus stocks were generated from their seventh passage in cell culture and viral titres were 

determined by endpoint titration. Cell lines were regularly tested for Mycoplasma 

contamination.

2.2 Effect of post-exposure treatment with 2CMC in a MNV mouse model

AG129 mice (129/Sv mice deficient in IFN-α/β and IFN-γ receptors) originally from BK 

Universal, UK, were bred and housed at the Rega Institute under specific-pathogen-free 

conditions. All experiments were performed under the guidelines and authorization of the 

Ethical Committee of the KU Leuven (P101/2012).

For all experiments, age- and sex-matched mice, 8–12 weeks of age were randomly 

distributed per groups and infected by oral gavage with 6×104 CCID50 (50% cell culture 

infectious dose) of MNV. Treatment with 2CMC was initiated either one hour before 

infection (n=6), 12 h (n=10), 24 h (n=10), 48 h (n=9) or 72 h (n=3) post-infection (pi) with a 

dose of 100 mg/ kg/ day, divided in two daily treatments (2×50 mg/ kg) until day 7 pi, by the 

subcutaneous route. Saline was administered to untreated control mice following the same 

schedule as for 2CMC (n=6). Treated and untreated mice were kept separate in 

independently ventilated cages for all the experiments. Bedding was replaced once a week. 

Starting at day 0 pi, mice were weighed daily and stools were collected from each animal 

(except for the 72 h pi group) and scored for consistency (0, normal feces; 1, mixed stool 

samples containing both solid and pasty feces; 2, pasty feces; 3, semiliquid feces; 4, liquid 

feces). When animals were severely ill (weight loss of >20% from the start of the 

experiment or >15% in 2 days, lethargy, watery squinted eyes) they were humanely 

euthanized using pentobarbital (Nembutal®). Blood was collected from the tail vein either 

(i) before infection or (ii) at one time point after infection or by cardiac puncture (iii) one 

week after re-challenge.

2.3 Effect of rehydration in 2CMC-treated and untreated MNV-infected mice

To study whether a combination of 2CMC-treatment and rehydration could have a beneficial 

effect and impact on the survival of MNV-infected animals, groups of 4 mice were treated 

with: (i) 2CMC 100 mg/kg/day starting 48 h pi (n=4), (ii) LRS, for rehydration (n=4) or (iii) 

a combination of 2CMC 100 mg/kg/day starting 48h pi and LRS (n=4). To determine when 

to start the rehydration of a particular animal, the fluid homeostasis of each mouse was 

evaluated daily by scoring the loss of skin turgor and weight loss. When mice were clinically 

dehydrated, i.e. had ≥ 5% body weight loss and/ or loss of skin turgor, a volume equivalent 

to ~5% body weight of LRS at 37°C was administered subcutaneously (plus animals were 

allowed to drink water ad libitum) according to the standard recommendations (Devey, 2010; 

Gargiulo et al., 2012). Animals were monitored once daily for symptoms, weight variation, 

loss of skin turgor and stool samples were collected for quantification of viral RNA.

Rocha-Pereira et al. Page 3

Antiviral Res. Author manuscript; available in PMC 2018 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4 Study of MNV replication in the small intestine of mice

AG129 mice (n=18) were infected by oral gavage with 6×104 CCID50 of MNV. At 0, 8, 12, 

24, 48 and 72 h pi (n=3 per time point), mice were euthanized for dissection of the small 

intestine which was processed through the Swiss roll technique (Moolenbeek and 

Ruitenberg, 1981) and fixed in 4% formaldehyde. For histological examination, 5 μm-thick 

intestinal tissue slides were embedded in paraffin, sectioned and stained with hematoxylin–

eosin (H&E) or with a 1:5000 dilution of anti-MNV VLP (strain S99) rabbit polyclonal 

antibody or the corresponding pre-bleed rabbit serum. (Taube et al., 2013)

The H&E stained slides of small intestine where the Peyer’s Patches were present, were 

scored for the presence of MNV antigen as well as for the presence of inflammation and 

increased apoptosis of epithelial cells.

2.5 Re-challenge with MNV of 2CMC-treated infected mice

AG129 mice, which had been infected with MNV and treated with 2CMC starting one hour 

before or at 12 h post infection, were re-challenged with MNV 3 (n=7), 6 (n=7) or 10 (n=2) 

weeks after the first contact with the virus. During the week after re-challenge, mice were 

weighed daily and their general condition was assessed. Blood was collected from animals 

before re-challenge (at 3 weeks pi) and one week after re-challenge (week 7 pi and 11 pi).

2.6 Detection/ quantification of specific anti-MNV IgG by ELISA

For detection of IgG in the blood of 2CMC-treated re-challenged mice, the Recombivirus™ 

Mouse Anti-Norovirus (MNV-1/VP1) IgG kit (Alpha Diagnostics/ Gentaur, Belgium) was 

used according to the manufacturer’s instructions. The presence of anti-MNV mouse IgG 

antibodies in samples was determined relative to mouse anti-MNV IgG controls, by 

calculating the threshold index (TI) as follows: TI = ODsample/ODsc, where ODsample is 

the OD value obtained for each tested mouse serum and ODsc is the OD value of the 

sensitivity control, a low level mouse anti-MNV IgG intended to represent a threshold OD 

for most true positives, according to the manufacturer. A TI > 1 represents a positive serum 

sample for anti-MNV IgG.

2.7 RNA isolation and quantitative RT-PCR

To extract RNA from stool samples, the RNeasy minikit (Qiagen, The Netherlands) was 

used according to the manufacturer’s protocol. For the MNV RT-qPCR, primers and probe 

were used as described before (Rocha-Pereira et al., 2012). One-step RT-qPCR was 

performed in a 20 μL reaction mixture containing 10 μL iTaq Universal Probes reaction mix 

(Bio-Rad, Belgium), 0.5 μL of iScript advanced reverse transcriptase, 4 μL of template 

RNA, 900 nM of MNV primers and 200 nM of MNV probe. Cycling conditions were: 

reverse transcription at 50°C for 10 min, initial denaturation at 95°C for 3 min, followed by 

40 cycles of denaturation at 95°C for 15 s, annealing and extension at 60°C for 30 s (Roche 

LightCycler 96, Roche Diagnostics, Belgium). For MNV absolute quantification, standard 

curves were generated using 10-fold dilutions of MNV template DNA of known 

concentration.
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2.8 Statistical analysis

All data were analyzed using Prism 5 software (Graph-Pad Software, San Diego, CA). In all 

graphs, *** = p<0.001, ** = p<0.01, * = p<0.05, and ns = not significant (p > 0.05) were 

determined with the nonparametric Kruskal-Wallis test with Dunn’s post-test. The one 

sample t test was used to compare means to the limit of detection (LOD). All error bars 

depict standard error of the mean (SEM). Grubbs’ test was used to detect significant outliers 

(p< 0.01).

3. Results

3.1 Post-exposure treatment of MNV-infected mice with 2CMC is efficient up to 2 days 
after infection

AG129 mice were infected orally with MNV and were treated with 2CMC whereby 

treatment was initiated either 12, 24, 48 or 72 h pi and was continued twice daily (2× 50 

mg/kg) until day 7 pi. Control groups of (i) untreated MNV-infected animals and (ii) MNV-

infected mice that were prophylactically treated with 2CMC (starting 1 h before infection) 

for 7 days were included in all experiments. All untreated mice showed first symptoms (such 

as weight loss, hunched posture, ruffled fur, and watery squinted eyes) at day 3 pi. This 

norovirus-induced disease progressed rapidly resulting in 100% of mice that had to be 

euthanized 4 days after infection (Fig. 1A). As demonstrated earlier (Rocha-Pereira et al., 

2013), prophylaxis with 2CMC was able to completely protect against MNV-induced 

diarrhea and mortality (Fig. 1A). When treatment with 2CMC was initiated 12 h after MNV-

infection, 9/10 animals (90%) survived the infection. Only one mouse in this group 

continued to lose weight after day 8 pi and had to be euthanized at day 13 pi; other mice 

showed no symptoms other than weight loss, akin to the prophylaxis control group (Fig. 

1B). Mice in which treatment had been initiated at 12 h post infection lost at days 3 and 4 pi 

less weight than untreated mice (p˂0.01 in either case). When treatment was started either at 

24 or 48 h pi, the survival rate was, respectively, 5/10 (50%) and 4/9 (44%) [Fig.1A]. We 

consider that some of the mice that had to be euthanized in the group in which treatment was 

initiated at 48 h pi could potentially have made a full recovery if they would not have been 

euthanized. This due to the fact that they had no symptoms other than weight loss. However, 

the current criteria for humane endpoints obliged us to euthanize animals with > 20% weight 

loss. No protection from disease was observed when 2CMC was first given 3 days after 

MNV-infection; since at the start of treatment mice suffered already from severe diarrhea 

(Fig. 1A). The day at which each group presented maximum weight loss ranged from day 4 

pi in untreated mice and the 72 h pi group, to day 6, 7, and 8 pi in the 48 h pi, 24 h pi and 12 

h pi groups, respectively. In the prophylaxis group, weight loss was most markedly delayed 

to day 9 pi (Fig. 1B). These data suggest that the inhibitory effect of 2CMC is delaying 

replication of MNV and consequently slowing down virus-induced disease progression. The 

earlier the antiviral treatment is initiated, the more potent the protective effect of 2CMC.

3.2 Post-exposure treatment with 2CMC prevents norovirus-induced diarrhea, delays and 
reduces MNV shedding in stool

Every day after infection, a stool sample was individually collected from each infected 

mouse. It was scored for consistency and next used to quantify the viral RNA shed in the 
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stool by each mouse. Untreated mice had a consistency score of ~2 (pasty feces) at day 2 pi, 

developed diarrhea at day 3 pi and became severely dehydrated (preventing collection of 

stool on day 4 pi) (Fig. 1C). In the groups that had been treated with 2CMC (either initiated 

at 12, 24 or 48 h pi) fecal consistency was mostly normal (score 0–1) up to day 4 pi. A 

predominance of pasty stool (score ~2) was observed in the groups for which treatment was 

initiated at 48 and 24 h pi group at days 5 and 6 pi, respectively (Fig. 1C). After day 6 pi, all 

the surviving mice in these groups produced normal stool and went on to fully recover from 

the MNV infection. MNV was detected in the stool as of day 3 pi in untreated animals. From 

the 2CMC-treated groups, those whose treatment was initiated at 48 h pi were shedding 

MNV RNA at days 3 and 4 pi (with titres of 2.0 ± 0.51 and 2.4 ± 1.4 log10 RNA copies/ g 

stool) (Fig. 2). The value at day 3 pi is ~2log10 lower than in the untreated controls (2.0 

± 0.51 versus 4.0 ± 0.75 log10 RNA copies/ g stool), which means that one single day of 

antiviral treatment had a significant impact in viral replication. In the group in which 

treatment was initiated at 24 h pi, the shedding of virus in the stool was first observed at day 

5 pi and peaked at day 6 pi (with a titre of 3.1 ± 1.0 log10 RNA copies/ g stool). In mice for 

which treatment was initiated at 12 h pi, MNV shedding was detected in only 5/10 animals, 

and peaked between days 7 and 11 pi. Overall, viral titres in the stool were lower and 

appeared later, the earlier the treatment with 2CMC was initiated.

3.3 Rehydration did not have an additional beneficial effect on the course of norovirus 
infection

To study whether loss of fluid homeostasis was in part responsible for the lower survival rate 

of MNV-infected mice for which antiviral treatment was initiated 2 days after infection, 

complementary rehydration was provided, by means of subcutaneous administration of LRS. 

Three groups of MNV-infected mice, either 2CMC-treated between days 2–7 pi (n=4), or 

rehydrated with LRS (n=4) or both 2CMC-treated and rehydrated (n=4), were monitored for 

their hydration status before, during and after complementary rehydration was provided 

(Table 1).

The sole administration of LRS did not result in a prolongation of the life of MNV-infected 

animals; all animals in the group were severely ill, presented profuse diarrhea and had to be 

euthanized on days 4 or 5 pi (Fig. 3A, 3C, Table 1). The combination of rehydration and 

2CMC did not impact the disease symptoms and body weight loss as compared to mice that 

only received antiviral treatment. (Fig. 3A). Clinical dehydration (Table 1) was evident at 

day 3 or 4 pi in either treated or untreated MNV-infected mice. Additionally, the rehydration 

scheme used (5% of body weight in LRS, subcutaneously) had little effect on the hydration/ 

weight status and overall morbidity of the mice; the weight loss was equivalent in both 

groups and peaked at day 7 pi in 2CMC-treated mice and one day later in the treated and 

rehydrated group (Fig. 3B) and no differences in the consistency of the stool was observed 

between rehydrated and not rehydrated mice (Fig. 3C). Loss of skin turgor (one of the 

criteria used to score hydration status) was a late sign of dehydration, and only present when 

≥ 18% of body weight was lost. Taken together, there was no beneficial impact of the 

complementary rehydration.
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3.4 Inflammation of the small intestine and viral antigens first detected 48 h after MNV-
infection of AG129 mice

To better understand the early events following MNV-infection of AG129 mice and whether 

these may explain the lack of efficacy when post-exposure treatment is initiated 72 h pi, a 

histological study of the small intestine of MNV-infected mice was carried out at several 

time-points post infection. For that, the small intestine of infected mice was collected at 0, 8, 

12, 24, 48 and 72 h pi (n=3 in each case). First signs of apoptotic epithelial cells and 

inflammation were observed at 48 h pi, those became more prominent at 72 h pi (Table 2 

and Fig. 4). A few MNV-positive cells were detected at 48 h pi, while at 72 h pi cells 

expressing viral antigens were abundantly detected; no viral antigens were detected at earlier 

time points (Fig. 5). Hence, 2CMC loses its efficacy if the treatment is initiated when viral 

antigens are already widespread in the intestinal tissue.

3.5 Post-exposure treatment with 2CMC results in the production of high levels of 
specific IgGs that protect against re-infection

MNV-infected mice that had been treated with 2CMC did not develop virus-induced disease 

when re-challenged with the virus 3 weeks after infection (Rocha-Pereira et al., 2013). To 

study whether the protective immunity lasted for longer times, we re-challenged MNV-

infected mice that had been efficiently protected by 2CMC-treatment at 6 weeks (n=7) and 

10 weeks pi (n=2) [a 3 week pi (n=7) was included as control] and monitored the animals for 

one week after re-challenge (Fig 6A). All re-challenged mice remained healthy. The IgG 

titres in the blood of these animals were determined either before re-challenge – at 3 weeks 

pi – or one week after re-challenge – which was at 7 weeks pi (in mice re-challenged at 6 

weeks pi) and at 11 weeks pi (in those re-challenged at 10 weeks pi) (Fig. 6B). High levels 

of anti-MNV IgG were detected in mice at 3 weeks pi, prior to re-challenge. Among the 

animals re-challenged at 6 and 10 weeks pi, all were positive for IgG in their serum, with the 

exception of one animal in the 6 week re-challenge group.

4. Discussion

We recently reported on the in vivo efficacy of the nucleoside analogue 2’-C-methylcytidine 

(2CMC) when used prophylactically in AG129 mice, not only to prevent norovirus-induced 

diarrhea and mortality but also to block the transmission of MNV from mouse to mouse. 

Norovirus drugs are also needed for the treatment of those with severe and prolonged 

diarrhea, for which electrolyte replenishment is currently the only treatment available. 

Scarce attempts to use ribavirin to treat severe and prolonged norovirus disease (Woodward 

et al., 2015) attest for the pressing need to develop better, safe and specific antiviral therapy 

for norovirus infections.

Here we explored the use of 2CMC to therapeutically treat AG129 mice infected with MNV 

to study whether such antiviral could help reduce the morbidity and even mortality 

associated with severe norovirus-induced diarrhea in mice. 2CMC was able to have a 

positive impact in outcome of infection when used during the first 2 days after infection, 

reducing the mortality in ~50 to 90% of such animals. Even when initiated late, one single 

day of antiviral treatment caused a ~2 log10 reduction in viral shedding in the stool. 
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However, when 2CMC-treatment was initiated after the onset of symptoms (i.e. day 3 pi), 

this antiviral was not able to delay the course of infection or reduce mortality when 

compared to untreated mice. These observations suggest that the current paradigm should be 

revised: antiviral treatment is possible and can be effective and useful against acute viral 

infections. Even though an early start of treatment after contact/exposure to the viral 

pathogen can be challenging, due to the absence of symptoms and/ or of definitive 

laboratorial diagnostics, a reduction of disease burden, hospitalization risk and transmission 

could still be achieved with a late treatment. We here demonstrate this with a molecule 

whose structure was not designed nor optimized to treat norovirus infections – if proper 

efforts are made, a highly effective, potent and safe norovirus antiviral can be developed and 

thus would perform significantly better.

Within a household or in a hospital ward, the probability that other individuals in the same 

setting would have been or would be exposed is quite high, hence treatment/ prophylaxis 

could be beneficial to everyone. In larger settings, e.g. cruise ships, determining exposure 

before or just at onset of symptoms would present a greater challenge; on the other hand the 

fact that the mean age of cruise ship passengers is ≥55 years of age and those have greater 

risk of hospitalization would be an argument of favor of generalized prophylaxis. Additional 

studies with mice inoculated with lower inoculums will allow a more detailed assessment of 

the window of treatment/ prophylaxis. Later on, challenge studies in human volunteers will 

be necessary to determine exactly who should receive prophylaxis/ treatment with a safe and 

highly potent antiviral and until which time point this is advantageous.

Another aspect to consider is that while MNV infection of mice (and in particular the mouse 

model selected for this work) causes a systemic infection with the virus spreading through 

the lymph nodes, spleen, liver and causing intense viremia and mortality (Rocha-Pereira et 

al., 2014; Wobus et al., 2006), this is not the case for human infections, in which norovirus is 

thought to replicate locally in the intestine and viremia has only scarcely been reported 

(Green, 2013; Ito et al., 2006). We chose to use this aggressive model for the study of the in 
vivo efficacy of small molecule inhibitors because it has important features that such models 

require: it recapitulates the weight loss, diarrhea and intense shedding of virus in the stool 

observed in humans. Plus, being a mortality model it sets a high standard, necessary to select 

only those compounds that potently inhibit norovirus replication in the host. Therefore, the 

fact that 2 days post-exposure treatment is still effective with such a high barrier mouse 

model, strongly suggests an even stronger inhibitory effect would be observed in humans 

with a localized infection. Moreover, the achieved reduction of viral shedding in the stool, 

even when antiviral treatment is initiated late after infection, suggests that also in patients, a 

late start of treatment could reduce shedding and hence reduce the risk of transmission. This 

study adds to the body of work produced demonstrating that there is ground for the use of 

antiviral drugs for the control of human norovirus infections.

Considering that complications derived from severe human norovirus infection are often 

related to the dehydrated status of the infected individuals, we studied whether the ~50% 

mortality observed in animals in which 2CMC-treatment was initiated late could be partially 

due to an incapacity to recover from that severe dehydrated condition. Subcutaneous 

electrolyte replenishment had however no beneficial impact on disease evolution in these 
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animals. Thus even though electrolyte replenishment is necessary and desirable in humans, 

antiviral treatment seems to be the defining factor that determines the reduction of symptoms 

and ultimately the resolution of the infection in this aggressive infection model. The loss of 

efficacy of the antiviral treatment coincided with the spread of the virus throughout the 

intestinal tissue, which started 2 days or later after infection; when treatment was started 

earlier an efficient control of viral replication as well as inflammation and tissue damage 

was achieved.

We showed earlier that efficient treatment of MNV-infected mice with 2CMC resulted in the 

development of protective immunity against the virus. Here we extended these findings by 

demonstrating that such protective IgG response was also evident as late as 10 weeks after 

the first contact with the virus.

5. Conclusions

In conclusion, we demonstrate that inhibiting norovirus replication two days after 

inoculation of mice with MNV still results in partial protection, in an aggressive infection 

model, for which hydration does not offer any beneficial clinical effect. The marked 

reduction of viral shedding and absence of diarrhea in those animals treated late emphasizes 

the potential benefit of using antivirals to manage norovirus infections. Put together, this 

highlights the potential of antiviral drugs in the control of norovirus infections.
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Fig. 1- 
(A) Kaplan-Meier survival curve, (B) weight variation (mean ± SEM) of MNV-infected 

AG129 mice untreated (n=6) [open squares] or treated with 100 mg/ kg/ day of 2CMC 

subcutaneously, starting either 1 hour before infection (n=6) [filled circles], 12 h (n=10) 

[open triangles], 24 h (n=10) [filled squares], 48 h (n=9) [open circles] or 72 h (n=3) [filled 

inverted triangles] pi until day 7 pi. *** = p<0.001, ** = p<0.01, * = p<0.05 was determined 

with the Kruskal-Wallis test with Dunn’s post test, comparing (A) the median day of 

euthanasia of each treated group versus the untreated control group and (B) the weight 
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variation of 2CMC-treated starting 1 hour before or 12 hours pi with untreated animals. (C) 

Fecal consistency (mean ± SEM) of MNV-infected AG129 mice untreated [solid black] or 

treated with 2CMC starting either one hour before infection (n=6) [solid white], 12 (n=10) 

[diagonally striped], 24 (n=10) [solid grey], or 48 (n=9) [horizontally striped] pi until day 7 

pi. Scores for consistency of stool (0, normal feces; 1, mixed stool samples containing both 

solid and pasty feces; 2, pasty feces; 3, semiliquid feces; 4, liquid feces) versus time pi. Data 

are expressed as mean values ± SEM. In each group, individual stool samples were collected 

daily (with the exception of the untreated group at 4 days pi due to the severe dehydration of 

the animals).
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Fig. 2- 
Viral RNA loads in stool samples of MNV-infected AG129 mice untreated [open squares] or 

treated with 2CMC starting either one hour before infection (n=6) [filled circles], 12 h 

(n=10) [open triangles], 24 h (n=10) [filled squares], 48 h (n=9) [open circles] pi until day 7 

pi.. Data are presented as log10 RNA copy numbers per gram of stool at days 3 (A), 4 (B), 5 

(C), 6 (D), 7 (E) and 11 (F) pi for each group. Each bar represents the median of each group; 

the dotted line represents the limit of detection. All mice in the untreated control group had 

to be euthanized at day 4 pi
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Fig. 3- 
(A) Kaplan-Meier survival curve and (B) weight variation (mean ± SEM) of MNV-infected 

AG129 which were treated with: (i) 2CMC 100 mg/kg/day starting 48 h pi (n=4) [open 

circles], (ii) Lactated Ringer’s Solution (LRS), for rehydration (n=4) [open squares] or (iii) a 

combination of 2CMC 100 mg/kg/day starting 48h pi and LRS (n=4) [filled triangles]. (C) 

Fecal consistency (mean ± SEM) of MNV-infected AG129 treated with: (i) 2CMC 100 

mg/kg/day starting 48 h pi (n=4) [solid black], (ii) Lactated Ringer’s Solution (LRS), for 
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rehydration (n=4) [solid white] or (iii) a combination of 2CMC 100 mg/kg/day starting 48h 

pi and LRS (n=4) [diagonally striped].
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Fig 4.- 
H&E staining (200x magnification) of the small intestine of AG129 mice (n=18) infected by 

oral gavage with 6×104 CCID50 of MNV and harvested (using the Swiss roll technique) at 

different times pi, namely at (A) 0 h, (B) 8 h, (C) 12 h, (D) 24 h, (E) 48 h and (F) 72 h pi 

(n=3 per time point)
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Fig. 5- 
Staining with an anti-MNV capsid antibody (600x magnification) of the small intestine of 

AG129 mice (n=18) infected by oral gavage with 6×104 CCID50 of MNV and harvested at 0 

(A), 8 (B), 12 (C), 24 (D), 48 (E) and 72 (F) h pi (n=3 per time point). Representative 

images are shown. Inset images (E) and (F) depict positive cells at 1000x magnification
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Fig. 6- 
(A) Scheme of the experimental layout for the study of duration of immunity and IgG 

quantification in AG129 mice re-challenged with MNV at different time points. (B) 

Detection of anti-MNV IgG detected in AG129 mice [filled circles] before re-challenge (at 3 

weeks pi, n=7) and one week after re-challenge [week 7 (n=7) and 11 (n=2) pi]. The 

presence of anti-MNV mouse IgG antibody in serum samples was determined relative to 

mouse anti-MNV IgG Controls, by calculating the threshold index (TI) for each serum 

sample. A TI > 1 represents a positive serum sample for anti-MNV IgG.
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Table 1–

Effect of LRS or the combination of 2CMC starting 48h pi and LRS on the (re)hydration of MNV-infected 

mice

Animal

Treatment 
with 2CMC 

(from day 2 to 
7 pi)

Day of start of
rehydration

Condition upon start 
of rehydration During rehydration

Outcome/ Last day 
of rehydrationLoss of 

skin 
turgor

Weight
loss

Loss of 
skin 

turgor
Maximum weight loss

A No 4 pi No 11.5% No 16.6% at day 5 pi Eut. at day 5 pi

B No 4 pi No 8.3% No 16.2% at day 5 pi Eut. at day 5 pi

C No 3 pi No 4.9% No 11.2% at day 4 pi Eut. at day 4 pi

D No 4 pi No 7.6% No 9.8% at day 5 pi Eut. at day 5 pi

E Yes 4 pi No 10.5% Yes, day 5–
6 pi

18.0% at day 6 pi Full
recovery/ day 8 pi

F Yes 4 pi No 11.1% Yes, day 6 
pi

27.8% at day 7 pi Eut. at day 7 pi

G Yes 3 pi No 5.4% No 18.1% at day 8 pi Full
recovery/ day 8 pi

H Yes 3 pi No 5.0% Yes, day 4–
6 pi

21.5% at day 6 pi Full
recovery/ day 8 pi
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Table 2–

Scoring of H&E staining of the small intestine of MNV-infected AG129 mice

MNV-1.CW3 -infected AG129 mice / Time of 
organ harvest

 Presence of Peyer’s Patches Inflammation Increased apoptosis in epithelial 
cells

0 h pi + 0 0

8 h pi + 0 0

12 h pi + 0 0

24 h pi + 0 0

48 h pi + 0/1+ 0/1+

72 h pi + 2+ 1+

For each time point a total of 3 animals were scored, representative scoring for each group is given.

Antiviral Res. Author manuscript; available in PMC 2018 July 19.


	Abstract
	Introduction
	Materials and methods
	Cells, viruses and compound
	Effect of post-exposure treatment with 2CMC in a MNV mouse model
	Effect of rehydration in 2CMC-treated and untreated MNV-infected mice
	Study of MNV replication in the small intestine of mice
	Re-challenge with MNV of 2CMC-treated infected mice
	Detection/ quantification of specific anti-MNV IgG by ELISA
	RNA isolation and quantitative RT-PCR
	Statistical analysis

	Results
	Post-exposure treatment of MNV-infected mice with 2CMC is efficient up to 2 days after infection
	Post-exposure treatment with 2CMC prevents norovirus-induced diarrhea, delays and reduces MNV shedding in stool
	Rehydration did not have an additional beneficial effect on the course of norovirus infection
	Inflammation of the small intestine and viral antigens first detected 48 h after MNV-infection of AG129 mice
	Post-exposure treatment with 2CMC results in the production of high levels of specific IgGs that protect against re-infection

	Discussion
	Conclusions
	References
	Fig. 1-
	Fig. 2-
	Fig. 3-
	Fig 4.-
	Fig. 5-
	Fig. 6-
	Table 1–
	Table 2–

