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Abstract
Norovirus (NoV) is the most common viral cause of acute gastroenteritis worldwide. Vitamin A has demonstrated the 
potential to protect against gastrointestinal infections. However, the effects of vitamin A on human norovirus (HuNoV) 
infections remain poorly understood. This study aimed to investigate how vitamin A administration affects NoV replication. 
We demonstrated that treatment with retinol or retinoic acid (RA) inhibited NoV replication in vitro based on their effects 
on HuNoV replicon-bearing cells and murine norovirus-1 (MNV-1) replication in murine cells. MNV replication in vitro 
showed significant transcriptomic changes, which were partially reversed by retinol treatment. RNAi knockdown of CCL6, 
a chemokine gene that was downregulated by MNV infection but upregulated by retinol administration, resulted in increased 
MNV replication in vitro. This suggested a role of CCL6 in the host response to MNV infections. Similar gene expression 
patterns were observed in the murine intestine after oral administration of RA and/or MNV-1.CW1. CCL6 directly decreased 
HuNoV replication in HG23 cells, and might indirectly regulate the immune response against NoV infection. Finally, relative 
replication levels of MNV-1.CW1 and MNV-1.CR6 were significantly increased in CCL6 knockout RAW 264.7 cells. This 
study is the first to comprehensively profile transcriptomes in response to NoV infection and vitamin A treatment in vitro, 
and thus may provide new insights into dietary prophylaxis and NoV infections.
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Introduction

Norovirus (NoV) belongs to the Caliciviridae family along 
with Sapovirus, Lagovirus, Vesivirus, and Nevovirus (Vinje 
et al., 2019). It is a single-stranded, non-enveloped, positive-
sense RNA virus, and is the most common cause of acute 
viral gastroenteritis. NoV-associated acute gastroenteritis is 

often fatal in children and the elderly, causing significant 
morbidity and mortality in these age groups (Patel et al., 
2008). NoV is highly contagious and typically transmitted 
via direct contact, food, water, or fomites (Lindesmith et al., 
2003). NoV infection causes various clinical symptoms, 
including diarrhea, nausea, vomiting, abdominal pain, and 
fever that lasts for 1–3 days. Unfortunately, there is no effec-
tive treatment or vaccine for NoV infection.

The murine NoV (MNV) model using murine mac-
rophage cell line RAW 264.7 provides effective inhibition 
using physicochemical agents, such as  TiO2, UV light, and 
pulsed light (Lee et al., 2008; Vimont et al., 2015). Anti-
NoV effects of nucleoside analogues and the effect of sim-
vastatin, a HMG-CoA reductase inhibitor, on NoV replica-
tion have been characterized in NV replicon-harboring cells 
(HG23 cells) (Chang, 2009).

Previous studies have demonstrated that interferon 
(IFN)-α reduces NoV infectivity (Chang, 2009), and that 
IFN-λ controls persistent enteric MNV infections (Nice 
et al., 2015). Mice lacking either type I or type II IFN (IFN-
α/-β/-γ) or STAT-1 had a defect in immune responses of 
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MNV infections (Karst et al., 2003; Mumphrey et al., 2007). 
In addition, Toll-like receptor-3 (TLR-3) and melanoma 
differentiation-associated protein-5 (MDA-5) are important 
for immune recognition of MNV (McCartney et al., 2008).

Retinoic acid (RA), a metabolite of dietary vitamin A, 
contributes to both innate and adaptive immune responses 
(Hall et al., 2011). Recent evidence indicates that loss of RA 
impairs immunity, whereas excess expression can induce 
inflammatory disorders (Hall et al., 2011). Retinoic acid-
inducible gene I (RIG-I) signaling plays a crucial role in 
antiviral responses to viral RNA by producing type-I IFNs 
(Takeuchi & Akira, 2009). A recent study reported that suf-
ficient vitamin A supplementation reduced mortality from 
bacterial, viral gastrointestinal and respiratory infections 
(Thornton et al., 2014). Despite knowledge of the essential 
role of vitamin A, its deficiency remains a global public 
health concern. An estimated 250 million preschool children 
are vitamin A deficient (WHO, 2013).

Vitamin A supplementation decreased NoV infection 
rates and clinical symptoms (Long et al., 2007). Moreover, 
the responses of various intestinal cytokines, including IL-6, 
IL-8, and IFN-α, were modified by vitamin A supplementa-
tion during NoV infection (Long et al., 2011). Chemokine 
(C–C motif) ligand 2 (CCL2), referred to as monocyte chem-
otactic protein 1 (MCP-1), was found to be upregulated in 
NoV-infected children but downregulated in vitamin A-sup-
plemented children (Long et al., 2011). Anti-NoV effects 
of vitamin A via gut microbiota modulation have also been 
reported (Lee & Ko, 2016).

In this study, we aimed to determine transcriptome 
changes associated with vitamin A treatment during MNV 
infections, and to identify key host genes involved in vitamin 
A-mediated inhibition of NoV infections.

Materials and Methods

Cells, Viruses, and Reagents

The MNV strains murine norovirus-1 (MNV-1). CW1 and 
MNV-1.CR6 were obtained from Dr. Virgin's laboratory 
(School of Medicine, Washington University), and Huh-
7-based NoV replicon-bearing cells (HG23 cells) were 
kindly provided by Dr. Chang (Chang et al., 2006). RAW 
264.7 cells were maintained in Dulbecco’s minimal essen-
tial medium (DMEM) containing 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific), 10 mM HEPES, 10 mM 
sodium bicarbonate, 10 mM nonessential amino acids, and 
50 μg/ml gentamicin. G418 (0.5 mg/ml) was also added 
to the medium for HG23 cells. Retinol (95144; Sigma-
Aldrich) was applied to the cells after dilution with ethanol. 
Prior to in vitro experiments with retinol, cell viability was 

confirmed by PI Staining using the FACScan system (FAC-
SCalibur; BD Biosciences).

Effect of Retinol and Simvastatin on MNV 
Replication in RAW 264.7 Cells

Retinol (100 U/ml) and simvastatin (5 µM) were applied 
to 0.01 MOI MNV-1.CW1-inoculated RAW 264.7 cells. 
MNV-1.CW1 replication was analyzed by plaque assay at 
24 h after inoculation, as described previously (Lee et al., 
2008).

Effects of MNV and Retinol on RNA Expression

The effects of retinol and MNV-1.CW1 treatment on RNA 
gene expression in RAW 264.7 cells were analyzed using 
microarrays. RAW 264.7 cells treated with retinol (50 U/ml) 
and MNV-1.CW1 (MOI 0.01) were incubated for 24 h in a 
5%  CO2 incubator. Total RNA was extracted using the easy-
spin Total RNA Extraction Kit according to the manufactur-
er’s instructions. RNA purity and quantity were determined 
using a spectrophotometer (ND-1000; NanoDrop Technolo-
gies LLC). Whole genome expression microarray analysis 
with 4 × 44 K microarrays was performed by a commercial 
microarray analysis company (GenomicTree). RNA samples 
were amplified and labeled using the Low RNA Input Lin-
ear Amplification Kit PLUS (Agilent Technologies, Inc.), 
and then hybridized to whole mouse genome arrays using a 
Gene Expression Hybridization Kit (Agilent Technologies). 
Scanning and image analysis were performed using Micro-
array Scanner and Feature Extraction software (Agilent 
Technologies). Output files were imported into GeneSpring 
software (Agilent Technologies) for locally weighted scat-
terplot smoothing (LOWESS) normalization, clustering, and 
analysis of the expression data.

Confirmation of Gene Expression Levels

Expression levels were estimated using TaqMan qPCR for 
GBP1 and CCL6, and SYBR green qPCR for RIG-I. These 
genes were identified from the microarray results. The reac-
tion mixture comprised the AgPath-ID One-Step RT-PCR 
kit (Ambion, Inc.). Amplification was performed using the 
7300 Real-Time PCR System (Applied Biosystems). For 
amplification of the GBP1 and CCL6 genes, primers and 
probes were designed and synthesized manually: GBP1 
(NM_010259.2): forward primer: 5-ATG CTC CAG CCT ACT 
GTG TTTCC-3; reverse primer: 5-GAG CCT CAG AGG AAT 
AGA ACG AAA T-3; and probe: 5-FAM-CAC TTT CTC CTT 
CTA AGA GTT TTA GAA TGA CTT CTA CAC AGA ATGG-
BHQ1-3; CCL6 (NM_009139.3): forward primer: 5-TTA 
TTA GGG TAG TCT TTG GGG CTT TG-3; reverse primer: 
5-ACA ACT GGG AAC CCA CAA AGCT-3; and probe: 
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5-FAM-GTG TCT GGT TCT GAT ACA AGC TTA AGC CGG 
GT-BHQ1-3. The primer set for RIG-I, encoded by the 
Ddx58 gene, is shown in Table S1.

Animal Model

Twelve-week-old male ICR mice were purchased from 
KOATECH, and housed in an animal biosafety level 2 
(ABL-2) facility at Seoul National University College of 
Medicine, South Korea. To exclude differences in the rate 
of metabolism of retinol, the active form of retinol, RA 
(R-2625; Sigma-Aldrich) was suspended in corn oil and 
administered orally to the mice (1 mg/kg/day) for 8 days. 
On day 7, the mice were infected perorally using 5 ×  106 
PFU of MNV-1.CW1 suspended in PBS by oral gavage. To 
confirm cytokine expression, ileum tissues were collected 
at 72 h after MNV-1.CW1 infection. Approximately 1 cm 
of terminal ileum with Peyer’s patches was stored in RNAl-
ater® Solution (AM7021; Ambion) until RNA extraction.

Transcriptome Analysis

Prior to total RNA extraction, ileum samples were com-
pletely homogenized using a PT-2000 E homogenizer (PT-
2000 E; Polytron Corp.). Total RNA was extracted using 
the easy-spin™ Total RNA Extraction Kit (iNtRON). cDNA 
was synthesized using the High Capacity RNA-to-cDNA 
Kit (Applied Biosystems) according to the manufacturer’s 
instructions. To estimate cytokine mRNA expression levels, 
the  QuantiTect®  SYBR® Green PCR Kit (204143; Qiagen) 
and 7300 Real Time PCR System (Applied Biosystems) 
were used. Analyzed cytokines and oligonucleotide primer 
sets are described in Table S1. The reaction mixture (25 µl) 
for real-time PCR was composed of 2 × QuantiTect SYBR 
Green PCR Master Mix (12.5 µl), primers (forward and 
reverse; both 50 pmol in 0.2 µl), RNase-free water (11.1 µl), 
and template DNA (1 µl). GAPDH was used as the internal 
control.

MNV Replication with Gene Knockdown by siRNA 
Treatment

To knock down the genes of interest, siRNAs for GBP1 
(FlexiTube GeneSolution GS14468; Qiagen) and CCL6 
(FlexiTube GeneSolution GS20305; Qiagen) were pur-
chased, and siRNA for RIG-I was commercially synthesized 
(Bioneer Corp.) (Nasirudeen et al., 2011).  AccuTarget™ 
Negative Control siRNA (SN-1001; Bioneer) was used as 
a negative control. RAW 264.7 cells (1 ×  106 cells/well) 
were seeded onto 24-well plates and incubated for 6 h. 
siRNA (250 ng) was transfected using HiPerFect Transfec-
tion Reagent (301705; Qiagen) according to the manufac-
turer’s instructions. At 24 h post-transfection, MNV-1.CW1 

(MOI 0.01) and retinol (20 U/ml) were applied. Replicated 
MNV-1.CW1 quantity was analyzed by plaque assay at 24 h 
post-treatment.

In vitro Test for NoV Inhibition by Retinol and CCL6

Huh-7-based NoV replicon-bearing cells (HG23 cells) were 
used to identify the effects of CCL6 on NoV replication. 
Recombinant murine CCL6 (1, 10, and 100 ng, 250–06; 
Peprotech) was applied to the HG23 cells. NoV replicon 
replication was quantified 72 h after treatment. For MNV 
replication, CCL6 treatment was repeated twice: 12 h prior 
to and after MNV infection. Recombinant murine IFN-β 
(8234-MB; R&D Systems) was used to compare the inhibi-
tory effects.

Relative Replication of MNV Strains with CCL6 
Knockdown

MNV-1.CW1 and MNV-1.CR6 strains were used for this 
experiment. RAW 264.7 (1 ×  105) cells were seeded onto 
a plate and incubated for 6 h until transfection. Diluted 
siRNA for CCL6 (5, 10, and 25 nM) (FlexiTube GeneSolu-
tion GS20305; Qiagen) and HiPerFect Transfection Reagent 
(301705; Qiagen) were used for the formation of transfec-
tion complexes and incubated for 10 min at room tempera-
ture. Then, the transfection complexes were added onto the 
cells for gene silencing. At 30 h post-transfection, the cells 
were infected with MNV-1.CW1 and MNV-1.CR6 strains 
(MOI 0.01). MNV was quantified by plaque assay at 24 h 
post-infection.

Statistical Analysis

All features are expressed as means and stand-
ard deviations. To quantify in  vivo mRNA lev-
els relative to an internal control (GAPDH), the 
 2−ΔΔCt relative quantification method (ΔΔCt =    (C t. Tar g e t  −   
Ct .GA PDH)Group1 −  (Ct.Target −  Ct.GAPDH)Group2) was used. Sta-
tistical significance was assessed using one-way analysis 
of variance (ANOVA) followed by Duncan’s post hoc test. 
P values < 0.05 were considered significant. All statistical 
analyses were performed using SPSS Statistics software 12.0 
(IBM Corp.).

Results

Effects of Retinol on NoV Replication In vitro

To confirm whether vitamin A treatment inhibited NoV 
replication, we tested the inhibitory effects of retinol on 
MNV-1.CW1 replication in murine RAW 264.7 cells. As 
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simvastatin exerts a positive effect on MNV replication 
by impairing IFN-α expression, as reported previously 
(Jung et al., 2012), the inhibitory effects of retinol were 
confirmed in simvastatin-treated RAW 264.7 cells. Sim-
vastatin increased MNV replication 9.7-fold compared to 
negative controls, but retinol treatment decreased it 0.64-
fold (Fig. 1A).

Transcriptome Profiling

To identify which innate immune response genes are 
involved in the inhibition of NoV replication, the tran-
script levels of 41,174 genes following retinol treatment 
and/or MNV infection were comprehensively monitored 
in RAW 264.7 cells using microarrays (Agilent Technolo-
gies). The genes were largely clustered into two groups 
based on their expression patterns. The 20 genes in clus-
ter 1 were upregulated by MNV infection, but downregu-
lated by retinol, even with MNV infection, compared 
to the negative control (Fig. 1B, Table S2). This cluster 
included four genes (Rig-1, H28, Ifih1, and Gbp1) thought 
to be involved in immune responses; six genes (Klhl17, 
Iigp1, Megf9, Slc17a6, Slc39a4, and 1500005I02Rik) 
that were membrane or signal factors, two that were cyto-
plasmic or nuclear factors (Stat1 and Ifi44), and one gene 
that had replication, recombination, and repair functions 
(BC013672). The remaining genes had other functions 
(Table S2). Eleven genes showed reverse expression pat-
terns in response to retinol and MNV treatment (Fig. 1B, 
Table S3). Among them, four genes (Mansc1, Bglap1, 
Col14a1, and Ccl6) were related to “signal/secreted/
extracellular region responses”, two were glycoprotein or 
membrane factors (Ppap2b and Gpr160), and one was an 
alternative splicing or splice variant factor (Hecw1); the 
remaining genes had other functions (Table S3).

Based on the gene expression results, we selected genes 
representative of each cluster for verification of their gene 
expression patterns following retinol treatment and/or 
MNV infection. These genes included GBP1 (guanylate-
binding protein 1) and CCL6. Real-time reverse transcrip-
tion PCR (RT-PCR) showed that MNV infection signifi-
cantly increased GBP1 expression (3.27-fold), whereas 
retinol treatment significantly decreased it (0.13-fold) 
compared to the negative control (Fig. 1C). In contrast, 
retinol treatment significantly increased CCL6 expression 
(4.75-fold), while MNV inoculation increased it during 
RA administration (6.40-fold) (Fig. 1C). Considering the 
role of CCL6 in the immune response in sepsis (Coelho 
et al., 2007; Núñez et al., 2010), we hypothesized that ele-
vated CCL6 levels upon RA administration would inhibit 
MNV replication.

MNV Replication with In Vitro CCL6 Knockdown

To confirm the effects of CCL6 on MNV replication, 
MNV-1.CW1 replication was measured using real-time 
RT-PCR in RAW 264.7 cells treated with siRNA target-
ing the CCL6 gene (Fig. 1D). MNV replication was sig-
nificantly increased in CCL6-knockdown cells, but not in 
GBP1-knockdown cells. This correlation between the CCL6 
expression pattern and MNV replication suggests a role for 
this chemokine, whose expression is increased by retinol 
treatment in response to MNV infection.

Cytokine mRNA Levels in Response to RA and MNV 
In Vivo Mouse Model

Based on our in  vitro results using RAW 264.7 cells, 
innate immune response gene expression was investi-
gated after MNV and RA inoculation in a mouse model. 
MNV inoculation without RA administration increased 
CCL6 levels (P = 0.016). RA administration significantly 
decreased RIG-I (P = 0.024), MDA-5 (P = 0.012), and IFN-β 
(P = 0.024) expression, and increased TNF-α (P = 0.006) 
and CCL6 (P = 0.024) expression (Fig. 2). MNV inocula-
tion with RA administration significantly decreased the 
expression of RIG-I (P = 0.010), MDA-5 (P = 0.048), and 
CCL6 (P = 0.018) compared to MNV inoculation without 
RA (Fig. 2).

Inhibitory Effects of CCL6 on MNV Replication 
and HG23 Cell

To determine whether the retinol-induced increase in CCL6 
has direct antiviral effects against NoV, NoV replication 
was monitored in RAW 264.7 and HG23 cells following 
CCL6 treatment. As there is no cell culture system to study 
human NoV, HG23 cells harboring a human NoV replicon 
were used to confirm the direct antiviral effect of CCL6. The 
application of 100 ng of CCL6 significantly decreased repli-
cation of the NoV genome in HG23 cells to 71.3% (Fig. 3B). 
However, direct inhibitory effects of CCL6 were not identi-
fied with MNV replication (Fig. 3A). Furthermore, IFN-β 
showed more significant anti-NoV effects in RAW 264.7 
than HG23 cells (Fig. 3).

MNV Strain Replication and CCL6 Knockdown

To uncover whether CCL6 plays an essential role in antiviral 
activity against NoV, we examined NoV replication in the 
presence of knocked down CCL6 expression. Prior to con-
firming replication of the MNV strain in RAW 264.7 cells, 
the relative expression of CCL6 was analyzed. The rela-
tive expression of CCL6 (5, 10, and 25 nM) was 0.56–0.66 
compared to the negative control (Fig. 4A). The replication 
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Fig. 1  Identification of cytokine and chemokine on anti-MNV effect 
by vitamin A. A Effects of simvastatin and retinol on MNV replica-
tion. Treatment with retinol offset the effect of simvastatin on MNV 
replication. Retinol (100 U/ml) and simvastatin (5 µM) were applied 
to MNV-1.CW1-inoculated RAW 264.7 cells. MNV replication was 
measured by plaque assay at 24 h after inoculation. B Effects of reti-
nol and MNV on mRNA levels. The effects of retinol and MNV-1.
CW1 treatment on RNA gene expression in RAW 264.7 cells were 
analyzed using microarrays. Output files were imported into Gene-
Spring software (Agilent Technologies) for locally weighted scatter-
plot smoothing (LOWESS) normalization, clustering, and analysis of 
the expression data. Hierarchically clustered dendrograms of in vitro 
gene expression experiments with RAW 264.7 cells. A total of 41,174 
genes were analyzed using microarrays. Eleven genes were upregu-
lated twe-fold by MNV inoculation alone compared to retinol treat-

ment alone or MNV inoculation during retinol treatment. One sam-
ple from each group was analyzed with 4 × 44 K microarrays. Twenty 
genes showed the reverse expression pattern. The intensity indicates 
the fold change in expression. C Confirmation of the expression of 
genes of interest identified by microarray analysis in vitro. The rela-
tive expression levels of CCL6 and GBP1 compared to a negative 
control were measured by real-time PCR. The expression of CCL6 
was significantly increased by retinol during MNV inoculation, but 
GBP1 was decreased compared to only MNV inoculation. D MNV 
replication in RAW 264.7 cells treated with siRNAs targeting CCL6 
and GBP1. MNV replication at 24 h after MNV infection was quanti-
fied by a plaque assay. Relative MNV replication was calculated com-
pared to a siRNA negative control. All experiments were repeated 
three times. Different superscript letters indicate significant differ-
ences (P < 0.05) according to Duncan’s post hoc test
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of MNV-1.CW1 was significantly increased 4.7–7.5-fold 
compared to the negative control (Fig. 4B). Furthermore, 
the increase of MNV-1.CR6 replication was significant only 
with 25 nM of CCL6 (Fig. 4B).

Discussion

In this study, we demonstrated the inhibitory effects of vita-
min A on NoV infection in vitro. We also demonstrated that 
innate immune response genes, including the gene encoding 

the chemokine CCL6, are likely related to the inhibitory 
effect of vitamin A on MNV multiplication. As no effective 
treatment or vaccine for NoV infection is currently available, 
the prevention of NoV infection through dietary supplemen-
tation has been considered important in public health. This 
study provides important knowledge regarding the role of 
vitamin A in preventing acute viral gastroenteritis.

Vitamin A supplementation has been suggested for NoV 
infection prevention, but the mechanism of the anti-NoV 
effect has not been identified (Long et al., 2007). Previous 
studies suggested that the antiviral effects of retinol in the 
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Fig. 3  Antiviral effect of CCL6 and IFN-β against NoV replication. 
The direct antiviral effects of CCL6 and IFN-β were tested based 
on MNV replication in RAW 264.7 cells (A) and HG23 cells (B). 
Huh-7-based NoV replicon-bearing cells (HG23 cells) were used 
to identify the effects of CCL6 on NoV replication. Recombinant 
murine CCL6 was applied to the HG23 cells. NoV replicon replica-
tion was quantified 72 h after treatment. For MNV replication, CCL6 

treatment was repeated twice: 12  h prior to and after MNV infec-
tion. Recombinant murine IFN-β was used to compare the inhibi-
tory effects. CCL6 treatment significantly decreased the replication 
of HuNoV in HG23 cells but not MNV replication. All experiments 
were repeated three times. Significance was analyzed by Mann–Whit-
ney U-test. *P < 0.05
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gut result from acute-phase responses in innate immunity 
(Villamor & Fawzi, 2005). The secretion of key cytokines 
by macrophages, including TNF-α, IL-6, and IL-12, is also 
influenced by retinol (Arena et al., 1997; Long et al., 2011; 
Mathew & Sharma, 2000). In this study, TNF-α expression 
was significantly increased by RA. TNF-α is the primary 
mediator of inflammation, and also plays an important 
role in the induction of antiviral immune responses, such 
as CD8 + T cells (Tzeng et al., 2014). Moreover, TNF-α 
enhances the expression of specific chemokine gene, includ-
ing CCL2, CCL5, CXC chemokine ligand (CXCL) 8, and 
CXCL10 (Veckman et al., 2006). Long et al. (2011) reported 
that specific chemokines, including TNF-α, CCL2, IL-6, and 
IL-8, were involved in the RA-induced immune response 
against NoV infections. Therefore, the antiviral immune 
response induced by TNF-α could be mediated by specific 
chemokines in NoV infections.

Chemokines play a fundamental role in the host defense 
mechanisms of the immune system, and their novel antiviral 
functions have been reported (Melchjorsen et al., 2003; Zlot-
nik & Yoshie, 2000). CCL2, CCL3, and CCL5 are almost 
always expressed in various virus infections (Melchjorsen 
et al., 2003). Interestingly, some chemokines are selectively 
expressed in different viral infections. For instance, CCL5 
expression increases in respiratory syncytial virus infections, 
but it is not expressed in influenza virus infections (Dawson 
et al., 2000; Haeberle et al., 2001). CCL5 enhanced the anti-
gen-specific Th1 CD4 + T cell-dependent immune response 
in the context of immunization with DNA vaccines encoding 
HSV-2 glyco-protein D (Sin et al., 2000). CXCL10 plays a 
key role in the immune response against central nervous 
system coronavirus infection through activation of natural 
killer cells (Trifilo et al., 2004).

Interestingly, CCL6 expression was significantly 
increased in retinol-treated mice in this study. Moreover, 

MNV replication was significantly increased in CCL6-
knockdown cells. Although the mechanism of action of 
CCL6 in the immune response against NoV infection is not 
fully understood, it may involve inhibition of NoV repli-
cation. CCL6 and CCL9 were associated with retinoic X 
receptor alpha (RXRalpha) in macrophages, and played key 
roles in innate inflammatory responses (Núñez et al., 2010). 
Antiviral IFN responses are generally accompanied by the 
activation of a set of chemokine ligands (Melchjorsen et al., 
2003). In particular, CCL6 expression was induced by type 
I and type II IFNs (Kanno et al., 2005; Nardi et al., 2009). 
Therefore, we suggest that CCL6 is the chemokine media-
tor of the immune response to NoV infection. However, this 
requires verification based on the mechanisms by which die-
tary vitamin A and simvastatin affect IFN and CCL6 levels 
in response to NoV multiplication.

In this study, the expression level of CCL6 was signifi-
cantly increased after MNV infection in vivo in a mouse 
model, but not in vitro in MNV-inoculated RAW 264.7 
cells. These contradictory results suggest the involvement 
of additional immune responses in the ileum against MNV 
infection that increased the CCL6 level after MNV infection 
in our mouse model. CCL6 is highly expressed in intestinal 
epithelial cells (Kotarsky et al., 2010). As gut microbiota 
modulation is involved in the inhibitory effects of vitamin 
A on NoV infection in mice (Lee & Ko, 2016, 2017), CCL6 
activity may be related to the modulation of gut microbiota 
by vitamin A and NoV infection.

In previous studies, simvastatin, a cholesterol-lower-
ing statin, had positive effects on NoV replication in the 
in vitro human norovirus (HuNoV) replicon system, and 
on viral shedding in an animal model (Chang, 2009; Jung 
et al., 2012). Although the mechanism remains unknown, 
impaired IFN-α expression by simvastatin increases MNV 
replication (Jung et al., 2012). In this study, no increase in 

0
1
2
3
4
5
6
7

5nM 10nM 25nM 5nM 10nM 25nM

Mock NC CCL6

MNV1.CR6

0

2

4

6

8

10

12

5nM 10nM 25nM 5nM 10nM 25nM

Mock NC CCL6

MNV1.CW1
*

*

*

*

0

0.5

1

1.5

2

5nM 10nM 25nM 5nM 10nM 25nM

Mock NC CCL6

CCL6A B

*
**

Fig. 4  Relative replication of MNV strains with CCL6 knockdown 
in RAW 264.7 cells. Diluted siRNA targeting CCL6 with HiPerFect 
Transfection Reagent was transfected into RAW 264.7 cells, after 
which the cells were infected with strains MNV-1.CW1 and MNV-1.
CR6 strains. MNV was quantified by a plaque assay at 24  h post-
infection. A Confirmation of CCL6 knockdown in RAW 264.7 cells. 
The relative expression level of CCL6 (5, 10, and 25 nM) was 0.56–

0.66 compared to the negative control, respectively. B Diluted siRNA 
targeting CCL6 (5, 10, and 25  nM) was transfected into cells that 
were then infected with strains MNV-1.CW1 and MNV-1.CR6 strains 
(MOI 0.01) at 30 h post-transfection. The quantification of MNV was 
analyzed by plaque assay at 24 h post-infection. All experiments were 
repeated three times. Significance was analyzed by Mann–Whitney 
U-test. *P < 0.05
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NoV replication was observed with simvastatin treatment 
when retinol was administered. This led us to suspect that 
the antagonistic effect of vitamin A on NoV replication 
was much stronger than the agonistic effect of simvastatin, 
which could be related to the immune responses associated 
with IFNs. Meanwhile, the effect of vitamin A is epistatic 
to that of simvastatin in the same pathway affecting NoV 
replication. Vitamin A is important for the innate antivi-
ral immunity mediated by type-I IFNs, including IFN-α 
and -β (Chen et al., 2012; Vlasova et al., 2013). Increased 
IFN-β expression was confirmed by retinol inoculation 
both in vivo and in vitro. Therefore, the regulation of 
IFN-β expression by vitamin A may be associated with 
NoV replication. This can account for the fact that the 
agonistic effects of simvastatin on NoV replication were 
not observed in the presence of retinol.

Direct antiviral effects of IFN have been identified in 
previous studies, for various viral infections (Samuel, 
2001; Zorzitto et al., 2006). Chemokines such as CCL3, 
CCL4, and CCL5 showed significant direct antiviral 
effects against herpes simplex type 1 (Nakayama et al., 
2006). In addition, CCL6 and CCL9 were induced by type-
I IFNs (Nardi et al., 2009). In this study, CCL6 showed 
antiviral effects against HuNoV replication in HG23 cells, 
but did not affect MNV replication. Although we could not 
identify direct antiviral effects of CCL6, an indirect role 
through immunomodulation could be inferred.

The immunological functions of chemokines are typi-
cally performed through G protein-coupled chemokine 
receptors (Nibbs & Graham, 2013). CCL6, originally 
called macrophage inflammatory protein-related protein-1, 
has only been identified in rodents. Chemokines involved 
in human immune response to NoV infections have not 
been reported. In previous studies, activation of CCL6 
via C–C chemokine receptor type 1 (CCR1) played a key 
role in the pathogenesis of IL-13-induced inflammation 
(Ma et al., 2004). The ligands of CCR1 are also known to 
regulate the activation of normal T expressed and secreted 
proteins (RANTES), monocyte chemoattractant protein 3, 
and myeloid progenitor inhibitory factor-1. The roles of 
chemokines in the human immune response to HuNoV, 
including the anti-NoV effects of CCL6, require further 
investigation.

In conclusion, the chemokine CCL6 may play a key 
role in the NoV-inhibiting effect of vitamin A treatment. 
Moreover, the antiviral effects of CCL6 might indirectly 
modulate the immune responses mediated by IFN-β. An 
understanding of the role of CCL6 in NoV infection could 
provide insights into the infectious etiology of NoV.
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