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ABSTRACT Human norovirus (HNoV) is a global health and socioeconomic burden, esti-
mated to infect every individual at least five times during their lifetime. The underlying
mechanism for the potential lack of long-term immune protection from HNoV infections
is not understood and prompted us to investigate HNoV susceptibility of primary human
B cells and its functional impact. Primary B cells isolated from whole blood were infected
with HNoV-positive stool samples and harvested at 3 days postinfection (dpi) to assess
the viral RNA yield by reverse transcriptase quantitative PCR (RT-qPCR). A 3- to 18-fold
increase in the HNoV RNA yield was observed in 50 to 60% of donors. Infection was fur-
ther confirmed in B cells derived from splenic and lymph node biopsy specimens. Next,
we characterized infection of whole-blood-derived B cells by flow cytometry in specific
functional B cell subsets (naive CD272 IgD1, memory-switched CD271 IgD2, memory-
unswitched CD271 IgD1, and double-negative CD272 IgD2 cells). While the susceptibil-
ities of the subsets were similar, changes in the B cell subset distribution upon infection
were observed, which were also noted after treatment with HNoV virus-like particles and
the predicted recombinant NS1 protein. Importantly, primary B cell stimulation with the
predicted recombinant NS1 protein triggered B cell activation and induced metabolic
changes. These data demonstrate that primary B cells are susceptible to HNoV infection
and suggest that the NS1 protein can alter B cell activation and metabolism in vitro,
which could have implications for viral pathogenesis and immune responses in vivo.

IMPORTANCE Human norovirus (HNoV) is the most prevalent causative agent of gas-
troenteritis worldwide. Infection results in a self-limiting disease that can become
chronic and severe in the immunocompromised, the elderly, and infants. There are
currently no approved therapeutic and preventative strategies to limit the health
and socioeconomic burdens associated with HNoV infections. Moreover, HNoV does
not elicit lifelong immunity as repeat infections are common, presenting a challenge
for vaccine development. Given the importance of B cells for humoral immunity, we
investigated the susceptibility and impact of HNoV infection on human B cells. We
found that HNoV replicates in human primary B cells derived from blood, spleen,
and lymph node specimens, while the nonstructural protein NS1 can activate B cells.
Because of the secreted nature of NS1, we put forward the hypothesis that HNoV
infection can modulate bystander B cell function with potential impacts on systemic
immune responses.
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Human noroviruses (HNoVs) are the most prevalent viruses associated with food-
borne illnesses, specifically viral gastroenteritis, which are considered by the World

Health Organization to be a major public health concern (1). In addition, the economic
burden of HNoV worldwide has been estimated at $60 billion per year (2). HNoVs are
from the Caliciviridae family, and the circulating strains belong mostly to genogroups GI
and GII, with genotype GII.4 being the most prevalent. The development of effective ther-
apeutics has been hampered by HNoV genetic variability (and lack of cross-reactivity) and
the historical lack of a culturing system. Despite the ability of HNoV to infect human intes-
tinal enteroids and immortalized B cells (3, 4), no cell culture-derived HNoV stock has
been produced yet, and infection is routinely performed with stool samples that are
HNoV positive by quantitative PCR (qPCR). For this reason, determinants of HNoV infec-
tion in vivo are also poorly understood. The uncoating receptor for human norovirus has
not been identified yet, although histo-blood group antigen (HBGA) is considered an im-
portant attachment factor, as human norovirus susceptibility is linked to secretor status,
i.e., the abundance of HBGA as a function of fucosyltransferase 2 (Fut-2). In particular,
patients with a nonsense mutation in the Fut-2 gene are resistant to infection, while the
overexpression of Fut-2 in human intestinal enteroids improves viral attachment and rep-
lication (5). A report of modest viral replication in a line of immortalized B cells, BJAB (4),
has opened a controversy in the field regarding whether or not B cells support productive
viral replication in vivo. Human norovirus antigen was detected in the lamina propria of
both humans (in macrophages, dendritic cells, and T cells of biopsy specimens from two
immunocompromised patients) (6) and animal models (in macrophages, lymphocytes,
and dendritic cells of piglets; dendritic cells of chimpanzees; and cells of the hematopoi-
etic lineage in zebrafish larvae) (7–9) but not specifically or exclusively in B cells. In addi-
tion, infection of common variable immunodeficiency patients results in chronic infection
and continuous symptomatology, suggesting that immune cell infection is not absolutely
required for HNoV susceptibility or induced pathophysiology in vivo (10).

On the other hand, it has been estimated that every person experiences HNoV at least
five times in their lifetime, suggesting a lack of long-term immune protection (11), but
the underlying mechanisms are not understood. Broad protection and its long-term dura-
tion are also critical parameters in the development of an effective HNoV vaccine, which
is lacking to date (12). B cells are a critical component of effective, long-term immunity.
There is therefore a need for targeted studies that explore the relationship between
HNoV infection and B cells. In this study, we sought to determine whether primary human
B cells support ex vivo infection with HNoV and the consequences of infection on B cell
functions. Increased HNoV genome levels were observed in primary human B cells
derived from blood, spleen, and lymph nodes, which were blocked by the addition of the
nucleoside inhibitor 29-C-Methylcytidine (29CMC) or type I interferons (IFNs). Moreover,
infection with HNoV but also treatment with HNoV virus-like particles (VLPs) or with the
nonstructural protein NS1 affected B cell functional subset distributions over time.
Previous work showed that the NS1 protein of the murine and human NoV GI genogroup
is secreted from infected or transduced cells, respectively, after caspase 3 cleavage (13).
Our data show that NS1-2 from the GII genogroup can also be cleaved in vitro and that
treatment with the predicted NS1 protein alone induces changes in B cell metabolism,
with a strong upregulation of metabolites from the tricarboxylic acid (TCA) cycle, which is
consistent with B cell activation. The implications of this finding for HNoV immune
responses are potentially manifold and call for more detailed studies.

RESULTS
HNoV replicates in primary B cells in vitro and is restricted by the type I interferon

response. To determine whether primary human B cells were susceptible to HNoV
infection, peripheral blood mononuclear cells (PBMCs) were obtained from the blood
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of deidentified donors after Ficoll centrifugation. B cells were isolated by using mag-
netic beads coupled to anti-CD19. The B cells were cocultured withg-irradiated human
CD40 ligand (hCD40L)-expressing 3T3 cells (hCD40-3T3 cells) for 2 days and subse-
quently infected with GII.4 or GII.6 HNoV-positive stool samples. At 3 days postinfection
(dpi), viral RNA was measured by reverse transcriptase qPCR (RT-qPCR), and increases
in viral replication were calculated as the fold increase (FI) versus 0 dpi (inoculum).
Primary B cells derived from 6/12 (50%) and 11/18 (60%) donors were permissive to
replication with GII.4 and GII.6 HNoVs, respectively, with FIs of$3 (Fig. 1A). A threshold
of a 3-FI was previously defined as an indicator of HNoV replication in vitro (14). No
HNoV replication was seen in hCD40L-expressing 3T3 cells alone (see Fig. S1A in the
supplemental material). Importantly, upon treatment with the nucleoside analog
29CMC, an inhibitor of the NoV RNA-dependent RNA polymerase, no increase in viral
RNA was detected in any of the donors tested (Fig. 1B), suggesting that HNoV actively
replicates in primary B cells. To confirm this finding, primary B cells were isolated from

FIG 1 HNoV replicates in primary B cells, and replication is restricted by interferon. (A) Primary B cells were extracted
from whole blood and infected with GII.4- and GII.6-positive stool samples in 1.5-mL tubes. One hour after adsorption,
cells were washed and incubated for 3 days at 37°C in coculture with hCD40L-3T3 cells. The graph represents the fold
increases in viral genome copies obtained by RT-qPCR at 3 dpi versus 0 dpi. Each data point represents a biological
replicate (different blood donor). (B) Primary B cells were infected with GII.4- and GII.6-positive stool samples in the
absence or presence of 29-C-methylcytidine (29CMC). The graph represents fold increases in viral genome copies. Each
dot is a single biological replicate. (C) Primary B cells were isolated from spleen and lymph nodes of patients’ biopsy
specimens. The graph represents the fold increase in viral genome copies. Each dot is a single biological replicate
(single donor), which is the average from three technical replicates. (D) Primary B cells from spleen and BJAB cells
were treated with IFN-b prior to infection with HNoV-positive stool samples and viral loads determined as before. (E)
Primary B cells from spleen were treated with anti-IFN antibodies prior to and for the duration of infection with HNoV-
positive stool specimens and viral loads determined as before. For all experiments, each dot represents a technical
replicate of infection. The dashed line represents the threshold of a 3-FI, indicative of viral replication. Statistical tests
were performed using GraphPad Prism, and Student’s t test was performed for all panels. *, P value of ,0.05.
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human spleen and lymph node biopsy specimens with an EasySep human B cell isola-
tion kit (StemCell Technologies) and infected with GII.6 HNoV-positive stool samples.
BJAB, a clone of immortalized B cells that was previously described to support HNoV
infection (4), served as a control. B cells from both spleen and lymph node supported
HNoV replication, with 80% (8/10) of donors being permissive to infection in the case
of lymph node B cells and 100% (6/6) of donors being permissive in the case of splenic
B cells (Fig. 1C). Since HNoV infection of intestinal epithelial cells is restricted by inter-
ferons (IFNs) (15), we next tested whether HNoV infection of primary B cells was simi-
larly susceptible to type I IFNs. Primary splenic B cells and BJAB cells were treated with
IFN-b (1,000 U/mL) for 24 h prior to infection. The treatment reduced the infection by
8-fold in primary B cells but only 3-fold in BJAB cells, suggesting that primary B cells
are more sensitive to IFN treatment than BJAB cells (Fig. 1D). Conversely, when primary
B cells from spleen tissues were pretreated for 18 h with antibodies neutralizing IFN-a
(1:4,000), IFN-b (1:4,000), IFN-b2 (1:4,000), the type I IFN-ab receptor (1:1,000), or a com-
bination of antibodies (at the concentrations indicated above), HNoV infection increased
at least 2-fold (Fig. 1E). Together, these data suggest that primary B cells can support
modest HNoV replication ex vivo, indicative of abortive infection, and that infection is sen-
sitive to the nucleoside analog 29CMC and the antiviral activity of type I IFNs.

HNoV infection efficacy in blood-derived B cells is dependent on donor and
culturing time. To test whether the efficacy of HNoV infection could be improved in
primary B cells, B cells were isolated from whole blood of different donors and infected
directly after isolation or cocultured withg-irradiated hCD40L-expressing 3T3 cells for 2
and 5 days before infection. Infection with GII.6-positive stool samples was more effi-
cient in freshly isolated B cells than in primary B cells in culture for 2 or 5 days,
although cell viability did not change over time (82%, 85%, and 83% on days 0, 2, and
5, respectively) (Fig. 2A). Even in HNoV-infected B cells isolated from the same donor,
the infection efficiency decreased over the time of culture (Fig. S1B). Given the variabil-
ity across donors, we sought to establish whether a correlation existed between HNoV
infection status and the levels of two previously described determinants of viral repli-
cation: fucosyltransferase 2 (Fut-2), an HNoV susceptibility factor, and IFN-b , a restric-
tion factor for HNoV infection (Fig. S1C). mRNA levels were determined by qPCR on the

FIG 2 HNoV infection is more efficient in freshly isolated B cells. (A) Whole-blood-derived B cells were infected
with GII.6 HNoV-positive stool samples at the moment of isolation or after 2 or 5 days of coculture with
hCD40L-3T3 cells. The graph represents the fold increases in viral genome copies obtained by RT-qPCR at 3 dpi
versus 0 dpi. Cell viability was determined on uninfected cells by flow cytometry as a percentage of live/dead
cells after staining with Live/Dead fixable aqua dead cell stain. Each data point in the graph indicates a
biological replicate from one donor (day 0, n = 11; day 2 and day 5, n = 8). Statistical tests were performed
using GraphPad Prism, and the day 5 group is statistically different from the day 0 group by a Mann-Whitney
test (P = 0.035). (B) Primary B cells from various donors were subjected to flow cytometry analysis after
isolation (day 0) (n = 10) and at day 2 (n = 5) and day 5 (n = 5) of coculture with hCD40L-3T3 cells. The
percentages of CD272 IgD1 (naive), CD271 IgD2 (memory-switched), CD271 IgD1 (memory-unswitched), and
CD272 IgD2 (double-negative) B cells were calculated with FlowJo software and represent averages and
standard deviations (SD) from 5 to 10 independent experiments. Statistical tests were performed using
GraphPad Prism (**, P , 0.001; ***, P , 0.0001 [according to Student’s t test]).
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donor samples at 0 dpi, and transcripts were normalized to the internal control glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). However, no statistically significant
correlation between fold increases in viral replication and IFN-b expression or Fut-2
expression was observed. Therefore, these two known determinants of infection did
not explain the differential susceptibilities observed among donors, and future studies
will be required to address this point.

Next, we wanted to characterize HNoV infection in primary B cells in more detail. To
that end, a flow cytometry pipeline was established to identify functional B cell subsets
according to the CD27 marker of memory and IgD expression on the cell surface: naive
(CD272 IgD1), memory-switched (CD271 IgD2), memory-unswitched (CD271 IgD1),
and double-negative (CD272 IgD2) B cells (Fig. S1D). The prevalence of each subset
was first determined in noninfected primary B cells freshly isolated or cultured on
hCD40L-3T3 cells for 2 and 5 days. A change in the subset distribution was consistently
observed across donors (Fig. 2B). The concomitant decrease of HNoV replication and
loss of the double-negative and switched memory B cell subsets over time raised the
possibility that HNoV selectively infects this specific functional B cell subset(s).

HNoV tropism is not restricted to a specific B cell subset. To test this hypothesis,
freshly isolated blood-derived primary B cells were infected with HNoV GII.6-positive
stool samples and subjected to flow cytometry analysis at 3 dpi. Cells replicating the
HNoV genome were detected using an antibody against double-stranded RNA
(dsRNA), an intermediate of viral replication. HNoV-infected cells ranged between 5
and 10% of the total B cells in donors that were permissive to infection by RT-qPCR
(FI . 3), whereas a lower percentage of infected cells corresponded to nonpermissive
donors (FI , 3) (Fig. 3A). A representative flow plot of one permissive and one nonper-
missive donor is shown in Fig. 3B. However, the proportions of HNoV-infected cells did
not differ across the functional B cell subsets (Fig. 3C), suggesting that HNoV tropism is
not restricted to one of the B cell subsets that are included in our analysis.

HNoV infection or treatment with selected viral proteins induces changes in
the functional B cell subset distribution. To assess the potential impact of HNoV on
B cell function, we first compared the distributions of B cell subsets between permis-
sive and nonpermissive donors upon infection. Briefly, from the percentage of cells in
each subset, we calculated the ratio for HNoV-infected to mock (noninfected) condi-
tions, whereby a ratio of 1 represents no changes, a ratio of .1 represents an increase,
and a ratio of ,1 represents a decrease in the subset distribution. We found that upon
HNoV infection, double-negative (CD272 IgD2) and unswitched (CD271 IgD1) B cells
exhibited significant changes in prevalence compared with nonpermissive donors
(Fig. 4A). As a technical control for the flow cytometry pipeline and a biological control
to determine the extent of these changes in the subset distribution, we treated pri-
mary B cells with interleukin 4 (IL-4) (20 ng/mL), a cytokine known to promote class
switching in vitro (16). As expected, IL-4 treatment resulted in an enrichment of
switched and double-negative (IgD2) subsets (Fig. 4B), and the magnitude of the
changes was comparable to the levels observed during HNoV infection (compare to
Fig. 4A). To define the molecular triggers for HNoV-induced changes, primary B cells
from different donors were treated with GII.4 HNoV virus-like particles (VLPs) at
selected concentrations (0.1, 1, and 10 mg/mL) or with the synthetic dsRNA mimic poly
(I�C) (1 mg/mL) to account for an effect of viral attachment or viral replication, respec-
tively. We analyzed the B cell subset distribution at 3 days posttreatment (dpt), consist-
ent with the infection time frame. Treatment with HNoV VLPs at the highest concentra-
tion tested, but not with poly(I�C), induced a significant enrichment of the unswitched
(CD271 IgD1) B cell subset (compare Fig. 4C to Fig. 4D), suggesting that HNoV virion
attachment may be one trigger of the observed B cell changes.

HNoV NS1-2 from genogroup GII is cleaved by caspase 7 in vitro. Previous work
showed that NS1-2 of murine norovirus (MNV) and HNoV GI is cleaved by caspase 3 to
release NS1 as a secreted protein with the potential ability to alter the bystander cell
response to infection (13). However, whether NS1-2 of HNoV GII is also cleaved is
unclear. Bioinformatic analysis of HNoV GII NS1-2 using PROSPERous (17) predicted a
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noncanonical caspase 7 cleavage site (score = 221) at SSSD26/GV (P4-P29) that is also
present in MNV and HNoV GI although with a lower rank prediction. To test the ability
of caspase 7 to cleave NS1 from HNoV GII, an in vitro cleavage assay was performed
with caspase 3 used as a control (Fig. 5A). A recombinant baculovirus-expressed HNoV
protein from the GII.4 Sydney 2012 strain was expressed and purified. The resulting
HNoV NS1/2-TM construct had a deletion of the predicted C-terminal transmembrane
(TM) domain but the addition of an N-terminal fusion (NT*) (18) containing a Strep-tag
II affinity tag to aid in determining the N terminus after caspase cleavage and SDS-
PAGE. The equivalent protein from MNV, NT*.MNV NS1/2-TM (amino acids [aa] 3 to
260), was included as a control (Fig. 5B). Treatment of HNoV NS1/2-TM with caspase 7,
but not caspase 3, generated four products that migrated at approximately 29, 27,
18.5, and 16 kDa (Fig. 5A, bands 2, 3, 4, and 5, respectively), suggesting that SSSD191/
GVLS (18.5- and 27-kDa bands) and SAKD252/GVSG (29- and 16-kDa bands) could repre-
sent putative caspase 7 cleavage sites. Liquid chromatography (LC)-Orbitrap mass
spectrometry (MS) analysis of the 18.5-kDa product (band 4) revealed strong precursor
ion intensities for various semichymotryptic peptidoforms with D191 (D26 without the
NT* tag) on the C terminus, indicating the putative caspase cleavage site sequence

FIG 3 HNoV tropism is not restricted to a specific B cell subset. (A) Freshly isolated primary B cells were
infected or mock infected with GII.6-positive stool samples and harvested at 3 dpi for flow cytometry analysis
after staining with Live/Dead fixable aqua dead cell stain, PerCP/Cy5.5 anti-human CD20, PE-CF594 mouse anti-
human CD27, Pacific Blue anti-human IgD, and biotinylated dsRNA (J2) for the detection of infected cells. B
cells were also infected in parallel to determine the fold increase (FI) in viral replication by RT-qPCR. The graph
shows the percentage of dsRNA-positive (dsRNA1) cells of infected B cells. Each data point is an independent
biological replicate from a different donor. Permissive donors were defined according to a 3-FI or higher as
defined by RT-qPCR. (B) Representative flow plots of infected and mock-infected B cells from permissive and
nonpermissive donors. (C) Percentages of dsRNA1 cells in the different functional B cell subsets. The dsRNA1

gate was arbitrarily defined on the HNoV-infected B cells from nonpermissive donors to include #1% events.
Percentages are calculated in the infected gate (4 to 10% of total B cells). Each data point on the graph
represents an independent biological replicate from 5 different permissive donors. Averages and SD are also
depicted.
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SSSD191 (P4-P1). The 16-kDa cleavage product (band 5) showed strong tryptic peptide
signals covering the sequence from G253 (G88 without the NT* tag) to the protein C ter-
minus by MS analysis. No significant signal was detected N terminally of G253, whereas
the tryptic digest of the full-length protein (band 1) revealed strong peptide signal
intensities throughout the full protein sequence (98% sequence coverage). The pep-
tide signal intensities (intensity plots in Fig. 5A) for the 29- and 27-kDa products (bands
2 and 3), compared to those of the full-length protein, showed that there is a high sig-
nal intensity only N terminally of the predicted cleavage site in the 29-kDa band and C
terminally of the predicted cleavage site in the 27-kDa band, suggesting that the 29-
and 27-kDa bands are N- and C-terminal products, respectively. The Strep-tag II affinity
tag was identified in both of the predicted N-terminal caspase-generated proteins
(29 kDa and 18.5 kDa) (Fig. 5A, bands 2 and 4) by MS, confirming that both products

FIG 4 HNoV infection or treatment with virus-like particles (VLPs) induces changes in B cell functional subset
distributions. (A) Changes in B cell subsets expressed as a ratio of the percentages in HNoV-infected to
noninfected (Mock) B cells. Permissive (n = 13) and nonpermissive (n = 13) donors were defined according to
FIs in viral replication and/or ,2% of dsRNA1 cells. Values close to 1 represent no or few changes, and values
of .1 or ,1 represent increases and decreases in the percentages of cells for each subpopulation, respectively.
Statistical tests were performed using GraphPad Prism as Student’s t test on the ratio between permissive and
nonpermissive donors. (B) Changes in B cell subsets upon treatment with IL-4 (20 ng/mL) for 3 days, expressed
as a ratio of treated to nontreated (Mock) B cells. (C and D) Changes in B cell subpopulations 3 days after
treatment with HNoV VLPs (0.1, 1, and 10 mg/mL) (C) or poly(I�C) (1 mg) (D), expressed as a ratio of treated to
nontreated (Mock) B cells. Violin plots depict means and interquartile ranges, and each dot represents an
independent biological replicate (single donor). Statistical tests were performed using GraphPad Prism as
Student’s t test on the raw cell percentages of treated versus mock-treated cells.
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are derived from the N terminus. Consistent with the bioinformatic prediction, MNV
NS1/2-TM showed the same cleaved products after caspase 3 and 7 treatments
(Fig. 5B), albeit its cleavage appeared more efficient than that of the HNoV protein,
possibly due to the canonical nature of the cleavage site. These data confirm that cas-
pase 7 can cleave NS1-2 to release NS1 and that caspase 7 cleavage might be con-
served across genogroups.

NS1 recombinant protein induces primary B cell activation and metabolic
changes. To determine whether NS1 can alter B cell features, freshly isolated primary
B cells were treated with 1 and 10 mg/mL of the recombinant predicted HNoV GII.4
NS1 protein, and the B cell subset distribution was evaluated by flow cytometry at 3
dpt, as described above. A significant dose-dependent change in unswitched and dou-
ble-negative B cell subsets was observed (Fig. 6A). Furthermore, an increase in the acti-
vation marker CD86 on the surface of primary B cells was observed (Fig. 6B). CD86 is a
marker that is upregulated in response to antigens such as lipopolysaccharide (LPS),
suggesting that NS1 triggers B cell activation in vitro. We also sought to determine
whether B cell activation by NS1 was accompanied by changes in the secretion of spe-
cific cytokines. We quantified interleukin 6 (IL-6) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) in the supernatant of primary B cells 3 days after treatment

FIG 5 NS1 protein from genogroup GII is cleaved in vitro by caspase 7. (A) Fifteen percent SDS-PAGE gel of NT*HNoV NS1/2-TM cleaved with caspase 3 or
7. For the caspase 7 (Casp-7)-treated sample, the uncleaved protein is shown as band 1, and the cleavage products generated by caspase 7 treatment are
shown as bands 2 to 5. The identities of protein bands 1 to 5 produced by caspase 7 treatment were confirmed by mass spectrometry and are shown
schematically. The protein band schematics for the caspase 7-generated fragments (bands 2 to 5) include the molecular weight (MW) estimated by gel
migration and by sequence prediction (gel estimated/predicted MW in kilodaltons). Using mass spectrometry, the C-terminal 4 amino acids of band 4 were
determined to be SSSD, and the N-terminal 4 amino acids of band 5 were identified as GVSG, corresponding to two predicted caspase 7 cleavage sites in
the full-length protein (SSSDGVLS and SAKGVSG), with the cleavage point indicated by the vertical arrows. The signal intensity of peptides detected by
mass spectrometry plotted along the protein sequence supports the expected termini of bands 2 and 3. (B) Fifteen percent SDS-PAGE gel of NT*MNV NS1/
2-TM cleaved with caspase 3 or 7. Mock, protein treated in the same way as the caspase samples but without the addition of enzyme.
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FIG 6 NS1 treatment enhances B cell activation and metabolism. (A) Changes in B cell subpopulations 3 days after HNoV NS1 treatment (1 and 10 mg). (B)
Primary B cells were collected and treated with HNoV NS1 (10 mg). Cells were harvested at 3 dpt and prepared for flow cytometry analysis to quantify the
surface expression of the activation marker CD68. Cells were analyzed with a BD Fortessa instrument and FlowJo software. Each data point represents a
technical replicate from 4 independent biological experiments. (C) Supernatants from primary B cells treated with HNoV NS1 (10 mg) were analyzed by
ELISA. (D) A total of 106 primary B cells from three different donors were treated with HNoV NS1 protein (10 mg) for 16 h. Cells were harvested, and
metabolites were collected in 80% ice-cold ethanol, followed by snapshot metabolomics analysis. Data are visualized by Volcano plot produced in
GraphPad Prism, with the x axis representing the log2 fold change of selected metabolites under NS1-treated versus nontreated conditions and the y axis
representing the 2log10 P value for each metabolite. (E) Heat map of metabolites significantly upregulated (red) and downregulated (blue) under NS1
conditions versus nontreated conditions. Data from three technical replicates are shown in the heat map.
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with recombinant predicted NS1 (10 mg/mL) by an enzyme-linked immunosorbent
assay (ELISA) since these two cytokines were significantly upregulated in NS1-stimu-
lated B cells in a Luminex pilot study (data not shown). However, we did not observe
statistically significant changes upon NS1 treatment (Fig. 6C). B cell activation is typi-
cally associated with changes in B cell metabolism, of which increases in oxidative
phosphorylation (OXPHOS), the tricarboxylic acid (TCA) cycle, and nucleotide biosyn-
thesis are hallmarks (19). Thus, we next determined the effect of the NS1 treatment on
B cell metabolism by liquid chromatography-coupled tandem mass spectrometry (LC-
MS/MS)-based metabolomics analysis (20). Freshly isolated primary B cells from three
different donors were stimulated for 16 h at 37°C with 10 mg/mL of recombinant pre-
dicted NS1. Analysis of intracellular metabolites showed a strong induction of metabo-
lites of the TCA cycle (citric and isocitric acids, malic acid, succinic acid, and cis-aconitic
acid) in cells from all donors analyzed in the presence of NS1 (Fig. 6D). In addition, a-D-
glucose-1-phosphate and fructose-6-phosphate were two of the most significantly
altered metabolites, while the modest increase in lactate is consistent with previously
published data on the upregulation of glucose metabolism and the TCA cycle during B
cell activation (Fig. 6D and E) (20). Together, these data suggest that the recombinantly
expressed predicted NS1 protein induces metabolic and functional changes in B cells
that might lead to B cell activation and immune modulation of bystander cells.

DISCUSSION

In this study, we sought to determine whether human primary B cells are suscepti-
ble to HNoV infection ex vivo and the potential impact on B cell function. We first dem-
onstrated that HNoV replicates in human B cells derived either from whole-blood
PBMCs or from patients’ spleen and lymph node biopsy specimens. Treatment with
the nucleoside analog 29CMC or type I IFN abolished HNoV replication, suggesting that
B cells are susceptible and permissive. However, given the low levels of the increases
in viral genome titers and dsRNA, HNoV infection of B cells is likely defective, resulting
in an abortive infection. Future studies using paired samples from tissue and blood are
needed to determine whether the susceptibilities of B cells from different sites are sim-
ilar or divergent. In addition, among the permissive blood donors, only 5 to 10% of pri-
mary blood-derived B cells were positive for viral dsRNA, suggesting that the replica-
tion of HNoV is limited to a subset of B cells. However, we could not define this subset
based on the memory marker CD27 and IgD, and further studies are needed to define
this population after fluorescence-activated cell sorter (FACS) sorting, possibly by
means of transcriptome sequencing (RNAseq) or cytometry by time of flight (CyTOF).
The low percentage of infected cells in the more homogeneous BJAB model (21) and
also in the context of murine norovirus infection in B cells (7 to 9% of primary murine B
cells [our unpublished data] and ;10% of the M12 cell line [4]) suggests that other fac-
tors might define the susceptible subset (such as the expression levels of the viral re-
ceptor and the metabolic state of the cells, etc.). We analyzed the expression of the
antiviral IFN-b and Fut-2, the enzyme required for the addition of terminal fucose to
carbohydrate chains, the attachment factor, but no statistically significant correlation
with HNoV replication was observed in vitro. Therefore, the specific nature of the sus-
ceptibility factor(s) in B cells remains to be identified in future studies.

Intriguingly, our study identified the ability of HNoV infection or treatment with the
viral protein NS1 or VP1 (VLP treatment) to drive significant changes in B cell functional
subsets, especially in the unswitched double-negative compartments. Unswitched cells
are defined as B cells that have “seen” the antigen but have not undergone isotype
switching that is required to produce antigen-specific antibodies (22). The enrichment
of this population together with CD86 expression might be consistent with a model
described in the context of infection by other pathogens whereby the induction of pol-
yclonal B cell activation and the production of low-specificity antibody might dilute
the pathogen-specific antibody response (23). On the other hand, double-negative B
cells are an understudied subset that was recently associated with autoimmune
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diseases. Interestingly, the prevalence of double-negative cells is higher in rotavirus
(RV)-positive memory B cells than in the total memory B cells of vaccinated healthy
donors, suggesting specific RV-induced expansion and maintenance of this pool (24).
In addition, in HIV-infected patients, the double-negative B cell subset (defined as tis-
sue-like memory B cells in this study) expressed patterns of homing and inhibitory
receptors characteristic of T cell exhaustion, suggesting that the enrichment of this
population might lead to premature exhaustion and contribute to poor antibody
responses during HIV-1 infection (25). More detailed studies on the role of the double-
negative B cell subset in the immune response against HNoV infection are required.

We further demonstrated that treatment with the predicted NS1 alone increases
CD86 levels and cellular metabolism, features that are consistent with B cell activation.
Particularly, we consistently observed across three independent donors a strong meta-
bolic signature of activation of the TCA cycle, a metabolic pathway that has previously
been described in activated B cells (20). Whether the replication of HNoV in B cells
occurs in vivo remains to be resolved. However, the secretion of HNoV NS1 from other
infected cell types (e.g., epithelial cells) could stimulate metabolism and in turn acti-
vate surrounding B cells. Importantly, a previous study demonstrated NS1 secretion
upon caspase 3 cleavage from murine norovirus and the HNoV Norwalk GI genogroup
(26). In this study, we used a more clinically relevant GII HNoV and investigated the
ability of caspases 3 and 7 to cleave NS1-2 in vitro. Interestingly, we found that caspase
7, but not caspase 3, is responsible for GII NS1 cleavage and that the presence of a cas-
pase 7 cleavage site was also conserved in murine norovirus albeit at different loca-
tions. This suggests that caspase 7 might be a pan-norovirus caspase that cleaves the
NS1-2 protein. However, confirmation of NS1 cleavage by caspase 7 and secretion dur-
ing HNoV infection requires further investigations.

Collectively, our data suggest a model whereby an enteric virus, through direct infec-
tion or bystander effects, induces changes in the activation profile of B cells and possibly
other immune cells. Hence, the activation of B cells in the lamina propria or gut-associ-
ated lymphoid tissue (GALT) could have profound implications for the development of
adaptive immune responses and protection from reinfection. Future studies will be
required to test this hypothesis. In conclusion, our study demonstrates that a proportion
of primary B cells is susceptible to HNoV infection in vitro and highlights a new function
for NS1 in B cell activation with possible implications for viral pathogenesis.

MATERIALS ANDMETHODS
Reagents and virus. 29-C-Methylcytidine (29CMC), an in vitro inhibitor of HNoV replication, was sup-

plied by Sigma-Aldrich. Human IFN-b was purchased from PBL Assay Science and used at a concentra-
tion of 1,000 U/mL. IFN-neutralizing antibodies were obtained from PBL Assay Sciences and were used
at the following concentrations: 1:4,000 for anti-IFN-a, 1:4,000 for anti-IFN-b , 1:4,000 for anti-IFN-b2,
and 1:1,000 for anti-IFN-abR2. HNoV GII.4 virus-like particles (VLPs) were purchased from The Native
Antigen Company, and poly(I�C) was obtained from InvivoGen (catalog no. tlrl-picwlv). GII.4 Sydney and
GII.6 HNoV-positive stool samples were kindly provided by J. Vinje (Centers for Disease Control and
Prevention, USA) and S. M. Karst (University of Florida, USA), respectively. Stool samples were diluted
with phosphate-buffered saline (PBS) to make a 10% (wt/vol) stock solution. Diluted stool samples were
vortexed and centrifuged at 20,000 � g for 1 min. The supernatants were used for infection.

Primary B cell isolation from whole blood. Thirty-milliliter PBS flowthrough plasmapheresis filters or
peripheral blood diluted in PBS (1:3) was collected in 50-mL tubes and underlaid with Ficoll-Paque (GE
Healthcare). The blood was obtained from the blood bank at the University of Michigan from deidentified
donors. PBMC-containing buffy coat was obtained after centrifugation for 30 min at room temperature at
1,200 relative centrifugal force (RCF). After washing, PBMCs were incubated with anti-CD19 magnetic beads
(MACS; Miltenyi Biotec) in MagSep buffer (PBS2/2, PBS without Mg21 and Ca21, supplemented with 0.5%
bovine serum albumin [BSA] and 2 mM EDTA) for 15 min and washed in MagSep buffer twice before sepa-
ration by flow on a magnetic column. The B cell fraction obtained after the flowthrough was resuspended
in maintenance buffer (Iscove’s modified Dulbecco’s medium [IMDM] supplemented with 10% fetal calf se-
rum, 50mg/mL of transferrin, a 5-mg/mL mixture of transferrin-insulin-selenium, and 15 mg/mL of gentami-
cin). Cells were cultured in the presence of previouslyg-irradiated hCD40L-3T3 cells (27) at a ratio of 1:8.

Infection of blood-derived primary B cells with HNoV and viral quantification by RT-qPCR. Freshly
isolated B cells, or B cells that were cocultured with hCD40L-3T3 cells for 2 or 5 days after isolation, were
infected with HNoV-positive stool samples of genotype GII.4 or GII.6. Briefly, for freshly isolated B cells,
infection occurred in 1.5-mL tubes for 2 h at 37°C, followed by two washes with maintenance medium
and seeding in the presence of g-irradiated hCD40L-3T3 cells. For B cells in culture, HNoV-positive stool
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samples of genotype GII.4 or GII.6 were spin inoculated for 30 min at 800 � g at room temperature, fol-
lowed by two washes with maintenance medium. One batch of B cells was then harvested immediately
after infection (day 0 of infection) with Tri reagent (Zymo Research), and the rest of the infected cells
were kept in culture for 3 days at 37°C. Infection was determined by RT-qPCR as the fold increase in viral
genome copies at day 3 versus day 0 of infection. Briefly, viral RNA extraction was performed with the
Direct-zol RNA MiniPrep Plus kit (Zymogen Research), and HNoV titers were determined by one-step RT-
qPCR as previously described (28).

Ex vivo isolation of splenic and lymph node B cells. Spleen and lymph node tissue samples were
collected in compliance with the University of Florida Institutional Review Boards (IRB no. 201600873)
and protection of human subjects. Deidentified biopsy specimens of spleen and adjacent lymph node
chains, taken during routine clinically indicated operative procedures, were obtained and mashed in
100-mm and 70-mm cell strainers inside a petri dish with 2 mL of PBS supplemented with 2% fetal bovine
serum (FBS). Cells were transferred into a 15-mL conical tube and centrifuged for 5 min at 500 � g.
Germinal cells were resuspended in fresh medium for counting, while splenocytes were incubated in
1 mL of ACK lysis buffer to remove red blood cells (catalog no. A1049201; Thermo Fisher) for 3 min at
room temperature and, after centrifugation, were resuspended in fresh medium for counting. After
counting, cells were centrifuged at 500 � g for 15 min at room temperature and resuspended in
RoboSep buffer for B cell isolation by negative selection with an EasySep human B cell isolation kit
(StemCell Technologies) according to the manufacturer’s instructions. After isolation, B cells were kept in
complete culture medium (RPMI 1640 containing 10% FBS [Omega Scientific] and supplemented with
1� penicillin-streptomycin [Pen/Strep] [Cellgro]), seeded into 48-well plates at a concentration of
1 � 105 cells per well, and incubated 37°C at 5% CO2 overnight to 24 h prior to infection.

Infection of germinal or splenic primary B cells with HNoV. HNoV-positive stool samples were
diluted 1:10 in complete culture medium, and 100 mL of the virus preparation was used to infect cells for
2 h at 37°C at 5% CO2. After infection, cells were centrifuged at 750 � g for 7.5 min and resuspended in
culture medium. Wells for day 0 of infection were immediately harvested in Tri reagent (Zymo Research)
for RNA extraction. The remaining wells were incubated at 37°C for 3 days. For treatment with type I IFN,
immediately after plating, IFN was added to the wells, and cells were incubated for 24 h prior to HNoV
infection. For treatment with anti-IFN antibodies, antibodies were added to wells immediately after plating
and incubated with cells for 18 h prior to infection. Medium supplemented with anti-IFN antibodies was
used throughout the infection, and medium with antibodies was refreshed daily. Infection was determined
by RT-qPCR as the fold increase in viral genome copies at day 3 versus day 0 of infection.

Flow cytometry analysis for B cell functional subsets. HNoV-infected or mock-infected primary B
cells were harvested at selected times postinfection in MagSep buffer (PBS supplemented with 0.5% BSA
and 2 mM EDTA). Cells were first stained with Live/Dead fixable aqua dead cell stain (Thermo Fisher
Scientific), and after washing, they were incubated with the surface markers peridinin chlorophyll pro-
tein (PerCP)/Cy5.5 anti-human CD20 (catalog no. 302326; BioLegend), phycoerythrin (PE)-CF594 mouse
anti-human CD27 (catalog no. 562297; BD Biosciences), and Pacific Blue anti-human IgD (catalog no.
348224; BioLegend). In selected experiments, fluorescein isothiocyanate (FITC) anti-human CD86 (cata-
log no. 555657; BD Biosciences) was also used. After 20 min, cells were washed and fixed/permeabilized
with a fixation/permeabilization solution kit (catalog no. 554714; BD Biosciences) according to the manu-
facturer’s instructions. Next, cells were stained with an anti-double-stranded RNA (dsRNA) antibody (J2;
Scicons), previously biotinylated with the EZ-Link micro N-Hydroxysulfosuccinimide-polyethylene glycol
(NHS-PEG4) biotinylation kit (catalog no. 21955; Thermo Fisher) to increase the specificity and sensitivity
of the assay, and with an allophycocyanin (APC)/Cy7 streptavidin antibody (catalog no. 405208;
BioLegend). Data were acquired with a BD Fortessa instrument and analyzed by using FlowJo.
Compensation was performed on uninfected BJAB cells.

NS1 protein purification. The HNoV GII.4 (Sydney 2012) (GenBank accession no. JX459908.1) NS1/2-
TM (amino acids 3 to 249), MNV-1 (accession no. DQ285629) NS1/2-TM (amino acids 3 to 260), or HNoV
GII.4 (Sydney 2012) (accession no. JX459908.1) putative NS1 (amino acids 1 to 134) region was expressed
in Trichoplusia ni insect cells using the commercial recombinant baculovirus system Flashback Ultra
(Oxford Expression Technologies). The expression construct contained an N-terminal His-Strep-tag II tag,
a spidroin NT* solubility tag (18), an enterokinase (EK) cleavage site, and a flexible linker, GGSRS, adja-
cent to HNoV NS1. Following expression at 27°C for 3 days, the cells were lysed in buffer containing
50 mM NaH2PO4�2H2O (pH 8), 300 mM NaCl, and 10% glycerol with 1% Triton X-100. The protein was
purified on Streptactin XT superflow beads (IBA Lifesciences) and eluted with a solution containing
50 mM NaH2PO4�2H2O (pH 8), 300 mM NaCl, and 50 mM biotin. To remove the NT* tag, the HNoV GII.4
NS1 region (aa 1 to 134) was buffer exchanged into enterokinase cleavage buffer (20 mM Tris [pH 8],
50 mM NaCl, 2 mM CaCl2) and cleaved using bovine EK (New England BioLabs [NEB]) at 16 U/mg protein
for 4 h. The EK was removed using soybean trypsin inhibitor agarose (Sigma), and the cleaved NT* tag
was removed using Ni-nitrilotriacetic acid (NTA) resin. The purified HNoV NS1 protein was then buffer
exchanged into 20 mM citrate phosphate buffer (pH 6.1)–150 mM NaCl and stored at 280°C.

In vitro caspase cleavage assay. The MNV NS1/2-TM or HNoV GII.4 (Sydney 2012) NS1/2-TM purified
proteins were buffer exchanged using an Amicon Ultra 10,000-molecular-weight-cutoff (MWCO) centrif-
ugal filter and diluted to 1 mg/mL into caspase cleavage buffer {50 mM HEPES (pH 7.4), 100 mM NaCl,
1 mM EDTA, 10 mM dithiothreitol (DTT), 10% glycerol, 0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-
1-propanesulfonate (CHAPS)}. Each protein (10 mg) was incubated with either 0 mg or 0.05 mg active
human caspase 3 or 0.23 mg active human caspase 7 (Abcam) at either 37°C for 1 h (NT*.MNV NS1/2-TM)
or overnight at room temperature (NT*.HNoV NS1/2-TM) to accumulate more of the caspase 7 product
for subsequent mass spectrometry analysis. Reactions were stopped by the addition of an equal volume
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of 2� SDS-PAGE sample buffer, and 5 mg was loaded onto a 15% SDS-PAGE gel. Gels were stained using
Coomassie brilliant G250 stain. To identify the protein bands produced upon caspase 7 cleavage of
NT*HNoV NS1/2-TM, each of the protein bands was excised in duplicate, including the corresponding
full-length non-caspase-cleaved NS1/2-TM from the same lane, as a negative control. Samples were sub-
mitted to the Centre for Protein Research, University of Otago, and each band was in-gel digested with
either trypsin or chymotrypsin. The resultant peptides were analyzed by a nanoflow-uHPLC (ultrahigh-
performance liquid chromatography) system coupled inline to an LTQ Orbitrap XL mass spectrometer
(Thermo Scientific) to identify the sequence coverage in the two cleaved protein products in comparison
to the full-length protein. Therefore, peptides of each protein digest were separated on an in-house-
packed emitter tip column (75-mm-internal-diameter [ID] PicoTip fused silica tubing [New Objectives,
Woburn, MA] packed with Aeris 2.6-mm peptide XB-C18 material [Phenomenex] on a length of 20 cm)
using a gradient developed from 5% mobile phase B (90% acetonitrile, 0.1% formic acid in water) in mo-
bile phase A (1% acetonitrile, 0.1% formic acid in water) to 25% B over 23 min, followed by an increase
to 40% B over 5 min and to 99% B over 3 min. Eluting peptides were injected into the nanospray ioniza-
tion source of the mass spectrometer over the full length of the gradient at a flow rate of 300 nL/min.
The Orbitrap mass analyzer was operated in full-MS mode at a resolution of 60,000 at m/z 400. The 10
strongest ion signals per cycle were selected for the acquisition of data-dependent collision-induced dis-
sociation (CID) fragment ion spectra. Singly charged precursor ions were excluded. Dynamic exclusion
was enabled allowing two repeated acquisitions of CID spectra on the same precursor ion over a period
of 90 s.

Mass spectrometry data analysis. Raw data were searched against the target sequences integrated
into the larger sequence context of the human reference sequences using Proteome Discoverer software
(version 2.4; Thermo Scientific). No enzyme specificity was selected for the search, and oxidation of me-
thionine as well as deamidation of asparagine and glutamine were allowed as variable modifications.
Carboxyamidomethylated cysteine was selected as a static modification. The “fixed PSM validator” node
in Proteome Discoverer software was used to filter significant peptide spectrum identifications at score
(Xcorr) thresholds of 2, 2.5, and 3 for charge stages 2, 3, and $4, respectively. Only peptide spectrum
matches listed as being of high confidence by Proteome Discoverer software were considered.

To visualize the significantly identified sequence coverage of each cleavage product and the full-
length protein, the area under the curve of each significantly identified peptide was extracted from the
search output and plotted against the position of the first amino acid in the respective peptide along
the protein sequence.

Metabolomics analysis of intracellular metabolites. Freshly isolated primary B cells (106 cells/well)
were cultured with previously g-irradiated hCD40L-3T3 cells in the presence or absence of NS1 (1 mg/
mL) for 16 h at 37°C. After incubation, cells were collected by centrifugation at 500 � g for 5 min at 4°C.
Cell pellets were resuspended in ice-cold 80% methanol and kept at 280°C for 10 min. The supernatants
were then collected after centrifugation at the highest speed for 5 min at 4°C. Metabolites were dried at
4°C using a SpeedVac. Metabolite pellets were reconstituted in 50 mL of 50% methanol, and 40 mL was
transferred to an autosampler glass vial for untargeted LC-MS analysis. Samples were run on an Agilent
1290 Infinity II LC-6470 triple-quadrupole (QqQ) tandem mass spectrometry (MS/MS) system with the
following parameters. The Agilent Technologies triple-quadrupole 6470 LC-MS/MS system consists of
the 1290 Infinity II LC flexible pump (quaternary pump), the 1290 Infinity II multisampler, the 1290
Infinity II multicolumn thermostat with a 6-port valve, and the 6470 triple-quadrupole mass spectrome-
ter. Agilent MassHunter Workstation software LC-MS data acquisition for 6400 series triple-quadrupole
MS with version B.08.02 was used for compound optimization, calibration, and data acquisition.

LC. Two microliters of the sample was injected into an Agilent Zorbax rapid-resolution high-defini-
tion (RRHD) Extend C18 column (2.1 by 150 mm, 1.8 mm) with Zorbax Extend fast guards. The LC gradient
profile is as follows, using the solvent conditions described below: 100% solvent A at 0.25 mL/min from
0 to 2.5 min, 80% A and 20% B from 2.5 to 7.5 min, 55% A and 45% B from 7.5 min to 13 min, 1% A and
99% B from 13 min to 24 min, 1% A and 99% C from 24 min to 27 min, 1% A and 99% C from 27 min to
27.5 min, 1% A and 99% C at 0.8 mL/min from 27.5 to 31.5 min, 1% A and 99% C at 0.6 mL/min from
31.5 to 32.25 min, 100% A at 0.4 mL/min from 32.25 to 39.9 min, and 100% A at 0.25 mL/min at 40 min.
The column temperature was kept at 35°C, and samples were stored at 4°C.

Solvents. Solvent A is composed of 97% water and 3% methanol with 15 mM acetic acid and
10 mM tributylamine at pH 5. Solvent B is composed of 15 mM acetic acid and 10 mM tributylamine in
methanol. Washing solvent C is composed of acetonitrile. The LC system seal washing solvent is com-
posed of 90% water and 10% isopropanol, and the needle wash solvent is composed of 75% methanol
and 25% water. The following solvents were purchased from the indicated vendors: gas chromatogra-
phy (GC)-grade 99% tributylamine (Acros Organics); LC-MS-grade acetic acid Optima (Fisher Chemical);
InfinityLab deactivator additive, ESI-L low-concentration tuning mix (Agilent Technologies); LC-MS-grade
solvents of water, acetonitrile, and methanol (Millipore); and isopropanol (Fisher Chemical).

MS. The 6470 triple-quadrupole MS system was calibrated with the Agilent ESI-L low-concentration tun-
ing mix. The source parameters were as follows: gas temperature of 150°C, gas flow rate of 10 L/min, nebu-
lizer at 45 lb/in2, sheath gas temperature of 325°C, sheath gas flow rate of 12 L/min, capillary at 22,000 V,
and delta electron multiplier voltage (EMV) of 2200 V. The dynamic multiple-reaction monitoring (MRM)
scan type was used with a 0.07-min peak width, and the acquisition time was 24 min. A delta retention
time of61 min, a fragmentor at 40 eV, and a cell accelerator at 5 eV were incorporated into the method.

Data analysis. The MassHunter metabolomics dynamic MRM database and method were used for
target identification. Key parameters of Agilent jet stream (AJS) electrospray ionization (ESI) were as fol-
lows: gas temperature of 150°C, gas flow rate of 13 L/min, nebulizer at 45 lb/in2, sheath gas temperature
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of 325°C, sheath gas flow rate of 12 L/min, capillary at 2,000 V, and nozzle at 500 V. The detector delta
EMV(2) was 200. The QqQ data were preprocessed with Agilent MassHunter Workstation QqQ quantita-
tive analysis software (version B0700). Each metabolite abundance level in each sample was divided by
the median of all abundance levels across all samples for proper comparisons, statistical analyses, and
visualizations among metabolites.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 1.3 MB.
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