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Abstract 28 

Human norovirus (HNoV) is a global health and socio-economic burden, estimated to infect 29 

every individual at least five times during their lifetime. The underlying mechanism for the 30 

potential lack of long-term immune protection from HNoV infections is not understood and 31 

prompted us to investigate HNoV susceptibility of primary human B cells and its functional 32 

impact. Primary B cells isolated from whole-blood were infected with HNoV-positive stool 33 

samples and harvested 3 days post infection (dpi) to assess viral RNA yield by RT-qPCR. A 3-34 

18 fold increase in HNoV RNA yield was observed in 50-60% donors. Infection was further 35 

confirmed in B cells derived from splenic and lymph node biopsies. Next, we characterized 36 

infection of whole-blood derived B cells by flow cytometry in specific functional B cell subsets 37 

(naïve CD27-IgD+, memory switched CD27+IgD-, memory unswitched CD27+IgD+ and double-38 
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negative CD27-IgD-). While susceptibility of subsets was similar, we observed changes in B cell 39 

subsets distribution upon infection that were recapitulated after treatment with HNoV virus-like 40 

particles and mRNA encoding for HNoV NS1-2 protein. Importantly, treatment of immortalized 41 

BJAB B cell lines with the predicted recombinant NS1 protein triggered cell proliferation, 42 

increased ATP production, and induced metabolic changes, as detected by means of 43 

CFSE/Ki67 staining, seahorse analysis and metabolomics, respectively. These data 44 

demonstrate the susceptibility of primary B cells to HNoV infection and suggest that the 45 

secreted NS1 protein affects B cell function, proliferation and metabolism in vitro, which could 46 

have implications for viral pathogenesis and immune response in vivo.     47 

Importance  48 

Human norovirus (HNoV) is the most prevalent causative agent of gastroenteritis worldwide. 49 

Infection results in a self-limiting disease that can become chronic and severe in the 50 

immunocompromised, elderly and infants. There are currently no approved therapeutic and 51 

preventative strategies to limit the health and socio-economic burden associated with HNoV 52 

infections. Moreover, HNoV does not elicit life-long immunity as repeat infections are common, 53 

presenting a challenge for vaccine development. Given the importance of B cells for humoral 54 

immunity, we investigated susceptibility and impact of HNoV infection on human B cells. We 55 

found that HNoV replicates in human primary B cells derived from blood, spleen and lymph 56 

nodes specimens and induces functional changes in B cells, mediated in part by the non-57 

structural protein NS1. Because of the secreted nature of NS1, we put forward the hypothesis 58 

that HNoV infection can modulate bystander B cell function with potential implications in 59 

systemic immune response.    60 

 61 

 62 
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INTRODUCTION  63 

Human norovirus (HNoV) is the most prevalent virus associated with foodborne illnesses, 64 

specifically viral gastroenteritis, that are considered by the World Health Organization as a 65 

major public health concern (1). In addition, the economic burden of HNoV worldwide has been 66 

estimated at 60 billion USD per year (2). Development of effective therapeutics has been 67 

hampered in part by the lack of a robust culturing system. Despite the ability of HNoV to infect 68 

human intestinal enteroids and immortalized B cells (3, 4), no cell-derived HNoV stock has been 69 

produced yet and infection is routinely performed with stool samples that are HNoV-positive by 70 

qPCR. The report of modest viral replication in a line of immortalized B cells, the BJAB (4),  has 71 

opened a controversy in the field on whether or not B cells can support productive viral 72 

replication in vivo (5). Human norovirus antigen was detected in the lamina propria of both 73 

humans (in macrophages, dendritic cells and T cells of biopsies from two immunocompromised 74 

patients) (6) and animal models (in macrophages, lymphocytes, and dendritic cells of piglets; in 75 

dendritic cells of chimpanzee and cells of the hematopoietic lineage in zebrafish larvae) (7–9) 76 

but not specifically or exclusively in B cells. In addition, infection of common variable 77 

immunodeficiency-patients results in chronic infection and continuous symptomatology 78 

suggesting that immune cell infection is not absolutely required for HNoV susceptibility or 79 

induced pathophysiology in vivo (10).  80 

On the other hand, it has been estimated that every person experiences HNoV at least five 81 

times in their lifetime suggesting a lack of long-term immune protection (11) but the underlying 82 

mechanisms are not understood. Broad protection and long-term duration of protection are also 83 

critical parameters in the development of an effective HNoV vaccine, which is lacking to date 84 

(12). B cells are a critical component of effective, long-term immunity. There is therefore a need 85 

for targeted studies that explore the relationship between HNoV infection and B cells. In this 86 

manuscript, we sought to determine whether primary human B cell support ex vivo infection with 87 

HNoV. Increases in HNoV genome levels were observed in primary human B cells derived from 88 
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blood, spleen and lymph nodes and infection was blocked with either the nucleoside inhibitor 89 

2’CMC or type I interferons. In addition, infection with HNoV but also treatment with HNoV virus-90 

like particle (VLPs) or with the non-structural protein NS1 affected B cells functional subsets 91 

distribution over time. Previous work demonstrated that the NS1 protein is secreted during 92 

infection with murine and human NoV (13). Our study now discovered that treatment with the 93 

predicted NS1 protein alone induces B cell proliferation and increases glucose metabolism and 94 

OXPHOS, suggesting that this viral protein can induce bystander B cell activation. The 95 

implications of this finding on HNoV immune responses are potentially manifold and call for 96 

more detailed in vivo studies.  97 

 98 

RESULTS 99 

HNoV replicates in primary B cells in vitro and is restricted by the type I interferon 100 

response.  101 

To determine whether primary human B cells were susceptible to HNoV infection, peripheral 102 

blood mononuclear cells (PBMCs) were obtained from the blood of different unidentified donors 103 

after ficoll centrifugation and B cells were isolated by using magnetic beads coupled to anti-104 

CD19. The B cells were co-cultured with γ-irradiated human CD40 ligand (hCD40L)-expressing 105 

3T3 cells for 2 days and subsequently infected with HNoV-positive stool samples of GII.4 or 106 

GII.6 genotypes. At 3 days post infection (dpi), viral RNA was measured by reverse 107 

transcriptase (RT)-qPCR and increase in viral replication was calculated as a fold increase (FI) 108 

vs 0 dpi (inoculum). Primary B cells derived from 6/12 (50%) and 11/18 (60%) donors were 109 

permissive to HNoV GII.4 and GII.6 replication, respectively, with FI > than 3 (Figure 1A). A 110 

threshold of 3-FI was previously defined as indicator of HNoV replication in vitro (14). 111 

Importantly, upon treatment with the nucleoside analogue 2’CMC, an in vitro inhibitor of NoV 112 

replication, no increase of viral RNA was detected in any of the donors tested (Figure 1B), 113 

suggesting that HNoV actively replicate in primary B cells. To confirm this finding, primary B 114 
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cells were isolated from human spleen and lymph node biopsies with EasySep™ Human B Cell 115 

Isolation Kit (StemCell technologies) and were infected with GII.6 HNoV-positive stool samples. 116 

BJAB, a clone of immortalized B cells, that was previously described to support HNoV infection 117 

(4) served as a control. Both B cells from spleen and lymph node supported HNoV replication, 118 

with 80% (8/10) of donors permissive to infection in the case of lymph node B cells and 100% 119 

(6/6) of donors for splenic B cells (Figure 1C). Interestingly, splenic and lymph node B cells 120 

were more permissive to infection than blood-derived B cells, regardless the genetic 121 

background of the different donors (compare Figure 1C vs 1A). Since HNoV infection of 122 

intestinal epithelial cells is restricted by interferons (IFNs) (15), we next tested whether HNoV 123 

infection of primary B cells was similarly susceptible to type I IFNs. Primary splenic B cells and 124 

BJAB were treated with IFNβ (1000 U/mL) for 24 hrs prior to infection. The treatment reduced 125 

infection of primary B cells by 8-fold but only 3-fold in BJAB, suggesting that primary B cells are 126 

more sensitive to IFN treatment than BJAB (Figure 1D). Conversely, when primary B cells from 127 

spleen tissues were pretreated for 18 hrs with antibodies neutralizing IFNα (1:4000), IFNβ 128 

(1:4000), IFNβ2 (1:4000),the type I IFNαβ receptor (1:1000), or a combination of antibodies (at 129 

the concentrations above), HNoV infection increased at least 2-fold (Figure 1E). Together, 130 

these data suggest that primary B cells can support HNoV replication ex vivo, albeit modestly, 131 

and that infection is sensitive to the nucleoside analog 2’CMC and the antiviral activity of type I 132 

IFNs.  133 

 134 

HNoV infection efficacy of blood-derived B cells is dependent on donor and culturing 135 

time  136 

To test whether the efficacy of HNoV infection could be improved in primary B cells, B cells 137 

were isolated from whole blood of different donors and infected directly after isolation or co-138 

cultured with γ-irradiated human CD40 ligand (hCD40L)-expressing 3T3 cells for 2 and 5 days 139 

before infection. Infection with GII.6-positive stool samples was more efficient in freshly isolated 140 
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B cells as compared to primary B cells in culture for day 2 or day 5, although cell viability did not 141 

change over time (Figure 2A). Even in HNoV-infected B cells isolated from the same donor, 142 

infection efficiency decreased over time of culture (Supplementary figure 1A). In order to 143 

characterize HNoV infection in primary B cell, a flow cytometry pipeline was established to 144 

identify functional B cells subsets according to the CD27 marker of memory and IgD expression 145 

on the cell surface; naïve (CD27-IgD+), memory switched (CD27+IgD-), memory unswitched 146 

(CD27+IgD+) and double-negative (CD27-IgD-) B cells (Supplementary figure 1B). The 147 

prevalence of each subset was first determined in non-infected primary B cells freshly isolated 148 

or cultured on hCD40L-3T3 cells for 2 and 5 days. A change in subset distribution was 149 

consistently observed across donors (Figure 2D). The concomitant decrease of HNoV 150 

replication and loss of specific B cell subsets over time raised the possibility that HNoV 151 

selectively infects specific functional B cell subset(s).  152 

 153 
HNoV tropism is not restricted in a specific B cell subset 154 

To test this hypothesis, freshly isolated blood-derived primary B cells were infected with HNoV 155 

GII.6-positive stool and were subjected to flow cytometry analysis at 3 dpi. Cells replicating 156 

HNoV genome were detected by using an antibody against double-stranded (ds) RNA, an 157 

intermediate of viral replication. HNoV-infected cells ranged between 5-10% of total B cells in 158 

donors that were permissive to infection by RT-qPCR (FI>3) whereas a lower percentage of 159 

infected cells corresponded to non-permissive donors (FI<3) (Figure 3A). A representative flow 160 

plot of one permissive and one non-permissive donor is shown in Figure 3B. However, the 161 

proportion of HNoV-infected cells did not differ across the functional B cell subsets (Figure 3C), 162 

suggesting that HNoV tropism is not restricted to specific B cell subset(s).  163 

 164 

HNoV infection or treatment with selected viral proteins induces changes in functional B 165 

cell subset distribution 166 
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To assess the potential impact of HNoV on B cell function, we first compared the distribution of 167 

B cell subsets between permissive and non-permissive donors upon infection. Briefly, from the 168 

% of cells in each subset, we calculated the ratio in the HNoV-infected vs Mock (non-infected) 169 

condition, whereby ratio of 1 represents no changes, ratio >1 represents an increase and ratio 170 

<1 represents a decrease in subset distribution, respectively. We found that upon HNoV-171 

infection, double-negative (CD27-IgD-) and unswitched (CD27+IgD+) B cells exhibited bi-modal 172 

distributions in permissive donors but no changes were observed in non-permissive donors 173 

(Figure 4A). As a technical control for the flow cytometry pipeline and a biological control to 174 

determine the extent of these changes in subset distribution, we treated primary B cells with 175 

interleukin (IL) 4 (20 ng/ml), a cytokine known to promote switching in vitro (16). As expected, 176 

IL-4 treatment resulted in an enrichment in switched and double-negative (IgD-) subsets (Figure 177 

4B) and the magnitude of the changes was comparable to the levels observed during infection 178 

(Figure 4A). To define the molecular triggers for the HNoV-induced changes, primary B cells 179 

from different donors were treated with GII.4 HNoV VLPs (1 g/ml) or transfected with the 180 

synthetic dsRNA mimic poly (I:C) that serves as a control for viral replication, or with 1 µg of 181 

mRNA encoding HNoV NS1-2 protein. We used transfection reagent alone as a control for the 182 

poly (I:C) and NS1-transfected condition and analyzed B cell sub-population distribution at 3 183 

days post-treatment/transfection (dpt), consistently with the infection timeframe. Treatment with 184 

HNoV VLPs and transfection of NS1-2 mRNA, but not poly I:C, induced changes in subsets 185 

distribution (Figure 4C). In particular, expression of NS1-2 induced bi-modal distribution 186 

changes reminiscent of those induced by HNoV infection (compare Figure 4A vs. C). 187 

Together, these data highlight the impact of viral infection and viral proteins on functional B cell 188 

subset distribution. In addition, given the previously reported secreted nature of the non-189 

structural protein NS1 (13), these data suggest that NS1 may alter bystander B cell function.   190 

 191 
NS1 protein increases proliferation and metabolism of an immortalized B cell line  192 
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To characterize the changes triggered by the viral protein NS1 in B cells, the immortalized B cell 193 

line BJAB was used as a simplified homogeneous cell culture system. To mimic the secreted 194 

nature of NS1, we produced a recombinant, baculovirus-expressed HNoV NS1 protein that 195 

encompasses the disordered region (1-134 aa) from the GII.4 Sydney 2012 strain 196 

(Supplementary figure 2).  We first treated BJAB with 10 g/ml of the putative HNoV NS1 197 

protein and evaluated cell proliferation after CFSE and Ki67 staining at 3 dpt by flow cytometry. 198 

NS1 correlated with a lower CFSE signal and increased Ki67 staining that was 2 - 10 times 199 

higher than non-treated BJAB cells (Figure 5A and 5B, Supplementary figure 3A and 3B). B 200 

cell proliferation is typically associated with B cell activation, of which an increase in glucose 201 

uptake, glucose metabolism and oxidative phosphorylation are hallmarks (17). Thus, we next 202 

determined the effect of NS1 treatment on BJAB metabolism. We first analyzed the 203 

transcriptional activation of two genes involved in glucose metabolism, the glucose transporter 204 

GLUT-1 and hexokinase HK-1, which phosphorylates glucose to produce glucose-6-phosphate, 205 

the first step in most glucose metabolic pathways. At 3 dpt with 10 µg/ml of NS1, RNA was 206 

isolated and analyzed by qPCR. GLUT-1 mRNA levels did not significantly change, whereas 207 

HK-1 mRNA expression significantly increased (Figure 5C). Next, we performed a treatment of 208 

BJAB cells for 16 hrs with 1 µg/ml NS1 and analyzed the intracellular ATP levels by Seahorse. 209 

NS1 protein inactivated at 95ºC for 10 minutes was used as a negative control, and cells treated 210 

with 1 µg/ml LPS were used as a control for B cell activation and metabolic reprogramming (18). 211 

NS1 protein treatment correlated with increased levels of oxygen consumption rate (OCR) that 212 

is a measure of mitochondrial oxidative phosphorylation while no significant changes were 213 

observed for extracellular acidification rate (ECAR) that is a measure of glycolysis (Figure 5D). 214 

These data were consistent with previous findings on B cells activation in vitro (17). Last, we 215 

confirmed these metabolic changes by performing liquid chromatography coupled tandem mass 216 

spectrometry (LC/MS)- based metabolomics analysis (19) of BJAB after 16 hrs stimulation with 217 

1 µg/ml of NS1 (Figure 5E). Mannose-1 phosphate and fructose-6 phosphate were two of the 218 
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most significantly altered metabolites. The modest increase of lactate and the high levels of 219 

fructose-6-phosphates and mannose are consistent with published data on upregulation of the 220 

glucose metabolism during B cell activation (18). Together, these data suggest that the viral 221 

protein NS1 induces metabolic changes in B cells that might lead to their proliferation and 222 

activation.  223 

 224 

DISCUSSION  225 

In this study, we sought to determine whether human primary B cells are susceptible of HNoV 226 

infection ex vivo and whether infection has an impact on B cells function. We first demonstrated 227 

that HNoV actively replicates in human B cells, derived either from whole blood PBMCs or from 228 

patient’s spleen and lymph nodes biopsies. Treatment with the nucleoside 2’CMC or type I IFN 229 

abolished HNoV replication, suggesting that B cells are susceptible and permissive to infection. 230 

However, given the low level of increase in viral genome titers or dsRNA, it is possible that 231 

HNoV replication in B cells is defective and can result in abortive infection. We established that 232 

B cells derived from 80-100% of spleen and lymph nodes but only 50-60% of blood donors were 233 

permissive for HNoV replication pointing towards donor-specific determinants of permissiveness 234 

in the latter group. Future studies using paired samples from tissue and blood are needed to 235 

determine whether the susceptibility of B cells from different sites is similar or divergent. In 236 

addition, amongst the permissive blood donors, only 5-10% of primary blood-derived B cells 237 

were positive for viral dsRNA, suggesting that replication of HNoV is limited to a subset of B 238 

cells. We could not define this subset based on the memory marker CD27 and IgD, and further 239 

studies should be designed to define this population after FACS sorting, possibly by means of 240 

RNAseq or cytometry by time of flight (CyTOF). The low percentage of infected cells in the more 241 

homogeneous BJAB model (20) and also in the context of murine norovirus infection in B cells 242 

(7-9% of primary murine B cells [unpublished data] and ~10% of M12 cell line (4))  suggests that 243 

other factors might define the susceptible subset (such as the expression levels of the viral 244 
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receptor, the metabolic state of the cells, etc). Histo-blood group antigens have been identified 245 

as an attachment factor and genetic susceptibility factor for HNoV infection in the intestine (21). 246 

However, analysis of FUT2 expression, the enzyme required for addition of terminal fucose to 247 

carbohydrate chains, in a subset of B cell donors did not correlate with susceptibility (data not 248 

shown). Thus, the specific nature of the susceptibility factor(s) in B cells remains to be identified 249 

in future studies.      250 

The second main finding in our manuscript was the ability of HNoV infection or treatment with 251 

viral proteins, specifically NS1, to drive changes in B cells functional subsets. Interestingly, we 252 

did not observe a specific enrichment or depletion of B cell subsets upon NS1 treatment, 253 

suggesting that additional stimuli are required to engage the B cell receptor (BCR) towards the 254 

differentiation into a functional subset, whereas stimulation with VLPs (via multivalent 255 

engagement of BCR) resulted in a specific increase of unswitched cells. In the more 256 

homogeneous model of BJAB B cells, we further demonstrated that NS1 treatment alone 257 

increases cell proliferation and cellular metabolism, features that are consistent with B cell 258 

activation. Whether replication of HNoV in B cell occurs in vivo remains unresolved. However, 259 

secretion of NS1 from other infected cell types could stimulate proliferation and metabolism of 260 

surrounding B cells. These data suggest a model whereby an enteric virus, through direct 261 

infection or bystander effects, induces changes in the activation profile of B cells and possibly 262 

other immune cells. Activation of B cells in the lamina propria or gut-associated lymphoid tissue 263 

(GALT) could have profound implications for the development of adaptive immune responses 264 

and protection from re-infection. Future studies will be required to test this hypothesis. In 265 

conclusion, our study demonstrates that a proportion of primary B cells is susceptible to HNoV 266 

infection in vitro and highlight a new function for NS1 in B cell activation with implications for 267 

viral pathogenesis.   268 

 269 

MATERIAL & METHODS 270 
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Cell lines, compounds, virus.  BJAB, a EBV-negative transformed B cell line was maintained 271 

in RPMI medium supplemented with 10% FBS, 1 mM L-glutamine and 1 mM 272 

penicillin/streptomycin at 37°C in a 5% CO2 incubator. 2′‐C‐Methylcytidine (2’CMC), an in vitro 273 

inhibitor of HNoV replication was supplied from Sigma-Aldrich. Human IFNβ was purchased 274 

from PBL Assay Science and used at a concentration of 1000 U/ml. IFN neutralizing antibodies 275 

were obtained from PBL Assay Sciences and were used at the following concentrations: anti-276 

IFNα 1:4000), anti-IFNβ (1:4000), anti-IFNβ2 (1:4000), and anti-IFNαβR2 (1:1000). HNoV GII.4 277 

virus-like particles (VLPs) were purchased from The Native Antigen Company, Poly (I:C) was 278 

obtained from Invivogen (tlrl-picwlv). Generation of the plasmid encoding HNoV GII.4 Sydney 279 

NS1-2 full-length protein was previously described (22). GII.4-Sydney and GII.6 HuNoV-positive 280 

stool samples were kindly provided by Dr. Vinje (Centers for Disease Control and Prevention, 281 

USA) and Dr. Karst (University of Florida, USA), respectively. Stool samples were diluted with 282 

PBS to make a 10% (w/v) stock solution. Diluted stool samples were vortexed and centrifuged 283 

at 20,000 x g for 1 min. Supernatants were used for infection.  284 

Primary B cell isolation from whole blood. 30 ml PBS flow-through plasmapheresis filters or 285 

peripheral blood diluted in PBS (1:3) were collected in 50 ml tubes and underlaid with Ficoll-286 

Paque (GE Healthcare). PBMC-containing buffy coat was obtained after centrifugation for 30 287 

min at room temperature at 1200 RCF. After washing, PBMC were incubated with anti-CD19 288 

magnetic beads (MACS, Miltenyi Biotech) in MagSep buffer (PBS-/- supplemented with 0.5% 289 

BSA and 2mM EDTA) for 15 min and washed in MagSep buffer twice before separation by flow 290 

on a magnetic column. The B cell fraction obtained after flow through was resuspended in 291 

maintenance buffer (IMDM supplemented with 10% fetal calf serum, 50ug/ml transferrin, 5ug/ml 292 

mixture of Transferrin/Insulin/Selenium, 15ug/ml of Gentamicin). Cells were cultured in the 293 

presence of previously ɣ-irradiated hCD40L-3T3 cells (23) at a ratio of 1:8.  294 

Infection of blood-derived primary B cells with HNoV. Freshly isolated B cells, or B cells that 295 

were co-cultured with hCD40L-3T3 cells for 2 or 5 days post isolation were infected with HNoV-296 
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positive stool samples of genotype GII.4 or GII.6. Briefly, for freshly isolated B cells, infection 297 

occurred in 1.5 ml tubes for 2h at 37ºC followed by two washes with maintenance medium and 298 

seeding in the presence of ɣ-irradiated hCD40L-3T3 cells. For B cells in culture, HNoV-positive 299 

stool samples of genotype GII.4 or GII.6 was spin inoculated for 30 min at 800 x g at room 300 

temperature followed by two washing with maintenance medium. One batch of B cells was then 301 

harvested immediately after infection (day 0 of infection) with TRI Reagent (Zymo Research) 302 

and the rest of the infected cells were kept in culture for 3 days at 37ºC. Infection was 303 

determined by RT-qPCR as the fold increase of viral genome copies at day 3 vs day 0 of 304 

infection.  305 

Ex-vivo isolation of splenic and lymph node B cell. Spleen and lymph node tissue samples 306 

were collected in compliance with the University of Florida Institutional Review Boards (IRBs) 307 

and protection of human subjects. De-identified biopsies were obtained and mashed in 100 µm 308 

and 70 µm cell strainers inside a Petri dish with 2 ml of PBS supplemented with 2% FBS. Cells 309 

were transferred into a 15 ml conical tube and centrifuged for 5 min at 500 x g. Germinal cells 310 

were resuspended in fresh media for counting while splenocytes were incubated in 1ml of ACK 311 

lysis buffer to remove red blood cells (ThermoFisher A1049201) for 3 min at room temperature 312 

and, after centrifugation, were resuspended in fresh media for counting. After counting, cells 313 

were centrifuged at 500 x g for 15 min at room temperature and were resuspended in RoboSep 314 

buffer for B cells isolation by negative selection with EasySep™ Human B Cell Isolation Kit 315 

(Stemcell Technologies) according to manufacturer’s instructions. After isolation, B cells were 316 

kept in complete culture medium (RPMI containing 10% FBS, Omega Scientific and 317 

supplemented with 1x Pen/Strep, Cellgro), seeded into 48-well plates at a concentration of 1 x 318 

105 cells per well and incubated 37ºC at 5% CO2 overnight to 24 hrs prior to infection. 319 

Infection of germinal or splenic primary B cells with HNoV. HNoV-positive stool sample 320 

were diluted 1:10 in complete culture medium, and 100µl of virus prep was used to infect cells 321 

for 2hrs at 37ºC at 5% CO2. After infection, cells were centrifuged at 750 x g for 7.5 min and 322 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2021. ; https://doi.org/10.1101/2021.05.14.444272doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.14.444272
http://creativecommons.org/licenses/by-nc-nd/4.0/


resuspended in culture media. Wells for day 0 of infection were immediately harvested in TRI 323 

Reagent (Zymo research) for RNA extraction. The remaining wells were incubated at 37ºC for 3 324 

days. For treatment with Type I IFN, immediately after plating, IFN was added to the wells and 325 

cells were incubated for 24 hrs prior to HNoV infection. For treatment with anti-IFN antibodies, 326 

antibodies were added to wells immediately after plating and incubated with cells for 18 hrs prior 327 

to infection. Media supplemented with anti-IFN antibodies was used throughout the infection 328 

and medium with antibodies were refreshed daily. Infection was determined by RT-qPCR as the 329 

fold increase of viral genome copies at day 3 vs day 0 of infection.  330 

Viral quantification by RT-qPCR and host genes qPCR. Viral RNA extraction was performed 331 

with the Direct-zol RNA MiniPrep Plus (Zymogen Research) according to the manufacturer’s 332 

protocol. HuNoV titers were determined by one step RT-qPCR as previously described (24). 333 

Host gene GLUT-1 and HK-1 transcripts were quantified by two step qPCR and normalized to 334 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) with the following primer sets (GLUT-1 335 

F-TCAACACGGCCTTCACTG; GLUT-1 R-CACGATGCTCAGATAGGACATC; HK-1 F-336 

GCACGATGTTCTCTGGGGTG; HK-1 R-CGTCAAGATGCTGCCAACCT; GAPDH F-337 

TGGTTTGACAATGAATACGGCTAC, GAPDH R-GGTGGGTGGTCCAAGGTTTC).  338 

Flow cytometry analysis for B cell functional subsets. HNoV-infected or mock-infected 339 

primary B cells were harvested at selected times post infection in MagSep buffer (PBS 340 

supplemented with 0.5% BSA, 2mM EDTA). Cells were first stained with LIVE/DEAD Fixable 341 

Aqua Dead Cell Stain (Thermo Fisher Scientific) and after washing incubated with surface 342 

markers PerCP/Cy5.5 anti-human CD20 (BioLegend, 302326), PE-CF594 Mouse Anti-Human 343 

CD27 (BD BioScience, 562297) and Pacific Blue™ anti-human IgD (BioLegend, 348224). After 344 

20 min, cells were washed and fixed/permeabilized with the Fixation/Permeabilization Solution 345 

Kit (BD Bioscience, 554714) according to manufacturer’s instructions. Next, cells were stained 346 

with the anti-double-stranded (ds) RNA antibody (J2, Scicons) -previously biotinylated with EZ-347 

Link™ Micro NHS-PEG4-Biotinylation Kit (ThermoFisher 21955) to increase specificity and 348 
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sensitivity of the assay- and with the APC/Cy7 streptavidin antibody (BioLegend, 405208). Data 349 

was acquired with BD Fortessa and analyzed by using FlowJo. Compensation was performed 350 

on uninfected BJAB.  351 

NS1 protein purification. The putative NS1 region (1-134aa) of the HNoV NS1 from the GII.4 352 

Sydney 2012 strain (Accession no. JX459908.1) was expressed in Trichoplusia ni insect cells 353 

using the commercial recombinant baculovirus system, Flashback Ultra (Oxford Expression 354 

Technologies). The expression construct contained a N-terminal His-Strep II tag, a spidroin NT* 355 

solubility tag (25), an enterokinase cleavage site and a flexible linker GGSRS adjacent to HNoV 356 

NS1 (Supplementary figure 2). Following expression at 27°C for 3 days, the cells were lysed in 357 

50 mM NaH2PO4.2H2O pH 8, 300 mM NaCl, 10% glycerol buffer containing 1% Triton X-100. 358 

The protein was purified on Streptactin XT superflow beads (IBA Lifesciences) and eluted with 359 

50 mM NaH2PO4.2H2O pH 8, 300 mM NaCl, 50 mM Biotin. The protein was buffer exchanged 360 

into enterokinase cleavage buffer (20 mM Tris pH 8, 50 mM NaCl, 2 mM CaCl2) and cleaved 361 

using bovine enterokinase (EK, NEB) at 16U/mg protein for 4 hrs. The EK was removed using 362 

soybean trypsin inhibitor agarose (Sigma) and the cleaved NT* tag was removed using Ni-NTA 363 

resin. The purified HNoV NS1 protein was then buffer exchanged into 20 mM citrate phosphate 364 

buffer pH6.1, 150 mM NaCl and stored at -80°C. 365 

BJAB proliferation assay. 106 BJAB were washed with PBS-/-, resuspended in a PBS solution 366 

containing Cell Trace CFSE (Thermo Fisher C34554) and incubated for 20 min at 37°C. Next, 367 

cells were washed twice, resuspended in complete RPMI and treated or mock-treated with NS1 368 

protein. At selected time points, cells were harvested in MagSep buffer, fixed/permeabilized with 369 

the Fixation/Permeabilization Solution Kit (BD Bioscience, 554714) and stained with the Alexa 370 

Fluor® 647-conjugate Ki-67 (D3B5) antibody (Cell Signaling, 12075S). Data was acquired with 371 

BD Fortessa and analyzed by using FlowJo. CFSE staining was measured by integrated 372 

intensity. The Ki-67 gate was defined on the non-treated BJAB to include <10% proliferating 373 

cells. 374 
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Agilent Seahorse XF Real-Time ATP Rate Assay.  The XF ATP Rate Assay (Agilent 103592-375 

100) was used per the manufacturer’s instructions. Briefly, BJAB (5x104 cells/well) were plated 376 

in 96 well plate in 80 mL of RPMI and treated with LPS (1ug/ml), NS1 protein (1ug/ml) or heat-377 

inactivated NS1 protein (95ºC for 10 minutes). 16 hrs after treatment, cells were transferred in a 378 

Cell Tak-coated Seahorse plate and allowed to adhere by centrifugation at 500 x g for 3 min. 379 

Cells were then washed 1X with 200 mL warm ATP Assay Medium prepared per protocol 380 

(Agilent XF DMEM Medium pH 7.4 (103757-100); 10 mM XF Glucose; 1 mM XF Sodium 381 

Pyruvate; 2 mM XF L-Glutamine) and then fresh ATP Assay medium was added for a final well 382 

volume of 180 mL. Cells were incubated at 37°C (non-CO2) for 30 minutes and ATP rate was 383 

quantified by using the Seahorse XFe96 Extracellular Flux Analyzer. Data were analyzed in the 384 

Agilent ATP Assay Report Generator and statistics were analyzed in Prism 7.0. 385 

Metabolomics analysis of intracellular metabolites. BJAB (106 cells/well) were plated in 1ml 386 

of RPMI in 12-well plates and treated with LPS (1 μg/ml) or NS1 (1 µg/ml) for 16 hrs at 37oC. 387 

After incubation, BJAB were collected by centrifugation at 500 x g for 5 minutes at 4oC. The cell 388 

pellets were resuspended in ice-cold 80% methanol and kept at -80oC for 10 minutes. 389 

Supernatants were collected following centrifuge at the highest speed for 5 minutes at 4oC. 390 

Metabolites were dried at 4oC using a speedvac. Metabolite pellets were re-constituted in 50uL 391 

of 50% methanol and 40 µL was transferred to an auto-sampler glass vial for untargeted LC-MS 392 

analysis. Samples were run on an Agilent 1290 Infinity II LC -6470 Triple Quadrupole (QqQ) 393 

tandem mass spectrometer (MS/MS) system with the following parameters: Agilent 394 

Technologies Triple Quad 6470 LC-MS/MS system consists of the 1290 Infinity II LC Flexible 395 

Pump (Quaternary Pump), the 1290 Infinity II Multisampler, the 1290 Infinity II Multicolumn 396 

Thermostat with 6 port valve and the 6470 triple quad mass spectrometer. Agilent Masshunter 397 

Workstation Software LC/MS Data Acquisition for 6400 Series Triple Quadrupole MS with 398 

Version B.08.02 is used for compound optimization, calibration, and data acquisition. 399 
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LC: 2uL of sample was injected into an Agilent ZORBAX RRHD Extend-C18 column (2.1 × 150 400 

mm, 1.8 um) with ZORBAX Extend Fast Guards. The LC gradient profile is as follows, solvent 401 

conditions below. 0.25 ml/min, 0-2.5 min, 100% A; 2.5-7.5 min, 80% A and 20% B; 7.5min-13 402 

min 55% A and 45% B; 13min-24 min, 1% A and 99% B; 24min-27min, 1% A and 99% C; 403 

27min-27.5min, 1% A and 99% C; at 0.8 ml/min, 27.5-31.5 min, 1% A and 99% C; at 0.6 ml/min, 404 

31.5-32.25min, 1% A and 99% C; at 0.4 ml/min, 32.25-39.9 min, 100% A; at 0.25 ml/min, 40 405 

min, 100% A. Column temp is kept at 35ºC, samples are at 4ºC. 406 

Solvents: Solvent A is 97% water and 3% methanol 15 mM acetic acid and 10 mM tributylamine 407 

at pH of 5. Solvent B is 15 mM acetic acid and 10 mM tributylamine in methanol. Washing 408 

Solvent C is acetonitrile. LC system seal washing solvent 90% water and 10% isopropanol, 409 

needle wash solvent 75% methanol, 25% water. Solvents were purchased from the following 410 

vendors: GC-grade Tributylamine 99% (ACROS ORGANICS), LC/MS grade acetic acid Optima 411 

(Fisher Chemical), InfinityLab Deactivator additive, ESI –L Low concentration Tuning mix 412 

(Agilent Technologies), LC-MS grade solvents of water, and acetonitrile, methanol (Millipore), 413 

isopropanol (Fisher Chemical). 414 

MS: 6470 Triple Quad MS is calibrated with the Agilent ESI-L Low concentration Tuning mix. 415 

Source parameters: Gas temp 150ºC, Gas flow 10 l/min, Nebulizer 45 psi, Sheath gas temp 416 

325ºC, Sheath gas flow 12 l/min, Capillary -2000 V, Delta EMV -200 V. Dynamic MRM scan 417 

type is used with 0.07 min peak width, acquisition time is 24 min. Delta retention time of plus 418 

and minus 1 min, fragmentor of 40 eV and cell accelerator of 5 eV are incorporated in the 419 

method. 420 

Data Analysis: The MassHunter Metabolomics Dynamic MRM Database and Method was used 421 

for target identification. Key parameters of AJS ESI were: Gas Temp: 150ºC, Gas Flow 13 l/min, 422 

Nebulizer 45 psi, Sheath Gas Temp 325ºC, Sheath Gas Flow 12 l/min, Capillary 2000 V, Nozzle 423 

500 V. Detector Delta EMV(-) 200. The QqQ data were pre-processed with Agilent MassHunter 424 
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Workstation QqQ Quantitative Analysis Software (B0700). Each metabolite abundance level in 425 

each sample was divided by the median of all abundance levels across all samples for proper 426 

comparisons, statistical analyses, and visualizations among metabolites.  427 
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Figure legend  530 

Fig 1. HNoV replicates in primary B cells and replication is restricted by interferon. A) 531 

Primary B cells were extracted from whole blood and infected with GII.4 and GII.6 positive stool 532 

sample in 1.5ml tubes. One hour after adsorption, cells were washed and incubated for 3 days 533 

at 37ºC in co-culture with hCD40L-3T3. Graph represents the fold increase in viral genome 534 

copies obtained by RT-qPCR of 3 dpi vs 0 dpi. Each dataspoint represent a biological replicate 535 

(different blood donor) B) Primary B cells were infected with GII.4 and GII.6 positive stool 536 

sample in the presence of 2’methyl cytidine (2’CMC). Graph represent fold increase in viral 537 

genome copies. Each dot is a single biological replicate. C) Primary B cells were isolated from 538 

spleen and lymph nodes of patients’ biopsies. The graph represents the fold increase in viral 539 

genome copies. Each dot is a single biological replicate (single donor), that is average of three 540 

technical replicates D) Primary B cells from spleen and BJABs were treated with IFNβ prior to 541 

infection with HNoV-positive stool samples. F) Primary B cells from spleen were treated with 542 

anti-IFN antibodies prior to and through the duration of infection with HNoV-positive stool.  For D 543 

and F, each dot represents a technical replicate of infection. The dashed line represents the 544 

threshold of 3-FI, indicative of viral replication.  545 

Fig 2. HNoV infects more efficiently freshly isolated B cells. A) Whole-blood derived B cells 546 

were infected with GII.6 HNoV-positive stool sample at the moment of isolation or after 2 or 5 547 

days of co-culture with hCD40L-3T3 cells. Graph represents the fold increase in viral genome 548 

copies obtained by RT-qPCR of 3dpi vs day 0 dpi. Cell viability was determined on uninfected 549 

cells by flow cytometry, as a percentage of Live/dead negative after staining with LIVE/DEAD 550 

Fixable Aqua Dead Cell Stain. Each data-point in the graph indicates a biological replicate from 551 

one donor (day 0, N=11, day 2 and day 5, N=8). Statistics were run on GraphPad Prism and the 552 

day 5 group is statistically different then day 0 group by Mann-Whitney test, p=0.035 B) Primary 553 

B cells from various donors were subjected to flow cytometry analysis after isolation (day 0, 554 
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N=10) and at day 2 (N=5) and day 5 (N=5) of co-culture with hCD40L-3T3 cells. Percentage of 555 

CD27- IgD+ (naive), CD27+IgD- (memory switched), CD27+IgD+ (memory unswitched) and CD27-556 

IgD- (double-negative) was calculated with FlowJo software and represent average, SD of 5-10 557 

independent experiments.  558 

Fig. 3 HNoV tropism is not restricted to a specific B cell subset. A) Freshly isolated primary 559 

B cells were infected or mock-infected with GII.6 positive stool sample and harvested at 3 dpi for 560 

flow cytometry analysis after staining with LIVE/DEAD Fixable Aqua Dead Cell Stain, 561 

PerCP/Cy5.5 anti-human CD20, PE-CF594 Mouse Anti-Human CD27, Pacific Blue™ anti-562 

human IgD and biotynilated-dsRNA (J2) for the detection of infected cells. B cells were also 563 

infected in parallel for to determine fold increase (FI) of viral replication by RT-qPCR. The graph 564 

shows the percentage of ds-RNA+ cells of infected B cells. Each data point is an independent 565 

biological replication from a different donor. Permissive donors were defined according to 3-FI 566 

or greater as defined by RT-qPCR. B) Representative flow plots of infected and mock-infected 567 

permissive and non-permissive donors. C) Percentage of ds-RNA+ cells in the different 568 

functional B cell subsets. The dsRNA+ gate was arbitrarily defined on the HNoV-infected non-569 

permissive donors to include <1% event. Percentage are calculated in the infected gate (4-10% 570 

of total B cell). Each datapoint on the graph represents an independent biological replicate of 571 

N=5 different permissive donors. Average and SD are also depicted.    572 

Fig. 4 HNoV infection or treatment with selected viral proteins induce changes in B cell 573 

functional subsets distribution. A) Changes in B cell subsets expressed as a ratio of 574 

percentages in HNoV-infected vs non-infected (Mock). Permissive (N=10) and non-permissive 575 

(N=8) donors were defined according to FI of viral replication. Values close to 1 represent no or 576 

little changes, values >1 represents increase and values <1 represents decrease in percentage 577 

of cells for each sub-population, respectively. B) Changes in B cell subsets upon treatment with 578 

IL4 (20ng/ml) for 3 days, expressed as a ratio of treated vs non-treated (Mock). C) Changes in B 579 

cell subpopulation 3dpt with HNoV virus-like particles (VLPs, 1µg/ml), Poly (I:C) and HNoV NS1-580 
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2 mRNA (1µg), expressed as a ratio of treated vs non-treated (Mock). Violin plots depicts mean, 581 

interquartile and each dot represents an independent biological replicate (single donor).  582 

Fig. 5 NS1 treatment enhances BJAB proliferation and metabolism. A, B) BJAB cells were 583 

stained with CFSE and treated (or mock-treated) with HNoV NS1 protein (10µg/ml) for 3 days. 584 

BJAB were harvested by fixation/permeabilization and stained with Ki-67. Cells were analyzed 585 

by flow cytometry with BD Fortessa and FlowJo software. Each data point represents a 586 

technical replicate from N=4 independent biological experiments. C) BJAB cells were treated 587 

with HNoV NS1 protein (10µg/ml) for 3 days. GLUT-1 and HK-1 mRNA were quantified by 588 

qPCR. GAPDH was used as an internal control. Each data point represents the mRNA fold 589 

increase over non-treated BJAB and it is a technical replicate from N=4 independent biological 590 

experiments. D) BJAB cells were treated with HNoV NS1 protein (1µg/ml), NS1 protein 591 

inactivated at 95ºC for 10 minutes and LPS (1µg/ml) for 16hrs. 5x104 BJAB cells/well were 592 

transferred in a Seahorse 96-well plate, washed with assay medium twice and kept in a non-593 

CO2 incubator for 40 minutes. Cellular ATP was quantified with Seahorse XFe96 Extracellular 594 

Flux Analyzer. Data were plotted with Agilent ATP Assay Report Generator. Graphs represents 595 

average + SD of N=5 biological replicates (with at least 3 technical replicate, each). OCR= 596 

oxygen consumption rate (mitochondrial OXPHOS), ECAR= extracellular acidification rate 597 

(glycolysis). E-F) 106 BJAB cells were treated with HNoV NS1 protein (1µg/ml) for 16hrs. Cells 598 

were harvested and metabolites were collected in 80% ice-cold ethanol followed by snapshot 599 

metabolomics analysis. E) Volcano plot where x-axis represents log2FoldChange of NS1 600 

treated vs NT control cells and y-axis represents –log10 of the p-value. F) Heat-map of 601 

metabolites significantly upregulated (red) and downregulated (blue) in the NS1 condition vs 602 

non-treated. The three technical replicates are shown in the heat-map.   603 
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