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We have shown previously that rotavirus (RV) can infect murine intestinal B220� cells in vivo (M. Fenaux,
M. A. Cuadras, N. Feng, M. Jaimes, and H. B. Greenberg, J. Virol. 80:5219–5232, 2006) and human blood B
cells in vitro (M. C. Mesa, L. S. Rodriguez, M. A. Franco, and J. Angel, Virology 366:174–184, 2007). However,
the effect of RV on B cells, especially those present in the human intestine, the primary site of RV infection,
is unknown. Here, we compared the effects of the in vitro RV infection of human circulating (CBC) and
intestinal B cells (IBC). RV infected four times more IBC than CBC, and in both types of B cells the viral
replication was highly restricted to the memory subset. RV induced cell death in 30 and 3% of infected CBC
and IBC, respectively. Moreover, RV induced activation and differentiation into antibody-secreting cells (ASC)
of CBC but not IBC when the B cells were present with other mononuclear cells. However, RV did not induce
these effects in purified CBC or IBC, suggesting the participation of other cells in activating and differentiating
CBC. RV infection was associated with enhanced interleukin-6 (IL-6) production by CBC independent of viral
replication. The infection of the anti-B-cell receptor, lipopolysaccharide, or CpG-stimulated CBC reduced the
secretion of IL-6 and IL-8 and decreased the number of ASC. These inhibitory effects were associated with an
increase in viral replication and cell death and were observed in polyclonally stimulated CBC but not in IBC.
Thus, RV differentially interacts with primary human B cells depending on their tissue of origin and differ-
entiation stage, and it affects their capacity to modulate the local and systemic immune responses.

Rotaviruses (RV) are the main cause of severe gastroenter-
itis in infants and are responsible for the death of approxi-
mately 600,000 young children annually around the world (54
and http://www.who.int/immunization monitoring/burden/rota-
virus estimates/en/). At present, two live attenuated vaccines
are licensed for use in humans, and both vaccines are highly
protective against severe disease in developed countries (60,
69). However, these oral vaccines induce lower levels of pro-
tection in children from developing countries, suggesting that
the improvement of these vaccine or the development of new
RV vaccines is warranted (32). Although the RV immune
response has been extensively studied in both animals and
humans, the immune factors that correlate with protection for
natural infection or vaccination in people remain unclear, and
this is an important obstacle for the development of the next
generation of RV vaccines (2, 25).

B cells play a critical role in the RV immune response, and
both intestinal and systemic immunoglobulins (Ig) are associ-
ated with protection (25). For example, in the murine model,
B-cell- but not T-cell-deficient mice are unable to establish
long-lasting protective immunity against RV reinfection (26).
The interaction of RV with B cells has been shown to be

peculiar in many ways: the structural viral protein VP6 binds to
an important fraction of human naive B cells via surface Ig (55,
58), and VP6 memory B cells (mBC) are enriched in the
CD27� IgG� (58) and CD27� IgM� subsets (66). VP6-specific
naive B cells and, to a lesser extent, the mBC predominantly
use the VH1-46 gene segment (66). Moreover, a massive T-
cell-independent B cell activation and humoral response can
be detected in vivo after oral RV infection in mice (10). How-
ever, the activation of these cells is probably viral strain de-
pendent, since simian rhesus RV (RRV), but not bovine WC3
RV, has been shown to polyclonally stimulate a total antibody-
secreting cell (ASC) response in intestinal organ fragment
cultures (44). Although the principal immune function of B
cells has been associated with the production of Ig, recent
reports show that these cells also can play an important role in
modulating the immune response independently of Ig through
the production of cytokines like tumor necrosis factor alpha
(TNF-�), interleukin-6 (IL-6), and IL-10 and their related
potential function as antigen-presenting cells (3, 18, 31, 67).

We and others have shown that RVs undergo systemic, ex-
traintestinal replication in both immunodeficient and wild-type
mice (16, 24). In addition, a significant antigenemia and vire-
mia is seen in most acutely infected children (8, 9). In partic-
ular, we have shown the in vivo replication of homologous and
heterologous RV strains in B220� cells (a marker expressed by
B cells or plasmacytoid dendritic cells [pDC]) obtained from
murine mesenteric lymph node (24), and recently we also dem-
onstrated that approximately 10% of primary human circulat-
ing B cells (CBC) are targets of RV infection in vitro (49).
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These results suggest that RV has the ability to replicate in
primary cells other than intestinal epithelial cells, and that B
cells likely represent an important component of this group of
RV-permissive nonepithelial cells. However, the detailed anal-
ysis of the RV infection of B cells and the consequences this
event may have on the B cells themselves, as well as on the
immune response in general, has not been undertaken. In this
work, we examined if RV has a differential capacity to infect
human B cell subsets or B cells derived from blood and intes-
tine and the effect of RV infection on the function of these B
cells, which could have a potential impact on the human anti-
viral immune response.

MATERIALS AND METHODS

Isolation of human B cells from blood and intestine. Deidentified buffy coats
from healthy donors were provided by the Stanford University blood bank.
Peripheral blood mononuclear cells (PBMC) were isolated by density gradient
with Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden). Cells were washed
twice with RPMI medium supplemented with 10% fetal bovine serum (FBS),
L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 �g/ml). All
reagents were from Gibco-BRL, Gaithersburg, MD (complete medium). For
most of the experiments, CBC were purified by positive selection using anti-
CD19-labeled magnetic microbeads (Miltenyi Biotec, Auburn, CA). For the
experiments in which phenotypic changes to CBC were studied, negative selec-
tion by rosette formation was used (StemCell Biotech, Vancouver, Canada). The
median purity of CD19� cells after positive or negative selection was 94 (range,
90 to 97%) and 89% (range, 84 to 94%), respectively.

Deidentified sections of human jejunum were obtained from patients under-
going bariatric surgery as treatment for obesity as approved by the Institutional
Review Board of Stanford University. Intestinal mononuclear cells (IMC) were
isolated by enzyme digestion, filtration, and density gradient centrifugation as
previously described by others (63, 64). After resection, the jejunal sections
(approximately 150 g) were maintained in a sterile container on ice and phos-
phate-buffered saline (PBS) (Cellgro, Herndon, VA). All samples were pro-
cessed within 2 h of surgery. The sections were washed five times with sterile
Ca2�- and Mg2�-free PBS to exclude most of the circulating erythrocytes and
leukocytes and to reduce sample contamination. Fatty tissue and peritoneal
membranes were resected. Samples were cut into 0.3- and 0.5-cm2 sections. To
remove epithelial cells, samples were washed twice at 37°C for 10 min with slow
agitation. The first wash was with RPMI supplemented with 2% FBS, 100 U/ml
penicillin, 100 �g/ml streptomycin, 1 �g/ml fungizone (Gibco), and 1 mM EDTA
(Gibco) plus 200 �g/ml of dithiothreitol (DTT) (Sigma-Aldrich, St. Louis, MO),
and the second wash was with the same medium but without DTT. After the
second wash, the sample was recovered in RPMI plus 10% FBS and kept on ice
for 5 min. A volume of 10 ml of sample then was mixed with 15 ml of RPMI
supplemented with 10% FBS, 100 U/ml penicillin, 100 �g/ml streptomycin, 1
�g/ml fungizone, 3.2 mg/ml collagenase type IA (Sigma-Aldrich), and 0.2 mg/ml
DNase (DNAsa, Roche, NJ) (digestion medium). The sample was incubated
with the digestion medium for 15 min at 37°C with gentle mixing every 5 min.
After digestion, cells were collected on ice using a metallic filter, and the enzy-
matic process was stopped with the addition of 20 ml of RPMI plus 10% FBS.
The intestinal samples underwent six to nine digestion rounds (according to the
sample size). Finally, the cells obtained were washed with RPMI plus 10% FBS
and filtrated through a 100-�m membrane (BD Bioscience, San Jose, CA). To
isolate IMC, a Percoll (GE Healthcare, Uppsala, Sweden) density gradient was
performed. Cells obtained from the digestion process were washed and centri-
fuged, and the pellet was resuspended in 20% Percoll. Subsequently, a 40 to 80%
Percoll gradient was deposited from the bottom of the tube. This Percoll gradient
was centrifuged at room temperature for 30 min at 850 � g without braking. The
top layer of epithelial cells was removed, and IMC were carefully collected and
washed twice with RPMI plus 10% FBS and then filtered through a 40-�m
membrane (BD Bioscience). Intestinal B cells (IBC) were purified by positive
selection with anti-CD19 microbeads (Miltenyi Biotec) by following the manu-
facturer’s protocol. Similarly to CBC, when the RV-induced phenotypic effects
on B cells were evaluated, IBC were isolated by negative selection (StemCell,
Vancouver, Canada). To remove contaminant epithelial cells present after den-
sity gradient separation, an anti-CD104-phycoerythrin (PE) �4 integrin chain
expressed exclusively by epithelial and endothelial cells (28), followed by anti-PE
microbeads, were included in the negative selection procedure. The median

purity of intestinal CD19� cells was 89 (range, 79 to 93%) and 81% (range, 73
to 90%) after positive and negative selection, respectively.

Production and inactivation of RV. The vaccine strain RRV (G3 P[3]) and
human virus Wa (G1 P1A[8]) were used to infect circulating and intestinal
human B cells. Viruses were produced in MA104 cells as previously described
(26, 52), with minor modifications. Briefly, a semiconfluent monolayer of MA104
cells was washed three times with serum-free medium and infected at a multi-
plicity of infection (MOI) of 10 during 1 h at 37°C. The viral inoculum for RRV
was removed, but for Wa it was maintained, and serum-free medium with 2
�g/ml trypsin was added. To produce mock-infected cells, the same process was
performed without virus. The titer of the virus was determined with MA104 cells
as previously described (52).

The chemical inactivation of RRV was done using UV-psoralen (Sigma-Al-
drich) as previously described (33). In short, psoralen was added at a concen-
tration of 40 �g/ml. The virus then was placed in ice at a distance of 10 cm and
irradiated with high-intensity long-wavelength UV light for 40 min. After this
process, less than 10 FFU/ml of RRV was detected. The antigenicity of psoralen-
inactivated RRV (iRRV) was tested by measuring the binding capacity of mono-
clonal antibodies (MAb) against VP6 (1E11 MAb) and trimeric VP7 (159 MAb).

Detection of viral infection and replication in B cells. B cell infection was
carried out as previously described (49, 52). In general, 0.5 � 106 to 1 � 106 B
cells were washed three times with serum-free complete medium and then
infected with RRV or Wa at an MOI of 5. Cells were incubated for 45 min at
37°C and washed twice to remove the excess virus, and then they were cultured
in complete medium to determine infection by flow cytometry and in serum-free
medium to detect viral replication by enzyme-linked immunosorbent assay
(ELISA) and MA104 titration at different times postinfection. The RV infection
was detected following the expression of intracellular nonstructural protein
NSP2 using a MAb against NSP2 previously characterized in our laboratory
(MAb 191) (5, 62) and commercially labeled with allophycocyanin (APC) (Chro-
moprobe Company, http://chromoprobe.com). Briefly, 10 h postinfection (hpi) B
cells were washed with PBS–0.5% bovine serum albumin (BSA), 0.02% azide
(staining buffer), resuspended, and stained with anti-CD19 PE-Cy7 (SJ25C1
clone), anti-CD20 APC-H7 (L-27 clone), anti-IgD fluorescein isothiocyanate
(FITC) (IA6-2 clone), and anti-CD27 PE (MT271 clone). For IBC, anti-CD38
peridinin chlorophyll protein (PerCP)-Cy5.5 (HIT2 clone) also was included to
analyze the RV effect on ASC. All antibodies were purchased from BD Bio-
science unless otherwise noted. B cells were incubated during 30 min and then
fixed and permeabilized using Cytofix/Cytoperm (BD Bioscience) by following
the manufacturer’s protocol. To block the Fc� receptors, an FcR blocking re-
agent from Miltenyi Biotec was added for 5 min at room temperature. The cells
then were stained with 0.5 �g/test anti-NSP2 APC and incubated for 30 min at
4°C. Finally, the cells were washed and resuspended in 300 �l of Perm/Wash (BD
Bioscience). iRRV was used as an infection control, and an isotype control for
anti-NSP2 was used as the staining control for infected B cells. In some exper-
iments, simultaneous intracellular staining with 0.8 �g/test of anti-VP6 PE (MAb
1E11) (Chromoprobe Company) was used. Approximately 20,000 cells were
acquired using a FACS Aria II or LSR II cytometer and DIVA software (BD,
San Jose, CA).

To determine if B cell infection was productive, the number of viral particles
and the relative quantity of VP6 in the supernatant of cell cultures collected 2
and 24 h postinfection was measured by the titration of MA104 cells and ELISA,
respectively, as described previously (52).

Sorting of purified infected B cell subsets. At least 30 million bead-purified
CBC were mock or RRV infected as described above. Immediately after infec-
tion, cells were stained with anti-CD19, anti-CD27, and anti-IgD and sorted by
fluorescence-activated cell sorting (FACS) using a FACS ARIA II (BD). At least
50,000 cells of each of the four subsets of B cells were isolated: CD27� IgD�

(naïve), CD27� IgD� (switch memory), CD27� IgD� (IgM memory) (45), and
CD27� IgD� (recently described as a CD27� mBC [23, 71]). Typically, the
least-frequent subset was CD27� IgD� (71). Close to 2,000 cells of each purified
subset were acquired in the FACS to verify the degree of purity (see the post-sort
purity column in Fig. 2A). Approximately 50,000 cells of each subset were
cultured for 10 h and then stained with anti-CD19, anti-CD27, anti-IgD, and
anti-NSP2 antibodies. A total of 5,000 to 10,000 cells were acquired to identify
the percentage of RV NSP2� cells in mock- or RV-infected cells (see the 10-hpi
column in Fig. 2A).

Cellular viability analysis. The viability of RV-infected B cells was evaluated
using trypan blue exclusion and flow cytometry. Ten hours after infection, cells
were collected and a small fraction of them was used for trypan blue staining.
The remaining cells were washed twice, resuspended in sterile PBS, and stained
with Aqua-Fluorescent reactive dye (Invitrogen, Carlsbad, CA) by following the
manufacturer’s protocol. Cells then were stained with anti-CD19, anti-CD20,
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anti-CD27, anti-IgD, and intracellular anti-NSP2, as described above. In some
experiments viability changes were detected using a commercial kit (APOPTEST-
FITC; Dako Cytomation) that includes staining for annexin V and propidium
iodide (PI). B cells treated with a high dose (80 �M) of etoposide (Calbiochem,
San Diego, CA) were used as a fast (10 h) B cell death inductor (positive
control).

Study of activation markers in B cells. Negatively purified CBC and IBC cells
were mock infected or were infected with iRRV or RRV. Cells stimulated with
50 �g/ml lipopolysaccharide (LPS) (Sigma), 3 �g/ml CpG 2006 (Invivogen), or 10
�g/ml anti-B-cell receptor (anti-BCR) [F(ab�)2 goat anti-human IgA, IgG, and
IgM from Jackson Immunoresearch] were used as positive controls. Twelve
hours after infection, cells were washed and incubated with anti-CD19 PE-Cy7
(SJ25C1), CD69 APC (FN50 clone), CD40 PE (5C3 clone), CD86 FITC (FUN-1
clone), and HLA-DR APC-Cy7 (L243 clone) for 30 min at 4°C. Finally, cells
were washed and fixed with 1% paraformaldehyde (Electron Microscopy Sci-
ences, Washington, PA). Paired PBMC or IMC, from which the B cells were
obtained and which were similarly treated, were stained at the same time. For
these experiments, mock-infected CBC or IBC were used as controls.

Two-color ELISPOT assay. Total ASC were measured by enzyme-linked im-
munospot (ELISPOT) assay as described previously (61). Briefly, 96-well plates
(Immobilon P membrane; MAIPN4510; Millipore, Billerica, MA) were coated
with affinity-purified goat anti-human IgA-IgG-IgM (H�L) (KPL, Gaithersburg,
MD) at a concentration of 4 �g/ml in PBS. Plates were coated with PBS as a
negative control. Plates were incubated overnight at 4°C and blocked for 2 h at
37°C with complete medium prior to use. PBMC, CBC, and polyclonally stimu-
lated CBC were mock infected or were infected with iRRV, RRV, or 10 �g/ml
polymyxin B-treated RRV and cultured for 5 days. The virus was maintained
during the culture period. Cells then were suspended in complete medium
containing 6.3 �g/ml of peroxidase-conjugated goat anti-human IgA antibody
(Sigma, St. Louis, MO) and 0.5 �g/ml of phosphatase-conjugated goat anti-
human IgG (H�L) antibody (KPL) and distributed into ELISPOT assay plates,
prepared as described above, and incubated for 4 h at 37°C in a CO2 incubator.
Plates were washed with PBS and developed with an AEC substrate kit for
peroxidase (Vector, Burlingame, CA) and subsequently developed with a blue
alkaline phosphatase substrate kit (Vector). Human IgA ASC were visualized as
red spots and IgG ASC as blue spots in the same wells. The quantity of ASC per
well was determined by counting the spots under a dissecting microscope, and
the quantity reported is the average count. Background ASC detected in the
wells coated with PBS were subtracted from the quantity of total ASC. To report
the number of ASC/106 B cells in whole PBMC (see Fig. 4B and C), the
frequency of CD19� cells was determined by flow cytometry.

Polyclonal stimulation of B cells. Purified CBC and IBC were washed with
serum-free medium twice. A total of 1 � 106 cell/ml were stimulated with 10
�g/ml anti-BCR [F(ab�)2 goat anti-human IgA, IgG, and IgM from Jackson
Immunoresearch], 50 �g/ml LPS (Sigma-Aldrich), or 3 �g/ml CpG 2006 oligode-
oxinucleotide (Invivogen). After 30 min of incubation at 37°C, CO2 5%, B cells
were washed and infected as described above. All polyclonal stimuli were main-
tained during the culture period. After 10 hpi, B cells were washed and stained
to detect intracellular NSP2. In some experiments the stimulation was applied
after and not prior to infection.

Measurement of cytokines in B-cell culture supernatants. To quantify cyto-
kines present in the supernatants of infected CBC and IBC cultures, 72 hpi the
supernatants were frozen and stored at �70°C. IL-1�, IL-6, IL-8, IL-10, IL-
12p70, and TNF-� were detected using a BD cytometric bead array (CBA)
human inflammation kit (BD Bioscience) by following the manufacturer’s in-
structions.

Detection of RV-specific cytokine producing circulating and intestinal T cells.
The frequency of RV-specific CD4� and CD8� circulating and intestinal T cells
was determined as previously described (39, 52). Briefly, 2 � 106 PBMC or IMC
were mock or RRV (MOI, 7) infected or treated with the superantigen staphy-
lococcal enterotoxin B (SEB; Sigma-Aldrich) as a positive control (1.25 �g/ml).
Anti-CD28 (0.5 �g/ml) and anti-CD49d (0.5 �g/ml) MAbs (Pharmingen, San
Diego, CA) were added to each sample as costimulators for 10 h, the last 5 h in
the presence of 10 �g/ml brefeldin A (Sigma-Aldrich). The cells were washed
and stained with the following antibodies: anti-CD3 Alexafluor 700 (UCHT-1
clone), anti-CD8 Pacific Blue (RPA-T8 clone), anti-CD4 PerCP-Cy5.5 (SK3
clone), anti-CD69 APC (FN50 clone), anti-IFN-� PE-Cy7 (4S.B3 clone), anti-
IL-10 PE (JES3-19F1 clone), anti-TNF-� FITC (Mab11 clone), and anti-IL-2
FITC (5344.111 clone). To exclude dead cells, Aqua-Fluorescent reactive dye
(Invitrogen) was added to PBMC and IMC at the beginning of the staining as
described above.

To evaluate the potential role of B cells as antigen-presenting cells in this short
in vitro memory T-cell assay, a fraction of PBMC or IMC was depleted of B cells

using anti-CD19 microbeads (Miltenyi) and stimulated as describe above for
unfractionated cells. The efficiency of B cell depletion in PBMC or IMC was
�98%. After depletion, the cytokine staining was done as described above.

Statistical analysis. Flow cytometry analysis was performed using FlowJo
software (Treestar Inc., Ashland, OR). Statistical analysis was performed with
SPSS (Chicago, IL) software, version 17.0, using nonparametric tests. Differences
between independent groups were evaluated with Mann-Whitney tests. Differ-
ences between paired results were compared with the Wilcoxon test. Significance
was established at P 	 0.05. Data are shown as medians and ranges unless
otherwise noted. For the statistical analysis of studies that quantified cytokines by
CBA (see Fig. 5), values below the limit of the sensitivity of the assay were
assigned a value of half the sensitivity limit of the assay for each cytokine.

RESULTS

RV preferentially infects human IBC. To determine if RV
differentially infects human CBC and IBC, purified B cells
from adult blood donors or independently from patients un-
dergoing bariatric surgery were mock infected or infected with
iRRV, RRV, or Wa at an MOI of 5. The intracellular expres-
sion of NSP2 was evaluated by flow cytometry at different times
postinfection. Comparable frequencies of RV-infected CBC
were seen after anti-NSP2 (MAb 191) or anti-NSP4 (MAb
B4-2) staining (n 
 2; data not shown), and subsequently only
NSP2 staining was employed. No NSP2� cells were detected 2
hpi in two and one experiments with CBC and IBC, respec-
tively (data not shown). In contrast, significant frequencies of
NSP2� cells were detected in RRV- and Wa-infected but not
mock- or iRRV-infected cells 10 hpi (Fig. 1A). IBC were 4-fold
more likely to support viral replication than CBC (P 	 0.0001,
Mann-Whitney test). Significant Wa infection occurred at
lower levels than those for RRV in both CBC and IBC. Al-
though no statistical difference was found between intestinal
and circulating NSP2� cells infected with Wa (P 
 0.09, Mann-
Whitney test), a tendency for higher levels of infection in IBC
was seen (Fig. 1A). To confirm these results, CBC and IBC
obtained from the same volunteer were infected with RRV
(Fig. 1B). After 10 h, the intracellular coexpression of non-
structural protein NSP2 and the viral structural protein VP6
was examined. In agreement with our results, most NSP2�

cells also expressed VP6, and approximately 3-fold-higher lev-
els of double-positive infected cells were present in IBC than in
CBC (Fig. 1B).

We next examined if RV undergoes a complete viral repli-
cation cycle in infected B cells. The relative quantities of in-
fectious virus (Fig. 1C) and VP6 (data not shown) present in
infected CBC and IBC supernatants were evaluated by titra-
tion on MA104 cells and ELISA at 2 and 24 hpi, respectively.
A significant increase of infectious virus and soluble VP6 was
present in supernatants of CBC and IBC treated with live
RRV at 24 hpi (Fig. 1C and data not shown). Of note, the
infection of human primary CBC and IBC with RRV is sub-
stantially less productive than the comparable infection of
MA104 cells (Fig. 1C). These results indicate that RV prefer-
entially infects human IBC, and that this infection is produc-
tive.

RV predominantly infects mBC subsets. The distribution of
B-cell subsets varies according to their localization in the host
and in the intestine; unlike the case for blood, there are more
antigen-experienced than naïve B cells (21, 22). To determine
the susceptibility of B-cell subsets to RV infection, CBC were
isolated and mock infected or infected with RRV, and imme-
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diately after infection cells were stained with anti-CD19, anti-
CD27, and anti-IgD and sorted by FACS. Four subsets of B
cells were isolated: CD27� IgD� (naïve), CD27� IgD� (switch
memory), CD27� IgD� (IgM memory) (45), and CD27� IgD�

(recently described as a CD27-mBC [23, 71]). All populations
were more than 94% pure after sorting (Fig. 2A). Since sorting
was performed after infection, virus exposure was comparable
for all subsets. At 10 hpi, cells were washed and stained again
with anti-CD19, anti-CD27, and anti-IgD MAbs and perme-
abilized to detect intracellular NSP2. As shown in Fig. 2A,
naïve B cells were relatively resistant to RV infection, and 3-
to 6-fold higher frequencies of infected cells were observed
in the switch, IgM, and CD27-mBC subset populations (n 

3) (Fig. 2A).

To confirm and extend these observations, purified CBC and
IBC were infected, and 10 hpi the cells were stained with
anti-CD19, anti-CD20, anti-CD27, anti-IgD, anti-CD38, and
anti-NSP2 MAbs. As shown in Fig. 2B, RV replication was
highly restricted to IgD� CD27� mBC. Of note, from 20 to
90% of intestinal ASC (CD19� CD20low CD38high CD27�)
supported RRV replication (data not shown). After RRV in-
fection, 52 to 86% and 54 to 92% (median of approximately
80%) of infected cells were present in the memory (IgD�)
compartment of CBC and IBC, respectively (Fig. 2B and C).
Human Wa RV also preferentially replicated in mBC subsets
of CBC and IBC (Fig. 2C). Thus, circulating and intestinal
mBC subsets are the principle targets of both heterologous and
homologous RV infection, and in the intestine, substantial
infection also takes place in CD38high ASC (data not shown).

RV infection diminishes viability of CBC but not of IBC. RV
infection frequently is cytolytic in cell culture and could cause
the death of infected B cells. To determine if RV induces
viability alterations in infected CBC and IBC, mock-, iRRV-,
RRV-, or Wa-infected cells were stained with several viability
markers 10 hpi. The staining of CBC with trypan blue showed
a significantly higher frequency of dead cells in RRV-infected
than in mock-infected cells, with medians of 11.5 (range, 4.2 to
29%) and 4.3% (range, 0 to 14%), respectively (P 
 0.004,
Man-Whitney test; n 
 13) (data not shown). Trypan blue
analysis was not performed on IBC, because the contamination
of the preparations with dead epithelial cells confounded the
analysis. Moreover, the percentage of fluorescent amine-posi-
tive (dead cells) B cells was significantly higher (P 
 0.001,
Man-Whitney test; n 
 10) in RRV-infected CBC (median,
8%; range, 3 to 20%) than mock (median, 2%; range, 1 to
5%)-, iRRV (median 3%; range, 1 to 5%)-, or Wa (median,
4%; range, 1 to 7%)-infected B cells (Fig. 3A). However, no
differences were found in the frequency of dead IBC bet-
ween mock-, iRRV-, RRV-, and Wa-infected cells (Fig. 3A).
Etoposide (which, at the high doses used here, can provoke
necrosis [53]) induced comparable frequencies of dead cells in
both CBC and IBC (Fig. 3A).

To further study the mechanism of death generated by RRV
in CBC, infected CBC were stained with annexin V (an apop-
tosis marker) and propidium iodide (PI) (a necrosis marker).
As seen in Fig. 3B, levels of staining comparable to those
described above for the fluorescent amine were detected with
these markers. The analysis of infected cells (Fig. 3B) showed
a predominant frequency of annexin V and PI double-positive
cells, suggesting that necrosis, more likely than apoptosis (15,

FIG. 1. RRV and Wa infection of CBC and IBC. Microbead-puri-
fied CBC (empty circles) and IBC (filled square) from different pa-
tients were mock treated or treated with psoralen-inactivated RRV
(iRRV), RRV, or Wa RV (all at an MOI of 5). After 10 h, the cells
were stained for surface markers and then permeabilized to detect
intracellular viral proteins. (A) Summary of the expression of NSP2 in
B cells. Lines represent the median. An asterisk indicates statistically
significant differences between the percentage of CBC and IBC in-
fected by RRV (P 	 0.0001, Mann-Whitney test). (B) Coexpression of
nonstructural (NSP2) and structural (VP6) proteins in paired CBC and
IBC purified from the same patient. (C) RRV productively infects
human CBC and IBC. Bead-purified CBC and IBC were mock treated
or were treated with iRRV or RRV (MOI, 5) for 45 min. After
infection, the cells were washed three times. For the first wash, a
1/1,000 dilution of neutralizing MAb (159; anti-VP7) was used. Super-
natants at 2 and 24 h were collected, and viral replication was deter-
mined by the titration of infectious virus in MA104 cells. A superna-
tant of RV-infected MA104 cells was used as a positive control. The
results of individual experiments are shown, and horizontal lines rep-
resent the median. An asterisk indicates statistically significant differ-
ences (P 	 0.05, Wilcoxon test).
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FIG. 2. RV replication is highly restricted to mBC. (A) Flow cytometry assay to detect the frequency of RV-infected cells in sort-purified
subsets of B cells. Microbead-purified CBC were mock infected or were infected with RRV (MOI, 5) for 45 min, stained, sorted by FACS,
and cultured for 10 h. The expression of CD19, CD27, IgD, and intracellular NSP2 was evaluated after culture. One representative
experiment of three performed is shown. (B) CBC and IBC were purified with beads and then were mock infected or were infected with RRV
(MOI, 5). After 10 h, cells were stained with a viability marker, MAb against CD19, CD27, and IgD, and then permeabilized to detect NSP2.
For IBC, MAb anti-CD20 and anti-CD38 were included to analyze ASC (data not shown). Dot plots are gated on lymphocytes by size and
granularity, CD19� CBC, or CD19� CD20�/� IBC. (C) Distribution of RRV- and Wa-infected cells in the B-cell subsets. Results from more
than eight experiments for CBC and IBC are presented. Bars represented the medians and ranges. An asterisk indicates statistically
significant differences between the frequencies of cells expressing NSP2 in IgD�/� B-cell subsets (P 	 0.003, Wilcoxon test).
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19), is the primary mechanism for RV-induced B-cell death.
These results suggest that RRV induces viability alterations in
a significant fraction of CBC, while IBC, which are more
readily infected, are relatively resistant to RV-induced death
early (10 h) after infection. No differences were seen between
mock- and Wa-infected B cells, probably because of the
lower frequency of cells supporting viral infection (Fig. 3A).

RV induces B-cell activation and differentiation to ASC by
an indirect mechanism. T-independent massive B cell activa-
tion has been reported after RV infection in vivo and in vitro in
the mouse model (6, 10). To determine if RV induces the
activation of human CBC and IBC in vitro, the expression
levels of CD69, CD40, CD86, and HLA-DR were examined by
flow cytometry after the mock, iRRV, or RRV infection of
negatively purified CBC, IBC, or the respective PBMC and
IMC preparations from which B cells were purified. Cell stim-
ulation with LPS, CpG 2006, or, in some cases, anti-BCR were
used as positive controls for B-cell activation. LPS and CpG
2006 significantly increased the percentage of CD69� B cells
present in purified CBC and PBMC (Fig. 4A, top). However,
after RV infection, B-cell activation was not observed in puri-
fied circulating or intestinal B cells (Fig. 4A, top and bottom,

open bars). Strikingly, the frequency of activated B cells was
significantly higher after the RV infection of PBMC than that
for purified CBC derived from the PBMC (Fig. 4A, top, stip-
pled bars). RV replication was not a critical requirement of
activation, since iRRV increased CD69 expression in PBMC as
well as live RRV (Fig. 4A, top). In contrast, RV and CpG 2006
did not activate IBC and IMC, and only a low but significant
activation (Fig. 5A, bottom) was detected after the LPS treat-
ment of purified IBC and whole IMC (P 	 0.03, Mann-Whit-
ney test). The anti-BCR treatment of purified CBC and IBC,
used as positive controls, resulted in the enhanced expression
of CD69 (median for CBC, 26%; range, 15 to 77%; median for
IBC, 13%; range 3 to 20%; n 
 4; data not shown). A not
significant but consistent increase in CD86 expression was
noted in CBC infected with RV, but no changes were observed
when HLA-DR or CD40 was analyzed (data not shown).
Taken together, these findings indicate that RV induced the
activation of B cells in the circulation when they were present
as a component of PBMC and not when they were purified. On
the other hand, IBC were not activated by RV treatment (ex-
cept for low-level activation with LPS) even when exposed as a
component of IMC.

FIG. 3. RV-induced death in CBC and IBC. Bead-purified CBC and IBC were mock infected or were infected with iRRV, RRV, or Wa RV
(MOI, 5) or with 80 �M etoposide as a positive control. The viability of B cells was evaluated by flow cytometry after 10 h. (A) Frequency of amine�

CBC and IBC. Medians and ranges from at least 12 experiments for CBC and IBC are shown. For Wa RV, six experiments are included. The
double asterisk indicates statistically significant differences between results for mock- and RRV-infected B cells (P 
 0.005, Wilcoxon test). An
asterisk indicates statistically significant differences between iRRV- and RRV-infected B cells or between RRV- and Wa-infected cells (P 
 0.01,
Wilcoxon test). ns, nonsignificant differences. (B) CBC were mock infected or were infected with iRRV, RRV (MOI, 5), or 80 �M etoposide. After
10 h, the expression of PI, annexin V, and NSP2 was evaluated by flow cytometry in B cells. For RRV-infected cells, gates on NSP2� and NSP2�

cells are shown. One representative experiment of three performed is presented.
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Since RV induced B-cell activation in PBMC, we wished to
determine if RV also could induce BC differentiation into
ASC. For this purpose, PBMC and CBC were mock infected or
were infected with iRRV or RRV, and the frequency of total
IgA and IgG ASC was measured by two-color ELISPOT assay
after 5 days of culture. In agreement with CD69 expression
analysis (Fig. 4A), the RRV infection of PBMC significantly
increased the frequency of IgA/IgG ASC in the culture (Fig.
4B, top). This effect was not dependent on RV replication and
was not explained by the LPS contamination of the RRV
preparation, since iRRV- and polymyxin B-treated RRV su-
pernatant induced similar frequencies of IgA/IgG ASC in the
culture (Fig. 4B, top, and data not shown, respectively). In
contrast to the effect of the virus on PBMC, the RV infection
of purified CBC did not result in notable ASC differentiation
(Fig. 4B, bottom), suggesting that factor(s) from another
cell(s) present in the PBMC population likely was necessary
for RV-mediated circulating B-cell activation and differentia-
tion to ASC.

We next examined if RV could modulate the differentiation
of B cells to ASC induced by various polyclonal stimulations.
CBC and PBMC were treated with the Toll-like receptor
(TLR) agonists LPS and CpG 2006 as well as anti-BCR, and
they were simultaneously infected with RRV. All stimuli were
maintained during the time course of the experiment, as de-
scribed in Materials and Methods. High frequencies of ASC
were observed following LPS treatment and even more so after
the CpG 2006 treatment of mock-infected PBMC or CBC (Fig.
4C, open circles). A significant decrease in the frequency of
ASC generation was observed with concomitant RV infection
in CpG-stimulated PBMC and CBC and LPS-treated CBC
(Fig. 4C, filled circles). Taken together, these findings show
that RV can inhibit the differentiation of polyclonally stimu-
lated CBC to ASC.

RV induces IL-6 secretion in human CBC but not in IBC.
Recent studies have shown that cytokines released by B cells
can play important roles in modulating the immune response
(36, 47, 48, 73). We analyzed, by CBA, the pattern of cytokines
(IL-1�, IL-6, IL-8, IL-10, IL-12p70, and TNF-�) produced by
CBC and IBC 72 h after RV infection. In general, higher levels
of IL-6 and IL-8 were found in supernatants of CBC than in
those of IBC (Fig. 5). RRV and iRRV significantly enhanced
the secretion of IL-6 from CBC but not from IBC (P 	 0.01
and P � 0.2, respectively, Wilcoxon test) (Fig. 5, top and
bottom). Comparable IL-6 secretion was obtained after the
infection of CBC with cesium-purified RRV, excluding the
possibility that this cytokine was induced by cellular compo-
nents present in supernatants (n 
 3) (data not shown). IL-8
was not induced by RRV or iRRV in these experiments. IL-10
and TNF-� were induced irregularly in CBC but not in IBC
(Fig. 5).

We next examined if RV could modulate the secretion of
cytokines induced by polyclonally stimulated B cells. After
polyclonal stimulation with anti-BCR (or LPS and CpG 2006;
data not shown) of mock-infected cells, a significant increase in
the secretion of IL-6 and IL-8 in CBC and IBC, and TNF-�
only in CBC, was observed (Fig. 5). Interestingly, a significant
decrease in the IL-6 and IL-8 secretion was observed in anti-
BCR-treated CBC infected with RV compared to that of non-
infected anti-BCR-treated control cells (P 
 0.02 and P 
 0.03,

FIG. 4. RRV-induced expression of CD69 and ASC differentia-
tion in CBC or IBC. (A) Purified B cells (open bars) derived from
either blood (upper) or intestine (lower) and whole mononuclear
cells from either blood or the intestine (stippled bars) were mock
infected or were infected with iRRV, RRV (MOI, 5), LPS (50
�g/ml), or CpG 2006 (3 �g/ml). After overnight stimulation, the
expression of CD69 was analyzed by flow cytometry. The medians
and ranges from seven experiments are shown. *, significant differ-
ences between mock infection and positive control, iRRV-stimu-
lated, and RRV-stimulated PBMC (P � 0.01, Mann-Whitney test);
&, statistically significant differences between purified B cells and B
cells as a component of whole mononuclear cells (P 	 0.04, Wil-
coxon test). (B) PBMC (filled circles; upper) and purified CBC
(open circles, lower) were mock infected or were infected with
iRRV and RRV (MOI, 5) for 5 days. The numbers of total IgA and
IgG ASC were analyzed by two-color ELISPOT assay. Individual
paired experiments are shown. Horizontal lines represent the me-
dian. An asterisk indicates statistically significant differences be-
tween mock-, iRRV-, and RRV-stimulated cells (P � 0.046, Wil-
coxon test). (C) PBMC and CBC were treated with LPS (50 �g/ml)
or CpG (3 �g/ml) in the presence of mock (open circles) or RRV
(filled circles) infection. After 5 days, the frequency of total IgA and
IgG ASC was evaluated by ELISPOT assay. An asterisk indicates
statistical differences between mock- and RRV-infected CBC (P �
0.016, Wilcoxon test).
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respectively, Wilcoxon test; n 
 13), and this suppressive re-
sponse was not present in anti-BCR-treated infected IBC (Fig.
5). A low level of production of TNF-� (median, 9 pg/ml;
range, 1.8 to 30; n 
 12; Fig. 5) and IL-10 (median, 20 pg/ml;
range, 5 to 183; n 
 10; data not shown) was provoked by the
anti-BCR and CpG 2006 stimulation of CBC, respectively. Of
note, a detectable but not significant decrease in TNF-� in
anti-BCR-stimulated CBC also was obtained after RV infec-
tion (Fig. 5, top). In contrast, IL-12p70 and IL-1� were not
detected in the cultures of CBC or IBC with any of the stim-
ulations (data not shown). In summary, CBC and IBC secrete
cytokines differentially after RV infection, with CBC being
more responsive, and RV decreases the secretion of IL-6 and
IL-8 from anti-BCR-stimulated CBC but not IBC (Fig. 5).

Polyclonal stimulation induces a significant increase in
RRV infection and cell death in CBC but not in IBC. Since RV
can modulate the frequency of ASC and the secretion of IL-6
and IL-8 in polyclonally stimulated B cells (Fig. 4 and 5, re-
spectively), we examined the effect of B-cell activation on viral

replication and cell viability. CBC and IBC were left untreated
or were treated with anti-BCR, LPS, or CpG 2006 and then
mock infected or infected with iRRV, RRV, or Wa. Anti-BCR,
LPS, or CpG 2006 treatment was maintained during the incu-
bation. No NSP2� B cells were detected in polyclonally stim-
ulated cells that were mock infected or infected with iRRV. As
seen in Fig. 6A, the polyclonal stimulation with anti-BCR in-
creased 3-fold the percentage of CBC that support RRV rep-
lication. LPS treatment had a significant stimulatory effect on
the RRV infection as well (Fig. 6B). In contrast, no increase
in the frequency of NSP2� cells was detected in IBC treated
with these same stimuli (Fig. 6A and B). A comparable in-
crease in the Wa-infected cell number was observed in poly-
clonally stimulated CBC (n 
 5) (Fig. 6B). Interestingly, when
viral infection and cell death were analyzed together, a signif-
icant positive relation (n 
 6, P 
 0.02, Mann-Whitney test)
between the increase in RV-infected cell number and CBC
death was found in LPS-treated cells (Fig. 6C). Although no
significant relationship between cell death and RV replication

FIG. 5. RV induces IL-6 secretion in human CBC but not in IBC. Microbead-purified CBC (upper) and IBC (low) were subjected to mock,
iRRV, RRV, anti-BCR plus mock, or anti-BCR plus RRV infection. After 72 h of culture, the supernatants were collected and the secretion of
IL-6, IL-8, IL-10, and TNF-� was analyzed by CBA. Bars represent the medians. *, statistically significant differences between mock- and iRRV-
or RRV-infected cells (P � 0.036, Wilcoxon test); &, significant decrease in the cytokine production between mock- and RRV-infected
anti-BCR-treated cells (P � 0.03, Wilcoxon test).
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was seen in anti-BCR-stimulated CBC, a similar tendency was
noted (Fig. 6A and C). In contrast to CBC, RV-infected anti-
BCR and LPS-stimulated IBC did not have an increase in viral
replication and RV-induced cell death (Fig. 6).

B cells do not play a role in the stimulation of RV-specific
memory circulating and intestinal CD4� and CD8� T cells. To
characterize the role of B cells as antigen-presenting cells, an
in vitro T-cell stimulation assay was carried out using PBMCs

and IMCs that were not depleted or that were depleted of B
cells with microbeads. The frequencies of RV-specific T cells
producing IFN-�, IL-2, TNF-�, or IL-10 were evaluated by
intracellular cytokine detection. In agreement with our previ-
ous results (39), a low but significant level of difference was
found in the frequency of RV-specific IFN-�-producing CD4�

T cells in PBMCs stimulated with RRV (median, 0.04%;
range, 0.02 to 0.11%) compared to that for mock-infected cells
(median, 0.01%; range, 0.00 to 0.02%; P 
 0.04, Wilcoxon test;
n 
 5) (Fig. 7). Interestingly, a substantial difference also was
found in intestinal CD8� T cells either mock (median, 0.04%;
range, 0.0 to 0.08%; P 
 0.04, Wilcoxon test) or RRV stimu-
lated (median, 0.58%; range, 0.04 to 3.08%) (Fig. 7). After the
depletion of B cells from PBMCs or IMCs, no differences were
found in the frequency of IFN-�-producing RV-specific CD4�

or CD8� cells compared to that of nondepleted whole PBMCs
or IMCs, suggesting that B cells do not participate significantly
as antigen-presenting cells in this short in vitro memory assay
(Fig. 7). However, an important decrease in the frequency of
SEB-stimulated intestinal CD8� T cells producing IFN-� was
observed after B-cell depletion, which could be due to the
reduction of HLA I-expressing cells (HLA molecules are nec-
essary for adequate superantigen stimulation). No important
differences were found in the RV-specific T cells producing
IL-10, TNF-�, or IL-2 observed in PBMC or IMC either left
nondepleted or depleted of B cells (data not shown).

DISCUSSION

We studied the interaction of RV with human CBC and IBC
and have several conclusions. (i) RV preferentially infects IBC
instead of CBC, and in B cells from both locations replication
is highly restricted to antigen-experienced memory B-cell sub-
sets. (ii) The RV infection of CBC was associated with the
necrotic cell death of a significant fraction of CBC, but com-
parably infected IBC were relatively resistant to cell death for
the short term. (iii) The RV infection of PBMC, but not pu-
rified B cells and not IMC or purified IBC, induced the ex-
pression of B-cell activation markers and the differentiation of
B cells to ASC. (iv) RV-infected CBC, but not IBC, produced
IL-6. (v) RV infection decreased the number of ASC gener-
ated after the LPS and CpG stimulation of CBC. (vi) RV
infection of polyclonally BCR-stimulated CBC, but not IBC,
decreased the production of IL-6 and IL-8. (vii) The frequency
of CBC, but not IBC, supporting RV replication and cell mor-
tality increased when cells were activated via BCR or TLR-4.
(viii) Finally, B cells do not function as important antigen-
presenting cells for RV in a short memory T-cell stimulation
assay with PBMC and IMC, and probably there are more
RV-specific memory T cells in the intestine than in the circu-
lation of nonacutely infected adults.

As we reported previously (49), RRV infected a relatively
small fraction of total blood B cells (Fig. 1). Interestingly,
4-fold-greater frequencies of RRV infection were observed
when IBC, rather than CBC, were examined (Fig. 1A and B).
Frequencies of Wa-infected CBC and IBC were consistently
lower than those of RRV (Fig. 1A), but a similar tendency for
the increased infection of IBC was seen. This can be explained
by the fact that mBC and ASC, which are the most permissive
targets of RV infection (Fig. 2), are present in intestinal sam-

FIG. 6. Polyclonal stimulation induces increases in RRV infection
and cell death in CBC but not in IBC. (A) Purified CBC and IBC were
treated with 10 �g/ml of anti-BCR antibodies before RRV infection
(MOI, 5). Viability and CD19 and NSP2 expression were assessed by
flow cytometry at 10 hpi. A representative of 14 experiments is shown.
(B) Enhancement in viral replication after polyclonal stimulation is
presented as the fold increase. The bars show the medians and ranges
from 8 to 12 experiments for CBC and 6 to 12 experiments for IBC.
For Wa RV, five experiments are presented. * and **, statistically
significant differences between RRV and anti-BCR plus RRV (P 

0.0009) and between RRV and LPS plus RRV or Wa and anti-BCR
plus Wa (P 
 0.03, Mann-Whitney test), respectively. (C) Purified
CBC and IBC were infected with RRV or RRV plus polyclonal stim-
ulation and then cultured for 10 h. Cells were stained to evaluate the
coexpression of amine viability marker and NSP2. Bars represent the
median frequency of double-positive (NSP2� and amine�) CBC
(empty bars) and IBC (stippled bars). P values (Mann-Whitney test)
are shown (n 
 6 to 12 experiments).
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ples at higher levels than in the circulation (11, 22). In our
samples, less than 0.5% (range, 0.08 to 1.2%; n 
 5) of the
CBC expressed ASC markers, while 20% (range, 4.4 to 42%;
n 
 16; data not shown) of IBC expressed those markers.
However, we cannot rule out the additional possibility that,
compared to circulating mBC, intestinal mBC have a higher
susceptibility to RV infection. Another possible explanation
for the increased susceptibility of IBC is that the receptor used
by RV to enter B cells also is important for intestinal homing
and hence is present at greater frequency in IBC. However, the
integrin �4�7, one of the best-characterized intestinal homing
receptors (4, 12, 35), is not a good candidate, because it is
expressed by both naive B cells (59) and mBC. In addition,
neither blocking MAb anti-�4�7 nor recombinant MadCAM-1
was able to inhibit the RRV infection of IBC (n 
 3) (data not
shown).

The RV infection of primary human B cells was productive
(Fig. 1C), but not as productive as that in the highly permissive
MA104 cell line. In contrast to the flow cytometry results,
which show the greater infection of IBC, the relative amount of
VP6 or the number of infectious particles detected in the
supernatants of RRV-infected CBC and IBC 24 hpi were not
significantly different (Fig. 1C and data not shown). This ap-
parent discrepancy likely is explained by differences in the
sensitivity of the techniques used (52). However, since there
are higher frequencies of total ASC in intestinal samples, it
also seems possible that RV-specific ASC were present in the
intestinal B-cell samples, which, during the 10-h incubation
period, could secrete neutralizing Ab that reduced the number
of infectious particles present in these samples, thereby artifi-
cially lowering the observed viral yields.

RV infected higher frequencies of antigen-experienced B
cells compared to naive B cells from both CBC and IBC (Fig.
2). In the circulation, however, because of the substantially
higher percentage of naïve B cells present (Fig. 2), the total
number of potentially infectible B cells in the naïve subset
would be appreciable, although still less than that in the com-
bined memory compartments. This selective viral replication in

the memory compartment may influence how RV modulates
the immune response, since it recently has been reported that
the profile of cytokines released by the different subsets of B
cells varies substantially. For example, human mBC but not
naïve cells produced TNF-� and IL-12 after stimulation with
CD40L and anti-BCR (17, 27). Moreover, the supernatant of
mBC but not naïve B cell cultures induced IFN-� production
by T cells (17, 27). Of note, TNF-� and IFN-� have been
reported to be in the plasma of children with febrile acute RV
infection (42). Interestingly, despite the fact that RV antigen
and infectious virus are present in the plasma of a high per-
centage of recently infected children or mice, it has been im-
possible to detect RV-infected blood B cells in these samples
(7, 49). Our findings of the preferential RV infection of anti-
gen-experienced B cells provide one possible explanation to
this observation, since young children have low frequencies of
mBC, which are more susceptible to RV infection and, if in-
fected, would quickly die, preventing their detection in circu-
lation (Fig. 3).

Contrary to Epstein-Barr virus (EBV), which persistently
infects B cells and in which they inhibit apoptotic pathways (1),
RV induces a fast lytic cycle in many cell types (43). Here, we
demonstrated that RV affected the viability of CBC but not
that of IBC (Fig. 3A), even though 4-fold-higher percentages
of IBC were infected. RV probably induces the cell death of B
cells by necrosis and not by apoptosis, because the same per-
centage of RV-infected B cells expressed the three death
markers used (annexin V, PI [Fig. 3B], and Aqua-Fluores-
cence; data not shown); however, these results need to be
confirmed in future studies. Of note, prior studies of RV ef-
fects on intestinal epithelial cell viability have indicated that
the primary mechanism of cell death in this case is by apoptosis
(14). The fact that RV-infected IBC are more resistant to
death could explain, at least in part, why large numbers of
activated B cells accumulate in intestinal lymphoid organs dur-
ing RV infection in mice (10).

In agreement with previous reports of RV-infected spleno-
cytes from mice and PBMC from children with acute RV-

FIG. 7. Circulating and intestinal B cells are not critical antigen-presenting cells for RV-specific T cells. Whole (open circles) or B-cell-depleted
(filled circles) PBMC or IMC were mock stimulated or stimulated with RRV or SEB, as described in Materials and Methods. After 10 h of culture
(brefeldin A was added for the last 5 h), the cells were stained with a viability marker, MAb against CD3, CD4, CD8, CD69, and IFN-�. The
frequency of RV-specific IFN-�-producing T cells was analyzed by flow cytometry. Dead cells were excluded from the analysis by viability staining.
Individual experiments are shown. Lines represent the medians. An asterisk indicates significant differences between mock- and RV- or
SEB-stimulated cells (P � 0.04, Wilcoxon test).
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induced gastroenteritis (6, 70), RV induced the CD69 expres-
sion of a significant fraction of CBC when cells were infected
as a component of whole PMBC, but there was low or no
activation and ASC differentiation observed when purified
CBC or IBC were infected (Fig. 4). iRRV had an effect similar
to that of live RRV (Fig. 4B). This result may have implica-
tions for the design of future inactivated RV vaccines. Taken
together, these results suggest that RV induces the activation
and differentiation of CBC by an indirect mechanism that
probably is not dependent on T cells, because similar levels of
B-cell activation were observed in a T-cell-deficient mouse
model (10) but could be dependent on innate immune cells in
the PBMC compartment, such as pDC. Viruses can modulate
B- and T-cell responses through their interaction with pDC
(68). A mechanism for B-cell activation and Ig secretion me-
diated by cytokines produced by pDC, especially IFN-� and
IL-6, has been described for influenza virus in vitro (41). More-
over, sustained signals through the type I IFN-�/� receptor are
necessary for massive B cell activation after West Nile virus
infection in vivo in mice (56). Given that we showed that in
human PBMC infected with RRV pDC produce type I IFN
(49), it seems reasonable to hypothesize that cytokines se-
creted by pDC mediate RV B-cell activation and differentia-
tion to ASC (Fig. 4).

Although RV and iRRV promoted the development of ASC
from PBMC (Fig. 4B), the RV infection of LPS- or CpG-
stimulated CBC significantly decrease the number of total ASC
obtained after culture (Fig. 4C). The final outcome of the
systemic humoral response in an RV-infected individual prob-
ably will be determined by a balance between these opposite
effects. In addition, the polyclonal activation of B cells has
been seen in other viral infections, such as hepatitis C virus
(HCV), HIV, and papillomavirus (37, 57, 72), and it has been
suggested that it is a mechanism used by the virus to evade the
immune response by the activation of B cell clones of irrele-
vant specificities (51).

Significant RV-induced B cell activation has been seen in
murine IMC derived from Peyer’s patches or mesenteric lymph
node (6). Furthermore, increases in the number of total Igs
and ASC from Peyer’s patches and mesenteric lymph node
have been reported after the oral live RRV but not WC3
(bovine RV) inoculation of suckling mice, suggesting that this
effect is viral strain dependent (44). In contrast, we did not
detect the enhanced expression of activation markers after the
RRV infection of B cells obtained from intestine (Fig. 4A),
even in the presence of saturating doses of strong polyclonal
stimuli (Fig. 4A). The reason for this discrepancy is unknown.
However, differences in isolation methods (mechanic versus
enzymatic), the host involved (human versus mouse), and the
characteristics of the tissue used may be implicated. Of note,
differences in the activation of B cells from human and murine
origin have been described. In fact, it is well know that naive
human B cells do not respond to stimulation with CpG or LPS,
while murine cells are highly activated with these toll agonists
(40) because of the differential expression of TLR in human
and murine B cells (34). A disparity in the expression of other
receptors also could explain why, contrary to its activation of
CBC, RV does not efficiently activate human IBC. For exam-
ple, inhibitory receptors present on a subset of mBC from

tonsils (50) make these cells respond less efficiently to poly-
clonal stimulation than that for circulating mBC.

After RV infection, purified CBC secreted only small
amounts of IL-6, while IBC did not secrete any of the cytokines
tested (Fig. 5). Although other RV-infected cells, like mono-
cyte-derived DC (52), have been reported to produce IL-6,
CBC may be partially responsible of the enhanced serum levels
of IL-6 observed in children with acute RV gastroenteritis (42).
Since the increased level of IL-6 secretion in vitro was inde-
pendent of viral replication (Fig. 5), the high levels of antigen-
emia observed during acute RV infection could be triggering
the B-cell production of this cytokine. After polyclonal stimu-
lation with anti-BCR and RV infection, a significant decrease
of IL-6 and IL-8 secretion by CBC was noted (Fig. 5) com-
pared to that of cytokine secretion in BCR-stimulated mock-
infected CBC. Both the low level of production of cytokines
generated by RV alone and the inhibition of BCR-induced
cytokine production could be explained by an RV-dependent
blockage of the nuclear accumulation of NF-�B in infected
cells (a critical transcription factor in B cells for the expression
of some proinflammatory cytokines genes, including IL-6 and
IL-8 [3]), as has been shown recently for RV (29, 38).

Consistently with the decrease in the IL-6 production and
ASC differentiation in polyclonally stimulated RV-infected
CBC, the stimulation via BCR or TLR-4 of CBC but not IBC
significantly increased the percentage of infected CBC (Fig. 6A
and B). This could be due to the rapid redistribution and
affinity changes of some RV receptors caused by the stimuli
(30, 65). In preliminary experiments to determine if the in-
crease in the percentage of infected cells after CBC stimulation
was due to an increase in virus entry or an increase in viral
replication, we infected targets with RV before or after anti-
BCR treatment. In four of six experiments, an increase was
obtained when CBC were infected before but not after BCR
stimulation (data not shown). In two experiments the increase
was obtained in both conditions. These results suggest that
both mechanisms are involved. In contrast, even though IBC
were more efficiently infected by RRV, the pretreatment with
anti-BCR or anti-LPS did not significantly increase the fre-
quency of infected IBC and did not affect their IL-6 and IL-8
secretion (Fig. 5 and 6). This could be related to the fact that,
unlike CBC, most IBC are mBC or activated B cells that are
highly susceptible to RV infection but were refractory to fur-
ther activation and associated increased replication (20, 22).
This may be a novel mechanism of local immune resistance and
the modulation of RV pathogenesis.

In agreement with our previous results (49), the depletion of
CBC did not modify the frequency of RV-specific memory
CD4� or CD8� T cells secreting IFN-� in PBMC after short-
term stimulation (10 h) (Fig. 7). The modification of the fre-
quencies of RV-specific T cells in B-cell-depleted IMC also
was not detected (Fig. 7). This finding seems to be at odds with
a previous report that supports the role of transferred murine
systemic purified B cells in the presentation of RV antigen
(13). An explanation for this discrepancy could be that in the
short stimulation assay we used, B cells respond slower than
pDC, which quickly produce type I IFN (46) and control the
production of IFN-� from T cells, as we have shown recently
(49). Prior studies of humans have noted a relative paucity of
RV-specific CD8� T cells in the circulation of both acutely
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infected and immune subjects (39). It is of interest that the
present studies indicate that many more RV-specific class I-
restricted T cells appear to be resident in the intestine of
healthy RV immune adults than in the circulation (Fig. 7).
These preliminary findings should be confirmed and extended
in future studies.

In conclusion, these findings suggest that RV differentially
interacts with primary human B cells, depending on their tissue
of origin and differentiation stage, and this differential inter-
action likely plays a role in modulating the immune response.
Moreover, we describe a relatively efficient model of the RV
infection of primary human intestinal cells with a heterologous
virus in which one out five B cells and, especially, 20 to 90% of
intestinal ASC (CD19� CD20low CD38high CD27�) supported
RV replication. Most studies of the viral cycle have been per-
formed in cell lines, and future studies using this primary cell
model may shed light on basic aspects of RV replication and
virus immunopathology.
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