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Protective immunity to rotavirus (RV) is primarily mediated by antibodies produced by RV-specific memory B cells (RV-mBc).
Of note, most of these cells express IgM, but the function of this subset is poorly understood. Here, using limiting dilution assays
of highly sort-purified human IgM� mBc, we found that 62% and 21% of total (non-antigen-specific) IgM� and RV-IgM� mBc,
respectively, switched in vitro to IgG production after polyclonal stimulation. Moreover, in these assays, the median cloning
efficiencies of total IgM� (17%) and RV-IgM� (7%) mBc were lower than those of the corresponding switched (IgG� IgA�) total
(34%) and RV-mBc (17%), leading to an underestimate of their actual frequency. In order to evaluate the in vivo role of IgM�

RV-mBc in antiviral immunity, NOD/Shi-scid interleukin-2 receptor-deficient (IL-2R�null) immunodeficient mice were adop-
tively transferred highly purified human IgM� mBc and infected with virulent murine rotavirus. These mice developed high
titers of serum human RV-IgM and IgG and had significantly lower levels than control mice of both antigenemia and viremia.
Finally, we determined that human RV-IgM� mBc are phenotypically diverse and significantly enriched in the IgMhi IgDlow sub-
set. Thus, RV-IgM� mBc are heterogeneous, occur more frequently than estimated by traditional limiting dilution analysis, have
the capacity to switch Ig class in vitro as well as in vivo, and can mediate systemic antiviral immunity.

Rotavirus (RV) is the most common cause of severe gastroen-
teritis in children less than 5 years old worldwide (50). Al-

though two safe and effective, live, attenuated oral RV vaccines
were licensed for use in humans in 2006, the long-term impact of
these vaccines on the reduction of RV-induced severe gastroen-
teritis, especially in the poorest countries, has not been completely
established (12, 72). Recent studies have shown lower levels of
protection in vaccinated children from developing countries in
Asia and Africa, with a higher incidence of RV gastroenteritis in
these children compared to vaccinated children in the United
States (42, 43, 60, 74). A better understanding of the mechanisms
of immune protection after natural infection or vaccination is key
to development of more effective third-generation vaccination
strategies against RV (3).

B cells are a critical component of protective immunity against
RV: B cell-immunodeficient mice are unable to generate long-
term protection against this virus (23); B and/or T cell-immuno-
deficient children can be chronically infected with RV, and these
chronic infections may occur extraintestinally (24). Moreover,
several studies have correlated increased serum and mucosal an-
tibody levels with protection in children (13, 66). In humans, na-
ive B cells and three main subsets of memory B cells (mBc) can be
readily identified in the circulation, based on the surface expres-
sion of CD19, IgD, IgM, and CD27: naive B cells (CD19� IgD�

IgM� CD27�), switched mBc (CD19� IgD� IgM� CD27�),
IgM� mBc (CD19� IgD� IgM� CD27�), and CD27� mBc
(CD19� IgD� IgM� CD27�) (18, 33, 70). Two methods have
been commonly used to quantify and characterize mBc. In the
commonly used limiting dilution assay (LDA), the antibodies
produced by individual mBc are evaluated after polyclonal stim-
ulation (37). Quantification and determination of the phenotypes
of total (non-antigen-specific) and antigen-specific mBc can also
be performed with flow cytometry-based assays (FCA) (39, 45).

To characterize the phenotype of mBc that express RV surface Ig,
we and others have used an FCA (29, 51, 64, 73). The principle of
this assay consists of the specific binding of fluorescent RV recom-
binant virus-like particles (VLPs) that express on their surface the
immunodominant RV structural protein VP6 and inside contain
green fluorescent protein (GFP) linked to the amino terminus of
VP2 (11). After using this FCA, we recently reported that the ma-
jority of RV-mBc express IgM (53). In contrast, in an LDA, RV-
mBc were lower in frequency and predominantly expressed IgG
rather than IgM. This lack of correlation was only seen for
RV-mBc: tetanus toxoid-specific mBc predominantly expressed
IgM in both assays (53). Although a role for IgM� mBc in the
immune responses against bacteria like Streptococcus pneumoniae
has been described (35, 58), the role of this subset in antiviral and
antirotaviral immunity in particular is unknown.

In order to better understand the role RV IgM� mBc, we have
more carefully quantified and further characterized human RV
IgM� mBc and determined that they have a differential in vitro
switching capacities and cloning efficiencies and are enriched in
the CD27� IgMhi IgDlow subset. Moreover, by using an immuno-
deficient mouse model, we determined that transferred human
IgM� mBc can also switch to secrete IgG in vivo and that these cells
confer functional RV immunity to recipient mice.
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MATERIALS AND METHODS
Isolation of B cells by rosette formation and purification of B cell sub-
sets by fluorescence-activated cell sorting (FACS). This study was car-
ried out in accordance with Stanford University Medical School Policies
on Human Subjects Research. Buffy coats from deidentified healthy do-
nors were provided by the Stanford University Blood Bank and used
within 3 h or less of isolation. Prior studies indicated that virtually all
humans are exposed to RV in the first 3 years of life, as indicated by the
presence of rotavirus-specific antibodies in the circulation (65). Total
circulating B cells were obtained by negative selection by rosette forma-
tion (StemCell Biotech, Vancouver, Canada). The median (range) purity
of CD19� cells after selection was 90% (87 to 96%). In some experiments,
positive selection with anti-CD19-labeled magnetic microbeads (Miltenyi
Biotec, Auburn, CA) was used with comparable results.

Total B cells were washed twice with RPMI supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 �g/ml
streptomycin, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate,
and 0.05 mM �-mercaptoethanol (complete medium). All reagents were
from Gibco-BRL (Gaithersburg, MD). Subsequently, 1 � 107 to 4 � 107

purified B cells were stained with anti-CD3/CD14/CD16 –peridinin chlo-
rophyll protein (PerCP)-Cy5.5 (to be used as a dump channel; Becton,
Dickinson [BD], San Jose, CA), anti-CD19 –phycoerythrin (PE)-Cy7
(SJ25C1 clone; BD), anti-CD27–PE (MT271 clone; BD), goat anti-IgA
conjugated to allophycocyanin (APC; Jackson ImmunoResearch, West
Grove, PA), and goat anti-IgG APC (Jackson ImmunoResearch) and
sorted by FACS using a BD FACS ARIA II apparatus. At least 1 � 106 naive
B cells, IgM� mBc, and switched mBc were isolated (5). The median
(range) purities of the naive B cells, IgM� mBc, and switched mBc were
96% (94 to 98%), 94% (91 to 98%), and 92% (90 to 97%), respectively.
The sorting strategy is shown in Fig. 1A. After sorting, the B cell subsets
were counted by trypan blue exclusion staining and immediately used for
the LDA. Cell viability was typically higher than 90% for the three subsets.

Antigen-specific FCA. The frequencies of RV-mBc were determined
as previously reported (53). RV VP2 and VP6 VLPs containing GFP (GFP-
VLPs) were generated as previously described (11). RV VP6 is an immu-
nodominant protein, and the majority of human RV-specific B cells bind
to VP6. Negatively purified total B cells were washed once with phos-
phate-buffered saline (PBS), 2% fetal bovine serum, 0.02% sodium azide
(staining buffer), and then incubated with GFP-VLPs (0.8 �g/test; con-
centration determined by titration on anti-VP6 mouse hybridoma cells)
for 45 min at 4°C in the dark. The cells were then washed with staining
buffer and stained with the same antibody panel used for sorting circulat-
ing mBc subsets: anti-CD19 –PE-Cy7, anti-CD27–PE, and anti-IgG–APC
and anti-IgA–APC. Of note, in six experiments, anti-IgM, -IgG, and -IgA
antibodies conjugated to APC were used independently. After 30 min of
incubation, cells were washed with staining buffer and fixed with 1%
paraformaldehyde (Electron Microscopy Sciences, Washington, PA). At
least 300,000 purified B cells were acquired on the FACS Aria II or LSR II
cytometers with DIVA software (BD, San Jose CA). In a subset of volun-
teers, B cells purified as described above for the sorting experiments were
also stained with anti-human CD3–Pacific Blue, anti-CD14 –V500, anti-
CD20 –PerCP-Cy5.5, anti-CD27–PE Cy7, anti-IgD–APC-H7, anti-
CD21–PE, anti-IgM–Alexa Fluor 700, and anti-CD43–APC (all from BD,
San Jose, CA) for 30 min at 4°C. Cells were then washed with staining
buffer and fixed with 1% paraformaldehyde.

Limiting dilution assay. FACS-sorted naive, IgM� mBc, and switched
mBc were distributed in serial dilutions from 20,000 to 0.3 cells/well in a
volume of 200 �l, using 24 replicate cultures per dilution. Cells were
stimulated with 2.5 �g/ml of CpG (ODN 2006; InvivoGen, San Diego,
CA), 10 ng/ml human recombinant IL-2 and 10 ng/ml human recombi-
nant IL-6 (both from R&D Systems, Minneapolis, MN), 15 ng/ml IL-10
(Pharmingen) plus NIH 3T3 murine fibroblasts (a gift from E. C. Butcher,
Stanford University, Stanford, CA). The NIH 3T3 feeder cells were previ-
ously treated with 50 �g/ml of mitomycin C (Sigma-Aldrich) for 30 min,
washed exhaustively, and then used at a concentration of 5,000 cells/well.

After 5 to 7 days of culture, the supernatants were collected and stored at
�20°C. In some experiments, cells were also collected to identify anti-
body-secreting cells (ASCs) by enzyme-linked immunosorbent spot
(ELISPOT) assay or flow cytometry (FC) as described below.

ELISA for detection of total and RV-specific IgA, IgG, and IgM in
culture supernatants. The supernatants from the 24 culture replicates
from each of three sorted B cell subsets were thawed and tested for the
presence of total and RV-specific IgM, IgG, and IgA and, in some exper-
iments, tetanus toxoid-specific IgM and IgG in an enzyme-linked immu-
nosorbent assay (ELISA), as previously described with minor modifica-
tions (53). Immulon 2 ELISA plates (Dynex Technologies, Chantilly, VA)
were coated with either a 1/2,000 dilution of anti-whole human Ig (Sigma-
Aldrich), 0.4 �g/ml of GFP-VLP, 2.5 �g/ml of tetanus toxoid (Staten
Serum Institute, Denmark), or PBS as negative control and incubated
overnight at 4°C. After discarding the coating solutions, 150 �l/well of 5%
BLOTTO was added, and the plates were incubated at 37°C for 1 h. The
BLOTTO solution was then discarded, and 70 �l/well of B cell culture
supernatant was deposited in each well. After a 2-h incubation at 37°C, the
plates were washed three times with 0.1% Tween 20 in PBS (washing
buffer), and 70 �l of biotin-labeled goat anti-human IgA, IgG, or IgM
(Kirkegaard & Perry Laboratories [KPL], Gaithersburg, MD) diluted in
2.5% BLOTTO was added and incubated for an additional 1 h at 37°C.
After three washes with washing buffer, 70 �l/well of a 1/1,000 dilution of
streptavidin-peroxidase (Kirkegaard & Perry Laboratories) in 2.5%
BLOTTO was added, and the plates were again incubated for 1 h at 37°C.
After three washes with PBS-Tween 20, plates were developed using 70
�l/well of tetramethyl benzidine substrate (TMB; Kirkegaard & Perry).
The reaction was stopped by the addition of 17.5 �l/well of 2 M sulfuric
acid. Absorbance was read at a wavelength of 450 nm on an ELISA plate
reader. Of note, the presence of total or antigen (Ag)-specific IgM, IgG,
and IgA in the same supernatant can be detected in the LDA. In some
experiments, unstimulated sorted, naive, IgM� mBc and switched mBc
were used as negative controls, and secreted antibodies were not detected
in these supernatants (data not shown).

Phenotype and intracellular Ig expression of purified B cell subsets.
After culture for LDA, a fraction of the cells was used to quantify ASCs.
Cells were washed twice with staining buffer and stained with anti-CD19 –
APC-Cy7 (SJ25C1 clone; BD), anti-CD20 –PE-Cy7 (L27 clone; BD), anti-
CD27–PE (M-T271 clone; BD), anti-CD38 –PerCP-Cy5.5 (HIT2 clone;
BD), anti-IgD–fluorescein isothiocyanate (FITC; IA6-2 clone; BD), and
goat anti-human IgM–APC (Jackson ImmunoResearch) and incubated at
4°C for 30 min. Cells were then washed, fixed, and analyzed by FC. An-
other fraction of cells was used to detect surface and intracellular Ig. These
cells were washed with staining buffer and incubated with anti-CD19 –
APC-Cy7, anti-CD20 –PE-Cy7, and anti-CD27–PE for 30 min. Cells were
washed with staining buffer, then treated with 250 �l cytofix/cytoperm
(BD Pharmingen), and incubated for 20 min at 4°C. Cells were then
washed twice with perm/wash buffer (BD Pharmingen), and anti-IgG–
FITC and anti-IgA–APC (Jackson ImmunoResearch) were added for 30
min at 4°C. Cells were then washed, resuspended in perm/wash buffer,
and analyzed by FC.

Two-color ELISPOT. After 5 to 7 days of culture, LDA plates were
centrifuged, and the highly purified naive, IgM� mBc, and switched mBc
were collected and washed twice with complete medium. Total ASCs pres-
ent in the cultures were measured in a two-color ELISPOT assay as
previously described (48, 54). Briefly, 96-well plates (Immobilon P mem-
brane; MAIPN4510; Millipore, Billerica, MA) were coated with affinity-
purified goat anti-human IgA, IgG, plus IgM (heavy and light chains; KPL,
Gaithersburg, MD) at a concentration of 4 �g/ml in sterile PBS. Wells
were coated with PBS as a negative control. Plates were incubated over-
night at 4°C and blocked for 2 h at 37°C with complete medium prior to
use. Stimulated cells were suspended in complete medium containing 6.3
�g/ml peroxidase-conjugated goat anti-human IgM antibody (Sigma, St.
Louis, MO) and 0.5 �g/ml of phosphatase-conjugated goat anti-human
IgG antibody (KPL), distributed into ELISPOT plates, prepared as de-
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scribed above, and incubated 4 h at 37°C in 5% CO2. Plates were washed
with PBS, developed with an AEC substrate kit for peroxidase (Vector,
Burlingame, CA), and subsequently developed with a blue alkaline phos-
phatase substrate kit (Vector). Human IgM ASCs were visualized as red
spots, and IgG ASCs appeared as blue spots in the same wells. IgA ASCs
were detected in independent wells. The total ASCs per well was deter-
mined by counting the spots under a dissecting microscope. Background
ASCs detected in the wells coated with PBS were subtracted from the
quantities of ASCs in treated wells.

Adoptive transfer of the sorted human IgM� mBc subset. This study
was carried out in accordance with the recommendations provided in the
Guide for the Care and Use of Laboratory Animals of the National Research
Council of the National Academy of Science (49). All mouse experiments

were approved by the Animal Care Committee of Stanford University
Medical School.

Sixteen female 6- to 8-week-old NOD/Shi-scid IL-2R�null immuno-
deficient mice were purchased from Taconic Corporation (Oxnard, CA)
and maintained in the VA Palo Alto Healthcare System vivarium.

Adoptive transfer of human lymphocytes was performed as previously
reported (46). Four buffy coats were provided by the Blood Bank of Stan-
ford University. From each buffy coat, whole peripheral blood mononu-
clear cells (PBMCs) and B cells were purified by use of a Ficoll gradient
and negative selection by rosette formation, respectively. PBMCs were
stained with anti-CD19 –PE, anti-CD3–FITC, and CD4 –PerCp-Cy5.5 to
determine the frequencies of these cell populations. The medians (ranges)
of B and CD4� T cells in the PBMCs studied were 10.4% (6.5 to 15.5%)

FIG 1 Sort-purified total and RV IgM� mBc switch isotype to IgG in vitro. (A) Starting from rosette-enriched B cells, naive, IgM�, and switched mBc were sort
purified based on their expression of CD19, CD27, IgG, and IgA. Results of 1 representative experiment of 14 performed experiments is shown. Serial dilutions
(24 replicate wells per dilution) of purified naive, IgM� mBc, and switched mBc were stimulated as described in Materials and Methods and cultured for 7 days.
Total and RV-specific IgM, IgG, and IgA were measured in the supernatants by ELISA. (B, left panel) Number of total IgM-, IgG-, and IgA-secreting B cells in the
indicated cultures. (Right panel) Number of RV-specific IgM-, IgG-, and IgA-secreting B cells in the indicated cultures. The lines represent the medians. An
asterisk indicates a statistically significant difference (P � 0.03, Wilcoxon test). (C) Frequencies of total, RV, and tetanus toxoid (TT) IgM� mBc that switched
isotype to IgG in vitro. The medians and ranges are shown. An asterisk indicates a statistical differences (P � 0.02, Mann-Whitney test). ns, nonsignificant
difference.
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and 34% (17 to 45%), respectively. Purified B cells were stained with
anti-CD19 –PE-Cy7, anti-CD27–PE, and anti-IgA/IgG–APC and sorted
on the FACS Aria II apparatus as described above. Before sorting, the
IgM� mBc subset (CD27� IgA� IgG�) corresponded to 19.8% (5 to
23%) of total B cells. After sorting, the purity of the IgM� mBc was 98%
(95 to 99%), and less than 0.5% of these cells were IgA� IgG�. To produce
B cell-depleted PBMCs (Bc-dPBMCs), microbeads coupled with an anti-
CD19 antibody (Miltenyi Biotec) were used. After depletion, less than
0.4% of the Bc-dPBMCs expressed CD19.

Two million purified IgM� mBc were combined with homologous
Bc-dPBMCs in a ratio that restored the proportion of CD4� T cells to that
in the original PBMC population. These cells were diluted in sterile PBS
and injected intraperitoneally (i.p.) into NOD/Shi-scid IL-2R�null mice.
Control mice (4 animals per group) received an equivalent number of
unfractionated PBMCs, Bc-dPBMCs alone, or sterile PBS. Immediately
after lymphocyte transfer, all mice were infected with wild-type homolo-
gous virulent murine RV (ECWT) with a 50% infectious dose of 100, as
previously described (22). Stool samples were collected daily from all mice
and stored at �20°C. Fifteen days after transfer, mice were bled and serum
was stored at �20°C. Levels of total human Igs and RV-specific and teta-
nus toxoid-specific Igs were determined by ELISA as described above or as
previously described (53).

Detection of RV-Ag in serum and stool. The relative quantities of
VP6 were detected by ELISA in mouse serum and stool specimens as
previously reported, with some modifications (32, 47). Briefly, Immulon
2 ELISA plates (Dynex Technologies, Chantilly, VA) were coated with
murine monoclonal antibody to VP6 (1E11 clone) at a 1/2,000 dilution in
sterile PBS. Sterile PBS alone was used as a negative control. Plates were
incubated overnight at 4°C. The next day, after 1 h of blocking with 5%
BLOTTO, serum or stool samples were diluted and incubated for 2 h at
37°C. Wells were then washed, and guinea pig anti-RV serum (1/4,000
dilution) was added, incubated for an additional 1 h at 37°C, washed, and
then developed with a biotinylated goat anti-guinea pig serum (Vector,
Burlingame, CA) followed by a 1/1,000 dilution of streptavidin-peroxi-
dase (KPL) and TMB substrate (KPL). The reaction was stopped by the
addition of 17.5 �l of 2 M sulfuric acid. Absorbance was read at a wave-
length of 450 nm on an ELISA plate reader.

Detection of RV NSP5-RNA in serum by using quantitative reverse
transcription-PCR (RT-PCR). Detection of RV-RNA in the serum was
performed as described previously, with minor variations (56). RNA was
purified from murine serum samples with the Qiagen viral RNA purifica-
tion kit per the manufacturer’s recommendations. Purified RNA was de-
natured in the presence of 10% (vol/vol) dimethyl sulfoxide at 95°C for 5
min and snap-chilled on ice. The denatured RNA was then used as a
template for reverse transcription using random hexamers and the Super-
Script III first-strand synthesis kit (Invitrogen, Carlsbad, CA) per the
manufacturer’s protocol. The cDNA was used for a preamplification PCR
for 10 cycles on an Mx3005P real-time cycler (Agilent, Santa Clara, CA)
using a previously described TaqMan assay for the gene encoding NSP5
(56) at a 0.2� final concentration and the FAST II PCR mix (Agilent)
under the following cycling conditions: 95°C for 2 min, followed by 10
cycles of 95°C for 10 s and 60°C for 30 s. The preamplification reaction
mixtures were then diluted 5-fold in sterile water, and 2 �l was used for a
second PCR using 1� TaqMan assay mixture for 30 cycles and the PCR
conditions described above. As positive controls, we used RV RNA puri-
fied from 0.025 � 104 to 2.5 � 104 PFU of a purified rhesus rotavirus
three-layered particle (TLP) stock obtained by ultracentrifugation on ce-
sium gradients as previously described (20).

Statistical analysis. To determine frequencies in the LDA, a least-
squares linear regression was used to fit a line with the frequencies of
negative cultures. The R2 value (�0.83) and P value (�0.05) were calcu-
lated for the best-fit line. The frequencies of total and Ag-specific mBc
were calculated from a 37% interpolation of the titration curve which,
according to the Poisson distribution, represented the number of wells
containing a single precursor, as previously described (2, 37). The possi-

bility that more than one Ig isotype might have been produced by a single
B cell in the sorted switched mBc cultures was evaluated by comparing the
expected and observed frequencies of IgG-positive and IgA-positive wells
using Fischer’s exact test (38).

FC analysis was performed using FlowJo software (Treestar, Ashland,
OR). Statistical analyses were performed with SPSS 18.01 (Chicago, IL)
and Prism 5.0 using nonparametric tests. Differences between two inde-
pendent groups were evaluated with Mann-Whitney tests. Differences
between paired results were compared with the Wilcoxon test. Signifi-
cance was established if the P value was less than 0.05. Data are shown as
medians and ranges unless otherwise noted.

RESULTS
Total and RV-mBc switch in vitro at different rates. To further
characterize IgM� mBc, we first determined if total and RV IgM�

mBc have the capacity to switch isotype in vitro. To this end, sort-
purified CD27� IgA� IgG� (IgM� mBc) (Fig. 1A) were evaluated
by LDA (Fig. 1B). For comparison, switched mBc (CD27� IgG�

IgA�) and naive B cells (CD27� IgG� IgA�) were also studied. We
evaluated the purity of the sorted populations based on expression
of sorting markers (Fig. 1A, postsort [n � 14]) and the expression
of IgD and IgM (n � 7) (data not shown). After sorting, as ex-
pected, naive B cells, IgM� mBc, and switched mBc contained a
median (range) of double-positive IgM� IgD� B cells of 93% (90
to 97%), 90% (87 to 97%), and 1% (0 to 3%), respectively (data
not shown).

For the LDA, purified subsets of B cells were stimulated with a
cocktail of CpG 2006, IL-2, IL-6, IL-10, and mitomycin C-treated
NIH 3T3 feeder cells, a strategy previously shown to be optimal for
detection of RV-mBc and tetanus toxoid-mBc (2, 53). Frequencies
of total (non-antigen-specific) cells and RV-mBc were evaluated
by LDA (Fig. 1B) in the three purified B cell subsets of Fig. 1A. As
expected, no total or RV-mBc were detected in the LDA cultures of
naive B cells (Fig. 1B). Given the high purity of the IgM� mBc used
for the LDA cultures (Fig. 1A and data not shown), we concluded
that a median of 62% of total and 21% of RV-IgM� mBc switched
in culture to secrete IgG during the 5- to 7-day culture period (Fig.
1C). Of note, in none of these cultures were significant numbers of
total or RV-specific IgA-secreting cells detected (Fig. 1B). For
comparison, we also measured the number of tetanus toxoid IgM-
and IgG-secreting cells in the LDA of highly purified human IgM�

mBc cultures. A median (range) of 16% (6 to 37%) tetanus toxoid
IgM� mBc switched to IgG, and this frequency was lower and
significantly different from the proportion of total mBc that
switched (P � 0.02, Mann-Whitney test), but these findings were
not different from the proportion of RV IgM� mBc that switched
(Fig. 1C).

In the cultures of purified switched mBc, a significantly higher
frequency of mBc secreted total IgG than IgM or IgA (P � 0.03 and
0.02, respectively [Wilcoxon test]) (Fig. 1B). Significant differ-
ences in frequencies of cells secreting IgG, or IgA were not seen
when RV-specific mBc were analyzed (Fig. 1B). As expected, total
IgM or RV IgM-producing cells were not detected in these cul-
tures (Fig. 1B). To analyze the potential IgG-to-IgA switch in the
cultures of purified switched B cells, the frequency of wells in
which both IgG and IgA was detected were compared to the fre-
quency expected by chance in plates in which cells were close to
one precursor per well (37). As shown in Table 1, the IgG-to-IgA
switch occurred in 29% and 15% of total and RV-specific switched
mBc, respectively.

To confirm and extend these results, naive, IgM�, and switched
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mBc were collected after LDA culture and stained to measure the
expression of surface and intracellular IgD, IgM, IgG, and IgA. As
expected, after 5 to 7 days of culture, the majority of naive B cells
expressed IgM and IgD (data not shown). In contrast, in the IgM�

subset, the expression of IgD was substantially downregulated, with a
median (range) of only 26% (21 to 49%) of cells coexpressing IgM
and IgD after 7 days of culture. In addition, a significant fraction of
IgM� mBc, median (range) 15% (6 to 35%), lost expression of IgD
and IgM altogether (data not shown). As expected, switched mBc did
not express IgD or IgM. Consistent with the above and LDA results, a
median (range) of 20% (8 to 40%) and 71% (53 to 90%) of cells from
the IgM� mBc and from switched mBc, expressed IgG after 7 days of
culture, respectively (data not shown). Also in agreement with the
LDA results (Fig. 1B), very few, if any, IgA� B cells were detected in
the IgM� mBc LDA cultures by FC.

Cloning efficiency of purified IgM� and switched memory B
cells. To determine the cloning efficiencies of total IgM� mBc and
switched mBc, the number of sorted mBc detected by LDA was

divided by the number of cultured cells and multiplied by 100. To
determine the cloning efficiency of virus-specific mBc (Fig. 2A),
the number of RV-mBc detected by LDA was expressed as a per-
centage of those detected by FCA (Fig. 2B). The cloning efficiency
of switched total and switched RV-mBc was significantly higher
than the number of total and RV IgM� mBc (P � 0.02 and 0.04
[n � 14 and 11], respectively; Wilcoxon tests) (Fig. 2A), even
when the switching from IgG to IgA in switched mBc cultures
(Table 1) was taken into account to calculate cloning efficiencies.
Moreover, compared to the cloning efficiencies of total IgM and
total switched mBc, the cloning efficiencies of the corresponding
RV-mBc were lower, although this difference was only significant
for the IgM� mBc (Fig. 2A). These findings were supported by a
subset of experiments (n � 6) in which the cloning efficiency of
mBc was calculated by staining separately for IgM, IgG, and IgA
(data not shown). Moreover, similar results were obtained in two
experiments in which switched mBc were sorted as IgD� IgM� B
cells (data not shown). This last result suggests that our results

TABLE 1 IgG-to-IgA switch in sorted CD27� IgG� or CD27� IgA� total switched and RV-switched mBc populations

Switched mBc population
and expt no.

No. of B
cells/well

No. of wellsa containing indicated Ig(s)
Expected no.
of wells with
P � 1b

Fisher test
P valuec % switchedIgG IgA

IgG �
IgA

Neither IgG
nor IgA

Total switched mBc
1 3 21 13 12 2 9 0.61 17
2 7 18 12 12 6 5 0.16 40
3 4 14 13 12 9 3 0.03& 64
4 6 12 7 3 8 4 0.5 0
5 5 16 15 13 6 5 0.04& 51
6 3 11 7 4 10 3 0.5 13
7 3 15 9 6 6 5 0.5 8
8 2 11 9 5 9 3 0.39 17
9 5 16 8 8 8 4 0.23 27
10 2 19 13 13 5 6 0.1 39
11 5 15 9 9 9 3 0.1 39
12 5 15 14 10 5 6 0.28 29
13 5 11 14 7 7 4 0.31 26
14 7 10 7 5 12 2 0.25 32
Globald 29

RV-switched mBc
1 1,650 16 6 5 7 4 1 5
2 1,875 15 4 2 7 4 0.6 0
3 958 8 10 4 9 3 1 11
4 5,833 13 7 5 9 3 0.7 15
5 2,333 18 6 4 4 6 0.7 0
6 1,250 6 10 3 11 2 1 13
7 2,500 15 8 5 6 5 1 1
8 1,250 14 12 11 9 3 0.07 57
9 1,250 8 9 6 13 2 0.2 56
10 312 7 7 4 14 1 0.3 40
11 2,500 6 11 3 10 3 1 6
12 625 8 7 3 12 2 0.5 14
13 2,175 14 11 9 7 4 0.3 34
Globald 15

a From a total of 24 wells.
b The frequency of wells for each experiment expected to contain more than one precursor (P � 1) was calculated as follows: 1 � [the frequency of wells with 1 P (calculated
according to the Poisson distribution)] � [the observed frequency of wells with 0 P]. This value was then divided by 2 to estimate the expected number of wells in which cells
secreting both IgA and IgG were present, taking into account that wells with P � 2 could be of the same or different isotypes.
c &, statistically significant difference between the expected number of wells with more than one precursor and the frequency of wells in which cells secreting both IgG and IgA were
detected.
d The global percentage switch was calculated by taking into account all experiments for a test group (i.e., total or RV-switched mBc).
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were probably not influenced by our sorting strategy, in which
cells were sorted with antibodies directed at the B cell receptor
(BCR). In conclusion, circulating human total and RV IgM� mBc
have lower cloning efficiencies by LDA than their corresponding
switched mBc, and a lower cloning efficiency with respect to total
IgM� mBc was detected with RV IgM� mBc, supporting the no-
tion that RV-mBc are a unique subset of IgM� mBc.

Next, to confirm and extend these differences in cloning effi-
ciency rates, the phenotypes and numbers of ASCs obtained at the
end of the LDA were evaluated by FC and ELISPOT, respectively.
Significantly higher frequencies of B cells with the phenotype of
ASCs were found in the cultures of switched cells compared to
those from the IgM� mBc subset (Fig. 2C). The medians (ranges)
of cells with an ASCs phenotype (CD19� CD20low CD38high) in
cultures of IgM� and switched mBc were 30% (12 to 45%) and
58% (16 to 72%), respectively (P � 0.03, Wilcoxon test; n � 7).
Consistent with these results, the numbers of total IgM�, IgG�,
and IgA� ASCs produced in the LDA cultures of switched mBc
and detected by ELISPOT were 3-fold greater than that of IgM�

mBc (Fig. 2D). Very few ASCs were identified by FC or ELISPOT
in cultures of naive B cells (Fig. 2C and D, respectively).

Human memory B cells that express IgM can switch to IgG in
vivo and reduce levels of RV antigenemia and viremia in immu-
nodeficient mice infected with RV. Given the high frequency of
RV-IgM� mBc in vivo and their substantial ability to switch in
vitro, we next sought to determine if circulating human IgM� mBc
could switch in the context of a viral infection in vivo and if such a
switch was associated with any functional activity. Highly purified
(median purity, 98%) human IgM� mBc were mixed with autol-

ogous Bc-dPBMCs (used to provide antigen-presenting cells) and
transferred i.p. into NOD/Shi-scid IL-2R�null adult mice. Three
additional groups of mice were treated with unfractionated
PBMCs, Bc-dPBMCs alone, or PBS and served as controls. Imme-
diately after transfer, all four groups of mice were infected orally
with virulent murine rotavirus (ECWT). On day 15 postinfection,
significant quantities of human total IgM, IgG, and IgA were
found in the sera of mice treated with unfractionated PBMCs (Fig.
3A). Consistent with in vitro results (Fig. 1B and data not shown),
both total human IgM and human IgG, but not human IgA, were
detected in the serum of mice transferred highly purified IgM�

mBc (Fig. 3A). Interestingly, high titers of serum RV IgM and RV
IgG, but not RV IgA, were also detected in mice given IgM� mBc
(Fig. 3A). As a control, human tetanus toxoid-specific IgM, IgG,
and IgA were also quantified. Mice given whole PBMCs developed
low titers of serum tetanus toxoid-specific IgG, but no tetanus
toxoid IgM was detected (Fig. 3A). In mice transferred Bc-
dPBMCs or PBS, human Igs were not detected (Fig. 3A).

Self-limited RV antigenemia and viremia are frequently found
in acutely infected mice and children (7, 19). Therefore, we exam-
ined the role of human IgM� mBc in the control of RV antigen-
emia. Fifteen days after oral RV infection, high serum levels of
RV-VP6 antigen were detected in mice given PBS IP (Fig. 3B).
Mice dosed IP with human whole PBMCs or purified IgM� mBc
had significantly reduced levels of serum RV-VP6. Mice given
Bc-dPBMCs had intermediate levels of circulating RV-VP6
(Fig. 3B). As shown in Table 2, the levels of circulating RV-RNA in
the serum determined by quantitative RT-PCR in a fraction of
mice correlated with the ELISA results and confirmed that human

FIG 2 IgM� mBc have lower cloning efficiencies than switched mBc. (A) Cloning efficiencies of total and RV IgM� mBc and switched mBc. Total mBc cloning
efficiencies were calculated based on the percentage of the numbers of mBc obtained in the LDA. The cloning efficiency of RV-mBc was calculated as the fraction
of the cells used for the sorting experiments stained with GFP-VLP (shown in panel B). Lines represent the medians. One and two asterisks represent statistically
significant differences in the frequency of mBc between IgM� mBc and switched mBc (P � 0.04 and 0.02, respectively; Wilcoxon test). (C) The expression of
plasmablast markers in naive, IgM� mBc, and switched mBc after 7 days of culture was evaluated by FC. One representative experiment of seven performed is
shown. (D) Frequencies of total IgM, IgG, and IgA ASCs generated after culture of each indicated subset, as detected by two-color ELISPOT. Medians and ranges
of nine experiments are shown. The asterisk indicates a statistically significant difference (P � 0.01, Mann-Whitney test).
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IgM� mBc can reduce levels of antigenemia and viremia in chron-
ically infected immunodeficient mice.

Then, we analyzed the intestinal antibody response and viral shed-
ding in transferred immunodeficient mice. A low level of total human
IgG was detected in fecal samples from mice dosed with PBMCs and
with IgM� mBc, but not in those given Bc-dPBMCs or PBS (Fig. 4A).
However, very little or no fecal human RV Ig was detected in any mice
(Fig. 4A). Consistently, detection of RV Ag in stool showed that

NOD/Shi-scid IL-2R�null mice were chronically infected with RV at
similar levels in all of the groups of mice evaluated (Fig. 4B).

Taken together, our data suggest that in vivo, during an RV
infection, human IgM� mBc can differentiate into IgM and IgG
ASCs and that the RV-specific antibodies secreted by these cells
can significantly reduce antigenemia and viremia levels.

Human RV IgM� mBc are enriched in the IgMhi IgDlow sub-
set. Human IgM� mBc are heterogeneous, and at least three sub-

FIG 3 Total and RV IgM� mBc switch to IgG isotype frequencies in vivo. (A) Immunodeficient NOD/Shi-scid IL-2R�null adult mice were i.p. inoculated with
PBS (�, dashed line), PBMCs (o, continuous line), Bc-dPBMCs (p, dashed line), or Bc-dPBMCs plus highly purified IgM� mBc (�, continuous line) and
immediately infected orally with the murine ECWT strain RV. Fifteen days after infection, relative quantities of human total, RV-specific, and tetanus toxoid
(TT)-specific (as a control Ag) IgM, IgG, and IgA were determined in the serum by ELISA. Optical densities (at 450 nm) of serial dilutions of serum are presented
on a log2 scale. Each point represents the median (n � 4), and the lines represent the range for each dilution. An asterisk represents a statistically significant
difference (P 	 0.05, Mann-Whitney test). (B) Human IgM� mBc are involved in clearing RV antigenemia. Relative quantities are shown for RV VP6 detected
by ELISA (optical density at 450 nm [OD450]) in the serum of mice that were transferred human cells (or PBS as a control). The bars represent the medians, and
lines represent the ranges (n � 4). An asterisk indicates a significant difference (P � 0.02, Mann-Whitney test).
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sets have been identified based on their expression of surface
markers: CD27� IgM� IgD� (IgM-only mBc), CD27� IgM�

IgD� (a heterogeneous subset), and CD27� IgM� CD43hi (B1
cells) (15, 27, 34, 67). To determine if RV IgM� mBc were en-
riched in a particular IgM� mBc subset, we analyzed their pheno-
type by multiparametric FCA. In five experiments with cells from
healthy adult volunteers, enrichment of RV-mBc was found in the
IgM� IgD� subset, but not the IgM�-only subset (Fig. 5A). When
we analyzed the IgM� IgD� subset in more detail, RV-mBc were
particularly enriched in the IgMhi IgDlow subset (Fig. 5B). Of note,
in these experiments the frequency of CD27� CD43hi B cells was
very low (�1% of purified B cells), the majority of them (�85%)
did not express IgM, and RV-mBc were not enriched in this subset
(data not shown). In conclusion, further characterization of cir-
culating RV IgM� cells showed that such cells are enriched in the
IgMhi IgDlow subset, which has been previously shown to share

TABLE 2 Number of RV RNA-NSP5 copies/ml detected by quantitative
RT-PCR in serum of mice passively transferred with PBS or indicated
cell subsets

Transfer of: Sample no.a No. of copies/mlb

PBS 1 5.6 � 104

2 8.6 � 104

3 8 � 104

PBMCs 1 	25
2 	25
3 	25

Bc-dPBMc 1 2.3 � 104

IgM� mBc 1 	25
2 	25

a Not enough sample was available from all mice, and only 9 of 16 samples were
evaluated.
b Sensitivity limit of the assay, 25 copies/ml.

FIG 4 Transferred human B cells do not affect RV shedding in the stool. (A) Little or no human total (upper panel) or RV IgM, RV IgG, or RV IgA (lower panel)
was detected in feces of immunodeficient mice after transfer. Relative quantities of total and RV IgM, RV IgG, and RV IgA were detected by ELISA in fecal samples
collected 1 to 21 days postinfection in the four indicated groups of mice. (B) Relative quantities of RV VP6 detected by ELISA in fecal samples collected 1 to 21
days postinfection in the four indicated groups of mice. Immunodeficient NOD/Shi-scid IL-2R�null mice were intraperitoneally inoculated with PBS (�, dashed
line), PBMCs (o, continuous line), Bc-dPBMCs (p, dashed line), or B-dPBMCs plus highly purified IgM� mBc (�, continuous line) and immediately infected
orally with the murine RV strain ECWT. The median (n � 4) for each data point is presented.
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characteristics with marginal zone B cells (67), and that RV IgM�

cells are not enriched in the recently described B1 cells (15, 27).

DISCUSSION

Previous studies by us and others have called attention to the high
frequency and persistence of RV IgM� mBc in children and adults
(53, 64). Despite their prominence, both the origin of these cells
and their relevance to RV immunity have been unclear. IgM� mBc
are peculiar in many ways: they rapidly differentiate to ASCs, they
express CD27, and they have a high frequency of somatic hyper-
mutations in the Ig heavy chain genes. These features support
their classification as mBc (1, 34). However, the presence of these
cells in the absence of a previous antigen exposure and the similar
frequencies of somatic hypermutations in these cells from chil-

dren and adults (68) do not support the view that they are true
memory cells. The origin of these cells is also in dispute: the spleen
has been shown to be important for the development and survival
of these cells, and they may be circulating spleen marginal B cells
(10, 67). IgM� mBc can be detected in patients that lack func-
tional germinal centers due to genetic defects in genes of the
CD40-CD40L pathway (67). Human IgM� mBc can be directly
generated in vitro from transitional B cells stimulated with CpG,
and for this reason they have been referred to as “natural memory
B cells” (4). Human IgM� mBc express germinal center markers,
and a genetic relationship has been described between clones of
IgM� and switched mBc (55). Moreover, in mice it has been
shown that IgM� mBc can restart a germinal center reaction and
give rise to IgG� mBc (17). Nonetheless, a clonal relationship has
not been found between IgM and switched mBc by other investi-
gators (71). Thus, IgM� mBc are probably heterogeneous and
may have multiple origins and serve multiple purposes, depend-
ing on the specific situation.

Isotype switching permits the generation of Igs with diverse
effector functions (61). After stimulation of in vitro-purified
IgM� mBc by using an optimized protocol, 62%, 21%, and 16% of
total, RV, and tetanus toxoid mBc, respectively, that expressed
IgM switched to express IgG; no switching to IgA expression was
observed (Fig. 1B and C). IgA was not detected in the cultures of
IgM� mBc, most likely because IgA switching requirements in-
volve specific factors, such as APRIL and BAFF, produced from
epithelial and local dendritic cells (28). The high purity of the
starting mBc (Fig. 1A) and the high frequency of IgG�, but not
IgA�, mBc observed after stimulation excludes the possibility that
these cells were derived from contaminating switched cells in the
initial cultures. Isotype switching of IgM� mBc to IgG-producing
cells has also been observed in purified human B cells cocultured
with an allorective T cell clone and in cultures in which IL-4 and
CD40L were used for stimulation (37, 69). However, in another
study, IgM� mBc stimulated with antibodies to BCR or CD40L
did not switch to IgG expression and did not express AID, an
enzyme required for the switching isotype (57). Similarly, single
RV IgM� mBc, identified as CD19� IgD� CD27� GFP-VLP�,
expanded in response to IL-2, IL-4, and supernatant from mito-
gen-stimulated primary human T cells, and CD40L-transfected
fibroblasts secreted IgM almost exclusively (64). Thus, the in vitro
capacity of IgM� mBc to switch is probably highly dependent on
the type of experimental stimuli used, and some previously re-
ported results may have substantially underestimated this capac-
ity. Although the possibility of isotype switching in vitro has been
previously noted, this phenomenon has generally not been taken
into account in the interpretation of assays in which mBc are
quantified based on in vitro stimulation (2, 5, 9, 14). Our results
suggest that an important fraction of mBc can switch in vitro un-
der relatively optimized LDA stimulation conditions, and because
of this ability the number of RV IgM� mBc has also been under-
estimated.

Although LDA studies of PBMCs have been extensively used to
quantify total and antigen-specific mBc (5, 14, 53), the use of
purified B cells is less common (2, 9), and a single study with
purified mBc subsets has been previously described (52). While it
was previously established that naive and mBc have different re-
quirements for proliferation and effector activation (26), studies
comparing cloning efficiencies of human mBc subsets by LDA are
unusual (52). Here, we observed that total and RV IgM� mBc have

FIG 5 IgM� mBc are heterogeneous, and RV-specific mBc are enriched in the
IgMhi IgDlow subset. Rosette-enriched human B cells, like those used for the
sorting experiments, were stained with GFP-VLPs, anti-CD20, anti-CD27,
anti-IgD, and anti-IgM. (A) B cells (CD20�) and mBc (CD20� CD27�), total
and RV-specific cells (GFP-VLP�) were gated, and expression levels of IgD
and IgM were analyzed for each subpopulation. One of five experiments per-
formed is shown. (B) Summary of the frequencies (as percentages) of the five
subsets of CD27� total and RV-mBc: IgM� IgD�, IgM� IgD�, IgM� IgD�,
IgMhi IgDlow, and IgMlow IgDhi. An asterisk indicates a significant difference
(P 	 0.05, Wilcoxon test). Median values are represented by the lines.
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lower cloning efficiencies than switched mBc (Fig. 2). Differential
expression of surface activator receptors and death susceptibility
between the human mBc subsets could explain this finding. Puri-
fied IgG� mBc stimulated with R848 (an agonist of Toll-like re-
ceptor 7 [TLR7] and TLR8), high doses of IL-2, or autologous
irradiated PMBCs as feeder cells (52) showed a similar cloning
efficiency to the one we observed here (Fig. 2 and data not shown).
It is clear, however, that only a fraction of mBc can be detected by
functional LDA (52) and that the mBC capacity to switch con-
founds these studies. Obviously, this issue is further confounded,
from a functional standpoint, by the fact that the crucial question
of switch capacity in vivo may not be well reflected by any of the in
vitro assays. Nevertheless, our studies have revealed a significant
capacity of RV IgM� mBc to switch in vitro and this, coupled with
the fact that these cells represent the most common RV-specific
mBc in the circulation of children and adults, prompted us to
determine whether these cells might also have a switch phenotype
in vivo, as well as whether they were able to mediate any specific
anti-RV functions.

An antimicrobial functional role for IgM� mBc has been pre-
viously demonstrated, especially against encapsulated bacteria
(35, 58, 59). Nonetheless, the possible role of these cells in viral
infections is not well understood. A heterosubtypic monoclonal
antibody cloned from human IgM� mBc was protective against
lethal challenge with influenza virus in mice (63). Also, it was
recently proposed that IgM� mBc are involved in limiting the
quantity of lipopolysaccharide that circulates in HIV-infected pa-
tients (40). The role of IgM� mBc in rotaviral immunity has been
studied at several levels: clones of human RV IgM� mBc have been
generated, and the antibodies they secrete were shown to be spe-
cific for RV VP6 (30, 64); most of the ASCs in acutely RV-infected
children secrete IgM (25); finally, in mice a T cell-independent
IgM response associated with protective immunity has been ob-
served (8). Here, we extended these observations and showed that
highly purified human IgM� mBc given intraperitoneally to im-
munodeficient mice that were subsequently infected with virulent
murine RV switched to IgG in vivo (Fig. 3A). These findings are
similar to previous observations with pneumococcal capsular an-
tigen (46). The absence of tetanus toxoid IgM and little, if any,
tetanus toxoid IgG in the IgM mBc recipient mice suggest that the
stimulation and isotype switching were induced specifically by the
ongoing RV infection.

Although several investigators have studied RV infection in
immunodeficient mice (8, 22, 23) and NOD/Shi-scid IL-2R�null

mice have been used to study grafting of human cells (62), this is
the first study reporting homologous murine RV infection in these
mice. It is known that homologous ECWT RV is highly virulent
and is associated with high levels of viremia and viral shedding in
the stool in wild-type and immunodeficient mice (6, 19). NOD/
Shi-scid IL-2R�null adult mice became chronically infected with
ECWT, and high levels of antigenemia and fecal RV antigens were
detected on day 15 after infection in these mice (Fig. 3B and 4B).
Although PBMCs depleted of B cells partially cleared the antigen-
emia, the presence of purified IgM� mBc significantly decreased
the amount of serum RV VP6 and viral RNA compared to controls
treated with PBS (Fig. 3B and Table 1), strongly suggesting a role
for circulating IgM� mBc in the provision of systemic RV immu-
nity. Consistent with our results, it was recently shown that in
mice, murine lymphocytes are necessary to clear antigenemia but

that neither T nor B cells are absolutely required for this effect
(44).

Although neutralizing antibodies have been classically associ-
ated with control of viral replication in several RV models, inhi-
bition of RV replication by nonneutralizing anti-VP6 antibodies
has been previously demonstrated (21). Human circulating IgM�

mBc are enriched in nonneutralizing anti-VP6 rather than neu-
tralizing anti-VP4 or VP7-expressing cells (51, 64), and the anti-
VP6 antibodies from these IgM� mBc are probably responsible
for the decrease in circulating RV antigen. In support of this pre-
diction, the transfer of both neutralizing and nonneutralizing an-
tibodies to chronically infected immunodeficient mice delayed
the onset and duration of antigenemia (44). Over 90% of acutely
infected children have circulating RV antigen in their plasma,
which disappears during the convalescence phase (7). The control
of RV antigenemia is likely to be a critical component of RV im-
munity in both immunocompetent and immunodeficient chil-
dren. Chronic systemic rotavirus infection associated with hepa-
titis and renal disease has been reported on multiple occasions in
children with severe combined immunodeficiency (24). Extrain-
testinal manifestations of RV infection, like mild hepatitis, are
very common (31), while convulsions (associated with viral anti-
gen in spinal fluid) occur sporadically (16, 41). Modulation of the
extent of systemic viral infection and its associated clinical se-
quelae is likely to be one of the effector functions of IgM� mBc.

Interestingly, fecal antigen shedding was not affected by trans-
fer of IgM� mBc, probably because in these adult mice little if any
human RV antibody reached the intestine (Fig. 4). To our knowl-
edge, our study of the intestinal antibody response to viral infec-
tion in mice transferred human B cells has no precedent. Lack of
effective transport of human Igs to the murine lumen and/or in-
efficient migration of transferred human B cells to the intestine
(36) could explain our finding (Fig. 4).

We and others have reported that human circulating RV-spe-
cific cells are enriched in the CD27� IgM� subset (53, 64). Here,
we extended these observations to show that this is primarily due
to enrichment in the IgMhi IgDlow mBc subset (Fig. 5). This phe-
notype is characteristic of marginal zone B cells, which also ex-
press high levels of CD21 (67). However, CD21 was not expressed
at higher levels in this subset compared to other CD27� mBc
subsets (data not shown). Human B1 cells have recently been re-
ported to be CD27� IgM� CD43high (27). In our hands, the fre-
quency of CD27� CD43high B cells was very low; the majority of
them (�85%) did not express IgM, and they were not enriched in
RV-mBc (data not shown). B1 cells defined with these markers are
currently a subject of controversy, because they are easily contam-
inated with T cells and/or confused with plasma cells that have not
completely lost CD20 (15). Thus, we conclude that RV-IgM� mBc
are enriched in B cells with a phenotype similar to cells with an
innate function (marginal zone B cells), but in this case, they have
a substantial ability to switch in vitro and in vivo and to mediate
antiviral immunity.

In summary, human circulating total and RV-IgM� mBc are
enriched in the IgMhi IgDlow subset, have differential cloning effi-
ciencies, and can switch in vitro and in vivo. Moreover, the human
IgM� mBc can mediate a significant reduction of RV antigenemia
and viremia in immunodeficient mice, and therefore they are
likely involved in immunity against RV.
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