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ABSTRACT Rotaviruses (RV) are ubiquitous, highly infectious,
segmented double-stranded RNA genome viruses of importance
in public health because of the severe acute gastroenteritis they
cause in young children and many animal species. They are very
well adapted to their host, with symptomatic and asymptomatic
reinfections being virtually universal during the first 3 years of
life. Antibodies are the major arm of the immune system
responsible for protecting infants from RV reinfection. The
relationship between the virus and the B cells (Bc) that produce
these antibodies is complex and incompletely understood: most
blood-circulating Bc that express RV-specific immunoglobulin
(Ig) on their surface (RV-Ig) are naive Bc and recognize the
intermediate capsid viral protein VP6 with low affinity. When
compared to non-antigen-specific Bc, RV-Bc are enriched in
CD27+ memory Bc (mBc) that express IgM. The Ig genes used by
naive RV-Bc are different than those expressed by RV-mBc,
suggesting that the latter do not primarily develop from the
former. Although RV predominantly infects mature villus
enterocytes, an acute systemic viremia also occurs and RV-Bc
can be thought of as belonging to either the intestinal or
systemic immune compartments. Serotype-specific or
heterotypic RV antibodies appear to mediate protection by
multiple mechanisms, including intracellular and extracellular
homotypic and heterotypic neutralization. Passive
administration of RV-Ig can be used either prophylactically or
therapeutically. A better understanding of the Bc response
generated against RV will improve our capacity to identify
improved correlates of protection for RV vaccines.

INTRODUCTION
Rotaviruses (RV) are ubiquitous highly infectious
double-stranded RNA viruses of importance in public
health because of the severe acute gastroenteritis (GE)
they cause in young children and many other animal
species. They are very well adapted to their host, causing
frequent symptomatic and asymptomatic reinfections.
Antibodies are the major component of the immune
system that protects infants against RV reinfection. The

relationship between the virus and the B cells (Bc) that
produce these antibodies is complex and incompletely
understood (1). In this review, the following basic aspects
of RV-specific Bc (RV-Bc)will be addressed: (i) ontogeny;
(ii) use of immunoglobulin (Ig) genes; (iii) differential
distribution (compartmentalization) in the intestinal and
systemic immune systems; (iv) specificity of RV-Ig pro-
duced and the mechanisms by which it mediates protec-
tion; and finally, (v) practical applications for the use of
RV-Ig, including RV-Ig as a prophylactic or therapeutic
agent and as a correlate of protection. The immune re-
sponse generated against RV vaccines has been recently
reviewed (2, 3) and will only be briefly discussed. The
focus of this review is antibodies induced by natural RV
infection in humans, but reference to studies of the mu-
rine and porcine animal models of RV infection will be
made when necessary.

THE ANTIBODY RESPONSE AGAINST RV
(i) Ontogeny of RV-Bc and RV-Ig
A newborn receives important quantities of RV-IgG and
RV-IgM transplacentally. High levels of these transpla-
centally transmitted Igs correlate with lower numbers of
RV infections in young children and probably mediate
protection against severe RV disease (4). In addition,
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maternal antibodies are also transferred to the infant
through breast milk. It has been postulated that colos-
trum secretory IgA (sIgA) can be systemically absorbed
to some degree (5), but most antibodies in the serum
of neonates are transplacentally acquired and do not
contain RV-IgA. Although breast milk antibodies are
thought to have a local intestinal antiviral effect, this
effect is relatively modest when it comes to preventing
severe RV disease (1). In animal models, high-titered
serum maternal antibodies (similar to what is observed
in children from low-income countries) have some pro-
tective effect and can also inhibit the response to an RV
vaccine (6). In contrast, low-titered maternal antibody in
serum (as seen in children from high-income countries)
did not protect against infection. The experimental
conditions that induced low-titered maternal antibody in
serum had a complex effect on subsequent immune re-
sponse, which included an increase in the numbers of RV
antibody-secreting cells (ASC) in the intestine induced
upon infection in a porcine model system (7). In chil-
dren, the presence of high-titered maternal antibodies in
both serum and milk is thought to partially explain the
lower immunogenicity of RV vaccines in low-income
countries (3). The effect of maternal antibody levels and
quality on RV vaccine immunogenicity in children needs
to be further investigated (3).

Fortunately, RV is one of a few microbial antigens for
which a flow cytometry assay to identify and charac-
terize Bc expressing RV-Ig at the membrane surface has
been developed. Bc that bind green fluorescent protein
(GFP)-containing RV virus-like particles (VLPs) made
from viral core protein VP2 and intermediate capsid
protein VP6 (an immunodominant antibody target) are
considered RV-Bc. Figure 1 shows an example of a
typical experiment using RV GFP-containing VLPs, and
Table 1 gives a summary of the subsets of RV-Bc that
have been shown to specifically bind GFP-containing
VLPs using flow cytometry-based assays.

Unexpectedly, children are born with a high number
(approximately 1 to 2%) of RV-Bc with a naive pheno-
type (8). These Bc secrete antibodies that have a low af-
finity to VP6 (9). Intriguingly, by 2 months of age,
children will have a high number of RV-Bc that express
IgM, IgD, and CD27 (generally considered a marker
constellation for memory Bc [mBc]), irrespective of
whether the children have had an RV infection, as
evidenced by the presence of RV-IgA in serum (10). It is
uncertain at present if these RV-mBc have or have not
been induced by asymptomatic or symptomatic RV
infections (either enteric or systemic) that, for some rea-
son, do not induce serumRV-IgA.However, theymay be

playing a role in RV immunity. In experiments in which
human IgM-mBc (mostly IgD+) are passively transferred
to RV-infected immunodeficient mice, they are able to
switch to IgG ASC and mediate immunity against RV
antigenemia and viremia (11). Moreover, RV-mBc from
adults are enriched in the IgDlow IgMhi CD27+ subset of
Bc (11) (Fig. 1, Table 1). This phenotype is reminiscent
of spleen marginal zone Bc, a subset that has been

FIGURE 1 Flow cytometry experiment to characterize and
compare RV-Bc to total Bc subsets (from reference 11 with
modifications). Top row plots illustrate the Bc subsets con-
sidered. Middle row dot plots are gated on total CD20+ Bc.
Bottom row plots are gated on CD20+ Bc that bind fluores-
cent RV VLPs (RV-Bc). As a first step in this analysis, Bc are
evaluated for the expression of IgD and CD27 (left dot plots).
IgD+ CD27- Bc are naive cells, and IgD- CD27- (IgM, IgG, or
IgA+) are a low-frequency subset of mBc. The CD27+ Bc of the
left panels are further analyzed for the expression of IgD and
IgM (right dot plots). IgM- IgD- cells are classical switched
mBc; IgM+ IgD- cells are called IgM-only mBc and resemble in
many ways the switched mBc. IgD+ IgM- cells are a poorly
characterized subset of mBc. Double-positive IgM+ IgD+ mBc
are a heterogeneous population of mBc; in the present ex-
periment, they are further subdivided into IgMhi IgDlow (a
phenotype that resembles marginal zone Bc) and IgMlow IgDhi.
doi:10.1128/microbiolspec.AID-0011-2013.f1
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postulated to develop (by an unknown mechanism) a
prediversified Ig repertoire and to participate in “innate”
Ig responses to pathogens (12).

Between 6 months (when maternal antibodies wane)
and 3 years of age, almost every child will have been
infected by RV, and approximately 50% of them will
have had at least one symptomatic infection that consists
primarily of diarrhea and vomiting (3). The primary Bc
response in the peripheral blood of these children is
characterized acutely by the presence of circulating RV-
IgMASC (13). Between 1 and 2weeks after infection, the
classical IgD- CD27+ mBc appear in blood (14), and
concomitantly, RV-IgA and IgM can be detected in se-
rum (15) and stool (16). Importantly, in the serum of
these children, secretory antibodies (antibodies that
have been secreted to the intestinal lumen) can also be
identified (17). RV sIgs present in the stool and serum
originate from intestinal lamina propria RV ASCs that
secrete polymeric antibodies. These antibodies are
transported by the polymeric Ig receptor, present on the
basolateral membrane of enterocytes, to the lumen of the
intestine. In the lumen, proteases cleave the receptor,
leaving part of it covalently attached to the Ig. This
portion of the receptor, known as the secretory com-
ponent, serves as a marker of sIg and protects the Igs
from degradation in the harsh intestinal lumen. By an
unknown mechanism, some of these sIg antibodies are
retrotranscytosed and reach the systemic circulation
(18). Four months after viral infection, RV-IgA persist in
the circulation of children but the RV-sIg have dis-
appeared (17). This finding has been associated with the
fact that the production of local intestinal antibodies is
short lived compared to antibodies (especially RV-IgG)
present in serum (see below for discussion on the per-
sistence of RV-Ig) (19).

Children and adults can be reinfected with RV, with
the majority of reinfections being less symptomatic or
asymptomatic compared to the first one or two. When
caring for children with RV infections, up to 50% of
parents become infected and half of them will have mild
GE symptoms. Among the elderly, it is not uncommon
for symptomatic RV outbreaks to reoccur, presumably
due to waning immunity and or immunesenescence in
this population (1).

(ii) Ig Gene Usage of RV-Bc
The relatively high number of circulating RV-Bc and the
availability of a flow cytometry assay (Fig. 1) to detect
them have permitted extensive studies of the Ig genes
used by these cells in human peripheral blood and, to a
much lesser degree, the intestine (9, 20, 21). The general

strategy to perform these studies has been to clone and
express the genes of single RV-Bc sorted (using the same
strategy used to identify RV-Bc by flow cytometry de-
scribed above and in Fig. 1) and in some cases expanded
in vitro. These studies are robust because the genes
amplified by PCR come from single cells and the speci-
ficity and functionality of the antibody they produce can
be further tested.

Initial findings showed that, compared to non-
antigen-specific Bc, RV-Bc of healthy adults have a bi-
ased usage of VH genes (21). In addition, the RV-Bc
VH, D, JH, VL, and JL segment usage, extent of junc-
tional diversity, and mean H chain complementarity-
determining region 3 length of adults and infants were
found to be similar (21). The genetic resemblance be-
tween cells from infants and adults was unexpected, since
it was thought that children’s Bc would have similarities
to Bc present during the fetal period, which have a par-
ticular repertoire of VH and VL gene usage and lack
junctional diversity. These results suggested that the Bc
repertoire is not a limiting determinant of the quality of
antibody responses to RV in children (21). Nonetheless,
a subsequent report showed that VH sequences of RV-Bc
from children with acute RV GE have a lower number of
mutations than those of the corresponding adult se-
quences (22). Besides, further studies that concentrated
on VP6-specific antibodies encoded by the VH1-46 gene
segment (an immunodominant gene in RV-Bc of both
children and adults) showed that the mutations detected
in adults conferred functional advantages to these anti-
bodies (9). For instance, somatic mutations in the H
chain CDR2 region of these antibodies generated a pro-
longed off-rate in VP6 binding and increased antiviral
activity in an in vitro intracellular neutralization assay.
Of note, using three-dimensional cryoelectron micros-
copy, investigators demonstrated that these antibodies
bind VP6 where this protein forms viral type 1 channels,
suggesting that the mechanism of intracellular neutrali-
zation could involve inhibition of viral RNA release
during replication (9).

More recently, the Ig gene repertoire of VP6-Bc in
circulating naive (CD19+ IgD+ CD27-) or mBc subsets
(CD19+ IgD+ CD27+ IgM mBc or CD19+ IgD- CD27+

switchedmBc that in these experiments include IgM-only
mBc) from healthy adults has been evaluated (20). As
previously stated, compared to non-antigen-specific
mBc, RV-mBc had an increased frequency of IgM mBc
(Table 1). Also, IgMRV-mBc had a shorter CDR3 length
than naive and RV-switched mBc. This could be ex-
plained by both lower numbers of N and P nucleotide
additions and shorter D segment length, due to increased
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exonuclease activity. A comparable findingwas observed
for total non-antigen-specific IgM-mBc, suggesting that
IgM RV-mBc are probably selected by the same un-
identified mechanism (20). In addition, the authors ob-
served that switched RV-mBc were enriched in IgM-only
mBc at the expense of IgAmBc (Table 1) and had a lower
frequency of somatic mutations. These findings suggest
that RV-mBc have undergone less extensive maturation
in germinal centers (where switching and somatic
hypermutation occur). Although the IgM mBc and
switched mBc subpopulations of RV-mBc thus seem to
be selected by different mechanisms, they share a very
intriguing difference from naive RV-Bc. While the VH1
family is the dominant VHgene family used by naive RV-
mBc, the VH3 family is dominant in both subtypes of
RV-mBc. Particularly, the dominance of the VH1-46
gene segment usage is high in naive RV-Bc (28.6%)
compared with IgM and switched RV-mBc (7.8 and
8.3%, respectively). In contrast, the VH3 family is the
predominant VH family used by naive mBc and the two
subtypes of mBc in total non-antigen-specific Bc. Alto-
gether, these findings indicate that, unexpectedly, the
dominant naive RV-VH1-expressing Bc do not have an
advantage in the two selection processes that give rise to
IgM and switched RV-mBc. Hence, more studies are
necessary at both the ontological and functional levels to
understand the relationship between the RV-specific
naive and memory repertoires of Bc.

The investigations described above have been per-
formed with blood-circulating Bc, and as previously
stated, RV-Bc are probably concentrated in the intestine
(see below for discussion on the compartmentalization
of RV-Bc). Accordingly, two recent studies addressed the

genes used by intestinal RV-Bc in healthy adult subjects
(23, 24). In the first report, IgG or IgM plasma cells from
the small bowel (CD138+ CD27+ that still express sur-
face Ig of the corresponding isotype) capable of binding
2/6 RV-VLPs were purified by cell sorting (23). Ig genes
from Bc derived from three donors were cloned, se-
quenced, and expressed. The VH genes of 26 Bc clones
obtained (22 IgA, 4 IgM) were highly mutated and
preferentially expressed the VH4 family, which is not
dominant among peripheral blood RV-Bc (23). Ten of
the IgA antibodies were expressed, and 8 were shown to
bind RV but not a control antigen. In the second report,
the genes from total non-antigen-specific IgA and IgG
plasmablasts (CD38+ CD27+ cells still expressing the
corresponding Ig isotype) from the lamina propria of the
terminal ileum of healthy adult volunteers were cloned
and expressed in vitro (6). Although the IgG plasma-
blasts were approximately 10 times less frequent than
the IgA plasmablasts, the IgH, IgK, and IgL chain gene
repertoire of both types of plasmablasts were similar to
each other and to their blood-circulating counterparts.
The reactivity profile of Ig produced by the Bc clones
against a large panel of self-antigens, intestinal bacteria,
and RV was characterized. Approximately 30% of
intestinal IgA and IgG plasmablast antibodies were
polyreactive, and the majority of these recognized RV 2/
6 VLPs. Only 1 of 137 IgA and 2 of 85 IgG plasmablast
clones were exclusively specific for the RV VLPs (24).
Thus, the majority of intestinal plasmablasts that rec-
ognize RV (most probably VP6) are polyreactive. This
observation underscores the necessity to characterize
the reactivity of RV-Ig obtained from blood-circulating
Bc in the studies previously described. Hence, future

TABLE 1 Blood-circulating Bc subsets in healthy adults and their enrichment or not in RV-Bc

Bc subset common
name (phenotype)

Function and/or relationship of the
Bc subset to disease Enrichment in RV-Bc Reference(s)

Naive (CD27- IgD+ IgM+) Bc that have emigrated from the bone marrow
and express the preimmune repertoire of Ig

No 53

IgM mBc (CD27+ IgD+ IgM+) Bc that probably represent a heterogeneous
subpopulation, an important part of which has
a prediversified repertoire of Ig; the CD27+ IgDlow

IgMhi subset resembles marginal zone Bc and
are particularly enriched in RV-mBc

Yes 11, 20, 53

CD27- mBc (CD27- IgD- IgM
or IgG or IgA+)

Atypical mBc that do not express CD27 and that
are enriched in patients with autoimmune diseases
such as lupus

Yes in the IgG+ subset 53

IgM-only mBc (CD27+ IgD- IgM+) A minor mBc population that expresses IgM and
seems to be related to switch mBc

Yes 20

Switch mBc (CD27+ IgD- IgM- IgG
or IgA+)

Classical mBc subset that expresses IgG or IgA Decreased frequency 11, 20, 53
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investigations to directly compare the blood and intes-
tinal RV-Bc repertoires seem warranted.

(iii) Compartmentalization of RV-Bc
Although the largest amount of RV replication in both
animals and humans occurs in the intestinal tract, infec-
tion is generally accompanied by antigenemia and vire-
mia. Low levels of systemic RV replication commonly
occur in animals, and many children have elevated liver
enzyme levels, suggesting that mild hepatitis is a common
feature of RV infection (2). With this pattern of infection,
it is not surprising that the distribution of RV-Bc in
animals is biased to intestinal localization but also has an
important systemic component (25). For this reason, the
RV model has been useful to test the hypothesis that the
immune system functions in compartments (1). According
to this hypothesis, an immune response will be tailored to
best function at the anatomical niche where it develops,
and lymphocytes specific for a specific pathogen will
concentrate in the compartment of entry of that pathogen.
For RV, this is clearly the case. During an acute infection,
most viral reactive Bc are concentrated in the intestine
(25). However, concomitant with viremia, RV-Bc also
appear in the spleen and bone marrow (25). Nine months
after primary RV infection in a mouse, effector ASC pre-
dominantly secrete RV-IgA (the isotype suited to survive
in the harsh environment of the intestinal lumen), rather
than RV-IgG, and are concentrated in the small intestinal
lamina propria and, to a lesser extent, in Peyer’s patches
(Fig. 2, top panel). In contrast, equal numbers of IgG and
IgA RV-ASC are present in the spleen and bone marrow
(Fig. 2, top panel). When comparing RV-mBc (charac-
terized by flow cytometry) at these late time points after
infection, it is estimated that a mouse will have approxi-
mately the same number of RV-mBc in the spleen and in
the Peyer’s patches (for technical reasons, RV-mBc were
not evaluated in the intestinal lamina propria) (Fig. 2,
middle panel). However, the frequency of RV-mBc as a
fraction of total cells in each organ is higher in the Peyer’s
patches (Fig. 2, bottom panel), indicating a selective ac-
cumulation in these organs. An important prediction of
the compartmentalization hypothesis is that RV-Bc that
have been primed in a given Peyer’s patch will have the
capacity to migrate to the blood and, from there, selec-
tively to other Peyer’s patches, lamina propria, and other
parts of the intestinal compartment to provide a thorough
protection against the pathogen. This prediction has been
directly demonstrated for RV (26), and the compart-
mentalized migration of the RV-Bc has been shown to
depend on the expression of the integrin α4β7 (the intes-
tinal homing receptor) and the chemokine receptor 9

(CCR9) (1). Of note, relatively high levels of α4β7 are
expressed by intestinally committed mBc/ASC compared
to naive Bc that also express this receptor (1). Since the
CCR9 ligand, the chemokine TECK, is selectively ex-
pressed in the small intestine, RV-Bc that express CCR9
will home specifically to this portion of the intestine,
where RV predominantly replicates. In humans, a direct
relationship has been shown between circulating RV-ASCs

FIGURE 2 Distribution of RV-Bc 9 months after primary oral
infection of mice in selected organs (data from experiments
reported in reference 25). The top panel shows numbers of IgG
and IgA RV ASC per mouse, in different organs, evaluated by
enzyme-linked immunospot assay. The middle panel shows
numbers of RV-mBc (small IgD- Bc) that bind RV VLPs per
mouse, in different organs, evaluated by flow cytometry. The
bottom panel shows the same data as the second panel but
expressed as RV-mBc per 105 cells of the respective organ. LN,
lymph node; LP, lamina propria. doi:10.1128/microbiolspec.
AID-0011-2013.f2
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and the presence of RV-specific ASCs in the human small
intestinal lamina propria (27). Moreover, in children with
an acute RV infection, the great majority of blood-circu-
lating RV-ASC express both intestinal homing receptors
(Fig. 3, left panel) (14). In the convalescent phase of viral
infection, approximately one-third of RV-mBc express
both receptors and are presumably targeted to the small
intestine. Another third only express α4β7 (presumably
targeted to other parts of the intestine and other mucosal
surfaces), and the final third express neither receptor (pre-
sumably targeted to the spleen and other systemic organs)
(Fig. 3, right panel) (13, 14). This result (Fig. 3) is consistent
with a compartmentalizedmBc response to RV in humans,
as observed in animals (Fig. 2).

(iv) Mechanisms of Protection and
Specificity of RV-Ig
Although in mice RV-Bc can play a contributory role
in viral clearance (28), they are primarily necessary for
preventing reinfection (29). The localization of RV-Bc
to the intestine seems to be critical for these cells to be
able to mediate their antiviral effect, since in immuno-
deficient mice chronically infected with RV, the transfer
of α4β7+ mBc is associated with an antiviral response in
the intestine and viral clearance, while the transfer of
α4β7- mBc is associated with a serum response and viral
persistence (30). In this model, both wild-type and IgA-
deficient Bc expressing the intestinal homing receptor
mediated viral immunity, although the latter did so with
somewhat lesser efficiency (31). This suggets that intes-
tinal localization and, to a lesser extent, Ig isotype are

critical factors in the protection mechanism. Another
factor that seems critical in determining the capacity of a
Bc to protect against RV is the age at which the mice are
immunized. The age of immunization is, itself, related to
the capacity of the mouse to develop CD4+ T cells.
Mouse pups immunized orally with a heterologous,
poorly replication-competent simian RV were less
protected than adult mice and produced less RV intes-
tinal IgA and neutralizing antibodies. This finding was
associated with the immature T-cell response in the pups
(32). In fact, more than 90% of the intestinal IgA in
adult mice is CD4+ T-cell dependent (29). Although the
T-cell-independent response may aid in viral clearance
(28), the mechanism of how the virus stimulates it is not
completely clear. In T-cell-deficient mice, RV can induce
a strong Bc polyclonal activation (33), and this phe-
nomenon has been linked, in one study, to the capacity
of VP7 to stimulate Bc via Toll 4 receptor (34). In vitro,
RV has been shown to induce activation and differen-
tiation of human Bc, present in peripheral blood
mononuclear cells, into ASC (35). However, this effect
was not observed with purified Bc, suggesting the par-
ticipation of other cells in activating the Bc; most likely
dendritic cells that produce alpha interferon. In children,
intestinal IgA responses are frequently short lived (16),
while systemic IgG responses tend to persist (19). It has
also been shown that children, like mice, have an age-
related delay in the development of neutralizing Ig (54).
A primary infection in young children thus develops in
the context of an immature immune system, with a poor
capacity to stimulate memory CD4+ T cells and with the
development of a T-cell-independent/innate Bc response
that may, in some cases, not persist.

The great majority of RV-Igs both in animals (36) and
humans (1) are directed against VP6. The role played by
most of these antibodies in RV immunity is incompletely
understood, but it has been postulated that some of these
antibodies mediate intracellular neutralization (37). It is
hypothesized that during the transcytosis of polymeric
IgA from the basolateral membrane of enterocytes to the
gut lumen, these Ig bind virus VP6 and “expulse” it to the
gut lumen. Loading of the sIgA may occur in the crypt
enterocytes that express the polymeric Ig receptor. When
these enterocytes reach the tip of the villi (site of RV
infection), they still may have some IgA that can mediate
the proposed viral expulsion. This model has been
supported by in vitro experiments in which neutraliza-
tion of RV can be achieved if the anti-VP6 dimeric IgA
antibodies are delivered intracellularly to infected cells
(38). Furthermore, in mice, protection by these anti-
bodies is dependent on transcytosis of mucosal Igs by the

FIGURE 3 Expression of the integrin α4β7 (the intestinal
homing receptor) and CCR9 (chemokine receptor 9 whose
ligand, TECK or CCL25, is selectively expressed in the small
intestine) on RV-Bc (Bc that bind fluorescent RV VLPs) in
children with acute (left dot plot)- or convalescent (right dot
plot)-phase RV infection. The figure is from reference 14, with
modifications. doi:10.1128/microbiolspec.AID-0011-2013.f3
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polymeric Ig receptor (39) and not mediated via immune
exclusion (see below) (40). Of note, several recent reports
have identified llama VP6-directed monoclonal anti-
bodies with substantial traditional neutralization activity
(41, 42). The mechanistic and structural basis of these
findings has not yet been determined, and numerous
attempts to find comparable VP6 antibodies in mice and
humans have thus far been unsuccessful.

The classical mechanism of Ig-mediated protection
against RV involves viral exclusion (block of enterocyte
infection) by neutralizing antibodies directed against the
virus outer proteins VP4 and VP7 (1). The mechanism of
neutralization for both types of antibodies has been
described in detail. Based on structural studies, twomain
neutralizing epitopes have been described for VP7. The
VP7-1 epitope lies at the three corners of VP7 trimers
and involves at least two VP7 molecules. Antibodies
against this epitope neutralize the virus by stabilizing the
capsid and preventing viral uncoating. The VP7-2 epi-
tope is in the center of the protein, and the mechanism of
neutralization is unknown (43, 44). VP4, the virus spike
protein, is cleaved in two proteins, VP5*, which
constitutes the stalk of the spike, and VP8*, localized on
the tip of the stalk, which mediates initial cellular at-
tachment. At least four structurally defined epitopes
have been identified in VP8*, and antibodies against
them mediate neutralization by blocking virus attach-
ment to cells (43). Five structurally defined epitopes have
been identified for VP5* (43). The VP5-1 epitope is lo-
cated in the apical hydrophobic loops of the protein and
seems to block the association of VP5* with membranes,
probably blocking membrane penetration (44). The
mechanisms of neutralization of antibodies directed to
the other epitopes are not completely clear at present.

THERAPEUTIC AND PROPHYLACTIC
APPLICATIONS OF RV ANTIBODIES
RV-Ig can have therapeutic/prophylactic applications
and has been used as a correlate of protection for RV
vaccines. The latter have been recently reviewed (3) and
will only be briefly mentioned here.

Passive administration of RV-Ig can shorten the du-
ration of RV infection in animals (1). Oral administra-
tion of commercial human Ig preparations, with high
titers of neutralizing RV-Ig, have been shown to be of
clinical benefit in children with RV GE (45). This type of
treatment may be helpful for children with primary and
acquired immunodeficiency and prolonged RV infection
(1, 46). Careful kinetic studies of children suffering pri-
mary immunodeficiency, who presented with chronic

diarrhea and RV excretion, confirmed that RV-Ig can
survive passage in the gastrointestinal tract and tempo-
rarily reduce viral excretion (46). However, preparations
of human Ig are expensive, andmultiple alternatives have
been investigated. Treatment with Igs extracted from
colostrum from immunized bovines was shown to reduce
stool frequency and to accelerate viral clearance in chil-
dren with RV GE (47). An even less expensive strategy
has been to treat children with Ig extracted from eggs of
chickens immunized with human RV (48). Further in-
vestigation of strategies to improve the efficacy of orally
administered antibodies includes studies of single-chain
antibody fragments expressed from llama antibody genes
(42, 49). The advantages of this approach are that the
antibodies are relatively small, soluble, acid- and heat-
resistant, and easy to express in multiple vectors, in-
cluding lactobacilli. Surprisingly, in two such studies,
antibodies directed to RV VP6 possessed broad neu-
tralizing activity in vitro and conferred protection against
diarrhea in mice (41, 42). It is possible that the small size
of the VHH antibodies may enable access to VP6 on the
complete triple-layered viral particle that is covered by
VP4 and VP7. Testing of these VHH constructs in a
clinical setting and further evaluation of the preparations
mentioned before (bovine colostrum and chicken IgY)
are necessary to determine their practical utility. Fur-
thermore, testing the value of human Ig in relevant clin-
ical settings is necessary; for example, a recent Cochrane
Database systematic review concluded that no random-
ized controlled trials assessing the effectiveness or safety
of oral immunoglobulin preparations for the treatment
of RV diarrhea in hospitalized low-birth-weight infants
have been published (50).

Two safe and effective RV vaccines, the mono-
valent G1P[8] Rotarix vaccine (RV1) and the bovine
reassortant pentavalent RotaTeq vaccine (RV5) are rec-
ommended byWHOforworldwide use (3). Nonetheless,
they are clearly less efficacious in the poorer countries of
Africa and Asia, where they would be most useful, than
in the Americas and Europe. For this and other practical
reasons, these vaccines need to be improved and/or better
ones developed (3). Our poor understanding of the
mechanisms of protection induced by RV vaccines, and
in particular the lack of good correlates of protection,
hamper this process, as does our lack of insight as to
why the vaccines perform less effectively in the poorest
countries. Total serum RV-IgA measured shortly after
vaccination is the correlate of protection currently most
widely used (1). It is very unlikely that total RV IgA is
actually the effector of protection but rather a surrogate
marker of other more specific immune effectors. Given
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this indirect measure, it should not be unexpected that
some vaccinees with serum RV-IgA responses develop
mild RV GE, whereas in others, the protection provided
by the vaccine can exceed the levels predicted by the se-
rum RV-IgA response (2, 3). The first incongruity can be
best explained because of the induction of serum RV-IgA
without intestinal RV-IgA. This occurs in mice infected
with some heterologous RV, for which the viral dose that
induces antigenemia is lower than the dose that induces
intestinal infection.When low doses of these RV are used
for infection, serum RV-IgA can be detected in the ab-
sence of intestinal RV-IgA and these mice are susceptible
to infection with a homologous RV (1). In children, this
has been hypothesized to occur with the vaccines based
on rhesus RV (1). A similar situation may exist with the
RV5 bovine reassortant vaccine, for which the level of
serum RV-IgA exceeds the level of protection in several
clinical studies in developing countries (2). The second
incongruity, the excess actual protection observed when
compared to serum RV-IgA responses (or neutralization
responses), occurs most frequently with homologous
vaccines, like RV1. In this case, it is possible that the
excess protection is explained by an antibody response in
the intestine (where the vaccine virus has been shown to
replicate) that is not “strong” enough to be reflected in
the circulation.

Importantly, RV1 and RV5 have similar efficacy
against severe RV GE in countries where a high diversity
of strains cocirculate, supporting the conclusion that
immunity to RV has a substantial heterotypic compo-
nent (3). For this reason, the specificity of the Bc re-
sponse is probably only a secondary aspect of an ideal
correlate of protection and probably explains why se-
rum RV-IgA is a better correlate than the homotypic
neutralization response. Thus, efforts to identify stron-
ger correlates of protection may have to concentrate on
strategies to better evaluate the intestinal RV-Ig
responses that have the capacity to persist over time.
Although stool RV-IgA has been shown to be a good
correlate of protection for natural RV infection (16), this
parameter may not be useful for evaluating protection
induced by RV vaccines because of the interference in
the measurement of vaccine-induced RV-Ig by maternal
antibodies from breast-feeding (10). This is particularly
true in developing countries, where the frequency of
breast-feeding is high and the basal levels of preimmune
stool RV-IgA mask vaccine-induced coproconversions.
As an alternative, measurement of blood-circulating in-
testinally induced RV-Bc has been proposed (3). In a
gnotobiotic pig model, for example, both systemic and
intestinal RV ASCs have been shown to be a good

correlate of protective immunity to human RV challenge
(51). In spite of this, it is not clear if measurement of RV
ASC can predict long-term persistence of immunity, and
alternative efforts have concentrated on the study of
RV-mBc. As previously mentioned, during an acute RV
infection in children, circulating IgD- RV-mBc express
intestinal-homing receptors (α4β7+, CCR9+) and thus
probably reflect mucosal immunity (14). In agreement
with this finding, a correlation between protection from
disease and plasma RV-IgA and α4β7+ CCR9+ IgD-

circulating RV-mBc was found in a trial of the attenu-
ated human RV1 vaccine precursor. However, the cor-
relation coefficients with protection for both parameters
were low, making them of little practical use (10).

FUTURE CHALLENGES
RV-Bc have been studied at many levels, opening several
fruitful areas of basic research on the interaction be-
tween Bc and an enteric human viral pathogen. Critical
questions that remain to be addressed include (i) the
relationship between the preimmune repertoire and the
mBc repertoire, especially in the intestine. The studies
described above, which take advantage of the high
numbers of RV-naive Bc, make RV one of the few hu-
man pathogens in which this question has started to be
addressed and need to be pursued. (ii) Currently,
immunologists are puzzled by the mechanism of selec-
tion, function, and biological relevance of the IgM mBc
(12). Since RV-mBc are enriched in this subset, RV an-
tigen may be used as a tool to unravel the mystery of IgM
mBc. Further studies of this mBc subset and of the innate
and T-cell-independent antibody response against RV
will likely expand our understanding of RV immunity.
(iii) The study of RV-Bc may help clarify the extent and
mechanisms that determine compartmentalization of the
immune system. As discussed, limited studies of intesti-
nal RV-Bc suggest that they use a different Ig gene
repertoire than RV-Bc in circulation, and a direct com-
parison of both compartments would help confirm that
this is the case.

From a practical point of view, ongoing clinical
studies are evaluating whether llama-derived single
molecule antibodies against VP6 can provide broad
protection against RV, as predicted from animal studies.
If this is the case, future studies should be aimed at ex-
amining the possibility that humans are also able to
generate such antibodies and that this phenomenon
might help explain heterotypic immunity. An alternative
option for passive protection could be to design
antibodies against conserved heterotypic neutralizing
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epitopes on VP7 and/or VP4. In this respect, antibodies
against the VP5-1 epitope seem appealing because of
their conserved nature and essential functional role of
the VP5 domain in viral penetration.

Concerning correlates of protection for RV vaccines,
it is possible that formal statistical analysis of serum RV-
IgA responses from children in the large clinical trials
that have been performed to date will establish this pa-
rameter as a practical surrogate marker of protection.
Even if so, as discussed above, the development of better
correlates seems desirable, and in this respect, two areas
of further study seem promising. (i) The characterization
of serum RV-sIg induced by RV vaccines may be a useful
way to obtain an indirect measure of the immune re-
sponse generated in the intestine. Preliminary studies
have shown that this is possible (J. Angel andM. Franco,
unpublished data). However, an important number
(approximately one-third) of placebo recipients appear
to have plasma RV-sIg in the absence of detectable RV-
IgA. This can be explained because, at this age, RV-sIg is
mostly composed of IgM RV-sIg (Angel and Franco,
unpublished). The best (but not exclusive) explanation
for these RV-sIg (presumably IgM) responses in non-
vaccinated children are low-level asymptomatic infec-
tions: at the age of RV vaccination (2 to 3 months), RV
RNAmay be detected by a sensitive PCR in the stools of
up to one-third of healthy children (52). (ii) Further
studies of circulating RV-mBc (particularly those primed
in the intestine) and their relationship with levels of in-
testinal and serum Ig (10, 53) may also be helpful to
identify improved correlates of protection. Our poor
understanding of IgM RV-mBc, and the fact that they
are probably present in children that have not been
infected with RV (defined by the absence of serum RV-
IgA), hinder these studies.

ACKNOWLEDGMENTS
This work was supported by funds from the Pontificia
Universidad Javeriana, Colciencias grant 1203-521-28212, by
NIH grants R01 AI012362-24 and P30DK56339 to H.B.G., and
by a merit review Veterans Affairs grant to H.B.G.
Conflicts of interest: We disclose no conflicts.

REFERENCES
1. Franco MA, Angel J, Greenberg HB. 2006. Immunity and correlates of
protection for rotavirus vaccines. Vaccine 24:2718–2731.
2. Angel J, Franco MA, Greenberg HB. 2007. Rotavirus vaccines: recent
developments and future considerations. Nat Rev Microbiol 5:529–539.
3. Angel J, Franco MA, Greenberg HB. 2012. Rotavirus immune
responses and correlates of protection. Curr Opin Virol 2:419–425.
4. Ray PG, Kelkar SD, Walimbe AM, Biniwale V, Mehendale S. 2007.
Rotavirus immunoglobulin levels among Indian mothers of two socio-
economic groups and occurrence of rotavirus infections among their
infants up to six months. J Med Virol 79:341–349.

5. Ogra SS, Weintraub D, Ogra PL. 1977. Immunologic aspects of human
colostrum and milk. III. Fate and absorption of cellular and soluble
components in the gastrointestinal tract of the newborn. J Immunol
119:245–248.

6. Nguyen TV, Yuan L, Azevedo MS, Jeong KI, Gonzalez AM, Iosef C,
Lovgren-Bengtsson K, Morein B, Lewis P, Saif LJ. 2006. High titers of
circulating maternal antibodies suppress effector and memory B-cell
responses induced by an attenuated rotavirus priming and rotavirus-like
particle-immunostimulating complex boosting vaccine regimen. Clin
Vaccine Immunol 13:475–485.

7. Nguyen TV, Yuan L, Azevedo MS, Jeong KI, Gonzalez AM, Iosef C,
Lovgren-Bengtsson K, Morein B, Lewis P, Saif LJ. 2006. Low titer ma-
ternal antibodies can both enhance and suppress B cell responses to a
combined live attenuated human rotavirus and VLP-ISCOM vaccine.
Vaccine 24:2302–2316.

8. Parez N, Garbarg-Chenon A, Fourgeux C, Le Deist F, Servant-Delmas
A, Charpilienne A, Cohen J, Schwartz-Cornil I. 2004. The VP6 protein of
rotavirus interacts with a large fraction of human naive B cells via surface
immunoglobulins. J Virol 78:12489–12496.

9. Kallewaard NL, McKinney BA, Gu Y, Chen A, Prasad BV, Crowe JE,
Jr. 2008. Functional maturation of the human antibody response to ro-
tavirus. J Immunol 180:3980–3989.

10. Rojas OL, Caicedo L, Guzman C, Rodriguez LS, Castaneda J, Uribe L,
Andrade Y, Pinzon R, Narvaez CF, Lozano JM, De Vos B, Franco MA,
Angel J. 2007. Evaluation of circulating intestinally committed memory B
cells in children vaccinated with attenuated human rotavirus vaccine.Viral
Immunol 20:300–311.

11. Narvaez CF, Feng N, Vasquez C, Sen A, Angel J, Greenberg HB,
Franco MA. 2012. Human rotavirus-specific IgM memory B cells have
differential cloning efficiencies and switch capacities and play a role in
antiviral immunity in vivo. J Virol 86:10829–10840.

12. Reynaud CA, Descatoire M, Dogan I, Huetz F, Weller S, Weill JC.
2012. IgM memory B cells: a mouse/human paradox. Cell Mol Life Sci
69:1625–1634.

13. Gonzalez AM, Jaimes MC, Cajiao I, Rojas OL, Cohen J, Pothier P,
Kohli E, Butcher EC, Greenberg HB, Angel J, Franco MA. 2003. Rota-
virus-specific B cells induced by recent infection in adults and children
predominantly express the intestinal homing receptor α4β7. Virology
305:93–105.

14. Jaimes MC, Rojas OL, Kunkel EJ, Lazarus NH, Soler D, Butcher EC,
Bass D, Angel J, Franco MA, Greenberg HB. 2004. Maturation and
trafficking markers on rotavirus-specific B cells during acute infection and
convalescence in children. J Virol 78:10967–10976.

15. Ray PG, Kelkar SD. 2004.Measurement of antirotavirus IgM/IgA/IgG
responses in the serum samples of Indian children following rotavirus
diarrhoea and their mothers. J Med Virol 72:416–423.

16. Coulson BS, Grimwood K, Hudson IL, Barnes GL, Bishop RF. 1992.
Role of coproantibody in clinical protection of children during reinfection
with rotavirus. J Clin Microbiol 30:1678–1684.
17. Hjelt K, Grauballe PC, Andersen L, Schiotz PO, Howitz P, Krasilnikoff
PA. 1986. Antibody response in serum and intestine in children up to six
months after a naturally acquired rotavirus gastroenteritis. J Pediatr
Gastroenterol Nutr 5:74–80.
18. Mantis NJ, Forbes SJ. 2010. Secretory IgA: arresting microbial path-
ogens at epithelial borders. Immunol Investig 39:383–406.
19. Bernstein DI, McNeal MM, Schiff GM, Ward RL. 1989. Induction
and persistence of local rotavirus antibodies in relation to serum
antibodies. J Med Virol 28:90–95.
20. Tian C, Luskin GK, Dischert KM, Higginbotham JN, Shepherd BE,
Crowe JE, Jr. 2008. Immunodominance of the VH1-46 antibody gene
segment in the primary repertoire of human rotavirus-specific B cells is
reduced in the memory compartment through somatic mutation of non-
dominant clones. J Immunol 180:3279–3288.

ASMscience.org/MicrobiolSpectrum 9

Rotavirus

http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  200.3.149.5

On: Tue, 17 Mar 2020 11:54:01

21. Weitkamp JH, Kallewaard N, Kusuhara K, Bures E, Williams JV,
LaFleur B, Greenberg HB, Crowe JE, Jr. 2003. Infant and adult human B
cell responses to rotavirus share common immunodominant variable gene
repertoires. J Immunol 171:4680–4688.
22.Weitkamp JH, Lafleur BJ, Greenberg HB, Crowe JE, Jr. 2005. Natural
evolution of a human virus-specific antibody gene repertoire by somatic
hypermutation requires both hotspot-directed and randomly-directed
processes. Hum Immunol 66:666–676.
23. Di Niro R, Mesin L, Raki M, Zheng NY, Lund-Johansen F, Lundin
KE, Charpilienne A, Poncet D, Wilson PC, Sollid LM. 2010. Rapid gen-
eration of rotavirus-specific human monoclonal antibodies from small-
intestinal mucosa. J Immunol 185:5377–5383.
24.Benckert J, SchmolkaN,KreschelC,ZollerMJ, SturmA,WiedenmannB,
Wardemann H. 2011. The majority of intestinal IgA+ and IgG+ plasmablasts
in the human gut are antigen-specific. J Clin Investig 121:1946–1955.
25. Youngman KR, Franco MA, Kuklin NA, Rott LS, Butcher EC,
Greenberg HB. 2002. Correlation of tissue distribution, developmental
phenotype, and intestinal homing receptor expression of antigen-specific B
cells during the murine anti-rotavirus immune response. J Immunol
168:2173–2181.
26. Bowman EP, Kuklin NA, Youngman KR, Lazarus NH, Kunkel EJ,
Pan J, Greenberg HB, Butcher EC. 2002. The intestinal chemokine
thymus-expressed chemokine (CCL25) attracts IgA antibody-secreting
cells. J Exp Med 195:269–275.
27. Brown KA, Kriss JA, Moser CA, Wenner WJ, Offit PA. 2000. Cir-
culating rotavirus-specific antibody-secreting cells (ASCs) predict the
presence of rotavirus-specific ASCs in the human small intestinal lamina
propria. J Infect Dis 182:1039–1043.
28. VanCott JL, McNeal MM, Flint J, Bailey SA, Choi AH, Ward RL.
2001. Role for T cell-independent B cell activity in the resolution of pri-
mary rotavirus infection in mice. Eur J Immunol 31:3380–3387.
29. Franco MA, Greenberg HB. 1995. Role of B cells and cytotoxic T
lymphocytes in clearance of and immunity to rotavirus infection in mice.
J Virol 69:7800–7806.
30. Williams MB, Rose JR, Rott LS, Franco MA, Greenberg HB, Butcher
EC. 1998. The memory B cell subset responsible for the secretory IgA
response and protective humoral immunity to rotavirus expresses the in-
testinal homing receptor, alpha4beta7. J Immunol 161:4227–4235.
31. Kuklin NA, Rott L, Feng N, Conner ME, Wagner N, Muller W,
Greenberg HB. 2001. Protective intestinal anti-rotavirus B cell immunity is
dependent on alpha 4 beta 7 integrin expression but does not require IgA
antibody production. J Immunol 166:1894–1902.
32. VanCott JL, Prada AE, McNeal MM, Stone SC, BasuM, Huffer B, Jr,
Smiley KL, Shao M, Bean JA, Clements JD, Choi AH, Ward RL. 2006.
Mice develop effective but delayed protective immune responses when
immunized as neonates either intranasally with nonliving VP6/LT
(R192G) or orally with live rhesus rotavirus vaccine candidates. J Virol
80:4949–4961.
33. Blutt SE, Warfield KL, Lewis DE, ConnerME. 2002. Early response to
rotavirus infection involves massive B cell activation. J Immunol 168:
5716–5721.
34. Blutt SE, Crawford SE, Warfield KL, Lewis DE, Estes MK, Conner
ME. 2004. The VP7 outer capsid protein of rotavirus induces polyclonal
B-cell activation. J Virol 78:6974–6981.
35. Narvaez CF, Franco MA, Angel J, Morton JM, Greenberg HB. 2010.
Rotavirus differentially infects and polyclonally stimulates human B cells
depending on their differentiation state and tissue of origin. J Virol 84:
4543–4555.
36. Ishida SI, Feng N, Gilbert JM, Tang B, Greenberg HB. 1997. Immune
responses to individual rotavirus proteins following heterologous and
homologous rotavirus infection in mice. J Infect Dis 175:1317–1323.
37. Burns JW, Siadat-Pajouh M, Krishnaney AA, Greenberg HB. 1996.
Protective effect of rotavirus VP6-specific IgA monoclonal antibodies that
lack neutralizing activity. Science 272:104–107.

38. Feng N, Lawton JA, Gilbert J, Kuklin N, Vo P, Prasad BV, Greenberg
HB. 2002. Inhibition of rotavirus replication by a non-neutralizing,
rotavirus VP6-specific IgA mAb. J Clin Investig 109:1203–1213.
39. Schwartz-Cornil I, Benureau Y, Greenberg H, Hendrickson BA,
Cohen J. 2002. Heterologous protection induced by the inner capsid
proteins of rotavirus requires transcytosis of mucosal immunoglobulins.
J Virol 76:8110–8117.
40. Corthesy B, Benureau Y, Perrier C, Fourgeux C, Parez N, Greenberg
H, Schwartz-Cornil I. 2006. Rotavirus anti-VP6 secretory immunoglob-
ulin A contributes to protection via intracellular neutralization but not via
immune exclusion. J Virol 80:10692–10699.
41. Aladin F, Einerhand AW, Bouma J, Bezemer S, Hermans P, Wolvers
D, Bellamy K, Frenken LG, Gray J, Iturriza-Gomara M. 2012. In vitro
neutralisation of rotavirus infection by two broadly specific recombinant
monovalent llama-derived antibody fragments. PLoS One 7:e32949.
42. Garaicoechea L, Olichon A, Marcoppido G, Wigdorovitz A, Mozgovoj
M, Saif L, Surrey T, Parreno V. 2008. Llama-derived single-chain antibody
fragments directed to rotavirusVP6proteinpossess broadneutralizing activity
in vitro and confer protection against diarrhea inmice. J Virol 82:9753–9764.
43. Aoki ST, Settembre EC, Trask SD, Greenberg HB, Harrison SC,
Dormitzer PR. 2009. Structure of rotavirus outer-layer protein VP7 bound
with a neutralizing Fab. Science 324:1444–1447.
44. Trask SD,McDonald SM, Patton JT. 2012. Structural insights into the
coupling of virion assembly and rotavirus replication. Nat Rev Microbiol
10:165–177.
45. Guarino A, Canani RB, Russo S, Albano F, Canani MB, Ruggeri FM,
Donelli G, Rubino A. 1994. Oral immunoglobulins for treatment of acute
rotaviral gastroenteritis. Pediatrics 93:12–16.
46. Losonsky GA, Johnson JP, Winkelstein JA, Yolken RH. 1985. Oral
administration of human serum immunoglobulin in immunodeficient
patients with viral gastroenteritis. A pharmacokinetic and functional
analysis. J Clin Investig 76:2362–2367.
47. Sarker SA, Casswall TH, Mahalanabis D, Alam NH, Albert MJ,
Brussow H, Fuchs GJ, Hammerstrom L. 1998. Successful treatment of
rotavirus diarrhea in children with immunoglobulin from immunized
bovine colostrum. Pediatr Infect Dis J 17:1149–1154.
48. Sarker SA, Casswall TH, Juneja LR, Hoq E, Hossain I, Fuchs GJ,
Hammarstrom L. 2001. Randomized, placebo-controlled, clinical trial
of hyperimmunized chicken egg yolk immunoglobulin in children with
rotavirus diarrhea. J Pediatr Gastroenterol Nutr 32:19–25.
49. Pant N, Hultberg A, Zhao Y, Svensson L, Pan-Hammarstrom Q,
Johansen K, Pouwels PH, Ruggeri FM, Hermans P, Frenken L, Boren T,
Marcotte H, Hammarstrom L. 2006. Lactobacilli expressing variable do-
main of llama heavy-chain antibody fragments (lactobodies) confer pro-
tection against rotavirus-induced diarrhea. J Infect Dis 194:1580–1588.
50. Pammi M, Haque KN. 2011. Oral immunoglobulin for the treatment
of rotavirus diarrhea in low birth weight infants. Cochrane Database Syst
Rev 2011:CD003742.
51. Yuan L, Ward LA, Rosen BI, To TL, Saif LJ. 1996. Systematic and
intestinal antibody-secreting cell responses and correlates of protective
immunity to human rotavirus in a gnotobiotic pig model of disease. J Virol
70:3075–3083.
52. Amar CF, East CL, Gray J, Iturriza-Gomara M, Maclure EA,
McLauchlin J. 2007. Detection by PCR of eight groups of enteric patho-
gens in 4,627 faecal samples: re-examination of the English case-control
Infectious Intestinal Disease Study (1993-1996). Eur J Clin Microbiol
Infect Dis 26:311–323.
53. Rojas OL, Narvaez CF, Greenberg HB, Angel J, Franco MA. 2008.
Characterization of rotavirus specific B cells and their relation with se-
rological memory. Virology 380:234–242.
54. Ward RL, Kirkwood CD, Sander DS, Smith VE, Shao M, Bean JA,
Sack DA, Bernstein DI. 2006. Reductions in cross-neutralizing antibody
responses in infants after attenuation of the human rotavirus vaccine
candidate 89-12. J Infect Dis 194:1729–1736.

10 ASMscience.org/MicrobiolSpectrum

Franco and Greenberg

http://www.ASMscience.org/MicrobiolSpectrum

