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Rotaviruses are the leading cause of severe diarrheal disease in young children. Intestinal mucosal
IgA responses play a critical role in protective immunity against rotavirus reinfection. Rotaviruses
consist of three concentric capsid layers surrounding a genome of 11 segments of double-stranded
RNA. The outer layer proteins, VP4 and VP7, which are responsible for viral attachment and entry,
are targets for protective neutralizing antibodies. However, IgA mADb’s directed against the interme-
diate capsid protein VP6, which do not neutralize the virus, have also been shown to protect mice
from rotavirus infection and clear chronic infection in SCID mice. We investigated whether the anti-
VP6 IgA (7D9) mAD could inhibit rotavirus replication inside epithelial cells and found that 7D9
acted atan early stage of infection to neutralize rotavirus following antibody lipofection. Using elec-
tron cryomicroscopy, we determined the three-dimensional structure of the virus-antibody complex.
The attachment of 7D9 IgA to VP6 introduces a conformational change in the VP6 trimer, rendering
the particle transcriptionally incompetent and preventing the elongation of initiated transcripts.
Based on these observations, we suggest that anti-VP6 IgA antibodies confers protection in vivo by

inhibiting viral transcription at the start of the intracellular phase of the viral replication cycle.
J. Clin. Invest. 109:1203-1213 (2002). DOI:10.1172/JC1200214397.

Introduction

Rotavirus is the most important cause of severe dehy-
drating diarrhea in infants and young children world-
wide. Regardless of the social and economic status,
nearly all children will be infected with rotavirus before
3 years of age. Over 500,000 children, primarily from
developing countries, die every year from rotavirus
infection, and many more have severe diarrhea that
requires hospitalization (1). Given the severity and
scope of rotavirus infection, there is an urgent need for
a safe and effective vaccine.

Rotaviruses have a complex architecture. The viral cap-
sid is composed of three concentric protein layers sur-
rounding a genome of 11 segments of double-stranded
RNA. The outer capsid layer consists of VP4 and VP7, the
intermediate layer is composed of VP6, and the viral core
is made up of a shell protein VP2 as well as enzymes VP1
and VP3. The viral core contains all of the enzymatic
activities needed for the synthesis of full-length, capped
mRNA transcripts of the 11-genome segments (2).

The viral outer capsid proteins, VP4 and VP7, are
responsible for virus attachment and entry into suscep-
tible cells. These proteins also determine virus serotype

and mediate neutralization (3). Antibodies against
either VP4 or VP7 can inhibit rotavirus growth in a
serotype-specific and heterotypic manner both in vitro
and in vivo (4-7). Therefore VP4 and VP7 have long
been considered the targets for protective immunity in
vaccine development. However, several human and ani-
mal studies suggest that VP4 and VP7 may not be the
only targets for protective immune responses. Protec-
tion rendered by either natural infection or immuniza-
tion is not strictly serotype-specific (8). Levels of neu-
tralizing antibody responses are not always correlated
with protection (9, 10). In an animal model, mice immu-
nized with simian-human reassortant rotaviruses are
protected against a serotype 3 murine virus re-infection
(11). Immunization with VP2/6 viruslike particles, VP6
DNA, and VP6 peptides provides protection in various
animal models (12-16). These results indicate that
other viral proteins may also play a role in induction of
the protective immune response.

Virus intermediate layer protein VP6 contains sever-
al highly conserved group-reactive epitopes. Although
it is the most antigenic viral protein, antibodies against
VP6 do not inhibit virus replication in conventional in

The Journal of Clinical Investigation |

May2002 |

Volume 109 | Number9

1203



1204

vitro neutralization assays and do not protect animals
when fed orally (17). However, some anti-VP6 IgA
mADb’s such as 7D9 have been shown to protect non-
immune mice from infection and clear chronic infec-
tion in SCID mice (17). These anti-VP6 antibodies have
no neutralizing activity in vitro or in vivo when fed
orally; hence it is unlikely that they inhibit virus by
blocking viral binding or entry into host cells.

During the rotavirus replication cycle, virions attach
to host cells as triple-layered particles (TLPs) and sub-
sequently enter the cytoplasm by either plasma mem-
brane or endosomal membrane penetration (3). As a
result of cell entry, the outer layer of VP4/VP?7 is lost,
and the resulting double-layered particles (DLPs)
become transcriptionally active, releasing mRNA tran-
scripts through a system of channels that penetrate
the VP6 and inner VP2 capsid layers at each of the
icosahedral vertices (18).

Because mRNA production only occurs within intact
subviral particles, it is not surprising that the capsid
proteins themselves play important roles in facilitating
transcription. The loss of the outermost capsid layer at
cell entry and the integrity of the intermediate VP6 cap-
sid layer are both required for the production of mRNA
transcripts (19, 20). Mature TLPs are able to initiate
transcription but are unable to elongate nascent tran-
scripts beyond 6-7 bases in length (21). Although the
reason for this is unclear, a growing body of evidence
suggests that the attachment of ligands, such as the
VP7 capsid protein or certain mAb’s, to specific loca-
tions on the surface of VP6 causes a subtle architectur-
al rearrangement within the VP6 capsid layer, altering
the conformation and reducing the enzymatic activity
of the viral RNA polymerase in the core (21, 22). These
studies suggest that the interaction of anti-VP6 IgA
antibodies with VP6 could potentially affect the effi-
cient production of viral mRNA transcripts.

Secretory IgA (sIgA) is the predominant antibody iso-
type present on mucosal surfaces such as the gastroin-
testinal, respiratory, and genitourinary tracts. Mucosal
epithelial cells have IgA-specific polymeric Ig receptors
on their basal membrane surfaces, which bind to IgA,
transport the antibody to the apical side of cells, and
release it into the lumen (23). This process, which is
called sIgA transcytosis, ensures a high concentration
of sIgA on the mucosal surface. Since anti-VP6 IgA anti-
bodies do not protect when fed orally or neutralize in
traditional neutralization assays, we hypothesized
that the protective IgA antibodies might “neutralize”
rotavirus by interacting with viral DLPs inside entero-
cytes during transcytosis and by inhibiting the viral
replication at the stage of RNA transcription.

In this study we used an in vitro lipofection-mediat-
ed intracellular neutralization assay to further investi-
gate possible mechanisms of the 7D9 VP6 IgA mAb
protection. We used an in vitro rotavirus mRNA tran-
scription assay to demonstrate that a protective VP6-
specific IgA mAb 7D9 neutralized different strains of
rotaviruses when the antibody and virus DLPs were

cotransfected inside cells, and that the antibody also
efficiently inhibited rotavirus transcription. This intra-
cellular neutralization activity occurred at an early
stage of rotavirus infection.

To further understand the mechanism by which anti-
VP6 IgA antibodies may be able to prevent viral repli-
cation in vivo, we determined the three-dimensional
structure of the rotavirus DLP complexed with bivalent
7D9 IgA antibodies to a resolution of about 21 A using
electron cryomicroscopy and image reconstruction. We
observed that the attachment of 7D9 to the VP6 sur-
face introduced significant conformational changes
within the body of the VP6 capsid layer. Though more
substantial, these architectural changes were similar
overall to those observed in the VP6 capsid when VP7
is attached. Likewise, biochemical characterization of
the DLP:IgA complexes showed that antibody attach-
ment mimicked the inhibitory effect of the capsid pro-
tein VP7 in the mature particle, causing a nearly com-
plete inhibition of transcript elongation beyond 6-7
bases. These results provide further insight into the
manner by which anti-VP6 IgA antibodies may confer
protection against rotavirus infection in vivo.

Methods
Cells and viruses. Tissue culture-adapted murine
rotavirus EC,VP7 serotype 3 and VP4 genotype 16
(3,[16]), semian rotavirus RRV (3,[3]), SA11-4F (3,[1]),
human rotavirus Wa (1,[8]), and bovine rotavirus
NCDV (5,[1]) were propagated in the MA104 green
monkey kidney cell line as previous described (11).
MA104 cells were maintained in media M199
(BioWhittaker Inc., Walkersville, Maryland, USA) with
penicillin/streptomycin (M199, GIBCO BRL; Life Tech-
nologies Inc., Grand Island, New York, USA) and sup-
plemented with 7% FCS. Virus culture yields were
freeze-thawed twice, and rotaviruses were either con-
centrated by centrifugation at 140,000 g for 2 hours
through a 40% sucrose cushion for neutralization
assays (see below) or purified on a cesium chloride den-
sity gradient for RNA transcription assays (24). To
make rotavirus DLPs, purified or concentrated virus
was treated with S mM EDTA and incubated at 37°C
for 20 minutes and then dialyzed against PBS without
Ca™ and Mg". The resulting DLP preparation was not
infectious (25) when directly inoculated on MA104
cells at a concentration greater than or equal to tenfold
more than that used in the lipofection-mediated neu-
tralization assay (see below). Propagation and IDsg
assays of a wild-type murine rotavirus ECw were
described previously (26).

mAb’s. The mADb’s 7D9 and 8D3 (VP6-specific, IgA),
1E11 and SGI-255/60 (VP6-specific, IgG), B4-2 (NSP4-
specific, IgG), and 159 (VP7-specific, IgG) have been
described previously (4, 17,27, 28). All mAb’s used in
neutralization assays and RNA transcription assays
were purified from ascites using protein L (CLON-
TECH Laboratories Inc., Palo Alto, California, USA) or
protein A (Pierce Chemical Co., Rockford, Illinois,
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USA), dialyzed against PBS and stored in PBS. Anti-
body concentrations of purified mAb’s or ascites were
determined by ELISA. Polyethylene microtiter plates
were coated with goat anti-mouse IgG, A, and M
(Kirkegaard & Perry Laboratories Inc., Gaithersburg,
Maryland, USA) at 4°C overnight and then blocked
with 5% dry skim milk (Carnation; Nestle USA Inc.,
Solon, Ohio, USA) in PBS. After washing with
PBS-0.05% Tween-20 (PBS-T), serial dilutions of puri-
fied mAb or ascites were added to the plates. IgG or
IgA standards (purified mouse IgG [Sigma Chemical
Co., St. Louis, Missouri, USA] or mouse IgA myeloma
protein [Sigma Chemical Co.]) were also added to each
plate. Plates were incubated at 37°C for 2 hours. After
incubation, plates were washed with PBS-T and per-
oxidase-conjugated goat anti-mouse IgG (y chain-spe-
cific; Kirkegaard & Perry Laboratories Inc.) or IgA
(o chain-specific; Kirkegaard & Perry Laboratories
Inc.) antibody was added. After a 1-hour incubation at
37°C, plates were washed and the color reaction was
developed with 2,2"-azino-di-(3-ethylbenzthiazoline-6-
sulfonate) (ABTS) substrate (Kirkegaard & Perry Lab-
oratories Inc.). OD was measured on a microtiter plate
reader (Bio-Tek Instruments Inc., Winooski, Vermont,
USA) at wavelength of 405 nm. Concentrations of the
mADb preparations were calculated based on the stan-
dard curves generated from purified mouse IgG or IgA
standards and adjusted to 1 mg/ml for purified mAb’s
and 3 mg/ml for ascites.

Lipofection-mediated neutralization assay. Classical focus
reduction neutralization assay for rotavirus was carried
out as described (29). Infection of MA104 cells with
rotavirus DLPs using lipofectin-mediated transfection
was carried out as described (30). The lipofection-medi-
ated intracellular neutralization assay was based on the
rotavirus DLP transfection method. Rotavirus DLPs
diluted in M 199 (to give approximately 50-100 foci per
field in an “unneutralized” control using an inverted
microscope) were mixed with lipofectin (GIBCO BRL;
Life Technologies Inc.) (15% vol/vol) and incubated at
room temperature for 40 minutes. Selected mADb’s (start-
ing concentration 1 mg/ml) were diluted fourfold from
1:40 to 1:163,840 in M199 and added at 30 ul per well to
96-well plates. An equal volume of lipofectin-treated
DLPs was added to the 96-well plates and incubated at
37°C for 1 hour. The mixtures were then transferred to
MA104 cell monolayers in 96-well plates (40 pl per well)
and incubated at 37°C and 5% CO, for 4 hours. An addi-
tional 40 ul of M199 with 20% FCS was then added to
each well, and the incubation was continued for 6 hours.
The plates were then washed once and fixed with cold
methanol. Fixed plates were washed with HBSS. Rabbit
anti-rotavirus hyperimmune serum was added to the
plates and incubated for 1 hour at 37°C. Plates were then
washed, and peroxidase-conjugated goat anti-rabbit IgG
antibody (Kirkegaard & Perry Laboratories Inc.) was
added for 1 hour at 37°C. After washing, the color reac-
tion was developed with 3-amino-9-ethylcarbazole sub-
strate, and viral antigen-positive foci were counted in

each field as above. The neutralization titer of an anti-
body was defined as the highest dilution at which there
was a >50% reduction of viral antigen-positive foci as
compared with the no-antibody control.

Quantitation of intracellular antibody. Four hours after
transfection of the virus-antibody mixture by lipo-
fectin (see above), MA104 cells were fixed with cold
methanol and permeabilized with 1% Triton X in
PBS. Peroxidase-conjugated goat anti-mouse IgG
(y chain-specific) or IgA (o chain-specific) was added
for 1 hour at 37°C. The plates were then washed five
times, and ABTS substrate was added. After 10-15
minutes of color development, the reaction mixture
was transferred to a polyethylene ELISA plate and the
absorbance measured with a microtiter plate reader.
As a control, DLPs and antibodies with identical dilu-
tion were added to separate wells in the same plate
without lipofectin and were processed and stained in
the same fashion. Intracellular antibody titers in
transfected wells were expressed as the highest dilu-
tion that had a specific OD greater than 0.1. The spe-
cific OD was defined as the OD from antibody-trans-
fected well minus the OD from control wells. The OD
readings from nontransfected control wells were not
significantly different from those from wells with
MA104 cell alone without antibody added.

Administration of mAb’s and wild-type rotavirus challenge in
adult mice. Six- to eight-week-old female BALB/c mice
were injected intraperitoneally twice per day with 500 ul
of ascites (total daily dose of 3 mg of antibody) from 2
days before challenge until 7 days after challenge. Two
days after the initial inoculation (total 4 doses), mice
were orally inoculated with 100 ul of 1.33% sodium
bicarbonate followed by 102 IDso of ECw. Fecal samples
were collected from 1 day before challenge until 7 days
after challenge. Fecal rotavirus antigen shedding was
measured by ELISA as previously described (26). The
area under the antigen shedding curve was calculated as
total viral antigen shedding (TVS) (26). The TVS was
used as the measure of shedding for statistical analysis.
Percentage reduction of fecal virus shedding as com-
pared with control group for each antibody-treated
mouse was calculated as (mean TVS of control group -
TVS of treated mouse) + mean TVS of control group.

Inbibition of transcription assay. For the studies of the
ability of different mAb’s to inhibit rotavirus transcrip-
tion (Figure 1) we used an in vitro transcription assay
(31). Purified EC or RRV DLPs were activated with 5
mM EDTA at 37°C for 30 minutes. Equal volumes of
EDTA-activated viruses and purified antibodies were
mixed and incubated at 37°C for 60 minutes. Rotavirus
in vitro transcription was initially performed using a
Riboprobe system (Promega Corp., Madison, Wiscon-
sin, USA) (including optimized X5 transcription buffer,
100 mM DTT, recombinant RNasin ribonuclease
inhibitor, and rNTP) according to the manufacturer’s
instructions. Transcription products were labeled with
32p rCTP (50 nCi), and the reaction was carried at 40°C
for 1 hour. Labeled viral RNA was precipitated with cold
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trichloroacetic acid and absorbed on filter paper disks
as described in the protocol for the Riboprobe system.
The filter paper disks were washed extensively with cold
trichloroacetic acid and air-dried. The incorporated 32P
was measured by a Wallac MicroBeta TriLux liquid scin-
tillation counter (Wallac Inc., Turku, Finland). Data
were expressed as cpm.

Electron cryomicroscopy. Complexes of DLP with 7D9
IgA were formed by mixing DLPs and IgA in a stoi-
chiometric ratio equivalent to five antigen-binding
regions per VP6 molecule in order to ensure complete
saturation of all available epitopes. Such a molar
excess of IgA should inhibit viral aggregation. Mix-
tures were incubated for 2 hours at room temperature
and then concentrated to about 10!2 particles per mil-
liliter by ultrafiltration using a MicroCon-100 micro-
concentrator (Millipore Corp., Bedford, Massachu-
setts, USA). Specimens for microscopy were embedded
in vitreous ice on holey carbon films according to
standard procedures (32).

Specimens were observed on a JEOL 1200EX trans-
mission electron microscope (JEOL USA Inc., Peabody,
Massachusetts, USA) operated at x30,000 magnifica-
tion using 100 kilo-electron volts electrons and a beam
dose of approximately S electrons/A2. Images were col-
lected using Kodak SO-163 electron film (Eastman
Kodak Co., Rochester, New York, USA) with a 1-second
exposure time. Micrographs were developed for 12
minutes using Kodak D-19 developer at 21°C and fixed
for 10 minutes in Kodak Fixer (Eastman Kodak Co.).
For each imaging field, two micrographs were collect-
ed, one at about 1 um underfocus and the other at
about 2 um underfocus.

Three-dimensional structural analysis. Micrographs suit-
able for three-dimensional structural analysis were dig-
itized using a Perkin-Elmer 1010M microdensitometer
(Perkin-Elmer Inc., Shelton, Connecticut, USA) operat-
ed ata raster scanning interval of 5.33 A per pixel in the
object. Three-dimensional reconstructions were pro-
duced using software in the ICOS Toolkit suite (33)
according to standard procedures (34-37). Particle cen-
ters and orientations were initially estimated from fur-
ther-from-focus image data, and the parameters were
then applied to the closer-to-focus image set for refine-
ment and structural determination. The three-dimen-
sional reconstruction was computed to a resolution of
about 21 A using 137 particle images. The effects of the
contrast transfer function were corrected as previously
described (38), assuming 10% amplitude contrastand a
noise-to-signal ratio of 0.3. The resolution achieved in
the final structure was confirmed by Fourier ring corre-
lation analysis (39). The distribution of image data
throughout the asymmetric unit was sufficient for the
resolution achieved, as 97% of the mean inverse eigen-
value spectrum was less than 0.01.

The three-dimensional structure was viewed using
IRIS Explorer 3.5 (Numerical Algorithms Group Ltd.,
Oxford, United Kingdom) on a Silicon Graphics Indi-
go? (Silicon Graphics Inc., Mountain View, California,
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Figure 1

Protective efficacy following intraperitoneal injection of selected
rotavirus-specific mAb’s. BALB/c female mice (three mice per group)
were intraperitoneally injected with mAb’s (3 mg/d) twice a day start-
ing 2 days prior to 102 IDso ECw challenge (see Methods). Treatment
continued until day 7 after challenge. Fecal virus shedding for each
mouse was detected by ELISA, and the area under the 7-day antigen
shedding curve was calculated. Figure shows the mean percentage
reduction of virus shedding for each group + SEM. *Percentage
reduction in these 7D9-inoculated groups was significantly different
from that in non-7D9-inoculated groups (P < 0.05). Results repre-
sent two separate experiments.

USA) workstation. Surface representations were dis-
played using mass density threshold chosen to account
for the expected number of VP6 molecules within the
VP6 capsid region. To compare internal regions of mass
between native and antibody-bound structures, mass
density values were converted to variance and the maps
were scaled to have the same minima and maxima. As
with the surface representations, the surface contour
level was chosen to account for the expected number of
VP6 molecules within the VP6 capsid region, and con-
tour intervals were chosen to represent density differ-
ences of about 0.37 G.

Analysis of transcription products. A second transcrip-
tion assay was used to examine the effect of 7D9 on
elongation (see Figure 6). Complexes of DLP with 7D9
IgA were formed by mixing purified DLPs and IgAs in
a stoichiometric ratio equivalent to three antigen-
binding regions per VP6 molecule. The mixture was
incubated at room temperature for 2 hours and then
sonicated for 1 minute. Virus:IgA complexes derived
from 5 pg DLP were suspended in a standard tran-
scription reaction buffer (30 ul) containing 100 mM
Tris-HCI (pH 8), 10 mM MgOAc, 0.5 mM S-adenosyl-
methionine, 1 mM ATP, 100 uM each of GTP, CTP,
and UTP, and 40 uCi [0-2P]GTP (3000 Ci/mmol;
Amersham Pharmacia Biotech, Piscataway, New Jersey,
USA) and incubated at 37°C for 20 minutes. The reac-
tion mixture was passed through a Micro Bio-Spin
P-30 column (Bio-Rad Laboratories Inc., Hercules, Cal-
ifornia, USA) equilibrated in 10 mM Tris buffer (pH 7)
to remove salt and unincorporated radionucleotides.
The eluate was lyophilized and resuspended in 1x Tris-
Borate-EDTA sample buffer containing 7 M urea and
0.1% SDS and boiled for 5 minutes to disrupt the par-
ticles and denature the nucleic acid. The transcription
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Table 1

Viral protein specificity and isotypes of mAb’s used in the study
mAb 7D9 8D3
Specificity VP6 VP6
Isotype IgA IgA
Classical neutralization titer <50 <50

1E11 SGI B4-2 159
VP6 VP6 NSP4 VP7

1gG2a IgG2a 1gG1 1gG1
<50 <50 <50 500,000

reaction products were resolved on a high-resolution
denaturing 20% polyacrylamide gel and autoradi-
ographed. For comparison purposes, equivalent quan-
tities of native DLPs and mature TLPs were analyzed
using the same procedures.

Results

Non-neutralizing anti-VP6 IgA mAb 7D9 effectively protects
mice from rotavirus infection. Previously, in a “backpack”
model in which mice were transplanted with hybrido-
ma cells secreting selected mAb’s, mAb 7D9 was shown
to protect mice from virulent rotavirus challenge, while
mice treated with other hybridoma cells failed to be
protected (17). To rule out the possibility that the lack
of protection was caused by variation in viability or Ig
production in vivo by the transplanted hybridoma
cells, we treated mice daily with 3 mg of selected mAb
injected intraperitoneally. The treated animals were
challenged with wild-type murine rotavirus after 2 days
of pretreatment as described. The protective efficacy of
the antibodies expressed as the percent reduction of
total fecal antigen shedding as compared with nonin-
jected controls is presented in Figure 1. The non-neu-
tralizing anti-VP6 IgA 7D9 completely protected mice
from challenge, confirming our prior studies using the
“backpack” model and a cell transfer approach (Figure
1). Even after a 1:50 dilution of ascites (0.06 mg daily
dose), mice treated with 7D9 shed significantly less
viral antigen than did controls (62% reduction of shed-
ding). Treatment with other non-neutralizing anti-
bodies to VP6 or NSP4, including mAb 8D3, 1E11,
SGI-255/60, and B4-2, did not significantly reduce
fecal viral antigen shedding after challenge (Figure 1).
Of note, VP7 serotype G3-specific neutralizing mAb
159 also failed to protect mice, even though the in vitro
neutralizing titer against tissue culture-adapted EC
virus was greater than 1:500,000 (Table 1). The protec-
tive efficacy of 7D9 was, however, affected by the dose
size of challenge virus. When 7D9-treated mice received

Table 2
Lipofection-mediated intracellular neutralization titers by selected mAb’s

105 IDsp of EC virus rather than 102 IDsg, no reduction
of shedding was observed (data not shown). These
findings confirm and extend our previous observations
and indicate that the protective effect of 7D9 is not
dependent on the transfer of living hybridoma cells to
recipient mice but is dependent on the titer of the chal-
lenge dose administrated.

Lipofection-mediated intracellular neutralization. Because
7D9 is directed against the rotavirus intermediate
layer protein VP6, which is only exposed on DLPs and
is not the target of classical neutralization activity
(Table 1 and ref. 17), we reasoned that the antibody
may neutralize rotavirus only after the virus has
entered the cell and has shed the outer capsid protein
VP4 and VP7. Previous studies have shown that “non-
infectious” DLPs were rendered infectious if intro-
duced into the cytoplasm of permissive cells (30).
Based on these results, we developed a lipofection-
mediated intracellular neutralization assay to deter-
mine whether antibodies to VP6 had antiviral activity
if introduced into the cytoplasm (see Methods). The
intracellular neutralization titers of selected antibod-
ies against a panel of rotaviruses including the chal-
lenge strain EC are provided in Table 2. Only mAb 7D9
effectively neutralized viruses at high titer in this lipo-
fection-based assay. The neutralization titers of 7D9
were similar against the different virus strains tested,
which represented a variety of serotype and subgroup
specificities (Table 2). The nonprotective VP6 IgA anti-
body 8D3 had low intracellular neutralization titers,
and this low-level neutralization was not consistently
detectable. Antibodies 1E11 and B4-2 did not neutral-
ize virus intracellularly, while mAb SGI-255/60
showed low neutralization activity against RRV only (a
subgroup I virus). mAb 159, which effectively neutral-
izes infectious serotype G3 viruses in classical neutral-
ization assay (Table 1), did not inhibit DLP viruses
(Table 2) or TLP viruses (data not shown) in the lipo-
fection assay. The reciprocal titers of the mAb’s detect-

Titers (reciprocal) with indicated mAb

Virus neutralized (species) 7D9 8D3 1E11 SGl B4-2 159
EC (murine) 5,120 (2,560-10,240) 40 (<40 to 160) <40 <40 <40 <40
RRV (simian) 5,120 (2,560-10,240) 50 (<40 to 160) <40 <40 (<40 to 40) <40 <40
NCDV (bovine) 2,560 (640-10,240) 40 (<40 to 160) <40 <40 <40 <40
Wa (human) 5,120 (2,560 t0 10,240) 40 (<40 to 160) <40 <40 <40 <40

Mean intracellular neutralization titers and range (in parentheses) were calculated from two to four replicates. The differences between 7D9 neutralizing titers
and the titers of all other groups were significant (P < 0.01).
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Figure 2

Efficiency of lipofection-mediated intracellular neutralization by
7D9 at different time points after infection. MA104 cells were infect-
ed with TLPs of RRV. At indicated time points after infection, 7D9
mAb was transfected into cells (0.025 mg/ml) using lipofectin. Viral
antigen in the cells was detected 10 hours after initial RRV infection
by immunostaining. Data are expressed as percentage of focus
reduction as compared with control. *Focus reduction was below
50% and significantly different from that at time 0 (P < 0.05).
Results were calculated from triplicate measurements and represent
two separate experiments.

ed inside MA104 cells after transfection (data not
shown) were between 2560 and 10,240, suggesting that
transfection efficiencies for different antibodies were
similar and that the differences in intracellular neu-
tralization activity were not due to differences in the
amount of antibody transfected.

Kinetic of intracellular neutralization. To investigate at
which stage of infection rotaviruses were being inhib-
ited by IgA 7D9, we infected cells with RRV TLPs and,
at selected times after infection, transfected purified
7D9 (0.025 mg/ml) into the infected monolayers (Fig-
ure 2). When 7D9 was transfected between 0 and 2
hours after infection, it significantly inhibited virus
infection. However, by 3 hours after infection, reduc-
tion was less than 50% (below neutralizing titer cut-
off) (Figure 2). The intracellular neutralizing activity
became undetectable when 7D9 was transfected 4
hours after infection. Since the antibody was effective
even when added to cells after infection, its effects are
not likely to be due to extracellular aggregation.

In vitro inbibition of viral RNA transcription. The kinetic
studies indicated that IgA 7D9 neutralizes rotavirus at
an early stage of viral replication following viral infec-
tion. We hypothesized that IgA 7D9 may function, at
least in part, by inhibiting viral mRNA transcription
after the virus uncoats in the cytoplasm. To initially
evaluate the inhibitory effects of selected rotavirus-
specific antibodies on viral mRNA transcription, we
incubated various antibodies with transcriptionally
competent DLPs of RRV and EC and measured the
incorporation of 3P into viral mRNA transcripts (Fig-
ure 3, a and b). The level of transcription of RRV and
EC in the presence of antibodies B4-2 and 159 was not
significantly different from that of the control with no
antibody added. The mRNA transcription of DLPs

treated with antibodies 8D3 and 1E11 was signifi-
cantly greater than that of the control. SGI slightly
suppressed mRNA transcription of RRV only (62%,
P <0.05). IgA 7D9, however, completely suppressed the
in vitro rotavirus mRNA transcription of both RRV
and EC (Figure 3, a and b; P > 0.01). This finding is
consistent with the hypothesis that IgA 7D9 mediates
its antiviral effect by blocking early-phase transcrip-
tion of the rotavirus replication cycle.

Three-dimensional structural analysis of 7D9 DLP:IgA com-
plexes. To directly visualize the interactions between
7D9 IgA and the VP6 capsid layer, we imaged DLP:IgA
complexes in vitreous ice by electron cryomicroscopy
(data not shown), computed the three-dimensional
structure to a resolution of about 21 A from 137 inde-
pendent particle images, and compared it with the
structure of the native DLP (Figure 4). The VP6 capsid
is made up of 260 trimers arranged on a T=13 (levo)
icosahedral lattice. This arrangement of capsomers
defines 132 channels that penetrate the VP6 layer. In
the outer regions of the VP6 capsid layer, the trimers
are well separated from one another, while in the lower
regions, near the VP2 layer, the trimers form a network
of interactions with one another.

In the surface representation of the 7D9 DLP:IgA
complex (Figure 4b), a total of 240 individual Fab
domains (pink) were clearly visible on the viral surface.
The Fab domains were attached at the tops of the VP6
trimers, with the epitope positioned along the edge.
The Fab domains were oriented vertically on the viral
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Figure 3

Effects of selected mAb’s on in vitro rotavirus transcription. RRV (a)
and EC (b) were treated with EDTA and mixed with selected mAb’s.
Transcription assay was conducted using a Riboprobe system at
40°C for 1 hour as described. Transcripts were labeled with 32P rCTP
and measured by liquid scintillation counter. Data are expressed as
cpm. As control, reactions with no virus or with virus but no antibody
were also included. *Mean cpm in this group was significantly dif-
ferent from that of nonantibody control (P < 0.05). Results were cal-
culated from four replicates and represent four separate experiments.
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surface and did not adversely affect the width of any of
the channels penetrating the VP6 capsid layer.

The Fab domains had the expected bi-lobed morphol-
ogy seen in the atomic model of IgA (40), and the molec-
ular envelope was also similar to that observed for IgGs
at a comparable resolution (22). Though bivalent IgA
molecules were bound to the viral surface, only the Fab
domains were visible in the three-dimensional structure.
The most reasonable explanation for this is that both the
Fc domains and the extended hinge regions, being high-
ly flexible, were disordered and hence were averaged away
during the reconstruction process.

Surrounding each icosahedral threefold axis was a
cluster of three small spheres of mass density. The vol-
ume of each cluster was equivalent to that of an indi-
vidual Fab domain, suggesting that one Fab domain is
also bound to the VP6 trimer located at each of the 20
icosahedral threefold axes, though the morphology
cannot be visualized in the three-dimensional struc-
ture. A Fab domain interacting with a trimer at the
icosahedral threefold axis may adopt any one of three
different orientations, depending upon which under-
lying VP6 monomer is specifically bound. The disrupt-
ed morphology of these Fab domains in the three-
dimensional structure is likely a consequence of the
fact that only one of three symmetrically equivalent
positions is occupied around each icosahedral three-
fold axis. Taken together, these results indicate that a
total of 260 IgA antigen-binding domains, or one per
VP6 trimer, are bound to the VP6 surface at saturation.

Comparison of the VP6 capsid region in the 7D9 DLP:IgA
complex and the native DLP. The attachment of various
ligands, such as the VP7 capsid protein or anti-VP6
Fab’s, to the VP6 surface has been reported to intro-
duce architectural changes in the body of the VP6 cap-
sid layer (22). In these studies, mass translocations
were observed within the network of trimer-trimer
interactions present near the VP6-VP2 interface region
in the vicinity of the mRNA release channels at the
icosahedral fivefold axes. To investigate whether the
attachment of 7D9 IgA causes similar structural
changes in VP6, we compared the distribution of mass
in the native DLP and the 7D9 DLP:IgA complex at
various radii within the VP6 capsid region.

In the vicinity of the mRINA release channels (Figure
5), structural differences were evident at nearly all radii
examined, and the types of domain movements were
very similar to those observed in previous structural
studies of DLP-ligand complexes (22). As in previous
studies, the most striking mass translocations were
observed within the network of trimer-trimer interac-
tions extending between the radii ~275 Ato~310A.In
this region, individual molecules of VP6 appeared to be
shifted with respect to each other, with some displace-
ments exceeding 10 A (Figure Sa, section III). As a result
of these movements, some of the intermolecular inter-
actions within trimers appeared to be weakened, and
some of the intermolecular interactions between trimers
appeared to grow stronger. Furthermore, the movement

of the VP6 molecules closest to the icosahedral fivefold
axes caused the diameter of the mRNA release channel
to narrow by about 10 A in the middle of this region.
Mass translocations were not observed at the present
resolution in the VP6-VP2 interface (~260 A; Figure 5Sa,
section V) or the VP2 capsid layer (data not shown).

Interestingly, the sorts of mass translocations observed
within the VP6 trimers surrounding the mRNA release
channels did not occur in other regions of the capsid
(data not shown). The distribution of mass within the
VP6 trimers surrounding the icosahedral twofold axes
was virtually identical in both the native DLP and the
7D9 DLP:IgA complex structures. Likewise, few struc-
tural changes were observed within the VP6 trimers
located at other positions examined. The preponderance
of structural changes in the regions of VP6 immediately
adjacent to the mRNA release channels suggests that the
trimers near the icosahedral vertices are more flexible
than trimers at other locations and are more susceptible
to alteration upon ligand attachment.

Analysis of transcription products in 7D9 DLP:IgA complex.
In previous structural and biochemical studies of DLP-
ligand complexes, the appearance of architectural
rearrangements in the VP6 capsid layer directly corre-
lated with an inhibition of genome transcription at the
stage of transcript elongation (21, 22). Our initial stud-
ies indicated that 7D9 efficiently inhibited transcrip-
tion of RRV and EC while other anti-VP6 mAb’s did
not. To determine whether the attachment of 7D9 IgA
to the DLP surface likewise blocks elongation but not

Figure 4

(a and b) Surface representations of the three-dimensional structure
of native DLP (a) and 7D9 DLP:IgA complex (b), viewed along the
icosahedral threefold axis. The VP2 capsid layer is shown in green, VP6
in blue, and IgA in pink. Scale bar, 200 A. (c and d) Surface represen-
tations of the mRNA release channel computationally isolated from
the native DLP (c) and the 7D9 DLP:IgA complex (d). Scale bar, 50 A.
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Figu

(a) Contoured cross sections of mass density from the three-dimensional structures of native DLP (blue) and 7D9 DLP:IgA complex (red),
viewed perpendicular to the icosahedral fivefold axis. Each contour represents a mass density difference of about 0.37 6. The cross sections,
labeled 1-V, were extracted from radii between 261 A and 325 A (b). The upper panel of cross sections depicts the distribution of mass sur-
rounding the mRNA release channel, with the icosahedral fivefold axis passing through the center. The lower panel of cross sections provides
a close-up view of the mass distribution in one of the five trimers (indicated in the corresponding upper panel by a dashed box). The arrow-
heads in cross section I, lower panel, denote representative intermolecular interactions that are different in the two structures. Measurements
of three specific mass translocations are also given. Scale bars, 50 A. (b) Graphical representation of the radii from which cross sections were
extracted in a. The cross sections are shown as semitransparent gray planes. The five VP6 trimers surrounding the mRNA release channel in
the native DLP are colored in blue, and the underlying VP2 capsid layer is shown in green. (c) A portion of the surface representation of the
native DLP, viewed along the icosahedral fivefold axis. The position of the fivefold axis along which the sections shown in a were taken is marked.
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initiation of transcription, we next compared the
length distribution of transcription products in native
DLPs and 7D9 DLP:IgA complexes following a period
of incubation in a standard in vitro transcription reac-
tion buffer (Figure 6). While native DLPs, as expected,
were able to produce full-length mRNA transcripts
(lane 1), 7D9 DLP:IgA complexes synthesized predom-
inantly short oligonucleotide transcripts having an
apparent length of about six nucleotides and only a
small quantity of full-length mRNA (lane 2). The tran-
scriptional behavior of the 7D9 DLP:IgA complex is
similar to that of the mature TLP, which is not able to
elongate mRNA transcripts beyond about 6 bases in
length (lane 3). Given the similarities between the
mature TLP and the 7D9 DLP:IgA complex in regard to
the architecture of the VP6 capsid region, these results
suggest that 7D9 IgA causes an inhibition of genome
transcription by the same mechanism as does VP7 in
the mature particle.

Discussion

Rotavirus surface proteins VP4 and VP7 have long
been identified as targets of protective neutralizing
antibody both in vitro and in vivo (4-7). Recently,
studies have shown that rotavirus intermediate capsid
protein VP6 can also stimulate a protective immune

277 A 5-fold axis

Icosahedral
2-fold axis

response (12-16). Unlike the two viral surface proteins
VP4 and VP7, which exhibit different serotypes, VP6 of
all group A rotaviruses shares a high degree of anti-
genic cross-reactivity and could potentially be respon-
sible for a component of the heterotypic protection
observed following rotavirus infection. It should be
noted, however, that both VP4 and VP7 contain cross-
reactive as well as homotypic neutralization epitopes.
Hence the heterotypic component of immunity-gen-
erated posthomotypic infection is certainly produced,
at least in part, by anti-VP4 and -VP7 responses.

Previously, we described several anti-VP6 IgA mAb’s
that protected mice from virulent rotavirus challenge
and that cleared virus shedding in chronically infect-
ed SCID mice (17). The protection did not appear to
be dependent on classical neutralization activity, since
the anti-VP6 antibodies did not neutralize virus in
vitro and did not protect if fed orally to mice. In fact,
the intermediate capsid protein VPG6 is virtually inac-
cessible to all but small molecules in the mature,
triple-layered, infectious particle. We hypothesized
that the anti-VP6 IgA antibodies might interact with
rotavirus DLPs inside intestinal epithelial cells and
neutralize the virus intracellularly.

Intestinal secretory IgA (sIgA) is the major adaptive
immune component in defense of the mucosal surface.
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Figure 6

Denaturing PAGE analysis of transcription products in the native DLP
(lane 1), 7D9 DLP:IgA complex (lane 2), mature TLP (lane 3), and
control reaction containing no particles (lane 4). The positions of
full-length mRNA and unincorporated nucleotides are noted with
arrows. The position of short oligonucleotide transcription products
in lanes 1-3 is marked with a bracket. The band corresponding to
unincorporated nucleotides at the bottom of the autoradiograph is
not of the same intensity in each reaction because of the differing
efficiency with which gel filtration columns removed the nucleotide
precursors after transcription.

In addition to neutralizing pathogens by inhibiting
their attachment and entry into cells, several authors
have reported that sIgA can also neutralize various
viruses such as HIV, influenza, and Sendai virus intra-
cellularly during transcytosis (41-43). We carried out a
series of functional, biochemical, and structural studies
to investigate potential mechanisms of intracellular
neutralization by anti-VP6 IgA mAb’s. Using a lipo-
fectin-mediated intracellular neutralization assay, we
demonstrated that the IgA mAb 7D9 inhibited viral
replication after being transfected into MA104 cells
with virus DLPs, which are noninfectious without trans-
fection. Other rotavirus-specific mAb’s were ineffective
or only minimally effective in this assay. Rotaviruses
with different serotypes isolated from different animal
or human species were all neutralized by 7D9 at similar
titers, suggesting that the antibody had broad het-

erotypic activity. Moreover, the neutralization efficien-
cy was greatly diminished if 7D9 was transfected more
than 4 hours after virus infection, indicating that the
antibody is active at an early stage of viral replication.

Several different potential mechanisms of intracel-
lular neutralization have been reported previously.
Bomsel et al. (41) described the inhibition of HIV tran-
scytosis across the tight epithelial barrier by IgA or
IgM antibodies directed against the viral envelope.
Non-hemagglutination inhibition influenza hemag-
glutinin-specific antibodies were shown to prevent
influenza virus fusion with the intracellular vacuolar
membrane (44). Reovirus uncoating can be blocked by
antibodies against outer capsid protein (45). Antibody
7D9, which is specific for rotavirus double-layered par-
ticles, could potentially block steps, such as transcrip-
tion, that occur after uncoating.

In vitro biochemical characterization of IgA-bound
DLPs provides additional evidence that 7D9 may be
inhibiting rotavirus replication by blocking the genome
transcription phase of the virus life cycle. In contrast to
other IgA and IgG mAb’s examined, 7D9 completely
inhibited the production of mature mRNA transcripts
in two rotavirus strains. It is not clear why some anti-
VP6 antibodies actually appear to enhance transcrip-
tion, and indeed this phenomenon warrants further
structural analysis. Furthermore, analysis of the tran-
scription products synthesized within 7D9 DLP:IgA
complexes indicated that transcript elongation, rather
than initiation, was specifically inhibited by the attach-
ment of IgA on the viral surface. In this respect, the tran-
scriptional behavior of the 7D9 DLP:IgA complex is
nearly identical to that of the mature, infectious virion.

Following IgA binding, the conformation of the VP6
capsid layer exhibits a number of changes when com-
pared with the native DLP as examined by cryoelectron
microscopy and image reconstruction. These architec-
tural changes, some of which involve mass movements
exceeding 10 A, appear to be concentrated within the
trimers surrounding the icosahedral vertices. These con-
formational changes affect intermolecular interactions
both within and between trimers. As a consequence of
these mass translocations, the diameter of the mRNA
release channel is narrowed by about 10 A near the VP6-
VP2 interface. Similar differences were previously
observed in another transcriptionally incompetent anti-
body-bound DLP structure as well as in the mature TLP
(22). Indeed, such architectural changes appear to cor-
relate with the inhibition of transcription elongation,
suggesting that 7D9 IgA likely inhibits transcription by
the same mechanism as does VP7 in the mature TLP.

The precise mechanism of transcription inhibition
is not readily apparent from these architectural
changes. While transcription inhibition could poten-
tially result directly from ligand-induced changes in
the architecture of the capsid, not all transcriptional-
ly incompetent antibody-DLP complexes studied
using structural techniques show evidence of confor-
mational changes in the VP6 capsid layer upon anti-
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body binding, suggesting that perhaps the precise site
of attachment and a potential loss of flexibility repre-
sent important factors as well (46). Conceivably, mul-
tiple mechanisms may exist by which an antibody
attached to the VP6 surface could prevent transcrip-
tion of the genome. Whether or notligand attachment
introduces noticeable conformational changes, the
conformation of the VP6 capsid layer during tran-
scription is evidently critical for the process to occur
efficiently, and even subtle changes in either the cap-
sid architecture or the flexibility of the trimers may be
enough to prevent transcript elongation from taking
place, leading to interruption of the virus life cycle.

It is not known how many antibody molecules are
minimally required to provide effective intracellular
neutralization of rotavirus. At full saturation, 240 7D9
IgA antigen-binding domains can interact with the sur-
face of the DLP. However, because the mechanism of
transcription inhibition likely results from the intro-
duction of subtle conformational changes in the cap-
sid, it is conceivable that far fewer than 240 antigen-
binding domains may be sufficient to cause a block in
transcript elongation, particularly if those antibodies
are bound in the vicinity of the icosahedral vertices
where mRNA transcripts exit the particle. It is also con-
ceivable that as few as several antibodies bound within
the vicinity of one or two of the vertices might be able
to prevent elongation of specific transcripts, leading to
a deficit of one or more viral proteins and consequent-
ly a block in replication equivalent to that of a mutant
particle lacking one or more genome segments. Were
such a mechanism to operate, however, it could likely
be overcome by the presence of multiple infectious par-
ticles in the same cell, as would be the case with high
doses of challenge virus. Indeed, our results indicate
that the protective efficacy of 7D9 IgA is dependent
upon the titer of the challenge virus.

Our functional and structural studies provide a mech-
anism to explain how IgA molecules directed against
specific epitopes on the intermediate capsid protein
VP6 could function in vivo to provide protection
against rotavirus infection by disrupting genome tran-
scription following cell entry. Although our studies have
not specifically examined whether 7D9 antibodies are
present in the cytoplasm of infected enterocytes in vivo,
our findings do strongly suggest that 7D9 antibodies
exert their protective effect intracellularly by inhibiting
genome transcription. In the case of 7D9 IgA activity in
vitro, disruption of viral replication is most effective
when IgA is present in the cytoplasm of the infected cell
during the first 2 hours following cell entry, a time win-
dow that coincides with genome transcription. Inhibi-
tion of transcription occurs at the stage of transcript
elongation and is accompanied by ligand-induced con-
formational changes in the viral capsid, just as is
observed in the mature TLP where VP7 is bound, sug-
gesting a similar mechanism of inhibition. Taken
together, these results suggest that antibody-mediated
disruption of viral replication downstream of cell entry

may be an important immune strategy in combatting
rotavirus infection. Further studies are being conduct-
ed to determine whether 7D9 can be identified in the
cytoplasm of infected enterocytes. In addition, future
studies are needed to investigate the mechanism by
which 7D9 might enter the infected cell and the man-
ner in which antibody present in a transcytotic vesicle
might come in contact with input virus.
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